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Abstract 

Anastomosing rivers are characterised by their low stream power (<10 Wm-2) in low-gradient floodplains 

(slope ~ 0.02%) and fine-grained cohesive sediments with minimal lateral activity. These rivers have a 

significant endemic and range-restricted biodiversity and the annual flood cycle is the basis of subsistence 

of the local population, providing water, arable land, and wetland resources. Consequently, they play a vital 

role in sustaining the cultural and environmental life of their basins. However, they are under increasing 

pressure on land use and water demands. In order to determine a sustainable level of water allocation for 

human purposes, their flow regime should be characterised first. Typically, hydrological modelling is 

employed to estimate how changes in climate and proposed water plans might affect surface and 

groundwater resources. However, hydrological modelling in the large-scale, sparsely gauged, spatially 

complex, low-gradient arid anastomosing floodplains with high annual flow variability is challenging. 

In Australia, previous attempts to characterise transmission loss in the wide anastomosing floodplains 

(width ~ 50 km) of Lake Eyre Basin were largely based on simplistic conceptual models, incorporating 

only gauged streamflow or coarse grid-based semi-distributed hydrological models. Consequently, they 

provided a poor representation of spatial patterns for flow paths and transmission loss. In this thesis, it was 

hypothesised that considering the volume and spatiotemporal features of direct floodplain rainfall and 

ungauged runoff from catchments surrounding floodplains significantly improves the accuracy of their 

water balance. In addition, accurate mapping of water extent and subsequent vegetation by remote sensing 

data is critical to model evapotranspiration dynamics over time and space. These two hypotheses will 

provide a more realistic conceptualisation of transmission loss patterns in the anastomosing rivers.        

After the introduction (Chapter 1) and literature review (Chapter 2), in the first part of the thesis (Chapter 

3), an integrated framework for characterising floodplain response dynamics of water, vegetation and 

moisture was developed using optical remote-sensing. Daily time series of multispectral indices derived 

from MODIS images were utilised in the middle reaches of the Cooper Creek floodplain, the largest 

catchment of the Lake Eyre Basin in Australia. Findings indicated that in the extremely flat Cooper Creek 

floodplain, mapping inundation area by subsequent vegetation changes using NDVI provides more accurate 

results than surface water mapping area and the difference in their inundation mappings mainly occurs at 

the border of inundated edges, where the residence time of water is likely less than a day. Whereas, water 

and moisture indices (mNDWI and LSWI) outperform NDVI in detecting inundation extent in large water 

bodies (like Yamma Yamma Lake). In addition, by studying surface water and subsequent vegetation 

response together, it is possible to generate new information, such as the lag time between flooding and 

peak vegetation growth, and persistence time of surface water and green vegetation, which provide 

important hydroecological time scales in the arid zone floodplain.  

In the second part (Chapter 4), the significance of ungauged inflow and direct floodplain rainfall on the 
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water balance of the Cooper Creek was investigated. Results indicated that ungauged streamflow mainly 

impacts the outflow volume of large flood events when the monsoon rainfall of tropical origin advances 

further south to inland Australia. In medium-size floods, ungauged flow is significant only when the 

ungauged catchments near the outlet receive considerable rainfall. In addition, local storms that are not 

captured by the sparse rainfall gauges of the ungauged catchments can impose high uncertainty on the water 

balance of flood events. Then, the proportion of rainfall contributing to the routing flow was estimated by 

means of remotely sensed inundation extent. In small and medium events, often <10% of the rainfall volume 

contributes to the surface runoff, a figure that increases to 33% for very large events; when a large 

proportion of floodplain area is inundated. Findings demonstrated that direct floodplain rainfall can play 

significantly in the water balance of all flood sizes. Besides rainfall volume, other factors like the spatial 

and temporal pattern of rainfall impact the outflow volume in the large-scale anastomosing rivers. 

In the third part of the research (Chapter 5), inundation mapping results in the first part, and water balance 

analysis in the second part of the thesis were incorporated to estimate event-based transmissions loss 

patterns over time and space. Initially, water loss volume estimated by two remotely sensed 

evapotranspiration products (MOD16A2 and CMRSET) were compared to the loss volume given by water 

balance modelling. Then, the pixel-based daily evaporation depth of these products was compared to the 

remotely sensed land cover changes at the peak water and vegetation phases of flooding response. Findings 

indicated that MOD16A2 highly underestimated transmission loss volume of the Cooper Creek events and 

it was further abandoned. CMRSET model overestimated transmission loss volume, especially in small size 

floods; however, it was capable to get improved. CMRSET model was modified and spatiotemporal pattern 

of transmission loss for a wide range of flood events was produced. Modified results demonstrated that 

plant transpiration is relatively insignificant in small to medium floods comprising on average ~10% of the 

transmission loss. This figure increased to 30% in wet periods, when consecutive flood events occurred in 

short intervals, and vegetation cover received water more frequently. In addition, transmission loss ratio 

(the ratio of transmission loss volume to inflow volume) was higher in the medium size events than the 

small and large floods because flooding water was trapped in the waterholes concentrated in the middle 

narrow parts of the Cooper Creek and evaporation area extended above bankfull level of primary channels 

to large floodplains. 

The significance of this thesis is developing a new method to provide a gridded water loss product in 

anastomosing rivers, where conventional hydrological models do not provide satisfactory results. In 

addition, an integrated framework was invented to characterise multiple land covers dynamics induced by 

dryland floods. Furthermore, a new technique was devised to evaluate remotely sensed evapotranspiration 

products by utilising multispectral remotely sensed indices in data-poor regions. Introduced methodologies 

provide a comprehensive tool to characterise the hydrology of arid zone anastomosing rivers, leading to a 

better understanding of their ecosystem and improving their environmental management.   
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Introduction 

 

1. Background and overview 

Anastomosing rivers are defined as “multiple channel rivers characterized by vegetated or otherwise stable 

alluvial islands that divide flows at discharges up to bankfull” (Nanson & Knighton, 1996). They are one 

of the sub-classes of anabranching rivers with the lowest stream power (<10 Wm-2, watts per square meter) 

and fine-grained cohesive sediments with minimal lateral migration (Nanson, 2013). These rivers are 

globally spread like Cooper Creek and Diamantina River in Australia (Costelloe, Grayson, Argent, & 

McMahon, 2003; Nanson, Rust, & Taylor, 1986), Columbia River and Red Creek in North America  

(Schumann, 1989; Tabata & Hickin, 2003), Okavango Delta and Niger Inner Delta in Africa (Milzow, 

Kgotlhang, Bauer-Gottwein, Meier, & Kinzelbach, 2009; Ogilvie et al., 2015), middle Yangtze River in 

Asia (Wang, Chen, & Smith, 2005) and Narew River in Europe (Marcinkowski, Grabowski, & Okruszko, 

2017). These rivers have a significant endemic and range-restricted biodiversity and annual flood cycle is 

the basis of subsistence of the local population, providing water, arable land, and wetland resources and it 

plays a vital role in sustaining the cultural and environmental life of their basins (Kingsford, 2017). 

However, they are experiencing constantly changing pressures on land use and increasing demands on 

water resources (Kingsford, Costelloe, & Sheldon, 2014). To allocate water for human purposes, natural 

resources managers need to identify associated possible changes in flow regime of these stressors. 

Therefore, a quantitative tool such as the hydrological modelling is required for estimating how proposed 

changes might affect the ecosystem of the floodplains (Costelloe, 2017).  

However, hydrological modelling of flood events in the anastomosing rivers is recognised as a challenging 

task for reasons. Firstly, they are sparsely populated, especially the ones located in the arid regions and 

suffer from the paucity of conventional hydrological data (Costelloe, Grayson, & McMahon, 2006). 

Secondly, these anastomosing floodplains have very low gradients (~0.02%) thus conventional methods of 

simulating inundation patterns using hydrodynamic models fail to provide satisfactory results as a 

consequence of uncertainties in the input digital elevation model and high computational costs 
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(Fleischmann et al., 2018; Jarihani, 2015; Knighton & Nanson, 1994; Neal, Schumann, & Bates, 2012). 

Thirdly, their annual flood volume has high variability and this issue makes the predictability of flow rivers 

difficult (McMahon, Murphy, Peel, Costelloe, & Chiew, 2008b; Puckridge, Sheldon, Walker, & Boulton, 

1998). Finally, modelling inundation pattern in the anastomosing rivers has significantly higher spatial 

complexity than the single-channel rivers and correct mapping of flow paths plays a vital role in the 

hydrological modelling of these rivers (Costelloe, 2004; Costelloe et al., 2006; Jarihani, Callow, McVicar, 

Van Niel, & Larsen, 2015).  

Despite their global existence and ecological importance, comprehensive hydrological studies have been 

conducted only for a few anastomosing rivers. Outside Australia, existing studies are largely restricted to 

the Okavango Delta and the Niger Inner Delta in Africa as two internationally significant wetlands without 

mentioning them as anastomosing rivers. Hydrological modelling in the large-scale anastomosing 

floodplains are done to study anthropogenic impacts on outflow volume and flood extent and frequency. 

The purpose of these modellings can be summarised in four main categories (Milzow, Kgotlhang, Bauer-

Gottwein, et al., 2009): 

 the impact of inflow reduction due to upstream water abstraction for human purposes 

 investigating redistribution of flow by internal morphological floodplain changes such as clearing 

and dredging 

 changes in inflow concerning land-use changes in the upstream catchments 

 hydrological changes under various climate change scenarios  

Historically, hydrological analysis has developed from conceptual single-box models to sophisticated grid-

based models. Early initial box models which considered floodplains as a conceptual reservoir and used 

only inflow and outflow data without studying floodplain processes within. Statistical analysis on gauged 

streamflow and rainfall data are also included in this group (Dincer, 1985; Knighton & Nanson, 1994; 

Kotwicki, 1986; McMahon, Murphy, Peel, Costelloe, & Chiew, 2008a; McMahon et al., 2008b; Murray-

Hudson et al., 2015; Olivry, 1995). Remote-sensing data has been used to characterise floodplain inundation 

features. Mapping water and vegetation extent and frequency and estimating water levels using optical and 

active/passive microwave sensors are the main applications of remotely sensed data in anastomosing rivers. 

Results on characterising spatiotemporal features of floods have often been utilised later in hydrological 

studies (Aires, Papa, Prigent, Crétaux, & Berge-Nguyen, 2014; Jarihani, 2015; McCarthy et al., 2003; Thito, 

Wolski, & Murray-Hudson, 2016; Thito, Wolski, Murray-Hudson, & management, 2015; Wolski, Murray-

Hudson, Thito, & Cassidy, 2017). Studies that statistically combine remotely sensed spatiotemporal 

features of inundation and subsequent vegetation area and frequency with ground-based measurements of 

hydrological variables such as streamflow and rainfall without using hydrological models. These studies 

are often conducted to provide a better understanding of floodplain hydrology (Bergé-Nguyen & Crétaux, 
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2015; Capon, 2005; Mahé, Orange, Mariko, Bricquet, & change, 2011; Mohammadi, Costelloe, & Ryu, 

2017; Wolski & Murray-Hudson, 2008). 

Hydrodynamic modelling of floodplains: one dimensional (Fleischmann et al., 2018), two dimensional 

(Jarihani, Callow, et al., 2015) and hybrid (1D-2D) models (Neal et al., 2012) have been utilised to map 

inundation extent and subsequently, quantify water loss over time and space (Jarihani, Larsen, Callow, 

McVicar, & Johansen, 2015). At first glance, hydrodynamic modelling looks very promising; however, its 

application is challenged by high uncertainties in digital elevation models (DEM) in the low gradient 

floodplains (Neal et al., 2012) and high computational costs (Jacobsen, Macdonald, & Enggrob, 2005). In 

most cases, DEMs have been resampled to coarser resolutions to reduce DEM errors and computational 

costs and this has resulted in sacrificing accuracy in small events, where the flow is confined to narrow 

primary channels (width <120 m). Elimination of typographic errors (Yamazaki et al., 2017) and using 

remotely sensed data to force DEMs routing floods via primary channels (Jarihani, Callow, et al., 2015) 

has slightly improved the performance of hydrodynamic models (Haque et al., 2019); however, better 

DEMs are required to make these models a reliable choice for understanding and prediction of 

anastomosing river hydrology.    

Hydrological models of floodplains to understand the behaviour of floodplains in the previous events or to 

predict flooding patterns and outflow volume for various water management or climate change scenarios. 

A wide range of hydrological models has been used to simulate and predict floods in the anastomosing 

rivers. In the coupled soil and water models two model layers represent the interaction between the surface 

water with overland and channel flows and the aquifer respectively. Incoming streamflow and rainfall water 

are firstly used to saturate soil; then, excess water is routed overland. Advancing versions of spatially 

distributed MODFLOW model have been repeatedly used in Okavango Delta (Bauer, 2004; Bauer, 

Gumbricht, & Kinzelbach, 2006; Milzow, Burg, & Kinzelbach, 2010; Milzow, Kgotlhang, Kinzelbach, 

Meier, & Bauer-Gottwein, 2009). Surface/groundwater models have been developed in a wide range of 

spatial schemes for modelling anastomosing rivers like spatially distributed models (Costelloe et al., 2006; 

Khan et al., 2012), semi-distributed models (Dincer, Child, & Khupe, 1987; Liersch et al., 2013; Schreiber, 

1997; Thompson, Crawley, & Kingston, 2016; Wolski, Savenije, Murray-Hudson, & Gumbricht, 2006), 

single-point reservoir models (Dincer, 1985), one-dimensional models (Fleischmann et al., 2018) and 

hybrid 1D-2D models (Dadson et al., 2010). Using coupled surface/groundwater models provide improved 

results where groundwater infiltration and recharge is a significant element of the floodplain water budget.    

Water balance models have been used to understand the hydro-climatological functioning of rivers by 

identifying various elements of floodplain transmission loss (mainly evapotranspiration and infiltration). 

These models are largely dependent on the remotely sensed flood extent maps. Evapotranspiration term of 

water balance has simply been calculated by multiplying inundation extent to potential evapotranspiration 
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or a coefficient of pan evaporation. In most of these models vegetation transpiration is neglected (Ibrahim 

et al., 2017; Ogilvie et al., 2015). 

Remotely sensed grid-based evapotranspiration models can also be used to model evapotranspiration loss. 

MOD16A2 model (Mu, Heinsch, Zhao, & Running, 2007; Mu, Zhao, & Running, 2011) is developed 

globally and CSIRO MODIS Reflectance Scaling Actual ET (CMRSET-AET) model  (Guerschman et al., 

2009) is developed for the Australian continent. These two models can provide detailed maps of 

evapotranspiration with an 8-day temporal resolution and 250-500 meter spatial resolution. However, their 

performance has not been investigated in the anastomosing rivers.         

In Australia, large-scale anastomosing rivers are located in the Lake Eyre Basin (LEB). Cooper Creek, 

Diamantina River, and Georgina River are the major rivers of LEB containing anastomosing floodplains in 

the middle reach (Kotwicki, 1986; McMahon et al., 2008b). In comparison with Okavango Delta and Niger 

Inner Delta, little is known about the hydrology of poorly gauged arid floodplains of the LEB. Major 

hydrological modellings conducted so are done by a few researchers. Kotwicki (1986) provided a basin-

scale water balance for the LEB and considered anastomosing floodplains as point reservoirs, Knighton 

and Nanson modelled transmission loss ratio and wave speed for a wide range of flood sizes in the Cooper 

Creek (Knighton & Nanson, 1994, 2002). Costelloe (2004) and Costelloe et al. (2006) developed a grid-

based conceptual couple surface water-groundwater model and estimated wave speed and transmission loss 

in Diamantina River. Jarihani, Callow, et al. (2015) used a two-dimensional hydrodynamic model to 

simulate inundation patterns in the anastomosing floodplains of Thompson River at the upstream of Cooper 

Creek and Jarihani, Larsen, et al. (2015) used the same model to calculate transmission loss in the upstream 

reaches of Diamantina River. However, there are large gaps in understanding the hydrology of LEB 

floodplains and no distributed prediction model has yet been presented to investigate the ecohydrology of 

LEB rivers under diverse water management and climate change scenarios.   

Characterising spatiotemporal pattern of land-cover dynamics for flood-pulsed wetlands is a critical pre-

requisite for hydrological models. A complex pattern of anastomosing rivers requires detailed land cover 

maps with high spatial and temporal resolution. Since the 1990s, remotely sensed methods have been the 

most promising source of obtaining spatially distributed data for model input parameters, calibration, and 

evaluation. Remotely sensed imagery is often used in the microwave and optical range for flood mapping. 

The main advantage of remotely sensed microwave images is that they are available even under cloudy 

conditions, however, their low spatial resolution significantly limits their utility for detailed surface 

monitoring.  Sensors in the optical and shortwave range of the spectrum offer a wide variety of images with 

high spatial and temporal resolution and these are widely used to map inundation extent. Many recent 

reviews have been undertaken for flood mapping methods using optical sensors that demonstrate their 

significance in flooding studies (Asokan & Anitha, 2019; Huang, Chen, Zhang, & Wu, 2018; Notti et al., 
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2018). However, the main disadvantage of optical sensors is that it is not possible to obtain data on cloudy 

days. Therefore, implementing a strategy to make the best use of optical data in cloudy days for flood 

mapping is very critical in characterising the ecohydrology of anastomosing rivers.       

2. Research Objectives 

Within the context described above, this research utilises remotely sensed data in hydrological modelling 

to characterise the spatiotemporal pattern of transmission loss in the anastomosing rivers. Cooper Creek 

floodplain in the Lake Eyre Basin, a large-scale data-scarce arid-zone anastomosing river, is selected as the 

study site. The inflow to the major anastomosing rivers of Lake Eyre Basin features the highest annual 

variability in the world (McMahon et al., 2008b; Puckridge et al., 1998). The research aims to investigate 

the spatiotemporal pattern of evapotranspiration for a wide range of annual flood volumes. The results can 

help water resources managers to identify the critical flow paths in dry periods when the annual flood 

volume is less than 2 percent of the largest floods. Although Cooper Creek catchment is still largely 

unregulated, the results will offer important insights into the best water extraction strategies in future water 

plans to minimise their environmental impacts.  

The fundamental research question is about the dynamics of evapotranspiration in the anastomosing rivers 

over time and space. Therefore, the last (and core) stage focuses on answering the following question: 

A) How does the transmission loss change for different flood sizes over time and space in the 

anastomosing floodplains of LEB? 

As indicated above, hydrological modelling in the anastomosing rivers requires detailed knowledge about 

the inundation pattern. In many studies indicated above, flood mapping attempts have only been 

concentrated on mapping water. In the arid zone anastomosing rivers, a high proportion of the floodplain 

area is bare soil. Vegetation growth responds to a flood pulse firstly by increasing rapidly to a high peak 

(maturity phase), then its vigour is lost (senescence) and finally reaches dormancy during the inter-flood 

dry period (Powell, Jakeman, & Croke, 2014). Therefore, suggesting a comprehensive mapping of land 

cover dynamics (water, vegetation, and bare soil) is expected to provide more accurate results in 

characterising evapotranspiration patterns. To fulfil this demand, the first stage of this research answers the 

following question: 

B) How does the land cover (bare soil, water, and vegetation) change during flooding times over 

time and space in the anastomosing floodplains of LEB? 

Large-scale arid zone anastomosing floodplains are often poorly gauged. As indicated in the previous 

studies, there are often many ungauged catchments around the large-scale anastomosing rivers, and the 

runoff from these catchments can play a significant role in the water balance of anastomosing rivers 
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(Costelloe, 2004; Jarihani, Callow, et al., 2015). Even though, various aspects of these inflows (e.g. volume, 

spatial and temporal pattern) on the water balance of anastomosing floodplain haven’t been 

comprehensively studied. Furthermore, direct rainfall on the floodplains is often neglected in the water 

balance studies of dryland rivers mainly because of high complexities in characterising which proportion 

of the rainfall contributes to the surface flow. By utilising remotely sensed land cover maps provided in the 

previous research question, inundation extent and subsequent vegetation maps will be provided and they 

facilitate separating the percentage of rainfall contributing to the water balance of the floodplain. 

Concerning the significance of ungauged runoff and direct floodplain rainfall, the second stage of this 

research answers the following research question:        

C) How do the ungauged inflow and direct rainfall on the floodplain influence the water balance 

of the anastomosing floodplains of LEB? 

3. Thesis Outline 

This thesis is structured in 6 chapters. The present chapter provided a global background about the 

ecohydrological concerns of anthropogenic interventions and the main challenges in the hydrological 

modelling of anastomosing rivers. Then, previous works in characterising the hydrology of anastomosing 

rivers were classified and the significance of remotely sensed data in hydrological studies was briefly 

discussed. Then the questions of this research were presented. In chapter 2, literature is reviewed 

extensively by defining anastomosing rivers followed by elaborating their distinct features. Then Lake Eyre 

Basin rivers are introduced and prominent examples of their range-restricted biodiversity are explained. 

These pieces of evidence will provide background about why characterising transmission loss over time 

and space is important. Then, methods utilised to estimate transmission loss in the large-scale arid-zone 

anastomosing rivers will be critically investigated and research questions will be presented after finding the 

gaps in the literature. Chapter 2 concludes by providing the thesis structure and how the chapters are 

connected.  

To answer research question B, an integrated method to characterise water and vegetation dynamics over 

time and space is invented in Chapter 3. Pixel-based time series of multiple land cover indices will be 

generated from daily MODIS images. It will be shown that the simultaneous use of multiple remotely 

sensed land cover indices can generate a wider range of information about the spatiotemporal behavior of 

inundation than the conventional inundation extent and frequency. This additional information such as the 

peak water and vegetation time and the lag between peak water and vegetation time in each event provides 

deeper insight into the ecosystem of arid zone anastomosing rivers. 

Research question C will be answered in Chapter 4. Runoff from ungauged catchments will be estimated 

by using a conceptual lumped rainfall-runoff model and the significance of this element on the water 
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balance of the anastomosing rivers will be investigated. Then remotely sensed water, vegetation and 

moisture maps will be utilised to estimate the proportion of direct rainfall volume on the floodplain water 

balance. In this chapter, the event-based evapotranspiration loss volume will be calculated using the water 

balance of Cooper Creek. The contribution here includes the presentation of a technique to assess the 

significance of water balance elements other than gauged inflow and outflow; an issue that has been raised 

in the previous studies but it has not been quantified and investigated in such detail. 

In Chapter 5, research question A, the core question of this research will be answered. Findings in Chapter 

4 will be first incorporated to compare transmission loss volume estimated by the water balance method to 

the remotely sensed evapotranspiration volume. Then, one of the remotely sensed evapotranspiration 

models will be further investigated by means of remotely sensed time series provided in Chapter 3. The 

model will be modified and calibrated for the arid regions of Australia and an event-based spatiotemporal 

map of transmission loss will be presented. Then the previous hypothesis about the relationship between 

the transmission loss ratio (the ratio of water loss volume to inflow volume) and flood volume (Costelloe 

et al., 2006; Knighton & Nanson, 1994) will be quantitively investigated and new conditions will be added 

to complete the previous hypothesis. The contribution here is threefold: i) providing a new methodology to 

investigate the performance of remotely sensed evapotranspiration products in data-poor arid regions using 

remotely sensed land cover indices, ii) modifying evapotranspiration maps in the laterally receiving inflow 

areas of Australia, where conventional models like Australian Water Resource Assessment (AWRA) model 

are unable to deliver reasonable results and iii) completing current hypothesis about the behaviour of 

transmission loss in the anastomosing rivers. These complementary hypotheses will provide a better 

understating of the ecohydrology of these regions.                 
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Chapter 2 

 

Literature Review 

 

1. Introduction 

In this chapter, the anastomosing river is firstly defined and its difference to the other river types such as 

anabranching and braided rivers is explained. Then, geomorphological features of the anastomosing rivers 

which are important in their hydrology are briefly discussed. In the next section, Lake Eyre Basin (LEB), 

one of the famous basins that contain anastomosing rivers is introduced as the case study of this research. 

Significance of this basin (in terms of environment, economy, and culture), challenges, current, and future 

risks are briefly discussed and the role of water in maintaining the sustainability of LEB is explained. Then, 

transmission loss in anastomosing rivers is defined and methods used to estimate the spatiotemporal pattern 

of water loss is reviewed and analysed. The review chapter concludes with finding gaps in the literature to 

estimate transmission loss in the anastomosing rivers and questions of this research are presented.     

2. Anastomosing rivers: definition and features 

2.1. Introduction 

In this section, the anastomosing river is defined and distinguished from other river types like anabranching 

and braided rivers and geomorphological features of anastomosing rivers that influence its hydrology 

during floods are briefly introduced.   

Here, the definition of anastomosing rivers is mainly based on the classification of Nanson and Knighton 

(1996). Their definition was preferred, because of multiple works of Knighton and Nanson which they did 

on the geomorphology (Knighton & Nanson, 1993, 1994b, 2000; Nanson, Rust, & Taylor, 1986) and 

hydrology (Knighton & Nanson, 1994a, 2001, 2002) of anastomosing rivers.  

2.2.  Definition: anabranching and anastomosing rivers   

General planform classification of river types has evolved through time. Figure 1a depicts the classification 

of rivers proposed by Miall (1977); where rivers are classified to a single channel (depending on sinuosity 
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level from straight to meandering), braided and multichannel (anastomosing). Braided rivers are 

watercourses divided by small islands into multiple channel threads within a single main channel; while 

multiple channels of anastomosing rivers are not contained in one channel and they are often avulsed in 

wide flat floodplains (North, Nanson, & Fagan, 2007). Brice and Blodgett (1978) suggested using the term 

of anabranching (a general form of anastomosing rivers) where the width of islands is greater than three 

times of water width at average discharge. Nanson and Knighton (1996) provided a more comprehensive 

classification of river types. They grouped rivers in two general types of single-channel and anabranching 

rivers (Figure 1b) and defined anabranching rivers as “multiple channel rivers characterized by vegetated 

or otherwise stable alluvial islands that divide flows at discharges up to bankfull” (Nanson, 2013; Nanson 

& Knighton, 1996). Single and anabranching rivers are classified into four subclasses: straight, stable 

sinuous, meandering (laterally unstable) and braided rivers. This definition is different to the previous 

classification of river types which put braided and anabranching rivers in two independent classes; whereas, 

the definition of Nanson and Knighton puts braided rivers as a subclass that can exist in single or multi-

channel rivers. 

 

 

Figure 1. (a) Initial classification of river types by Miall (1977); (b) classification of rivers by Nanson and 

Knighton (1996) 

 

Regardless of planar form, Anabranching rivers are classified into six groups differentiated by their stream 

power (𝛾𝛾𝛾𝛾𝛾𝛾
𝑤𝑤

 , where 𝛾𝛾 is the specific weight of water, R the hydraulic radius, Q the flow discharge, S the 

slope and w is the channel width), sediment texture and river morphology (Nanson & Knighton, 1996). The 

six groups of anabranching rivers are summarized in Table 1 with some examples of the rivers around the 

globe. Anastomosing rivers are accounted as the first category of anabranching rivers with cohesive 

sediments; while there was not a clear distinction between anastomosing and anabranching rivers before. 

a b 
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Type 1 and 2 have the lowest stream power (<10 Wm-2, watts per square meter). Stream power in 

anabranching river types 3 and 4 is higher (< 30 Wm-2). Types 5 and 6 have the highest stream power (>30 

Wm-2). According to Figure 2, by increasing stream power, bed and bank material size shifts from fine to 

coarse-grained material and the only exception is Type 1b. The slope is likely to be the main derive to 

stream power because discharge and hydraulic radius can be adjusted by bifurcation or joining of rivers to 

provide the most efficient way of sediment transport. By decreasing slope from the headwaters to the 

downstream low gradient floodplains of anabranch rivers, the rivers leave behind the heavy sediments in 

the bed and bank of rivers. Lateral migration rate for anabranching rivers is often nil to very low, except 

for type 5 and some rivers in type 3 which can be in the medium range. Vertical accretion rate is also 

minimal except in types 1b and 2 which could be moderate. Channel sinuosity doesn’t follow a general 

trend among types of anabranching rivers. According to Figure 2, by increasing stream power from type 1 

to 6, the length of islands between channels of anabranching rivers gets shorter and channels get wider.        

 

Figure 2. Features of the six types of anabranching rivers provided by Nanson and 

Knighton (1996).  

Anastomosing rivers (type 1) are one of the most studied types of anabranching rivers. According to Table 

1, Nanson and Knighton (1996) divided anastomosing rivers into three environment-sediment type groups: 

hyper-humid organic, humid organo-clastic and semi-arid mud dominated. The focus of this research is 

limited to the semi-arid mud dominated anastomosing rivers.  
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Table 1. Characteristics of anabranching rivers (Nanson & Knighton, 1996) 

Type Sub-type Example 

Stream 

power 

(Wm-2) 

Bank 

material 
Gradient 

Width/

depth 
Lateral Activity 

1-Cohesive 

Sediment 

(anastomosing) 

Hyper-humid, 

organic 

Okavango River, 

Africa 
2-5 Plant material 0.00035 4 (mean) Stable 

Humid, Organo-

clastic 

Upper Columbia 

River, Canada 
≤ 10 

Coarse sand, 

granules 
0.000096 - 

Narrow point bars but very slow 

lateral accretion 

Semi-arid, mud-

dominated 

Cooper Creek, 

Australia 
2-5 

Mud, mostly 

clay 
0.0002 

~ 10 

(mean) 

Crevassing and avulsion, common 

stable 

Red Creek, USA ~ 10 86% silt-clay 0.0011 8-30 Stable, periodic avulsion 

2-Sand-dominated, 

island forming 
- 

Magela Creek, 

Australia 
5-10 

Medium and 

fine sand 
0.0005 

~10 

(mean) 

Little or no migration, some 

crevassing 

3- Mixed load, 

laterally active 
- 

Murray River, 

Australia 
2-25 

Sand and 

gravel 
0.00035 - Laterally active 

4-Sand-dominated, 

ridge forming 
- Durack River 10-35 Medium sand 

0.0005-

0.0009 
10 Stable 

5-Gravel-

dominated, 

laterally active 

- Bella Coola 65 Gravel 
0.0019-

0.0033 
50-122 Active in unstable reaches 

6- Gravel-

dominated, stable 
- 

Southern 

Indiana, USA 
100-200 Gravel 0.01-0.025 6-16 Stable 

 

Anastomosing rivers often are formed in the middle and lower fine-textured reaches of very low gradient 

rivers, or in depositional basins where vertical accretion causes crevasse spays and large natural levees may 

be common (Nanson, 2013). There is a question of why anastomosing patterns develop in the low gradient 

floodplains? Huang and Nanson (2000) and Huang and Nanson (2007) showed that there is an optimum 

width/depth ratio for efficient sediment load transport per unit of available stream power in these low power 

rivers. If w/d ratio is greater than an optimum value, the channel will deposit on the bedload and divide. 

Bifurcation makes two channels with higher flow efficiency and the stream gets a higher cross-sectional 

speed by minimizing bank and floor friction.  

There is not still a consensus about the planform classification of rivers and further publications to 

differentiate between anastomosing, anabranching and braided rivers are expected to emerge in the future 

(Makaske, 2001). Leopold and Wolman (1957) categorized rivers into three groups of straight, meandering 

and braided rivers; however, these patterns are not exclusive and there are many rivers that fall between 

these categories. Smith and Smith (1980) and Rust (1981) classified anastomosing rivers as the low-energy 

anabranching rivers with cohesive banks. Schumm (1985) regarded anabranching rivers as braided rivers 

with large exposed bars; while anastomosing rivers are truly multichannel systems. In a review about 
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anastomosing rivers, Makaske (2001) defined anastomosing rivers as types 1, 2 and 3 of anabranching 

rivers defined by Nanson and Knighton (1996). However, Nanson (2013) didn’t make any remarkable 

change to his previous classification (Nanson & Knighton, 1996) after reading the review of Makaske. The 

most recent publication about the definition of the multichannel river is done by Carling, Jansen, and 

Meshkova (2014); however, it more about the comparison of previous definitions and lacks a 

comprehensive and explicit classification of river types.   

  

Figure 3. (a) Primary and secondary channels of anastomosing rivers in the channel country of Australia (Source: 

National Archives of Australia, Series number: A6135); (b) floodways of Channel Country floodplains 

operate in overbank flow at medium to large flood events (Photo from the book “Lake Eyre Basin Rivers” 

(Page 233) by Richard T Kingsford (2017a))  

2.3. Channel types in anastomosing rivers 

2.3.1. Anastomosing channels 

The network of narrow and deep channels in the anastomosing rivers transfers water from upstream to 

downstream. Stable channels of anastomosing rivers are highly dependent on strong banks and this strength 

is provided by riparian vegetation and/or cohesive sediments to stand against bank erosion (Knighton & 

Nanson, 1993; Nanson, 2013; Smith, 1976). Even in the non-cohesive sandy sediments of anastomosing 

rivers like Magela Creek in the humid Northern Territory of Australia, tree roots make a dense matt to 

compensate low strength of sand in the bank stability (Nanson, East, & Roberts, 1993). Bank strength also 

plays a significant role in the channel geometry in terms of depth, width, and capacity (Huang & Nanson, 

1998). The channel network in anastomosing rivers with widths ranging between 10 to 125 m are inset into 

the floodplain surface. The largest and deepest channels (known as primary channels) receive flow in all 

flood sizes; while the smaller channels (known as secondary channels) activate when water level in the 

main channels are at or near bankfull level in the medium-sized floods (S. D. Fagan & Nanson, 2004; 

Knighton & Nanson, 1994b). Floodways are broad channel-like forms of high width to depth ration 

a b 

https://recordsearch.naa.gov.au/SearchNRetrieve/Interface/DetailsReports/SeriesDetail.aspx?series_no=A6135&singleRecord=T
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(commonly about 60) which operate at an overbank stage in the floodplain of anastomosing rivers 

(Knighton & Nanson, 1994b) and they have an appearance of the braided pattern (Nanson et al., 1986). In 

the medium to large flood events, floodways often cut across the primary channels at high angles and find 

shorter and more direct routes to downstream (Knighton & Nanson, 1994b). In Figure 3a and b examples of 

primary and secondary channels and floodways are illustrated. Primary and secondary channels are easily 

identifiable in aerial photos at no-flow times with their green riparian bands. Riparian vegetation in 

secondary channels is not as dense as primary channels due to the limited access to water in small floods.  

2.3.2. Waterholes 

One of the significant features of arid-zone mud-dominated anastomosing rivers is waterholes which are 

generally expansions of anastomosing channels, representing relatively wide and deep parts of the channel 

that can retain water throughout most years  (Knighton & Nanson, 1994b). Their typical length, width, and 

depth are 100-20,000 m, 20-100 m, and 6-10 m. Waterholes can be divided into two general categories at 

very different morphologies: “Floodplain-surface” (FS) waterholes which are formed at overbank flow 

constrictions on the floodplain and are not well integrated with the anastomosing network and 

“anastomosing channel” (AC) waterholes which are essentially expanded sections of channels integrated 

into main anastomosing network (Simon D Fagan, 2001). FS waterholes are often short; while, AC 

waterholes are long (Rundle, 1977). FS waterholes are formed mostly in aeolian dune constrictions and 

occasionally the valley side (Knighton & Nanson, 1994b). These waterholes are often very wide with high 

width/depth ration, short and low sinuosity (Simon D Fagan, 2001). For example, Tooley Wooley 

Waterhole (Figure 4a) is a typical FS waterhole with a length of 3 km and a maximum width of 160 m, and 

W/D ratio of 50 (Knighton & Nanson, 2000). Riparian vegetation along FS waterholes is less woody and 

possible more ephemeral in comparison to AC waterholes which suggests that FS waterholes receive 

floodwater less frequently (Simon D Fagan, 2001). AC waterholes are fed and drained in an anastomosing 

anabranch; however, their degree of integration to the anastomosing network varies. The length of AC 

waterholes varies greatly. The longest waterhole found in the Cooper Creek Australia is Eulberti Waterhole 

at 17.3 km (Simon D Fagan, 2001). AC waterholes generally begin at confluences in the anastomosing 

network when the flow converges (Knighton & Nanson, 1994b) like the famous Meringhina, Goobabina 

and Bogala waterholes in the Cooper Creek and terminate at some abrupt planform discontinuity such as 

sharp bend (e.g. Bogala WH) or channel bifurcation ( e.g. Meringhina and Eulberti WH) (Simon D Fagan, 

2001). 

High resistance of waterholes to the hot and arid environment of the Channel Country in Australia indicates 

little loss through groundwater seepage; however, the groundwater level is significantly lower than the 

bottom of waterholes (Rust & Nanson, 1986). This is because of the high clay content of suspended solids 

in its water which settles out at the bottom of waterholes and seal it. This seal is occasionally breached 
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during high flows when the sand sheet at the bottom of the waterholes is exposed to excavation by the shear 

stress of the flooding water but it quickly ceases as water flow stops and the clay blanket covers the bottom 

of waterholes again (Knighton & Nanson, 1994b). An independent research using piezometers and 

chemical analysis of water content across the waterholes and floodplains of Cooper Creek also confirms 

that groundwater recharge is insignificant in the arid zone mud-dominated anastomosing rivers and it only 

occurs at the base of waterholes at times of flood scour, but not the floodplain mud (Cendon et al., 2010).   

  

Figure 4. (a) Examples of floodplain-surface waterhole (Tooley Wooley, upper left and Little Tooley Wooley, 

lower right) formed between aeolian dunes at the confluence of Wilson River and Cooper Creek (b) Examples of 

anastomosing channel waterholes in the middle parts of the Cooper Creek (Didhelginna WH in the upper left and 

Bogaller WH in the lower right); the long north-south narrow river at the west of the floodplain is the main 

anastomosing channel of the Cooer Creek being active at all flood sizes 

 

The number of waterholes in the anastomosing rivers of Channel Country in Australia is not uniformly 

spread across the floodplains and it is dependent on the distance to the outlet of floodplains and floodplain 

width. In the anastomosing rivers of Lake Eyre Basin (LEB), transmission loss is significant and reaches 

70%  to near 100% in the small and medium floods (Costelloe, Shields, Grayson, & McMahon, 2007; 

Knighton & Nanson, 1994a). As the floodwater is lost though moving toward downstream, the erosive 

power of floodwater reduces; therefore, the number of waterholes decreases significantly toward the 

downstream (Knighton & Nanson, 1994b). In addition, at the narrower parts of the anastomosing 

floodplains floodwater converges and the flood has a higher erosive power to scour the floodplain and 

generate waterholes (Knighton & Nanson, 2000).  

a b 
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Waterholes are a vital feature of the hydrology and ecology of anastomosing rivers. They play a significant 

role not only in maintaining existing channel lines but also in the development of new ones (Knighton & 

Nanson, 1994b). Their cross-sectional area is about 8 times greater than the primary channels and they 

retain a wide range of floodwater up to 1500 megalitre which is an essential resource for the waterbird 

populations and other wild aquatic and terrestrial animals. They are also a vital source for the local industry 

such as pastoral and limited irrigation activities at the long inter-flood dry periods (Knighton & Nanson, 

2000). In the next section about Lake Eyre Basin, many environmental and cultural values of waterholes 

will be discussed.    

2.3.3. Floodplain-surface channels 

In the previous part, channel types of anastomosing rivers were classified as primary and secondary 

channels and the waterholes were introduced as one of the features of anastomosing channel landscape. 

Floodplains that fill the space between anastomosing channels are also channelized at overbank flows and 

the subsequent planform waterways are called floodplain-surface channels. Simon D Fagan (2001) 

provided a comprehensive study on the classification of floodplain-surface channels in his Ph.D. thesis and 

clarified the previous ambiguities in the definition of these waterways (Nanson & Croke, 1992; Rundle, 

1977; Rust, 1981). S. D. Fagan and Nanson (2004) defined three distinct floodplain-surface patterns in the 

Cooper Creek: Braided patterns characterized by large-scale braided bars separating wide and shallow 

channels, reticulate patterns characterised by a densely developed network of small channels with angular 

planforms and unchanneled patterns which are located at high, rarely inundated areas of the floodplain.      

Braided pattern occupying 44% of the Cooper Creek floodplain, is composed of elongate floodplain highs 

or islands divided by wide and shallow channels insets slightly into the floodplain (Figure 5A). The depth 

of channels hardly reaches 1 m and their width is 4-32 m with a width/depth ratio of 30-200 (Figure 6A). 

The reticulate pattern (Figure 5C) has an extremely high drainage density pattern and prevalence of 

approximately right-angled confluences and bifurcations between channels. The areas with strong reticulate 

pattern typically contain >30,000 channel links per square kilometer. Before Simon D Fagan (2001), the 

reticulate patterns were classified as tertiary and lower level anastomosing channel types by Knighton and 

Nanson (1994b). Channel depth and width here are 2-8.5 m and 0.2-0.6 m respectively. Reticulate patterns 

always occur with gilgai development, undulations of the soil surface characteristics of many vertisol soils 

(Figure 6B) (S. D. Fagan & Nanson, 2004; Rundle, 1977). In unchanneled areas (Figure 5D) of the 

floodplain, irregularities are very small (1-2 cm) and variation in the elevation is created randomly (S. D. 

Fagan & Nanson, 2004).  
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Figure 5. Three types of the floodplain-surface channels in the lower part of Cooper Creek (yellow area in image E): 

(A) braided pattern, (B) transition area between braided and reticulate pattern, (C) reticulate pattern, (D) unchanneled 

pattern.  

According to Figure 6C, the overbank flow power and inundation frequency are the main factors in 

originating these three floodplain-surface channel types (Simon D Fagan, 2001). Braided patterns are often 

located at the very active parts of the floodplains where inundation frequency and flow power is high. Flow 

power is the product of overbank water depth and velocity by assuming a relatively fixed gradient of 

0.00015 in the Cooper Creek. Active primary channels and waterholes in the Cooper Creek are located in 

the braided pattern areas. The prevalence of braided patterns in the narrow parts of the Cooper Creek was 

also attributed to the concentration of flow (and subsequently increased flow power) in these areas. The 

strong negative correlation between the braided pattern area and the distance to the outlet was due to the 

high transmission losses (~75%) which results in decreasing water volume and subsequently the flow power 

toward downstream. In contrast, reticulate pattern areas increase in the wider parts of the floodplain, where 

the flow is dispersed on the flat floodplain and its energy reduces. Reticulate areas occur as an intermediate 

between braided and unchanneled areas where inundation frequency and power are intermediate, and the 

flow is not strong enough to eliminate gilgai formations by fluvial erosion.  Introducing the origin of 

reticulate patterns by S. D. Fagan and Nanson (2004) in anastomosing river falsified previous ideas about 

the origin of gilgai development which assumed to be in the lower, sump areas of the floodplain where the 

water ponds (Rundle, 1977; Whitehouse, 1948). Finally, unchanneled areas often occur in high areas, at the 

boundaries or on the internal heights of the anastomosing floodplains or in the lower parts of the floodplain 

where most of the water is lost due to high transmission loss. Inundation frequency in unchanneled areas is 

very low, less than once in 10 years (Simon D Fagan, 2001) at the very large floods. Due to the high 

elevation in the unchanneled areas, water access for wetting and drying cycles to make gilgai formations is 

limited. 
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Figure 6. (a) Braided pattern (b) reticulate pattern in the arid zone anastomosing rivers defined by S. D. Fagan 

and Nanson (2004) (c) the graph illustrating the effect of overbank flow power and inundation frequency on the 

formation of floodplain-surface channels   

The analysis of Fagan (Simon D Fagan, 2001; S. D. Fagan & Nanson, 2004) provided a strong theoretical 

basis for the interconnected system of surface channeling and pedogenic characteristics responsive to the 

depth and frequency of overbank flow; while observation of aerial photos might suggest a chaotic pattern 

of floodplain-surface channels across the anastomosing floodplains. However, he couldn’t provide a 

statistical relationship through spatial analysis between the inundation frequency and transmission loss as 

the forming factor of these three floodplain-surface types, because inundation patterns and spatiotemporal 

patterns of transmission loss for different flood sizes were not available on that time. Therefore, finding a 

comprehensive methodology to estimate the pattern of inundation frequency and transmission loss in time 

and space can greatly assist quantitative analysis of morphological origins of the floodplain-surface channel 

formations. 

3. Lake Eyre Basin rivers: Why characterising their flow regime is important? 

3.1. Introduction 

Lake Eyre Basin (LEB) is in central Australia, covering 1.20 million km2 of Australia, about one-sixth of 

the continent (Richard T Kingsford, Costelloe, & Sheldon, 2014). The population of this area is about 

60,000 people (Measham & Brake, 2009), living mainly in the major towns such as Alice Springs (25,000), 

a 

b 
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Longreach (~3,000) and other small cities with less than one thousand inhabitants like Birdsville, 

Innamincka, Windorah and Winton (Figure 7a). Major rivers of the LEB connect the top to the bottom of 

this endorheic basin and periodic large floods reach the Kati Thanda-Lake Eyre (KTLE) in South Australia 

(V Kotwicki, 1986) with the maximum surface area and volume of 9690 km2 and 30.1 km2 respectively 

(McMahon, Murphy, Peel, Costelloe, & Chiew, 2008b). Georgina-Diamantina River and Cooper Creek 

catchments are the two major sources of the LEB and provide most of the water reaching the KTLE 

(Vincent Kotwicki & Isdale, 1991). They are also characterised by low gradients. The average gradient of 

the Diamantina River and Cooper Creek (areas highlighted in red in Figure 7a) is 2.7 × 10-4 and 1.7 × 10-4 

respectively in the wider parts of their floodplain (V Kotwicki, 1986). Diamantina River covers 32% of the 

LEB area but it is responsible for 65% of the inflow to the KTLE; while the floods of the Cooper Creek 

catchment, the largest catchment of the LEB, reaches every six years (V Kotwicki, 1986) and the return 

period of floods which inundate most of the surface area of the Lake Eyre is eight years (Vincent Kotwicki 

& Isdale, 1991). There are four other rivers at the west of the LEB: the Neales Rivers, Macumba River, the 

Fink River, and Todd River. The first two rivers contribute in small amounts to the Lake Eyre every two 

years; while floodwater from the last two rivers doesn’t reach Lake Eyre (Richard T Kingsford et al., 2014).    

A major part of the Great Artesian Basin (GAB, area: 1.7 million km2) lies underneath LEB and provides 

a major groundwater source to the LEB. GAB is largely dependent on the rainfall on the heights in the 

Great Dividing Range (Figure 7b). GAB naturally erupts to the surface via artesian springs (Figure 8) and 

these springs provide a unique ecosystem for the endemic fish species. Groundwater resources play an 

important role in the water supply of mining activity and outback communities (Jenny Silcock, 2009). 

Nevertheless, surface water is the major source of water for the nature and human activities of the LEB; 

therefore, the focus of this research is on the surface water resources of the LEB.  

3.2. Definition 

Some key hydrological terms will be used in this thesis and their definition is provided here. World 

Meteorological Organisation (WMO) defines evaporation as “the process by which water is changed from 

the liquid or solid state into the gaseous state through the transfer of heat energy”. Evaporation in hydrology 

mainly refers to escaping water from open water surfaces, snow, ice, and humid soil. Transpiration is 

defined as “a natural plant physiological process whereby water is taken from the soil moisture storage by 

roots and passes through the plant structure and is evaporated from cells in the leaf called stomata”. From 

the hydrological standpoint; therefore, plants are like pumps that remove water from the ground and raise 

it to the atmosphere through their leaves. Evapotranspiration (or actual evapotranspiration, AET) includes 

both the transpiration by vegetation and evaporation from other surfaces. The potential 

evapotranspiration (PET) is defined as “the evapotranspiration that would result when there is always an 

adequate water supply available to a fully vegetated surface”. In a fully vegetated area, AET is equal to 
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PET for ideal water supply to the plant. For the water supply reducing from 100% to 50% of the ideal level, 

AET is equal to PET; however, the deficient water would be drawn from the soil moisture storage. With 

further moisture deficiency AET becomes less than PET until the wilting point when the evapotranspiration 

stops. Interception is that portion of the precipitation that, while falling on the Earth’s surface, may be 

stored or collected by vegetal cover and subsequently evaporated” (WMO, 2008). Jordan (1977) defined 

transmission loss in channels as “water that is part of the streamflow at one location but which has been 

lost through channel prior to reaching some location downstream”. Knighton and Nanson (1994a) identified 

three main causes for water transmission loss in large scale anastomosing rivers: (a) 

evaporation/evapotranspiration which is significant especially when high inflow volumes inundate large 

flat surfaces in the summer months; (b) infiltration to the channel boundary and floodplain surface and (c) 

drainage diffusion which is the water detained in the waterholes and broad, low-lying floodplains which is 

eventually lost through evaporation. 

 
 

Figure 7. (a) Lake Eyre Basin (LEB) and three anastomosing floodplains highlighted in a red ellipse (Cooper 

Creek, Diamantina - Georgina River) and key towns in central Australia. The left inset shows the location of LEB 

in Australia (Source: Richard T Kingsford et al. (2014), page 4) ; (b) Great Artesian Basin (GAB) mostly lying 

under the LEB, the recharge areas and groundwater direction Source: ABC 

Science: http://www.abc.net.au/science/articles/2012/04/04/3470245.htm 

3.3. Flow variability: boom and bust periods 

The main source of water in the LEB originates from the rainfall of the summer monsoon in the northern 

and eastern areas at the Great Dividing Range in the northeast and the MacDonnell Ranges in the northwest 

(Allan, 1985). The weather synoptic patterns of the LEB floods are associated with the incursion of 

a b 
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monsoonal activities, tropical depressions, and cut-off low-pressure systems and the frequency of these 

synoptic patterns is correlated to La Nina episodes (V Kotwicki & Allan, 1998; J. Puckridge, Walker, & 

Costelloe, 2000); however, the relation between the LEB rainfall patterns and ENSO teleconnection varies 

over time and it is stronger in wet periods like 1946-1977 and weaker during drier periods like 1922-1944 

and 1978-1998  (McMahon, Murphy, Peel, Costelloe, & Chiew, 2008a; Suppiah, 2004). The rainfall pattern 

over the LEB has high spatial and temporal variability. The center and south-west of the LEB near Lake 

Eyre receive < 200 mm/year rainfall, while this figure is very high, up to 700 mm/year, at the north and 

north-east of the catchment. The annual coefficient of variation (CV) ranges between 0.2 up to 0.7 which 

is 60% greater than that found in the other arid regions of the world (McMahon et al., 2008a). 

The main streams of the LEB (Diamantina-Georgina River and Cooper Creek) are unregulated and 

characterised by low gradient anastomosing floodplains with the highest discharge variability in the world 

(J. T. Puckridge, Sheldon, Walker, & Boulton, 1998). Based on the records of 21 stations with over 10 

years of data in the LEB, the coefficient of variation of annual streamflow varies from 0.91 to 2.62. The 

streamflow variability in the LEB is about double than the global arid zone rivers with similar annual 

streamflow volume (McMahon et al., 2008b). The high flow variability is directly related to the 60% higher 

annual rainfall variability to the other world-wide arid zones. In Table 2 the annual flow statistics of 

streamflow data at the upstream and downstream of the Cooper Creek are given (Morrish, 2017). The 

difference between the mean and median in these stations is significant and this difference increases at the 

downstream stations of the anastomosing floodplains. The average is about twice and six times the median 

in Currareva and Nappa-Merrie stations at the upstream and downstream of the Cooper Creek respectively. 

By eliminating the first top 10% of large floods, the average reduces significantly and approaches to the 

median. For example, if the 1974 event is excluded from the data, the average annual flow data would be 

reduced by 500 GL. In general, large floods occur every 8 years, with 2-3 medium floods and 4-5 small 

floods between the large floods(Vincent Kotwicki & Isdale, 1991). High evaporation water loss, which 

occurs in the wide anastomosing floodplains of the LEB, is another cause of high variability in the 

streamflow records of the lower reaches. The average transmission loss is about 78% along 420 km of 

Cooper Creek floodplain between Currareva and Nappa-Merrie stations and 77% over a 330 km reach of 

the Diamantina River between Diamantina Lake and Birdsville stations (Costelloe et al., 2007; Knighton 

& Nanson, 1994a). In contrast to many dryland rivers which transmission loss decreases by increasing flood 

size, transmission loss in these anastomosing rivers has a non-linear pattern for various flood sizes and the 

medium floods have a higher transmission loss (>85%) than the small and large floods (this phenomenon 

will be discussed later in details). This issue imposes more variability to the annual streamflow data.   
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Table 2. Statistical parameters of streamflow data in Currareva and 

Nappa Merrie at the upstream and downstream of the Cooper Creek 

anastomosing floodplain  

Gauge 
Annual Flow (GL) Coeff. 

Var. 

Coef. 

Skew Mean Median Std. Dev. 

Currareva 3150 1690 4260 1.35 3.08 

Nappa Merrie 1430 240 2890 2.02 3.37 

 

High variability in the annual streamflow volumes of the LEB produces periodic wet and dry periods known 

as “boom” and “bust” cycles (Bunn, Thoms, Hamilton, & Capon, 2006; R. T. Kingsford, A. L. Curtin, & 

J. Porter, 1999; Sheldon et al., 2010). During large floods in the boom periods which often occurs between 

January to March, plant productivity of the floodplains increases. Due to the abundance of food and water 

resources, the concentration of a wide range of animals increases by the means of immigration (mainly for 

the waterbirds) and/or breeding. For instance, the 1990 flood event on Cooper Creek provided habitat for 

more than one million waterbirds (R. T. Kingsford et al., 1999). During bust periods, water becomes widely 

unavailable across the floodplains and it is limited to the waterholes of the anastomosing rivers as the main 

refuge of the aquatic animals like fish and turtles (Figure 8). Many deep waterholes (>6-9 m depth) sustain 

forever, while shallower waterholes are likely to dry in longer droughts (Knighton & Nanson, 1994b, 2000). 

Small floods or “in-between” flows in the Cooper Creek which occurs between the 8-year-frequency large 

floods are vital to retaining water in the waterholes during long dry times of the bust period (Bunn et al., 

2006). Consequently, flooding water is the main ecological derive in the wetlands of the LEB and by the 

annual fluctuation of flood volume, flora and fauna shrink or explode (Bunn et al., 2006; Costelloe, 

Grayson, & McMahon, 2005).     
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Figure 8. Location of permanent and temporary waterholes and springs in 

major three catchments of the Lake Eyre Basin (Source: Jenny Silcock 

(2009)) 

3.4. Ecological response to flow variability 

Vegetation response to flooding is the main derive of ecological productivity in the LEB floodplains. 

Vegetation responds quickly to flooding in the form of annual grasses and forbs over large areas of 

floodplains and it might be maintained for a few months after flooding (S. J. Capon, 2005; Thoms & 

Parsons, 2003). Vegetation growth vigour and biomass quickly responds to flooding within 1-2 months and 

increases rapidly to a high peak with NDVI values >0.50. Then its vigour is lost in the senescence phase 

and finally reaches dormancy during the bust phase of the inter-flood dry periods (Mohammadi, Costelloe, 

& Ryu, 2017; Powell, Jakeman, & Croke, 2014). Temporary vegetation on the floodplains of the Cooper 

Creek appears in the form of Muehlenbeckia florulenta (lignum) and Chenopodium auricomum 
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(Queensland bluebush) (Boyland, McDonald, & Hughes, 1984; Samantha J Capon, 2003). The extent of 

woody vegetation is substantially smaller than that of the temporary vegetation. Permanent vegetation in 

the form of trees (e.g. Eucalyptus coolabah (coolibah) and Acacia cambagei (gidgee)) is often restricted to 

the boundaries of waterholes (S. J. Capon, 2005) and survive during bust periods thanks to the available 

water lasting in the long droughts.  

Unlike most aquatic organisms in the LEB, waterbirds can fly thousands of kilometers and migrate between 

catchments. Increasing productivity and subsequent food abundance in the floodplains during boom periods 

absorb diverse communities of +20 species of waterbirds to the arid wetlands of the LEB (R. Kingsford, 

Roshier, & Porter, 2010; DA Roshier, Robertson, & Kingsford, 2002). Accumulation of waterbirds 

especially those which are reliant on the large food items (e.g. yabbies and shrimps) such as the wading 

birds might lag to the peak flooding pulse, because their prey may need some time to increase in abundance 

and size (R. Kingsford et al., 2010). Herbivores (e.g. black swans and Eurasian coot) also arrive later, 

because of the required time for germination and growth of the aquatic plants they use as food (R. T. 

Kingsford et al., 1999). At the initial stages of the bust period, the concentration of waterbirds might be 

very high, because of the shallow waters and abundant aquatic prey. Later, when the bust periods continues 

and productivity of the floodplains declines significantly, the waterbirds escape and move to the large lakes 

(e.g. Coongie Lakes) or other catchments exploring new food resources (R. Kingsford et al., 2010; Richard 

T Kingsford et al., 2014; David Roshier, Asmus, & Klaassen, 2008).  

Studying fish populations in the main rivers of LEB (Cooper Creek, Diamantina- Georgina River) has been 

started since 2000 (Bailey & Long, 2001; Costelloe, Hudson, Pritchard, Puckridge, & Reid, 2005) and 

Cooper Creek has received the most attention (A. H. Arthington, Balcombe, Wilson, Thoms, & Marshall, 

2005; S. Balcombe et al., 2007; S. R. Balcombe & Arthington, 2009). After large floods, LEB floodplains 

experience high fish biomass (A. H. Arthington et al., 2005; S. Balcombe et al., 2007; Adam Kerezsy, 

Balcombe, Arthington, & Bunn, 2011; J. Puckridge et al., 2000). During dry periods, waterholes provide 

refuge for the fish species; therefore, identification and protection of waterholes from human interference 

is crucial for the natural conservation and river management of the LEB floodplains (Bond, Lake, & 

Arthington, 2008; Jenny Silcock, 2009). Sixteen fish species have been identified in the Cooper Creek 

catchment: twelve of them are native, two translocated and two alien species (A. Arthington & Balcombe, 

2017). The waterholes of Cooper Creek are the habitat for three fish species that do not live in the western 

rivers of LEB: carp gudgeon, Australian smelt, and the endemic Cooper Creek catfish (Hammer, Adams, 

Unmack, & Walker, 2007). The cousins of Australian smelt live in South-Australian Murray-Darling Basin 

but the Cooper Creek catfish (Figure 9a), the most curious aquatic inhabitant of LEB is the only endemic 

riverine fish species in the Cooper Creek and upstream Thompson and Barcoo Rivers and cannot be found 

anywhere else (A. Kerezsy, 2017). Cooper Creek catfish lives in the waterholes of the Cooper Creek during 
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bust periods and does not appear in the floodplain even in the boom periods during large floods. Except for 

Cooper Creek catfish, all other fish communities of the Cooper Creek use floodplain for feeding, growth, 

and dispersal during large events. Hydrological connectivity is vital for fish sustenance in the LEB fish 

communities (A. Arthington & Balcombe, 2017). Human changes on the topography of floodplain (e.g. 

levee banks, roads, and infrastructure) can cut off flows, reduce flow path connectivity and limit fish 

movements (Steinfeld & Kingsford, 2013). Unlike fish species of regulated catchments (e.g. Murray-

Darling Basin), the native riverine fish species of LEB are in good condition. The main concern is about 

endangered spring communities in the upstream of LEB catchments that are threatened by alien species, 

spring destruction and degradation caused by trampling and disruption and the threat of water extraction 

by coal mining and coal seam gas. Carp and Tilapia species, established in the Murray-Darling Basin and 

north-eastern Australia are the biggest potential threat to the riverine fish communities of the LEB (A. 

Kerezsy, 2017).  

Turtles of the LEB regulate their life cycles based on the booms and busts periods. The population of turtles 

fluctuates with the booms and busts based on the availability of water resources (Arthur Georges, Guarino, 

& White, 2006). Large permanent waterholes in the Cooper Creek (e.g. Eulbertie Waterhole) are dominated 

by large mature individuals with few juveniles, demonstrating a climax state where the turtle population 

has reached a certain size. In contrast, ephemeral waterholes are mainly inhabited by younger turtles 

migrated from permanent waterholes during large floods; however, they have a high risk of completely 

drying, leading to the killing of all the turtles (A Georges & Guarino, 2017). The eastern long-necked turtle 

is a carnivore and migrates overland between temporary and permanent waterhole to survive dry periods. 

It can also maintain body condition and water balance for up to a year without access to water (Roe, 

Georges, & Green, 2008) and they stop growing and reproduction on extended droughts (Kennett & 

Georges, 1990). The eastern long-neck turtles live in the waterholes upstream of the Cooper Creek 

floodplain as far south as Lake Dunn, the town of Aramac. Cooper Creek turtle (Figure 9b) is endemic to 

the Cooper Creek and lives across a vast area all the way down to Innamincka and in low densities in the 

Diamantina River (A Georges & Guarino, 2017). Unlike long-neck turtle, the Cooper Creek turtle always 

needs free-standing water to survive. Due to the short-neck, it has a narrower range of food sources; instead, 

it can move extensively across the floodplain and use the floods to move between waterholes (Chessman, 

1986).  Like many other animals, Turtles are highly dependent on large floods to fill the waterholes. The 

small ‘in-between’ flows sustain the waterholes and allow turtles to survive in dry times (Bunn et al., 2006). 

Water abstraction for human purposes is a direct threat to the LEB turtles, especially the Cooper Creek 

turtle. Severe changes to the timing, volume, and frequency of river flow over the floodplain extent might 

have catastrophic effects on the Cooper Creek turtles (A Georges & Guarino, 2017).      
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Figure 9. (a) The Cooper Creek Catfish which can only be found in the Cooper Creek at upstream 

Thompson and Barcoo Rivers (Source: A. Kerezsy (2017)) (b) the endemic Cooper Creek turtle is a giant 

freshwater turtle living in the waterholes of the Cooper Creek (Source: A Georges and Guarino (2017))  

 

The population of mammals is directly correlated to the floods in the LEB. Invertebrates and small 

vertebrates have been monitored in the far western part of the desert channels since 1990 and 40 species of 

lizards and 44 species of mammals and reptiles were found and counted regularly (Dickman & Wardle, 

2012; Dickman, Wardle, Foulkes, & de Preu, 2014). Population of two most abundant mammals of the 

native rodent (the spinifex hopping-mouse and sandy inland mouse) and the brush-tailed mulgara has been 

shown to rise and fall with the rainfall and flooding which is triggered by an increase in the primary 

productivity, providing food for breeding (Breed & Leigh, 2011; Dickman, Greenville, & Wardle, 2017). 

Feral cats (Felis catus), red foxes (Vulpes vulpes) and dingoes (Canis dingo) also increase in numbers at 

high flows and local rainfalls during boom periods (Dickman et al., 2014). Consequently, the sustainability 

of the land animals is also dependent on the limited water resources of flooding and rainfall.   

Floodplains of the LEB are an essential part of Australian Aboriginals as the Lake Eyre Traditional Owners 

for the past 50,000 years. There are 17 aboriginal language groups across LEB (Emmott, 2017). The rivers 

of LEB were the trade routes of Aboriginals connecting the north to the south of the continent. Indjalandji-

Dhidhanu people live in the headwaters of the LEB at the upstream of the Georgina River near Camooweal 

and Mithaka people live in the so-called Kirrenderri between Cooper Creek at the east and Diamantina 

River at the west. This land is part of greater Wahlduru, which is the local name of the three rivers of 

Cooper Creek, Diamantina and Georgina River. Preserving the iconic environment of Channel Country is 

crucially important as the habitat of the Aboriginals and their heritage (Gorringe, 2017; Saltmere, 2017).     

3.5. Human interventions 

The rivers of LEB are still largely unregulated and enjoy its original condition survived in the last 50,000 

years since the settlements of Aboriginals in Australia. However, anthropogenic impacts on the nature of 

a b 
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LEB accelerated in the nineteenth century since the European settlers started moving to inland Australia 

(Lockyer & Kingsford, 2012; Sutherland, 1913). Nowadays, mining and energy industry, pastoralism and 

irrigation are the major consumers of surface flow in the Channel Country. The current situation of these 

industries is briefly explained below. At the moment, tourism is a small customer of the LEB water; 

however, this industry is growing, demanding a bigger share of the water in the future (Morrison, 2017; 

Schmiechen, 2004; Wright, 2017).        

Mining, oil, and gas industries are the most serious environmental threat to the LEB rivers. There are many 

mineral resources in the region (e.g. uranium at Mary Kathleen, lead-zinc-silver-copper at Mount Isa, 

copper-uranium-gold-silver at Olympic Dam complex and copper at Lady Annie), some of them operating 

since the 1960s. Mount-Isa has most of Australia’s lead-zinc resources and Olympic Dam mine is the largest 

uranium resource in Australia. LEB is also very rich in energy resources (e.g. black coal in Galilee and 

Arckaringa Basins; conventional gas, liquified petroleum gas (LPG), black coal and crude oil in Cooper 

Eromonga Basin). Cooper-Eromonga Basin is a strategic national resource comprising ~ 12% of Australia’s 

crude oil resources and almost 20% of the Australian oil is produced there. It also supplies 14.3% of the 

gas of the cities on the eastern coast of Australia, but it has a high potential to develop and supply a larger 

share of the gas market (Mudd, 2017). The mining and petroleum industries impose two major risks to the 

environment of the LEB: firstly, they might release large quantities of chemicals of the mining operations 

to the water resources. Secondly, they have an increasing demand for limited water resources. In 2009, the 

solution ponds of the Lady Annie copper mine, in ~ 200 km north-west of Mount Isa, failed and 447 ML 

of acidic mining waste which was rich in heavy metals released into the Saga and Inca Creeks in the 

headwaters of Buckley River and caused a severe impact on the aquatic environment and other dependent 

activities. The mining company paid $ 11.5 million as a fine and remediation costs (Queensland Department 

of Environment and Heritage Protection, 2012; Taylor & Little, 2013); however, the environmental 

damages were much broader than the remediations. The other impact of mineral and energy mining 

activities is the large-scale land-cover changes through eliminating habitats and blocking natural waterways 

and migration routes of animals (Dickman et al., 2017; Richard T Kingsford et al., 2014; Steinfeld & 

Kingsford, 2013).               

Water demand in the LEB from the irrigation industry is another potential threat to its ecosystem. Currently, 

there are limited active irrigation projects in the LEB: a ~62 ha of irrigation taking 1000 ML of the Cooper 

Creek each year and according to the unpublished government reports, ~ 250 ha of irrigation uses 

approximately 4000 ML of Diamantina-Georgina River each year with more than 6000 ML of water 

entitlement held in “sleeper licences” (Crothers, 2017). In 1995, a consortium from Macquarie River 

announced their intention to set up a 3000-ha irrigated cotton farm in Currareva on the floodplain of the 

Cooper Creek under a project known as Currareva Partnership. The water demand for this project was 



Chapter 2. Literature Review  

31 

 

estimated by 47000 ML to be extracted from the Cooper Creek (Morrish, 2017). A community including a 

large number of LEB residents, researchers and activists formed the Cooper’s Creek Protection Group in 

1995 and challenged the Queensland Government approach for developing water resources without a 

proper environmental impact assessment. They convened a scientific workshop in 1996 to look at the 

potential risks of developing irrigation plans to prevent the adverse environmental effects of the large 

irrigation farms in the neighbouring Murray-Darling Basin (Richard Tennant Kingsford, 2000; Richard T 

Kingsford, Boulton, & Puckridge, 1998). The workshop sent an open letter to the Queensland Minister for 

Natural Resources, calling upon governments to reject large-scale irrigation proposals due to its risks to the 

environment, culture, and people of the LEB. This movement received strong support from the public media 

and finally, an incoming Queensland Labor Government abandoned the draft of the Cooper Creek water 

plan. In 1997, an allocation of 22500 ML per year from the Thomspon and Barcoo Rivers through the “ 

Draft Water Management Plan for Cooper Creek” was recommended and this plan was abandoned again 

because of the strong opposition of the local community, scientists and environmentalists (Richard T 

Kingsford, Norris, & Rodrigo, 2017). Since the 1990s, the community of LEB has been able to withstand 

the pressure of the private sector and state governments to set up new large irrigation plans but their success 

in preventing future water resource plans is not guaranteed. The Queensland Department of Natural 

Resources has done hydrological modelling of Cooper Creek flows by an expert group to find a solution 

for the human developments while conserving the environment (Schreiber, 1997); however, the models 

haven’t been able to provide a satisfactory answer due to the high modelling uncertainties (Costelloe, 2004).         

Waterholes play a vital role in the pastoral industry of the LEB. Large floods and small “in-between” flows 

replenish waterholes for drinking cattle and stimulate growth in floodplain pastures for the beef industry 

(Emmott, 2017). One of the early conflicts between the European settlers and Australian Aboriginals in the 

LEB occurred in 1864 when 8000 sheep were brought to the Georgina River at Lake Mary and many 

detrimental attacks occurred to the Aboriginals to control drinking water resources (Roberts, 2005; 

Sutherland, 1913).  In 1995, a group of cattle producers formed the “Organic Beef Export Company”. They 

increased their production from 10 to 80 tons of beef per week between 1998 and 2017 from 15 properties 

covering 6-8 million hectares, mostly in the LEB (Brook, 2017). The pastoral industry is not still 

widespread in the LEB wetlands. They are mainly reliant on grazing in the natural pastures and they use 

waterholes for watering the cattle. However, the over-development of the livestock industry and 

overgrazing is a potential threat to the ecology of LEB.  

Human intervention is increasing in the LEB especially by extraction of surface and groundwater resources 

in this arid environment. There have been many attempts by the government and private sector to exploit 

more water from this sensitive environment; however, the community and the media have succeeded in 

preventing large-scale human interventions.  
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3.6. Why do we need to model TL? 

As discussed in section 3.3, the resident’s life and environment of the LEB are dependent on the flooding 

water coming from the headwaters. Annual floods in the LEB are highly variable in time and volume and 

this feature drives the boom and bust periods in its ecosystem (R. Kingsford, A. Curtin, & J. Porter, 1999; 

J. Puckridge et al., 2000). The flora and fauna have adapted to the flow variability, some of which are 

endemic to the LEB (e.g. Cooper Creek catfish and Cooper Creek turtle) and their extinction might lead to 

catastrophic effects on the ecological diversity of inland Australia. Large floods occur every eight years in 

the major Northern catchments of the LEB and the small and medium floods occur “in-between”. Large 

floods play a significant role in the inundation of vast floodplains, refreshing and filling the waterholes of 

anastomosing rivers and they are responsible for the ecological growth in the boom periods. The small and 

medium floods are equally important: they provide water to the waterholes along the primary channels 

which is vital for the survival of aquatic life inside and around the waterholes in the bust periods. Therefore, 

flood sizes in all ranges play an important role in the sustenance of the LEB natural and human life.     

As discussed in section 3.4, human intervention is the most serious threat to the ecosystem of the LEB. The 

main anthropogenic effects on the ecology of LEB are: 

 Water extraction for the development plans is the major anthropogenic impact. Water demand for 

mining exploration and irrigation development is on the top list of the potential environmental risks 

(Richard T Kingsford, 2017b) with the livestock and tourism on the next levels. The environmental 

effects of large irrigation development plans on the neighboring Murray-Darling Basin have been 

carefully observed by the ecologists and it is a big lesson for the future similar plans (Richard T 

Kingsford et al., 1998; Richard T Kingsford & Thomas, 2004; Steinfeld & Kingsford, 2013).  

 Increased regional development in the LEB will require intensified access roads and land cover 

changes (especially in the open mines) and these will adversely impact animal migration routes.  

 Environmental accidents like the Lady Annie copper mine incident which released a huge volume 

of acidic wastewater to the Buckley River in the headwaters of LEB is likely to happen in the future 

(Mudd, 2017).  

 Intensive grazing of livestock can change the structure and composition of vegetation communities 

with subsequent impacts on small mammals (Schieltz & Rubenstein, 2016). The impact of grazing 

on the ecology of the LEB is little known; however, it is still likely to be minor (JL Silcock, 

Piddocke, & Fensham, 2013).  

 The presence of invasive species threatens the environment of the LEB and imposes high 

expenditures to the governments and communities (Firn, Maggini, et al., 2015; Firn, Martin, et al., 

2015). Fishes, plant species brought by graziers, animals like cattle, rabbits, goat, and camel are 
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renowned examples of invasive or alien species to the LEB (Fensham, Wang, & Kilgour, 2015; A. 

Kerezsy, 2017; Martin et al., 2015). 

 Climate change is also a large-scale phenomenon that can affect the LEB floodplains. Water loss 

through evapotranspiration is very high in the LEB and varies between 70 and >95% of the flood 

volume (Costelloe et al., 2007; Knighton & Nanson, 1994a). Increasing temperature will result in 

higher evapotranspiration rates (Reisinger et al., 2014) and this will eventually make the survival of 

the LEB ecosystem more difficult in the bust periods. However, this might be partly offset by 

increasing and more intense rainfall patterns in Australia (Greenville, Wardle, & Dickman, 2012) 

which is likely to increase flow variability in the coming decades. 

The above issues are not equally threatening the ecosystem and socio-economic condition of the LEB. 

Water extraction is by far the most severe danger. Current legislation and policy in Queensland leave the 

LEB environment in a highly vulnerable situation to the future water resource and mining development 

plans (Richard T Kingsford, 2017b). Difficult judgment about the adverse impacts of development is largely 

originating from a lack of knowledge about the challenging hydrology of anastomosing rivers which is 

aggravated by lack of reliable data (Costelloe et al., 2007; McMahon et al., 2008b). The hydrological 

analysis is the base of ecological and socio-economic assessments in response to development proposals 

and this analysis is still not adequate for the main rivers of the LEB such as Cooper Creek and Diamantina-

Georgina River (Richard T Kingsford, 2017b). Available hydrological models underestimate the 

ecohydrological impacts of proposed flow diversions in the Australian arid regions (Ren & Kingsford, 

2011).    

Proposed potential developments raise the fundamental question of how much water could be maximally 

extracted to support its natural boom and boost patterns and preserve the current good ecological state. To 

answer this question, it is first required to know where, when and how much water is lost in the large 

anastomosing floodplains of the LEB (Costelloe, 2017). Environmental conservation of the LEB 

floodplains is different from the neighboring Murray-Darling Basin, where identification and provision of 

the minimum amount of environmental water and appropriate temporal pattern of flow maintain an 

acceptable level of ecological health in its rivers (Leigh, Sheldon, Kingsford, & Arthington, 2010). Instead, 

the management paradigm in the LEB is how any development (and subsequent water demand) change the 

ecological health of the rivers and based on this understanding, the allowable amount of water extraction 

will be determined (Costelloe, 2017). In the anastomosing rivers of LEB, the flooding pattern is spatially 

variable and it is highly dependent on the flood size, ungauged inflow and the spatiotemporal pattern of 

direct rainfall on the floodplain (Costelloe et al., 2007; Mohammadi et al., 2017). For example, water 

extraction from an efficient pathway (as part of the primary channel of the anastomosing river) has a much 

greater downstream impact than the pathway which predominantly supplies the floodplain. Therefore, a 
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clear understanding of the inundation and water loss pattern in time and space over the spatially complex 

anastomosing rivers provides a strong basis to prioritise efficient flow paths which transfer water to 

downstream and help the connectivity of floodplains. The knowledge of the efficient flow paths and the 

amount of available water in each path for different flood sizes will then determine how much water, when 

and where can be released to the development plans while maintaining the environmental and socio-

economic values of the LEB.         

4. Transmission loss in the anastomosing rivers: methods 

4.1. Introduction 

In this section, methods used to estimate transmission loss in the anastomosing rivers are reviewed. The 

first part reviews hydrological modellings history in the Lake Eyre Basin. Due to the limited research 

available on the arid-zone anastomosing rivers, the review is extended to the methods of estimating 

transmission loss in temperate anastomosing rivers like Okavango Delta and Niger Inner Delta in Africa, 

where international attempts to preserve the ecosystem of these floodplains has produced a larger number 

of publications. This section is concluded with a summary of the research gaps found on characterising TL 

in the anastomosing rivers.   

4.2. Lake Eyre Basin 

4.2.1. Initial models 

One of the first hydrological modellings in the Lake Eyre Basin was done by V Kotwicki (1986). He utilised 

hydrological modelling to reconstruct annual flood volumes reaching Lake Eyre from 1885 through 1984. 

He used RORB (Version 3) as a rainfall-runoff model to estimate ungauged runoff over the entire 

catchments of the LEB. He mentioned that modelling of transmission loss was very complex, and successful 

modelling of the transmission loss requires a large streamflow dataset with detailed spatial distribution over 

a wide range of floods to derive empirical hydrologic parameters, or detailed topographic information 

utilised in the hydraulic models; which were both unavailable. Therefore, he modelled transmission loss 

using a number of “conceptual storages” in the anastomosing floodplains distributed over the main rivers 

of the LEB. The threshold values of these storages were calibrated using water balances of the river reaches 

between 1949 and 1984 (~40 years) to model the streamflow for the 60 years before it from the late 19th 

century to the mid-20th century. He found that periods without flow ranged from 1 to 7 years with an average 

of 2 years and a standard deviation of 1.4 years. The modelling results demonstrated that Diamantina and 

Georgina Rivers which cover 32% of the LEB catchment are responsible for 65% of the incoming water to 

the Lake Eyre. He showed that Diamantina River contributed to the Lake Eyre every second year with a 

volume of 4.8 km2; while the Cooper Creek floods, comprising one-third of the LEB area, reaches once 
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every six years discharging 3.9 km2 to the lake. He concluded that the results were only rough 

approximations and were not accurate due to the very sparse database. The transmission loss in the spatially 

complex system of anastomosing rivers was simplified to conceptual nonlinear storage with two lumped 

parameters.  

Schreiber (1997) used a combination of the Sacramento model to generate runoff from ungauged sub-

catchments and IQQM (Integrated Quality Quantity Model) model to route the flood in the anastomosing 

river network of the Cooper Creek. The IQQM is a link-node model that uses links to represent sub-areas 

of the river network and the links are connected by nodes. He routed streamflow between nodes using a 

nonlinear Muskingum routing method, where the “k” parameter varies with discharge and explicitly defined 

the anastomosing rivers through a simplified channel system. However, he didn’t consider the effect of 

variable flow paths for different flood sizes and the flow paths remained unchanged over the whole range 

of floods. This over-simplification of channel networks, especially in the mid and lower parts of the Cooper 

Creek caused inaccurate modelling of the inundation pattern. 

4.2.2. Transmission loss using gauged streamflow data 

Knighton and Nanson (1994a) published one of the first research papers specifically discussing 

transmission loss in the anastomosing rivers and this paper has been a theoretical basis for the next similar 

works. They analysed transmission loss in a 420-km reach of Cooper Creek between Currareva (at 

upstream) and Nappa Merrie (at downstream) flow gauging stations between 1967 to 1988. They identified 

three main processes affecting transmission loss in the Cooper Creek:  

 Evaporation/evapotranspiration: this factor is significant especially at large flood events when vast 

areas are inundated especially at the flooding season in the Cooper Creek which often occurs in 

summer. 

 Infiltration into the floodplain surface and channel boundary: despite the existence of a sand layer 

below the mud-dominated surface of Cooper Creek, they believe that deep percolation of water to 

the deep groundwater is not significant and minimal groundwater seepage occurs at the bottom of 

waterholes in flooding times, when the clay is scoured by the shear stress of flooding. Percolation 

stops at the end of flooding when the suspended clay sits back on the bottom of the waterholes and 

seals it again. These findings are based on the work of Rust and Nanson (1986) which was later 

approved by Cendon et al. (2010) who evaluated groundwater seepage in the Cooper Creek using 

the water level and chemical analysis of water extracted from many piezometers drilled around three 

waterholes in the study reach. Clay-rich mud of the floodplain cracks up to 1 m due to desiccation. 

They demonstrated that part of water during the overbank stage in medium to large events is used 

to fill these cracks; however, the colloidal swelling rapidly fills these gaps and reduces infiltration 
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loss from this source. Therefore, infiltration is only significant during the initial stage of flooding at 

the top one meter of floodplain surface and this water is gradually lost through evapotranspiration.  

 Drainage diffusion (or terminal storage): impoundment of water in large flat areas that act as sumps. 

Water at these depressions is lost through evaporation. A significant example of drainage diffusion 

is Yamma Yamma Lake which is filled in the large flood events.  

   

Figure 10. (a) The ratio of total gauged flow volume at the downstream (Nappa Merrie Station) to the upstream 

(Currareva Station) plotted against total gauged flow at upstream in the Cooper Creek (Knighton & Nanson, 

1994a); (b) transmission ratio in the Diamantina Rivers calculated by event-based flood volume at the downstream 

(Birdsville Station) and upstream end at Diamantina Lakes (Costelloe, 2004)   

Knighton and Nanson (1994a) calculated the ratio of gauged flood volume at the downstream to the 

upstream for each event and plotted it against total flow volume at the upstream (Figure 10a) and found that 

in average only 23% of the upstream floodwater was escaped over the 420 km of the study reach. 

Surprisingly, they found a non-linear trend in transmission loss analysis: floodplain transmission is high 

for small flood events (10-50 GL) and peaks 40%. However, the transmission reduces to a fairly constant 

level of 12% in the medium-sized events (100-2000 GL) and again it increases non-linearly for large events 

(>2000 GL). They attributed low transmission loss in the small events to the sub-bankfull level in the 

primary channels of the Cooper Creek which have good connectivity and limited evaporation surface. By 

increasing volume to the medium floods, the primary channels have limited capacity to convey flow and 

larger areas in the floodplain are inundated at the over-bank levels. In the large events, infiltration is reduced 

by swelling of floodplain mud. In addition, floodways that have more direct routes to downstream than 

primary channels are operational, leading to a lower transmission loss. They also demonstrated that the 

influence of background flow at downstream (defined as the flow at the time of initial hydrograph rise) and 

seasonality on this nonlinear behavior is insignificant and using the conventional three-parameter 

Muskingum method to find a systematic relation between inflow, outflow, and storage in long reaches of 

Cooper Creek is ineffective due to the spatial complexity of transmission loss in different flood sizes.   

a b 
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The research of Knighton and Nanson (1994a) was very valuable in studying transmission loss and relating 

the specific channel-floodplain attributes of anastomosing rivers to the observed TL for the first time. 

However, the following major limitations can be enumerated in their analysis:  

 Cooper Creek was looked as a black-box and the influential internal processes of the floodplain 

on TL were qualitatively described.  

 They didn’t consider the contribution of ungauged catchments on the water balance of Cooper 

Creek. Even though they identified Wilson River as a major in-reach tributary with large 

catchment, they argued that its effect on TL in negligible. 

 The effect of direct floodplain rainfall on the TL was overlooked and it was not even discussed. 

 The effect of in-reach terminal storage such as Yamma Yamma Lake on the event-based TL 

analysis was exaggerated, because they couldn’t estimate its volume and didn’t quantitatively 

incorporate it to the water balance of Cooper Creek. 

Generally, Knighton and Nanson (1994a) limited the TL analysis to the gauged streamflow at both ends of 

the study reach and didn’t quantify other effective in-reach processes. One of the main reasons for these 

constraints was their limited access to data in the 1990s. Their analysis, however, was very inspirational 

for the next researchers to work on the hydrological processes of the anastomosing rivers with high spatial 

complexity.       

4.2.3. Grid-based conceptual models 

One of the intensive works on the hydrology of arid-zone anastomosing rivers is done by Justine F. 

Costelloe at the University of Melbourne under the ARIDFLO Project (Costelloe & Hudson, 2007; 

Costelloe, Puckridge, et al., 2003). He did his Ph.D. working on a few reaches of the Lake Eyre Basin 

(Costelloe, 2004) and published the first paper in 2003 about modelling of the wave speed and transmission 

loss in the lower anastomosing reaches of the Diamantina River (Costelloe, Grayson, Argent, & McMahon, 

2003) and modified the model and provided more details about the simulation results in 2006 (Costelloe, 

Grayson, & McMahon, 2006). He observed the nonlinear behavior of transmission ratio to flood size in the 

Diamantina River similar to what Knighton and Nanson (1994a) observed in the Cooper Creek (Figure 10b): 

He found that medium flood sizes have a higher transmission loss ratio than small and large flood sizes. 

Floodwater in large floods (>2300 GL) utilized most of the floodplain areas with direct routes to 

downstream. In medium flood sizes (1600-2300 GL) many flow paths were inundated but large areas are 

not inundated. Small floods use a few main flow paths and water does not reach a significant proportion of 

primary channels.      

Costelloe, Grayson, et al. (2003) used a semi-lumped, grid-based, daily time-step conceptual model by 

incorporating flow routing algorithms to simulate wave-speed and transmission loss of flood events in the 
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middle reaches of the Diamantina River. The length of the study reach was 330 km between Diamantina 

Lake Station in the upstream and Birdsville Station in the upstream (Figure 11a). The size of the grid cells 

was 0.05 × 0.05 degrees (~28 km2) allowing a simple classification of land-types (primary channel, 

floodplain, and hillslope). Each grid cell was considered as a bucket and a water-balance model is 

implemented on each grid-cell. According to Figure 11b, each cell receives water from the floodwater and 

direct rainfall. The subsurface store (SSS) is required to fill to a calibrated amount (SSSmax) before it allows 

the excess water to be allocated to the temporary surface store (TSS). Then, the water loss due to surface 

evapotranspiration (ET) is deducted from TSS at the PET rate. If TSS is zero, the calibrated ET rate from 

the subsurface store is extracted. Deep infiltration losses are then deducted from the temporary surface and 

subsurface store at a constant daily rate. Then a proportion of remaining TSS (TS%) is allocated in a 

terminal cell store (TS) with the calibrated maximum value of TSmax, which simulates water stored in the 

cell in the form of backwaters, wetlands or oxbow lakes and is not available for routing and later is depleted 

by evapotranspiration or infiltration. The remaining water in TSS is available for routing. Then, a two-

parameter storage flow routing iterative algorithm was used to simulate lateral surface and subsurface flow. 

Connectivity between cells in multiple directions (due to the anastomosis nature of floodplain) were defined 

using topographic maps and Landsat and NOAA-AVHRR satellite images to replicate flow paths. For 

different sizes of floods, cell connectivity was set to be different because, as previously discussed, a higher 

proportion of the floodplain is inundated by increasing flood size.    

 
 

Figure 11. (a) Stream network overlaying an NDVI map of NOAA-AVHRR image from March 2000 and grids 

(0.05×0.05 degree) used in a conceptual model by Costelloe, Grayson, et al. (2003) to simulate streamflow in the 

middle reach of the Diamantina River between Diamantina Lakes and Birdsville Stations. The floodwater is shown 

as black and vegetation greenness is shown as white (b) the flow diagram of the conceptual water balance model 

for each grid cell in Figure 11a used by Costelloe, Grayson, et al. (2003) and Costelloe et al. (2006)  

The model was calibrated in two periods: 1973-1980 and 1979-1986. The former contained very large 

floods between 1973-1977 and the later was much drier with small to medium-sized floods, except the large 

a b 
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event in 1981. In general, the model performs better for the larger floods in the first half of the simulation 

period than the small to medium floods in the second half. The model underestimated wave speed for the 

large floods and in contrast, overestimated it for the medium size floods. Costelloe argued that the large 

error in the timing of the peak discharge in large floods originated from the lower floodplain roughness and 

the more direct routes. He stated that by decreasing surface roughness, more direct routes were not 

achievable under the model structure. Conversely, he found that simulated flow patterns in the medium 

floods were shorter than the real floodplain patterns. The modeled transmission loss had an opposite 

behavior to wave speed: TL was overestimated in the large floods and underestimated in the medium floods. 

The poor performance of the modeled TL could be explained considering the modeled wave speed error. 

The incorrect simulation of flow paths for the medium floods resulted in lower transmission loss and higher 

wave speed. A greater distribution of flow to a wider network of the flow-path in medium floods would 

slow down the modeled pulses and increase the volume of transmission loss. Conversely, in the large floods 

more direct flow paths would result in quicker flood pulses and lower transmission loss.  

While the attempt of Costelloe was very valuable in combining remotely sensed data and hydrological 

modeling for the first time to interpret the flow regime of arid-zone anastomosing rivers, the following 

shortcomings were found in his research: 

 Firstly, the coarse grid size of the model allowed only a broad-scale depiction of landscape 

features, especially the drainage network and the complex flow pattern of anastomosing rivers. 

Therefore, increasing the spatial resolution of the model could improve the model performance. 

 The model calibrates six parameters for each grid cell. One of the main challenges of modeling 

in the arid regions of LEB is the scarcity of data. The model structure has been simplified to 

require minimum input data; however, the model is very complex with the amount of data 

provided. Costelloe (2004) concluded at the end of his thesis that data scarcity was still the main 

challenge in the modelling and suggested to establish more measuring infrastructure to better 

characterise the hydrology of the Channel Country rivers in the future. He especially highlights 

the demand for a denser rain gauging network and more streamflow gauging stations. Therefore, 

the models should be selected with a level of complexity and data demand proportionate to the 

data available.     

 The definition of flow paths was found to be critical in the simulation of timing and transmission 

loss of flood events in the lower reaches of the Diamantina River. One of the challenges of 

Costelloe was finding appropriate remote sending data to define the cell connectivity of the 

model and calibrate the simulated flooding patterns. By the advent of a wider range of remotely 

sensed products since the year 2000 with the improved spatial and temporal resolution, it is 

expected that the flooding patterns in the anastomosing rivers can be better characterised. In 
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addition, digital elevation data with improved spatial resolution and elevation accuracy can 

greatly assist improving the definition of the flooding patterns and subsequently, better 

hydrological modeling of the Channel Country rivers.   

 The effect of runoff from ungauged catchments and direct rainfall on the water balance of events 

was not explicitly discussed. Costelloe et al. (2006) state that the contribution of direct rainfall 

on the floodplain water balance increases in very large events by showing a positive correlation 

between the event-based transmission ratio and in-reach rainfall volume (R2=0.72, level of 

significance (p)=0.0002). However, he mentions that quantifying the effect of direct rainfall and 

ungauged runoff volume in the water balance of the Diamantina River was difficult to 

characterise.   

4.2.4. Hydrodynamic models 

Application of 2D hydrodynamic models in estimating flood extent and transmission loss in dryland rivers 

is very appealing, especially if it is reinforced by remotely sensed data in sparsely gauged catchments 

(Bates, Horritt, Hunter, Mason, & Cobby, 2005; Karim et al., 2011). As the focus of this research is on 

characterising transmission loss in the arid zone anastomosing river rivers, there are very few works on 

using hydrodynamic models in these special geomorphologic environments. Jarihani (2015) used a 

combination of remotely sensed data (satellite altimetry data and optical sensor data) and hydrodynamic 

models in his Ph.D. at the University of Queensland to provide a better understanding about the hydrology 

of sparsely gauged LEB rivers.  

Jarihani, Callow, McVicar, Van Niel, and Larsen (2015) firstly, used Landsat imagery to prepare and 

correct two digital elevation models. They used SRTM (Shuttle Radar Topography Mission) and second-

generation products of ASTER (Advanced Spaceborne Thermal Emission and Reflectance Radiometer) 

called ASTER GDEM over a 200-km reach of the Thompson River in the Cooper Creek between Longreach 

and Stonehenge Stations. He found that STRM (RMSE=3.25 m) outperforms ASTER GDM (RMSE=7.43 

m) in replicating flooding patterns using hydrodynamic models. They also found that hydrological 

correction of the STRM DEM data by forcing flow paths provided by Landsat imagery is vital to 

successfully model these anastomosing rivers. This analysis was continued in estimating transmission loss 

over 180 km of a reach at the upstream of the Diamantina Lake Station in the Diamantina River. Seven 

flood events between 2005 and 2013 were used to calibrate the 2D TUFLOW model (Jarihani, Larsen, 

Callow, McVicar, & Johansen, 2015). The simulated inundation extent was compared to the remotely 

sensed flooding extent calculated by Open Water Likelihood Index (OWL) using MODIS images 

(Moderate Resolution Imaging Spectrometer) (Guerschman et al., 2011) and various elements of the 

transmission loss such as in-reach ungauged inflow, surface evaporation, terminal storage, and infiltration 

were estimated. They found ungauged lateral inflow as the highest input uncertainty to the model which 
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can be high up to 200% (average 86%) of the upstream inflow. The transmission loss rate for seven events 

varied between 23-68% (mean 46%) over the study reach which was significantly lower than the 

downstream anastomosing reaches of the Cooper Creek and Diamantina  River (>70%) (Costelloe et al., 

2006; Knighton & Nanson, 1994a). Evaporation had the highest proportion in TL, comprising 21.6% of the 

upstream flow on average, followed by infiltration and terminal storage comprising 13.2% and 11.2% of 

the upstream inflow. Infiltration was composed of two initial and continuous components; where calibrated 

initial infiltration rate was very low at 10-40 mm due to the low permeability of the floodplain soil and the 

continuous infiltration rate was 5-10 times than the initial infiltration rate due to the longer presence of the 

flood-water on the study reach. The high level of continuous infiltration rate is in contradiction to the 

findings of Knighton and Nanson (1994a) and Cendon et al. (2010) which stated that floodplain infiltration 

is limited after the initial flooding stage, where the floodplain soil swells after receiving initial water and 

the permeability of high clay-content soil significantly decreases. Jarihani, Larsen, et al. (2015) also 

believed that the contribution of terminal storage in transmission loss was underestimated because of the 

removal of heights by smoothing procedure applied to SRTM DEM (DEM-H version).    

In general, Jarihani provided a very valuable methodology to characterise the hydrology of the arid-zone 

rivers by utilising a 2D hydrodynamic model and remotely sensed data in sparsely gauged catchments of 

the LEB; however, there is a major limitation on his research. The study reaches used to simulate inundation 

extent (Jarihani, Callow, et al., 2015) and transmission loss (Jarihani, Larsen, et al., 2015) are located at the 

narrow parts of the anastomosing rivers with the width ranging between 2.5-6 km. While challenges of 

hydrological modeling in the anastomosing rivers arise from spatial complexities in the wide reaches of the 

floodplain, where the widths vary between 50-70 km. Distinct evidence of the difference in the hydrological 

behavior of narrow and wide anastomosing rivers is on the relation of the transmission loss ratio and flood 

size. Knighton and Nanson (1994a) and Costelloe et al. (2006) found that transmission loss ratio in the 

middle-sized floods was higher than the small and large floods in the wide large-scale floodplains of lower 

reaches of Cooper Creek and Diamantina River; while Jarihani, Larsen, et al. (2015) found that the 

transmission loss ratio constantly decreases by increasing flood size. This implies that the 

geomorphological processes of the narrow anastomosing floodplains on transmission loss is different from 

the wide floodplains. Jarihani, Larsen, et al. (2015) stated that the hydrodynamic modeling in the low 

gradient wide floodplains of multi-channel systems was very challenging. Jarihani, Callow, et al. (2015) 

demonstrated that available DEMs were not accurate enough and were unable to successfully replicate 

individual channel features (such as connectivity and depth), especially in the medium to large floods. 

Elevation measurement uncertainties in SRTM data originated from inherent signal noises and over-

smoothing addressed by Jarihani. In addition, in an initial inspection I did on SRTM DEM, this product 

delivers the elevation of the water surface than the soil surface at the bottom of water bodies (e.g. 
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waterholes) and this will cause another source of uncertainty in the hydrodynamic modelling of extremely 

wide and low-gradient anastomosing rivers. High computational costs of running 2D hydrodynamic models 

in the large-scale floodplains (~ 20,000 km2 area) is another challenge which increases the risk of a 

successful hydrodynamic modeling of flood extent in LEB rivers.        

4.3. Outside Australia 

4.3.1. Introduction 

To review the methodologies used to characterise transmission loss of anastomosing in the other parts of 

the world, the limitation of case studies to arid zone climate was ignored in this section. Only two 

anastomosing floodplains in Africa were found with significant hydrological research: Okavango Delta 

(OD) and Niger Inner Delta (NID) with the floodplains illustrated in Figure 12. These two floodplains differ 

from the anastomosing rivers of the LEB in many aspects. They have larger areas, higher annual inflows, 

less annual flow variability, lower transmission loss ratios, less spatial complexity of flow patterns and 

finally, they are located in wetter regions. The area of OD and NID is 30,000 and 40,000 km2 respectively 

in comparison to the Cooper Creek, the biggest floodplain of the LEB with an area of 22,500 km2. The 

mean annual flood volume of OD and NID is 9200 and 33,100 GL with low annual variability, while this 

figure in the Cooper Creek is 3,150 GL ranging from 100 to 24,000 GL for the small to the largest flood. 

The average transmission loss in OD and NID is 58% and 43% respectively, while the average TL is 73% 

in the Cooper Creek (Milzow, Kgotlhang, Kinzelbach, Meier, & Bauer-Gottwein, 2009; Mohammadi et al., 

2017; Ogilvie et al., 2015; Wolski, Savenije, Murray-Hudson, & Gumbricht, 2006). Very high annual 

inflows in OD and NID make fewer primary channels with a higher width and depth; therefore, the spatial 

complexity of anastomosing river is less. Interestingly, none of the papers reviewed here about OD and 

NID, these rivers are called “anastomosing”; however, their multichannel feature is repeatedly mentioned. 

Consequently, the impact of the spatial complexity of river systems on the hydrological behavior of the 

floodplains has not been the focus of these studies.    
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Figure 12. Map of Okavango Delta and its fan-shaped topography in Botswana (Milzow, Burg, & Kinzelbach, 

2010) and Niger Inner Delta in Mali (Neal, Schumann, & Bates, 2012) 

4.3.2. Methods 

Hydrological models in Okavango Delta (OD) has been developed over time. Dincer (1985) developed a 

numerical flow model for OD to evaluate the response of the wetland to a decreased or changed flow and 

the whole swamp system was modeled as a single cell. This conceptual model was further refined into a 

10-cell model (Dincer, Child, & Khupe, 1987) and a 13-cell model (Scudder, 1993). These models had a 

major shortcoming that the whole floodplain was simplified to one or more reservoirs and channel and 

floodplain inundation patterns were incorporated into the analysis. Since the 1990s, remote sensing 

provided gridded data such as meteorological data, topography, vegetation and water patterns over time 

and space in this poorly gauged area. Subsequently, distributed hydrological models were developed. 

Okavango Delta has a rich history of flood mapping utilising remotely sensed data such as unsupervised 

classification of Landsat and NOAA-AVHRR images for the period of 1986-2000 (McCarthy et al., 2003) 

which were subsequently extended to 2006 (Wolski & Murray-Hudson, 2006), filtering of microwave 

ENVISAT-ASAR data involving temporal variance and seeded growing techniques (Milzow, Kgotlhang, 

Kinzelbach, et al., 2009), multistep contextual land classification of Landsat imagery (Wolski & Murray-

Hudson, 2006), simple thresholding of red band of MODIS imagery (Murray-Hudson et al., 2015; Thito, 

Wolski, & Murray-Hudson, 2015) and single-band thresholding of shortwave infrared band of MODIS 

images (Wolski, Murray-Hudson, Thito, & Cassidy, 2017) for flood mapping. Some of these remotely 

sensed inundation patterns have been further used as an input or to validate distributed hydrological models 

in Okavango delta.  

a b 



Chapter 2. Literature Review  

44 

 

 The first distributed hydrological model in OD was developed by Bauer (2004) based on MODFLOW 

software of the US Geological Survey (USGS) comprising two surface and groundwater layers with 1 km 

× 1 km grid size. This model was later used for the assessment of water-management measures in OD 

(Bauer, Gumbricht, & Kinzelbach, 2006). Milzow, Kgotlhang, Kinzelbach, et al. (2009) used the enhanced 

version of MODFLOW model and compared the modelled flooding patterns with the extended remotely 

sensed patterns provided by NOAA-AVHRR and ENVISAT-ASAR data from 1970 to 2006. Milzow et al. 

(2010) later used the results to investigate the impact of water management (by changing upstream inflow 

input) and climate change (by changing precipitation and PET inputs) scenarios on the flooding pattern of 

Okavango Delta and they concluded that the impact of climate change was stronger than water abstractions 

on the hydrology and vegetation distribution. Wolski et al. (2006) developed a hybrid reservoir-GIS model 

by incorporating a digital elevation model and remotely sensed flood maps into a reservoir model. Nine 

surface reservoir models were linked to five underlying groundwater reservoirs. The results were compared 

to the NOAA-AHVRR mappings provided by McCarthy et al. (2003). The reservoir model could 

successfully simulate outflow in the different subsystems in high and low flow periods with one parameter 

set; however, the model was not physically-based and the predictive power of the model was not evaluated. 

Jacobsen, Macdonald, and Enggrob (2005) from Danish Hydraulic Institute (DHI) developed a distributed 

model based on MIKE SHE and MIKE 11. Channel flow was simulated on a 1-D river model embedded 

on a 2-D floodplain for overland flow using Saint-Venant equation with 1 km × 1 km grids. Many input 

models were provided using remotely sensed data such as 10-day Leaf Area Index (LAI) and albedo and 

the model was calibrated based on flooding patterns of NOAA-AVHRR (McCarthy et al., 2003). The model 

outperformed reproducing flooding patterns with a <10% deviation in the inundation area, whereas it 

overestimated discharge at different stations. This was mainly originated from low-quality meteorological 

data (rainfall and modelled evapotranspiration) and inaccurate representation of channel cross-sections. In 

addition, the length of calibration and validation periods were only 1.5 years for a large flood in 2000 due 

to the high computational costs and this didn’t guarantee to perform well for a wider range of floods. In 

conclusion, MODFLOW model developed by Bauer (2004) which was later improved by Milzow, 

Kgotlhang, Kinzelbach, et al. (2009) was the best distributed hydrological modelling approach because it 

was a physically-based model which allowed testing different water management and climate change 

scenarios with a low computational cost.      

Hydrological models in NID have been developed over time. Earlier models considered the floodplain as a 

single entity in the water balance model (Olivry, 1995) or a single reservoir in an integrated model of the 

wetland ecosystem using the Mike Basin model (Kuper, Mullon, Poncet, & Benga, 2003). By the advent 

of remote sensing, numerous studies have been published to characterise flood extent in NID since 2000 

(Aires, Papa, Prigent, Crétaux, & Berge-Nguyen, 2014; Bergé-Nguyen & Crétaux, 2015; Crétaux et al., 
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2011; Mariko, 2003; Zwarts, Van Beukering, Kone, & Wymenga, 2005). These remotely sensed inundation 

maps were largely extracted from optical sensors like Landsat, MODIS, and NOAA-AVHRR. Remotely 

sensed inundation maps have later been used to estimate or validate water balance models. Dadson et al. 

(2010) added overbank flow module to a one-dimensional land surface model (JULES) to simulate 

inundation dynamics and then they used inundation extent results to estimate free water evaporation. They 

checked the simulated flooding patterns with the coarse grid infrared and microwave images (25 km). On 

average, the model overestimated the outflow by about 41%. The low model accuracy originated from 

utilising the 1-D model in the multichannel system of NID and coarse grid of the model and validation data.  

Two water balance models were developed in the NID based on remotely sensed inundation maps. Ogilvie 

et al. (2015) used 8-day MODIS images (resolution ~ 500 m) between 2000 and 2011 to characterise land 

cover dynamics (open water, submerged vegetation, dry vegetation and dry soil) in NID using normalized 

difference indices and calibrated the remote sensing model by defining thresholds using unsupervised 

classification of the high-resolution Landsat data (~30 m). Contribution of rainfall and evapotranspiration 

loss in the water balance were simply calculated by multiplying rainfall and potential evapotranspiration to 

the flooded areas and infiltration was calculated as the residual of the water balance model. This approach 

was successful to characterise the water balance of a sparsely gauged large-scale floodplain; however, it 

was very simple and no calibration or validation was used for the water balance part of the hydrological 

modelling. Ibrahim et al. (2017) used a similar approach with different remote sensing data. To analyse 

spatial and temporal patterns of food extent, cloud-free Landsat ETM+ images between 2000 and 2009 

were resampled to 15 m resolution using the pan-sharpening of Landsat panchromatic band. In addition, 

the active microwave SeaWinds with the coarse resolution of 25 km was incorporated for land cover 

classification and the results were compared to NDVI maps of one of the MODIS products. Then, they 

compared the results to similar studies performed for NID. Using microwave data had an advantage over 

optical data because it is not affected by cloud cover; however, spatial resolution is very coarse; 

consequently, the inundation area using microwave data was bigger than the area given by optical data. In 

addition, calculating evapotranspiration volume by multiplying the remotely sensed flood extent to a fixed 

value (0.75 × pan evaporation height) was an over-simplification of this term in the water balance and it is 

expected to be overestimated because changes of actual ET due to water stress in drier times were not 

considered. Also, the model has uncertainty around 25% because the contribution of infiltration and direct 

rainfall on the floodplain was ignored.  

Neal et al. (2012) ran a hybrid 1D-2D hydrodynamic model in NID. They included a subgrid-scale 

representation of linear channelized flow to a 2D hydrodynamic model (LISFLOOD-FP) and forced flow 

to pass through these channels in sub-bankfull levels. Global SRTM DEM data (resolution ~90 m) were 

resampled to 905 m grids to reduce height error and computational costs. Channels (route and width) were 
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mapped using Landsat ETM+ in dry times. All the cross-sections were assumed to be rectangular and 

channel depths were estimated using empirical formulas. Using remotely sensed inundation maps for 

validation, they demonstrated that these hybrid models in the anastomosing rivers outperform the purely 

1D or 2D models. They found long-range stripping (30-100 km) in SRTM data as one of the main obstacles 

in replicating real inundation patterns. With amplitudes of a few meters, the stripes had a greater impact on 

the model performance than the 4.68 m vertical noise error for each SRTM cell which was largely removed 

by resampling DEM to 905 m. This finding is in accordance with the difficulties of hydrodynamic 

modelling in large scale anastomosing rivers in Okavango Delta (Milzow, Kgotlhang, Bauer-Gottwein, 

Meier, & Kinzelbach, 2009) demonstrating that errors in the available DEMs impose high uncertainties to 

the inundation modelling. 

4.4. Conclusion 

Reviewing the literature in OD and NID shows gradual sophistication of hydrological modelling in the 

anastomosing rivers. Initial models assumed these floodplains as points. By the advent of remote sensing, 

a wide range of sensors and models were utilised to deliver gridded flood extension products and water 

balance elements (e.g. actual ET and rainfall maps). Independent 2D hydrodynamic modelling in both 

floodplains has demonstrated that the available digital elevation models (especially SRTM DEM) are 

unable to replicate the topography of these low gradient floodplains due to the stripping errors and other 

overall uncertainties of the DEM products. Therefore, hydrological models in the past 15 years are highly 

based on remote sensing data. Characterising lumped features of the floodplains like water balance 

elements, investigating the impact of water management scenarios and climate change has been the main 

purpose of these simulations with less attention to some special features of these river systems like 

anastomosity, channel connectivity and geomorphological features of the anastomosing rivers like 

waterholes and channel types. However, the increasing trend of implementing remote sensing data 

illustrates the usefulness of this tool in studying poorly-gauged large-scale floodplains.        

5. Research challenges and knowledge gaps 

5.1. Key challenges in modelling TL in LEB 

Based on the reviewed literature, the main challenges in hydrological modelling of the anastomosing river 

systems in the LEB are: 

 Data scarcity: LEB covers 1.20 million km2 of Australia but there are only 13 streamflow gauging 

stations with more than 15 years of data in this basin, compared to the Murray Darling Basin which 

has the same area but contains 160 gauges (Kennard et al., 2010). The number of streamflow 

gauging stations shrank in the 1990s but this has increased recently (see Table 1). Rainfall stations 
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are also sparse and this imposes high uncertainty in estimating runoff from ungauged catchments 

across the basin (Costelloe, 2004).   

Table 3. Changes of state government gauging stations in major catchments of LEB 

(Source: Costelloe (2017)) 

Catchment Pre-1966 1966-1990 1990-2010 Post 2010 

Cooper 5 (3a) 11 9 13 (4a) 

Diamantina 1 2 1 4 (1a) 

Georgina 0 4 0 2 

Finke 0 8 (5a) 8 (5a) 3 

Macumba 0 0 0 1a 

Neales 0 0 0 2a 
a gauging stations with no curve (only flow levels monitored and not discharge) 

 Flow variability: The annual streamflow volume supplying the arid floodplains of the LEB shows 

the highest variability in the world (McMahon et al., 2008a; J. T. Puckridge et al., 1998). Large 

floods occur every eight years on average with small and medium floods in-between (V Kotwicki, 

1986). High flow variability results in high variability in annual flooding extent. This is different 

from the behaviour of temperate-zone anastomosing rivers like Okavango Delta and Niger Inner 

Delta (Milzow, Kgotlhang, Bauer-Gottwein, et al., 2009; Ogilvie et al., 2015) and it makes the 

predictability of annual flow and subsequent inundation extent more difficult.      

 Low-gradient floodplains: The anastomosing floodplains of LEB have a very low gradient (0.01-

0.02 percent). Floodplain elevation declines a few meters across tens of kilometers (Knighton & 

Nanson, 1993; Nanson & Knighton, 1996). The elevation error in the available digital elevation 

models (e.g. SRTM DEM) is significant in these low-gradient floodplains (Rodriguez, Morris, & 

Belz, 2006). The elevation errors and some other errors (especially stripping) have shown 

significant impacts on the performance of 2D hydraulic models used to simulate flood extent (Neal 

et al., 2012) and using hydrodynamic models is largely limited to the narrow parts (< 5 km) of 

anastomosing rivers (Jarihani, Larsen, et al., 2015).        

 Spatially complex river systems: Anastomosing river systems are composed of multiple channels 

bifurcating and joining multiple times making spatially a complex system, where it is difficult to 

predict where the water goes. In comparison to the LEB rivers, the anastomosing rivers of Africa 

receive larger streamflow and the main channels routing water to downstream are fewer and wider 

(Neal et al., 2012; Wolski et al., 2006). Therefore, simulating the spatial pattern of inundation in 

LEB floodplains is challenging, especially for the medium-sized floods (Costelloe et al., 2007).  
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 Large scale floodplains: Main Floodplains of the LEB are very large, with the length of hundreds 

of kilometers and widths of tens of kilometers. Data collection of these large areas is very 

challenging. One scene of many remotely sensed data cannot contain the whole floodplain and it is 

required to mosaic images that might not be taken at the same time. For example, four Landsat 

images are required to provide the whole image of the Cooper Creek floodplain, one of which is 

taken eight days later and mosaicking of two MODIS images is required to provide the full image 

of this floodplain (Mohammadi et al., 2017). Grid-based hydrological modelling in the floodplains 

covering areas in the range of 20,000 km2 is data-intensive and computationally expensive and 

exerts many limitations to perform comprehensive hydrological analysis. 

5.2. Knowledge gaps 

 Estimating transmission loss in the anastomosing rivers of Australia and the world has evolved through 

time especially after the introduction of remotely sensed data; however, still little is known about the 

hydrology of anastomosing rivers, especially in the arid zones. Some of the significant knowledge gaps 

which were identified in the literature review are as follows: 

 Lack of sophisticated ET loss models: Recent gridded models in the anastomosing rivers have 

been developed by very simple formulation to estimate ET loss. For instance, Ogilvie et al. (2015) 

and Ibrahim et al. (2017) mapped inundation areas in the Niger Inner Delta and then used a fixed 

value for the surface ET (e.g. a fixed factor (<1) of pan evaporation or potential ET). Jarihani, 

Larsen, et al. (2015) chose a similar approach by simply multiplying the inundation area provided 

by the hydrodynamic modelling analysis to the potential ET. From another perspective, the 

proportion of wet surface evaporation, plant transpiration and interception in the ET loss have not 

been differentiated in the anastomosing rivers. More accurate estimates of ET loss need to respond 

to the water and vegetation cover changes, depending on the availability of moisture. Time series 

of remotely sensed data provide varying values of water and vegetation signals caused by the 

changes in the intensity and coverage of land cover. Therefore, formulating pixel-based ET time 

series based on the changing water and vegetation values is expected to improve results. 

 Hypothesis explaining the nonlinear behaviour of the transmission loss ratio in various flood 

sizes hasn’t been quantified: Knighton and Nanson (1994a) and Costelloe et al. (2006) found a 

non-linear relationship between transmission loss ratio and flood size in the Cooper Creek and 

Diamantina River: the percentage of water loss in the medium floods were higher than the small 

and large floods. Their hypothesis explaining this behaviour was qualitatively described and it 

hasn’t still been quantified yet. Detailed quantitative analysis of transmission loss over time and 

space can be utilised to provide a physical evidence for the proposed hypothesis and validate it.     
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 Contribution of ungauged runoff and direct floodplain rainfall in the water balance of the 

LEB rivers has been ignored: Contribution of runoff from ungauged catchments in the large scale 

arid zone anastomosing rivers of LEB has not been investigated yet (e.g. Knighton and Nanson 

(1994a) and Costelloe et al. (2006)). Jarihani, Larsen, et al. (2015) incorporated ungauged runoff 

in the water balance of a reach in the Diamantina River, but the modelled reach was very narrow, 

and the results cannot be extended to the large-scale anastomosing floodplains. In Africa, only the 

volume of rainfall has been included in the water balance studies of large anastomosing rivers 

(Ibrahim et al., 2017; Ogilvie et al., 2015); however, none of the effects of direct rainfall (volume, 

spatial and temporal patterns) have been investigated on the transmission loss of the LEB 

floodplains. 

 A comprehensive framework to detect land cover changes caused by flooding is required: 

Investigating transmission loss in the anastomosing rivers and differentiating various elements of 

evapotranspiration needs a comprehensive understanding of the land cover dynamics (water and 

vegetation). Flood mapping attempts are very few in the LEB (e.g. Jarihani, Callow, et al. (2015), 

S. J. Capon (2005)). Attempts for flood mapping in Africa (e.g. Okavango Delta and Niger Inner 

Delta) using remotely sensed data are more than Australia which were discussed in section 4.3.2. 

The attempts in Africa are limited to finding inundation area and there is not an integrated 

framework to provide land cover dynamics of different land types over time and space.        

6. Research questions 

6.1. Introduction 

The ecosystem of Lake Eyre Basin has a very high conservation value for Australia and globally as well. 

Rivers of the LEB are still considered unregulated with high endemic and range-restricted biodiversity. The 

LEB people have been able to organise a good partnership in the protection of this river system and this 

contribution has been awarded by the Australian Riverprize in 2014. This partnership was also recognised 

by the international community by awarding the International Riverprize in 2015 (Richard T Kingsford et 

al., 2017). Therefore, the unique largely-untouched environment of the LEB should be conserved well and 

any future human intervention needs to be well investigated to minimise the adverse environmental impacts. 

Proper assessment of human interventions (especially water management scenarios) needs a comprehensive 

knowledge about the hydrology of the anastomosing river system of the major LEB floodplains. Among 

various hydrological features, water loss in the large-scale floodplains is often very high (>70%); therefore, 

characterising the spatial and temporal pattern of loss is an important aspect of understanding the hydrology 

of the LEB. To date, there has been little quantitative hydrological analysis on it because of the significant 
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challenges in the hydrological modelling of these floodplains. With regard to the challenges and knowledge 

gaps that were briefly reviewed in the previous section, the questions of this research will be addressed. 

6.2. Research questions 

Based on the importance of characterising inundation pattern of large-scale arid-zone LEB anastomosing 

rivers to better conserve their ecosystem, the limitations and capabilities of available hydrological models 

reviewed in this chapter, this research seeks to address the following questions in: 

 How does the land cover (water and vegetation) change during flooding times over time and 

space in the anastomosing floodplains of LEB? 

 

 How do the ungauged inflow and direct rainfall on the floodplain influence the water balance 

of the anastomosing floodplains of LEB? 

 

 How does the transmission loss change for different flood sizes over time and space in the 

anastomosing floodplains of LEB? 

7. Thesis structure and general methodology 

The overall structure of the study takes the form of six chapters and it is illustrated in Figure 13. Three 

chapters (3,4 and 5) will be organised to answer the main three research questions outlined above. A brief 

review of the chapters and their methodology are as follows: 

 Chapter 1 (Introduction): This chapter started by stating the problem and briefly explains about 

characterising transmission loss in the large-scale arid-zone anastomosing rivers of the LEB as the 

focus of this research and why is it needed to do it.  

 Chapter 2 (Literature Review and Research Questions): The second chapter firstly classifies river 

systems and explains about the arid-zone anastomosing rivers. Various features of anastomosing 

rivers like waterholes, channel, and floodplain types will be explained. Then, the LEB anastomosing 

rivers will be introduced and the importance of these rivers for its natural and human life will be 

explained. It will also be elaborated why do the water managers need to characterise transmission 

loss in time and space of these spatially complex systems. Methods used to simulate transmission 

loss in the anastomosing rivers of Australia and the world will be investigated and criticized, and 

eventually; the research questions of the thesis will be defined.      

 Chapter 3 (Flood Mapping): Understanding land cover dynamics (water and vegetation) generated 

by flooding is the base of many hydrological modellings in the anastomosing floodplains. In this 
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chapter, the time series of three remotely sensed indices will be concurrently used to map water and 

vegetation extent over time and space in an integrated framework using daily MODIS images. 

Cooper Creek, the largest catchment and anastomosing floodplain of the Lake Eyre Basin will be 

chosen as the case study of this research and its floods will be analysed between 2000 and 2012. 

This chapter was written in the format of a journal paper and it was published (Mohammadi et al., 

2017).      

 Chapter 4 (Water Balance): The second research question will be answered in this chapter. In this 

chapter, two unknown terms of the floodplain water balance will be calculated for each flood event: 

streamflow volume coming from ungauged catchments around the floodplain and the volume of 

water added by direct rainfall on the flooded areas. The significance of volume, spatial and temporal 

patterns of these elements will be evaluated on the transmission loss ratio (the event-based ratio of 

outflow volume to inflow volume). This chapter will be linked to the previous chapter by utilising 

inundation patterns in calculating the proportion of direct floodplain rainfall contributing to the 

water balance. This chapter will be written in the format of a journal paper.       

 Chapter 5 (Transmission Loss): The main theme of this chapter is characterising the spatial and 

temporal pattern of transmission loss inside the floodplain based on flood size by utilising a 

remotely sensed evapotranspiration model. In this model, total water loss volume for each event 

includes evaporation, transpiration and interception losses for all the floodplain pixels and this loss 

will be calibrated against the total water loss calculated by gauged upstream and downstream flow 

volume, and ungauged inflow and direct rainfall volume on flooded areas calculated in Chapter 4. 

This chapter will firstly examine the performance of two remotely sensed evapotranspiration 

products (MOD16A2 and CMRSET) in the Cooper Creek. Then the formulation used in CMRSET 

model will be selected as the superior method to quantify evaporation loss and the identified 

deficiencies in this model will be eliminated. The model will be recalibrated in the Cooper Creek 

and evaluated in the Diamantina floodplain between 2000 and 2015. Then the event-based based 

evapotranspiration maps for all 17 events will be produced and the effect of flood size on the 

transmission loss ratio will be investigated.      

 Chapter 6 (Discussion and Conclusions): This research will be concluded by summarising the main 

findings and explaining the significance of these findings and proposed methodologies in a better 

understanding of the LEB floodplain hydrology. The original research contributions will be 

presented. The limitations encountered in this research will be briefly discussed and future research 

directions will be proposed. This chapter will end with a concluding statement.  
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Figure 13. Thesis structure implemented to answer the questions of my 

research 
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vegetation and moisture indices in characterizing flood dynamics of large-scale 

arid zone floodplains 
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Abstract: 

Floodplains are a key ecological feature of arid and semi-arid regions and flooding is the main source of 

vegetation productivity. Characterizing the spatiotemporal flood dynamics, such as surface water and 

changes in subsequent vegetation growth vigour and biomass, is essential in a better understanding of 

ecology and hydrology of these regions. Recent remotely sensed flooding studies of arid zone floodplains 

have concentrated on improving the classification of surface water, particularly in mixed water-vegetation 

areas; less is known about the effect of surface water flooding pattern on emergent vegetation dynamics. 

We use an integrated framework for mapping both flood extents and the persistence of floodplain response 
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changes of water, vegetation and moisture in Cooper Creek, Australia. We analysed pixel-based time series 

of multiple indices generated by daily MODIS data for 14 highly variable flow flood events between 2000 

and 2012. Results indicate that for the extremely flat Cooper Creek floodplain, mapping inundation area by 

changes in vegetation growth vigour and biomass was significantly larger than surface water mapping area 

(16.2% for the 2004 flood event) and the difference in inundation mapping mainly occurs around the 

inundated edges. In addition, by studying surface water and subsequent vegetation response together, it is 

possible to generate new information, such as the lag time between flooding and peak vegetation growth 

vigour and biomass, and persistence time of surface water and green vegetation, which provide important 

insights to arid zone floodplain behaviour. The large extent and high frequency of MODIS images provide 

advantages in characterizing inundation dynamics for large-scale floodplains where instantaneous (daily) 

inundation extent is considerably smaller than total cumulative inundation extent, compared with sensors 

with higher spatial resolution but lower temporal resolution; however, the coarse resolution of MODIS (500 

m) limits its performance for small flood events. Globally, this approach is suitable for other large, low-

gradient floodplains in arid zones that show similar, long-duration vegetation responses as observed in 

Cooper Creek.      

Keywords: flood, large scale, arid zone, MODIS, time series, NDVI, mNDWI, LSWI, Cooper Creek 

1 Introduction 

Floodplains are a key ecological feature of arid and semi-arid regions, providing intermittent water 

availability in dry areas, and flooding patterns are often complex in time and space. Flood water stimulates 

fish breeding, waterbird migration and breeding, increases vegetation productivity and the availability of 

soil nutrients (Balcombe and Arthington 2009; Baldwin et al. 2013; Capon 2003; Colloff and Baldwin 

2010; Roshier et al. 2002). Examples of dryland floodplains are the Tarim River of China (Zhao et al. 2009), 

the Okavango Delta (Milzow et al. 2009) and mid to lower reaches of Lake Eyre Basin (LEB) rivers in 

Australia (Knighton and Nanson 1994b; McMahon et al. 2008b). Remote sensing can often provide the 
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only suitable spatial and temporal estimates of flood dynamics (Haas et al. 2009; Ogilvie et al. 2015; 

Sakamoto et al. 2007), an essential element of successful hydrological and ecological management of arid 

zone rivers (Costelloe et al. 2003; Jarihani et al. 2013; Powell et al. 2014), particularly for rivers with 

limited ground monitoring infrastructure and complex flow paths (Alsdorf et al. 2007; Costelloe et al. 

2006). Flood detection is a classical theme in remote sensing and inundation mapping methods largely rely 

on detecting surface water (Sakamoto et al. 2007). In addition to mapping flood extents, remote sensing 

also provides the potential for measuring floodplain ecosystem responses that are of value to ecological and 

hydrological studies. 

One of the substantial ecosystem responses to flooding in arid zones is the subsequent vegetation response. 

Vegetation responds quickly in the form of annual grasses and forbs, and these may be maintained for 

months by soil moisture availability arising from floodplain infiltration (Capon 2005; Thoms 2003). 

Vegetation growth vigour and biomass respond to a flood pulse firstly by increasing rapidly to a high peak 

(maturity phase), then its vigour is lost (senescence) and finally reaches dormancy during the inter-flood 

dry period (Powell et al. 2014). The vegetation cycle can last for months; thus, remote sensing imagery can 

capture changes in vegetation growth vigour and biomass and it has been used to map inundation extent in 

arid regions (Fu and Burgher 2015; Landmann et al. 2010; Parsons and Thoms 2013; Sims and Colloff 

2012; Thapa et al. 2015; Thomas et al. 2011; Wen and Saintilan 2015). Vegetation dynamics also influence 

streamflow transmission losses, the percentage of upstream water that is lost in the floodplain and results 

in diminishing downstream discharge. These transmission losses exert a significant impact on the 

ecohydrology of large scale arid zone floodplains (Costelloe et al. 2003; Knighton and Nanson 1994a; 

Morin et al. 2009). Evapotranspiration is one of the dominant processes of transmission loss and 

evapotranspiration rates can significantly differ between areas covered by vegetation, moist soil and free 

water (McMahon et al. 2013). Therefore, errors in detection of floodplain response to inundation can 

produce significant errors in estimating evapotranspiration (Mohammadi et al. 2015; Ronglin et al. 2015; 

Trambauer et al. 2014) and the accurate quantification of evapotranspiration in flood events requires a 
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thorough analysis of land cover type (e.g. vegetation, moist soil, and free water), duration (retention time) 

and intensity. 

 Optical sensing has been successfully used in arid regions due to the low proportion of cloudy days, and 

minimal tree canopies (Capon 2005; Makkeasorn et al. 2009). Remotely sensed indices which are sensitive 

to moisture (as open water, moist soil or vegetation water) and vegetation have been effectively used to 

map flood extents (Boschetti et al. 2014; Deus and Gloaguen 2013; Ouma and Tateishi 2006; Powell et al. 

2014; Shilapkar 2013). These indices have been applied singly or in conjunction with flood mapping of 

arid regions (Campos et al. 2012; Soti et al. 2009; Thomas et al. 2015) and can discriminate between water 

in inundated areas, vegetation and dry bare soils. Much of the recent research has concentrated on 

improving the classification accuracy of surface water from mixed pixels containing vegetation and soil 

(Haas et al. 2009; Kaptué et al. 2013; Li et al. 2015; Ogilvie et al. 2015; Thomas et al. 2015). The indices 

have also been used in hydrological modelling to estimate evapotranspiration from diverse land covers 

(Guerschman et al. 2009), to identify inundated paddy rice fields (Sakamoto et al. 2007; Teluguntla et al. 

2015)  and flood mapping in estuarine wetlands (Jeong et al. 2012) where land cover in the inundated areas 

is likely mixed. 

The choice of optical remote sensing platform for arid zone flood mapping is determined by considerations 

of scale, revisit frequency and length of the record. In very large scale floodplains where inundation travels 

downstream over periods of weeks, the total cumulative inundation extent during the flooding period is 

greater than the instantaneous inundation extent on any given day (Knighton and Nanson 2001, 2002; 

McMahon et al. 2005). One of the main benefits of flooding in these systems is providing a period of 

increased vegetation growth vigour and biomass during and after flood recession. The spatial and temporal 

dynamics of vegetation growth vigour and biomass to flooding is, therefore, a better indicator of the region 

of the impact of floodwaters on the floodplain ecosystem (Capon 2005; Sims and Colloff 2012).  
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Readily available Landsat imagery with a long record provides sufficient spatial resolution to show complex 

inundation patterns at the landscape scale but its 16-day frequency and interference of clouds make the 

acquisition of a detailed time-series of flood images over a single flood event unlikely (Haas et al. 2009). 

MODIS (Moderate Resolution Imaging Spectroradiometer) images are collected more frequently and can 

encapsulate the changes in flood extent during a flood event, but their coarse spatial resolution provides a 

sub-optimal representation of the instantaneous distribution of flooding, especially in flat landscapes with 

complex channel networks (Aires et al. 2014; Huang et al. 2013; Justice et al. 1998; Ogilvie et al. 2015; 

Sakamoto et al. 2007). Many surface water mapping products and methods in different temporal and spatial 

resolutions have been developed for the purpose of flood mapping and detection of water bodies. These 

include the Global Lake and Wetland Database (GLWD) (Lehner and Döll 2004), the Moderate Resolution 

Imaging Spectroradiometer (MODIS) 250 m land-water mask (MOD44W) (Carroll et al. 2009), Global 

Inundation Extent from Multi-Satellite (GIEMS and GIEMS-D15) (Fluet-Chouinard et al. 2015; Papa et al. 

2010), Global 3 arc-second Water Body Map (G3WBM) (Yamazaki et al. 2015) and Water Observation 

from Space (WOfS) (Mueller et al. 2016). However, the methods for these products focus mainly on the 

spectral features of water and do not utilise post-flood vegetation indices that can provide additional 

information on inundation characteristics.  

The objective of this research is to improve understanding of spatiotemporal floodplain response dynamics 

to floods in large-scale arid regions by utilizing pixel-based time-series of remotely sensed water, 

vegetation and moisture indices that capture the immediate and subsequent response to inundation. We 

analyse complex inundation patterns of flood events by using normalized difference indices of key dynamic 

floodplain response states; open water extent, vegetation growth vigour and biomass and surface moisture 

level, from daily images of MODIS reflectance data in a large arid zone river system (Cooper Creek, 

Australia) over a 13-year period (2000-2012). This approach is not limited to water mapping of the 

inundation area, but it investigates changes in vegetation and moisture responses through the innovative 

combined analysis of normalized difference indices in characterizing dynamics of multiple floodplain 
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response states induced by flooding. We contend that the proposed approach will assist arid zone ecologists 

in understanding ecosystem responses to highly variable flood events, and hydrologists to better estimate 

water balance dynamics. 

2 Materials and Methods 

2.1 Study Area 

The study reach is on Cooper Creek, the largest catchment of the Lake Eyre Basin and is defined upstream 

by the confluence of upstream tributaries (Thompson and Barcoo Rivers) and Cullyamurra gauging station 

as the downstream limit (Figure 1). The study reach floodplain (area delineated by a purple polygon in 

Figure 1) has an area of 22,510 km2, reach length of 480 km and occurs over an average floodplain slope 

of only 1.7 × 10-4 m/m (McMahon et al. 2008b). The width of the floodplain varies between 10 and 60 km 

and narrows down to a few hundred meters at Cullyamurra Station. It is an example of semi-arid, mud-

dominated, anastomosing rivers (Nanson 2013) and is characterised by extremely complex, anastomosing 

flow paths over the broad floodplain. 

Table 1. Characteristics of flood events during the study period 

 
Flood Event Date Interval to next 

flood (days) 
Inflow 
(GL) 

Outflow 
(GL) 

Rainfall 
(mm) From To 

1 03/02/2000 28/07/2000 112 8089 3006 179 
2 17/11/2000 31/03/2001 242 2998 237 147 
3 28/11/2001 06/03/2002 341 1044 100 60 
4 10/02/2003 05/05/2003 253 1109 60 79 
5 13/01/2004 14/04/2004 251 4624 943 102 
6 21/12/2004 01/03/2005 107 146 26 18 
7 16/06/2005 09/08/2005 213 83 31 68 
8 10/03/2006 21/06/2006 200 1888 120 48 
9 07/01/2007 23/04/2007 206 907 456 142 

10 15/11/2007 22/04/2008 258 3619 280 117 
11 05/01/2009 30/05/2009 215 2804 178 88 
12 31/12/2009 05/06/2010 106 6271 7863 421 
13 19/09/2010 30/06/2011 159 7452 3657 653 
14 06/12/2011 29/06/2012 - 2681 938 340 
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Figure 1.  (a) Location of Cooper Creek  catchment (in purple) and floodplain (in black) in Australia; (b) 

Digital Elevation Model (DEM) and 5-meter elevation contours of the floodplain (Dowling et al. 2011) 

and location of gauging stations at the upstream and downstream locations of the study reach (delineated 

in purple); frames of Landsat images covering the floodplain (path 96, row 77, 78, 79 and path 97, row 

78) shown in black.  

Annual inflow to the study reach is intermittent and highly seasonal occurring mainly in the summer with 

high interannual variability (Knighton and Nanson 1997). Combined mean annual streamflow from 

Thompson and Barcoo Rivers is 3150 GL  ranging from a less than 100 GL to the maximum recorded flow 

of  23,500 GL in the 1974 flood event (McMahon et al. 2008b). Spatial and temporal patterns of rainfall 

are also highly variable with mean annual rainfall ranging from 300 mm (upstream) to approximately 200 

mm (downstream) (McMahon et al. 2008a). Based on gauged upstream and downstream streamflow, 

transmission losses of 75-80% occur on average through evapotranspiration and infiltration/percolation 
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(Knighton and Nanson 1994a) but vary non-linearly with the inflow volume.  The characteristics of flood 

events during the study period (2000-2012) are shown in Table 1. 

The study reach is covered with a thick (2-7 m) impermeable alluvial mud which prohibits recharging 

unconfined groundwater under the floodplain and recharge only takes place through the base of waterholes 

at times of flood scour in the high magnitude flood events (Cendón et al. 2010; Knighton and Nanson 

1994a). Changes in vegetation growth vigour and biomass in the Cooper Creek floodplain is highly 

correlated with monthly Southern Oscillation Index (SOI) variations as a proxy of El Niño–Southern 

Oscillation (ENSO)-related flooding driven by distant upstream rainfall (Broich et al. 2014). Vegetation in 

the Cooper Creek floodplain is mostly short grass and forb associations, which often grows after flooding 

among scattered communities of Muehlenbeckia florulenta (lignum) and Chenopodium auricomum 

(Queensland bluebush) (Boyland et al. 1984; Capon 2003). Woody vegetation is mainly restricted to 

channel margins; although scattered Eucalyptus coolabah (coolibah) and Acacia cambagei (gidgee) also 

occur on the floodplain. The extent of tree-cover is substantially smaller than the extent of annual grasses 

on the floodplain (Capon 2005). 

Upstream flow data for Stonehenge Station at Thompson River (station no. 003203A) and Retreat station 

at Barcoo River (station no. 003301B) were provided by the Department of Natural Resources and Mines 

in Queensland (https://www.dnrm.qld.gov.au/water/water-monitoring-and-data/portal). Downstream flow 

data at Cullyamurra Station (station no. A0030501) were acquired from WaterConnect, South Australia’s 

water information portal, (https://www.waterconnect.sa.gov.au/Systems/RTWD/SitePages/Home.aspx). 

Rainfall data were provided in the gridded form (0.05o × 0.05o grid size) from the Australian Water 

Availability Project (AWAP) (Jones et al. 2009). 

2.2 Conceptual model 

The conceptual model (Figure 2) for floodplain response to inundation assumes a low-gradient arid zone 

floodplain where bare soil dominates with minimal vegetation vigour and/or biomass prior to flooding. 

https://www.dnrm.qld.gov.au/water/water-monitoring-and-data/portal
https://www.waterconnect.sa.gov.au/Systems/RTWD/SitePages/Home.aspx
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Upon the arrival of floodwaters, the instantaneous floodplain response is dominated by an open water 

signal. After some days as water drains downstream, wet soil initially dominates, and subsequently, 

vegetation vigour and biomass increases in response to the greater moisture availability. A few weeks later, 

depending on the water storage capacity of the floodplain, vegetation growth vigour and biomass starts to 

attenuate (i.e. dries out). This conceptual model assumes that the floodplain response is dominated by river 

inundation and not rainfall. We also note that this simple conceptual model will vary with vegetation 

communities (i.e. annual versus perennial grasses, grasses versus shrubs), degree of seasonal variation and 

aridity of the region. 

 

 

Figure 2: (a) hypothetical time series of inflow, outflow and short rainfall for two flood events in a large-

scale arid flat floodplain (b) Corresponding time series of daily surface water and vegetation area mainly 

generated by flooding and minimal effect of rainfall  
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2.3 Remote sensing data acquisition and pre-processing 

In order to map vegetation, water and moisture in Cooper Creek remotely sensed normalized difference 

indices were used. The use of the band ratios not only enhances the spectral signals by contrasting the 

reflectance between different wavelengths, but also reduces many multiplicative noises (illumination 

differences, cloud shadows, atmospheric attenuation, certain topographic variations) and allows 

comparison between different images through time and space (Huete et al. 2002; Ji et al. 2009). Landsat 

and MODIS images used here have undergone standard corrections for gasses, aerosols and Rayleigh 

scattering (Flood et al. 2013; Vermote and Wolfe 2015); however, imperfect corrections may affect results 

in using time series of remotely sensed images.  

Daily Terra MODIS surface reflectance data (MOD09GA) with the spatial resolution of 500 meters were 

downloaded from NASA Land Processes Distributed Active Archive Centre website 

(http://reverb.echo.nasa.gov). The revisit time of the MODIS Terra sensor is approximately 10:30 am local 

equatorial crossing time and typically contained less cloud than the MODIS Aqua sensor with a revisit time 

of approximately 1:30 pm. Relevant tiles (horizontal tile numbers 30 and 31 and vertical tile number 11) 

were downloaded for the period between 24 Feb 2000 and 31 Dec 2012 and the data for the study region 

were provided by mosaicking and reprojecting images from sinusoidal to WGS84 geographic coordinate 

system and clipping data for the Cooper Creek floodplain by using the MODIS Reprojection Tool 

(https://lpdaac.usgs.gov/tools/modis_reprojection_tool). Areas contaminated by clouds and their shadows 

were filtered by a quality layer called “state” in the dataset.  

Landsat 5 Thematic Mapper (TM) images (path/row: 96/77-79) for four dates (3 Mar 2004, 8 Feb 2007, 16 

Feb 2010 and 20 Mar 2010) were used to find optimum index thresholds for calibrating flood mapping 

using daily MODIS images. The selected dates occurred many weeks after the peak flooding date and 

combinations of water and vegetation floodplain response states could be identified for the accurate 

calibration of MODIS images. As the scanning time of Landsat images is around 10:00 AM local time, 

there is an average of 30 minutes difference to the scanning time of Terra MODIS data. Landsat images 

http://reverb.echo.nasa.gov/
https://lpdaac.usgs.gov/tools/modis_reprojection_tool
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were acquired from the Queensland Department of Environment and Resource Management 

(https://www.dnrm.qld.gov.au). These images were corrected for atmospheric, topographic, sensor location 

and sun elevation effects (Flood et al. 2013). 

The Normalized Difference Vegetation Index (NDVI) (Rouse et al. 1974) has been used extensively to 

examine vegetation growth vigour and biomass in dryland floodplains (briefly reviewed and discussed by 

Thapa et al., 2016); therefore, it was used here:  

(1)
dReNIR
dReNIRNDVI

+
−

=
 

where NIR and Red are the reflectance values of Landsat bands 4 (760-900 nm) and 3 (630-690 nm) and 

MODIS bands 2 (841-876 nm) and 1 (620-670 nm), respectively. The modified Normalized Difference 

Water Index (mNDWI), was used to map water-covered areas (Xu 2006): 

(2)
1
1

SWIRGreen
SWIRGreenmNDWI

+
−

=
 

where Green and SWIR1 are the reflectance values of Landsat bands 2 (520-600 nm, green) and 5 (1550-

1750 nm, shortwave infrared) and MODIS bands 4 (545-565 nm, green) and 6 (1628-1652 nm, shortwave 

infrared), respectively. mNDWI can effectively enhance the water signal against terrestrial vegetation and 

soil features (Campos et al. 2012; Deus and Gloaguen 2013; Soti et al. 2009; Xu 2006). Compared to the 

other water indices, mNDWI is known to have the most stable thresholds for comparing different images 

because soil and vegetation have a similar reflectance in the green and SWIR bands, making mNDWI 

relatively insensitive to the background soil and vegetation components (Ji et al. 2009). Finally, the Land 

Surface Water Index (LSWI) was used to differentiate between dry and wet regions. Among the three SWIR 

bands of MODIS, we didn’t use band 5 due to the repetitive stripes (Rongbin et al. 2011) and band 7 due 

to data loss over high-albedo areas (e.g. Lake Yamma Yamma, Figure 1). Fortunately, the combination of 

NIR (band 2) and band 6 used in LSWI and similar indices like GVMI (Ceccato et al. 2002; Guerschman 

https://www.dnrm.qld.gov.au/
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et al. 2009) is highly sensitive to the water content of the land surface (Boles et al. 2004; Xiao et al. 2002) 

and we used LSWI here: 

(3)
1
1

SWIRNIR
SWIRNIRLSWI

+
−

=
 

Landsat images were mosaicked for the given four dates in path 96 and the region of interest covering the 

floodplain was clipped. By using visual inspection and controlling corresponding histograms of Landsat 

indices across the Cooper Creek floodplain, thresholds were chosen for detecting floodplain response states. 

For mapping vegetation, a criterion of NDVI>0.27 was used. The water state was chosen for the pixels with 

mNDWI>0, consistent with other studies (Huang et al. 2014; Xu 2006). A criterion of LSWI>0 was also 

used to differentiate between areas containing moisture in the form of water and vegetation from dry soil. 

Then, flood state maps from Landsat images were aggregated from 30 m to 500 m and rescaled pixels with 

more than 50% of the specified floodplain response states were chosen for calibration to find thresholds of 

the corresponding MODIS indices by using confusion matrices.  

2.4 Calibration of MODIS time series 

We identified thresholds for each index to the separate responses from baseline states, using Landsat images 

to calibrate thresholds of MODIS indices from coincident pixels for mapping specific floodplain response 

states (e.g. open water, vegetation and moisture response to inundation). The Kappa coefficient (K) was 

selected to optimise the index thresholds between resampled Landsat specified floodplain response states 

and MODIS images. Optimal thresholds for MODIS indices were chosen by maximizing the Kappa 

coefficient with K varying between 0.68 and 0.85 with an average of 0.76, which denotes substantial to a 

strong agreement between resampled Landsat calibration data and MODIS data on the same day (Jensen 

2005; Landis and Koch 1977). Based on the K-based calibration, LSWI>0.006, mNDWI>-0.163 and 

NDVI>0.271 were chosen as representing inundated regions showing vegetation, moisture (either as water, 

damp soils or vegetation water) and water response to inundation, respectively, for smoothed daily MODIS 

time series. 
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2.5 Noise reduction and gap-filling method 

Time series of vegetation, water, and moisture indices were generated by using daily MODIS bands for 

94,274 cloud-free pixels of floodplain in the form of a data cube. The data cube is composed of three 

overlaid matrices that contain values of these indices with 94,274 rows representing the number of 

floodplain pixels and 4695 columns representing the number of days between 24 Feb 2000 and 31 Dec 

2012. The time series of each index for each pixel were smoothed using a spline function in MATLAB 

(www.mathworks.com). The smoothing spline “s” is constructed for the smoothing parameter “p” and the 

specified weights “wi” to minimize Equation 4: 

)4()()1())(( 2
2

2
2 dx

dx
sdpxsywp iii

i
∫∑ −+−

 

Here, i is the ith day since the starting day of time series with the initial value of 1, and xi is the date of data 

acquisition in time series (set to 1 for the first day). yi is the initial value of the normalized index for day xi. 

The weights (wi) are set to 1 and the smoothing parameter p is defined between 0 and 1. For p=0, the 

objective function fits a least-squared straight line to data and for p=1 it fits a cubic spline interpolant. If p 

is not specified, it is automatically selected in the “interest range” around 1/(1+h3/6), where h is the average 

spacing of data points (Green and Silverman 1994). Missing values were interpolated in the 1-D time-series 

data by spline interpolation and not-a knot end method in MATLAB (de Boor 1985) using cubic 

interpolation of available data in the neighbouring grid points. This method best suited the time series 

characterised by sudden flooding pulses in the pixels. 

3 Results 

3.1 Response of indices to flooding 

The capability of the combined use of indices in characterizing floodplain response state dynamics to 

inundation is demonstrated using a single medium-sized flood event in 2004 (inflow and outflow 

http://www.mathworks.com/
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hydrographs shown in Figure 8b). This was the fourth biggest flood during the 2000-2012 period (upstream 

volume 4600 GL) and had long periods of no flow before (253 days) and after cessation of flow (251 days) 

at the upstream gauging stations. In Figure 3, time series of indices for three representative points in the 

Cooper Creek floodplain (locations are shown in Figure 1) during 2004 are illustrated, representing a typical 

inundated floodplain pixel (P1), a non-inundated floodplain pixel (P2) and an open water body (P3). 

 Figure 3a depicts the response function of point P1 with distinctive stages of pre and post-flooding periods. 

Stable values of NDVI, mNDWI and LSWI values in pre-flood conditions represent bare soil conditions. 

Following the arrival of the flood pulse and open water conditions, mNDWI and LSWI peaked and NDVI 

dropped to a minimum. The recession of peak inundation to wet soils is reflected by mNDWI approaching 

its pre-flood values (-0.44) and it coincides with LSWI decreasing to local minima (0.04) approximately 

45 days after the flood arrival. Vegetation growth response to flooding, indicated by NDVI, approximately 

starts at this time and peaks 17 days later and 62 days after the peak date of flooding defined by the peak 

mNDWI and LSWI values. After its peak, NDVI slowly decreases to the pre-flood levels as the pixel 

experiences increasing moisture stress as the vegetation growth vigour and biomass attenuates to the 

background level representing bare soil with minimal vegetation. LSWI shows a similar gradual decrease 

from its local maxima that coincided with the vegetation peak. 

The elevation of point P2 is 3 meters higher than the inundated parts of the floodplain and remained dry 

during the 2004 event. Consequently, none of the three indices recorded a significant change over the entire 

period. For point P3, located in the ephemeral Lake Yamma Yamma, mNDWI and LSWI both increased 

from background levels to a peak due to the filling of the lake, while NDVI showed a corresponding 

decrease. LSWI and mNDWI decreased from April to June due to the gradual drying of surface water and 

then increased again due to some filling of the lake from runoff generated by local rainfall. At the end of 

the study period, when the lake dried, waterbird, LSWI, and NDVI returned to their pre-flood values 

without recording any change in vegetation growth in the bed of the lake. 
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Figure 3. Time series of NDVI, mNDWI, and LSWI of three typical points in the Cooper Creek floodplain 

(locations are shown in Figure 1) to the 2004 flood event: (a) P1: in the floodplain with the sequence of bare 

soil-water-vegetation-bare soil in floodplain response state; (b) P2: unflooded area; (c) P3: area in Lake 

Yamma Yamma covered by water. 

The demonstrated responses of the time series of these indices by three representative points at the pixel 

scale confirms that in this arid zone, floodplain environment, mNDWI can be used to map water, NDVI to 

map vegetation and LSWI to map moisture (including open water, moist soils, and vegetation water 

content). 

3.2 Lag between flooding and maximum vegetation response 

Using the time-series approach for inundation mapping, calculating the lag between maximum water and 

vegetation growth vigour and biomass for each pixel is straightforward. In Figure 4a, the lag between peak 

water and vegetation state is illustrated for the 2004 flood event and the corresponding histogram is shown 

in Figure 4b. The lag time histogram shows a bimodal distribution, with a larger peak, comprising more 

than 82% of the inundated area (mainly located in the northern half of the reach), having a lag between 20 

and 75 days with the average of 41 days. The other peak has a longer lag with a wider range (75 and 299 

days) and an average of 125 days. The pixels with longer lags are located in the southern part and the 

boundaries of the middle reach and the prolonged lags may be due to the local rainfall and runoff from 

ungauged catchments within the study reach. In Figure 4c, the effect of rainfall on the overall response of 

the indices is illustrated for point P4 (location in Figure 4a). Following an average of 25 mm rainfall on 

Cooper Creek from 24-26 May, the run-off generated in the floodplain increased mNDWI significantly by 

29 May but its effect on LSWI was minimal. Also, NDVI fell sharply in this period prior to the triggering 
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effect of local runoff resulted in maximum vegetation growth vigour and biomass three months later. 

Therefore, the increase in the lag for the southern part is not related to the 2004 regional flood, the latter 

having a natural lag time between flooding and the maximum response of vegetation (such as annual grasses 

and forbs) of 41 days, as shown in the northern half of the Cooper Creek. However, the time-series approach 

assisted in mapping areas affected by rainfall and runoff from ungauged sub-catchments that occurred a 

few months after the regional flooding. 

 

 

 

Figure 4. a) Lag between peak water and vegetation states (days) for the 2004 flood event; 

b) histogram of lag between peak water and vegetation states; c) Time series of vegetation, 

water and moisture indices for point P4 illustrated in Figure 4a and the effect of rainfall 

event occurred in the late June 2004 on three indices (highlighted by red rectangle). 

3.3 Spatial dynamics of floodplain response states 

Based on the indices’ response time series for sample pixels in Section 3.1, and the thresholds calibrated in 

Section 2.3, floodplain response changes for a 334-day period during 2004 (12 days before flooding to 21 

days before the commencement of the next flood event) are analysed. By averaging MODIS indices of all 

the pixels for the 16 days prior to flooding, the mean and standard deviation of pixels for NDVI (0.15±0.03), 
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mNDWI (-0.42±0.08) and LSWI (-0.14±0.04) illustrated that pre-flood index values were significantly 

lower than the calculated vegetation, water, and moisture thresholds. Only 0.424%, 0.0% and 0.002% of 

pixels had higher NDVI, mNDWI and LSWI values respectively than MODIS thresholds estimated in 

Section 2.3. Therefore, subsequent increases in the given indices are regarded as responses to the 2004 

flood event and this eliminated the need to control background values of indices for pre-flood cover, other 

than bare soil. 

 

   

Figure 5. Persistence time of vegetation, moisture, and water in the Cooper Creek during 334 days covering 

the 2004 flood and the post-flood response period (Figure 5a-c) and their corresponding histograms for the 

2004 flood event (Figure 5d-f). 

The time-series for each index provides information on the persistence time of open water, vegetation and 

moisture state. Here, the persistence time of floodplain response states during the interval of flood events 
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is defined as the cumulative number of days for each pixel with indices values greater than the calibrated 

thresholds in Section 2.4. Persistence time maps and their corresponding histograms for three floodplain 

response state types are presented (Figure 5). The persistence time maps not only illustrate the inundation 

extent but also demonstrate the spatial pattern of floodplain state persistence. Among these, open water has 

the shortest persistence time, except for Lake Yamma Yamma which has a persistence time longer than 200 

days. 95% of the inundated area had water persistence time of fewer than 49 days (Figure 5f); while this 

figure increased to 205 and 245 days for moisture and vegetation floodplain states (Figure 5d-e). 

 

Figure 6. Persistence time (days) boxplots of vegetation (a), moisture (b) and water (c) as floodplain 

response states in the whole Cooper Creek and its four spatial subsets (indicated in Figure 5c) in the 2004 

flood event. 

As illustrated in Figure 5c, we divided the floodplain into four zones, according to the persistence time of 

vegetation, water, and moisture floodplain responses. The boxplots of floodplain-response state persistence 

times of corresponding regions and the whole floodplain are given in Figure 6. Zone 4, the area mainly 

covered by Lake Yamma Yamma, behaves differently in comparison to the other parts of the floodplain 

with 25th percentile, median and 75th percentile of 159, 220 and 266 days for water persistence time (Figure 

6c); while these figures for the whole floodplain and zones 1 to 3 varies between 12 to 39 days. 

Consequently, the higher persistence time of moisture in Zone 4 (Figure 6b) is mainly attributed to the 

presence of water and not vegetation. In contrast, persistence time of moisture for zones 1 to 3 (Figure 6b) 
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is mainly originating from the persistence time of vegetation (Figure 6a); however, vegetation persistence 

figures for each zone are generally higher than moisture persistence time which demonstrates that the 

vegetation footprint persists for longer than the moisture footprint during annual no-flow periods. 

The total inundation area detected by the given floodplain response states is different. Each inundation area 

was calculated by summing the number of pixels showing one or more days of persistence time multiplied 

by the area of each pixel (496.2 m). The area for post-flood vegetation recorded for the 2004 flood event 

was 18,118 km2, comprising 78% of the area of the floodplain. The moisture index area was 18,004 km2, 

with 478 km2 of this area belonging to Lake Yamma Yamma, which was identified by moisture index but 

not the vegetation index. Excluding Lake Yamma Yamma, the difference between the vegetation and 

moisture state area in the floodplain was 588 km2 (i.e. 3.3% less area). The inundation area in the floodplain 

detected by the open water index was 15,178 km2 (excluding 438 km2 of open water in Lake Yamma 

Yamma), being 16.2% lower than the vegetation area. 

For large open water bodies (e.g. lakes), the vegetation response cannot be used individually to map the 

inundated regions but these areas are adequately mapped by mNDWI and LSWI. In Figure 7a, regions with 

or without vegetation, water, and moisture response are illustrated, respectively. Areas with both water and 

moisture response but not vegetation response are located in the Yamma Yamma Lake (pink areas). Also, 

there are some regions in the floodplain where vegetation and moisture states were recorded but the water 

was not significant (yellow areas). These regions are typically at the boundaries of inundated areas (i.e. 

floodplain edges); where a faint or very short water signal was measured but the vegetation and moisture 

signals were stronger and more stable. For example, the behaviour of a pixel showing vegetation and 

moisture responses above the calibrated thresholds but a water response lower than the corresponding 

threshold (P5, see location in Figure 7a) is illustrated in Figure 7b. Here, mNWDI increased in response to 

likely inundation but did not exceed the calibrated index threshold; however, NDVI and LSWI exceeded 

their thresholds. NDVI showed a stronger response than LSWI with significantly more days above the 

threshold value. As the study reach is covered with a thick impermeable alluvial mud which prohibits 



Chapter 3. Flood mapping  

81 
 

recharging groundwater in the floodplain (Cendón et al. 2010; Knighton and Nanson 1994a), the given 

NDVI response cannot be attributed to groundwater level rises and it originates from floodwater. 

Consequently, NDVI can better map inundated pixels with very short or weak water response than LSWI. 

Areas showing vegetation but no moisture response are also illustrated (green areas in Figure 7a) and typical 

time series of indices (P6) are shown in Figure 7c. In this example, the increased mNDWI and LSWI did 

not reach their thresholds whereas NDVI exceeded its threshold for many days. 

 

 

 

Figure 7. (a) Areas with or without vegetation, water and moisture responses in 2004 flood 

event; (b) indices’ time series of point P5 (location shown in Figure 7a) and corresponding 

thresholds for identifying floodplain response states of the indices; (c) indices’ time series 

of point P6 (location shown in Figure 7a). 

3.4 Temporal dynamics of floodplain response states 

Time series of indices are used to track daily changes, at the reach scale, of vegetation, water and moisture 

area in the floodplain by summing the number of pixels having indices higher than the calibrated values in 

Section 2.4. In Figure 8a, daily variations of the three floodplain response states in comparison to inflow, 

outflow and spatially average rainfall height over the floodplain are illustrated. Peak flow at the upstream 
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gauging stations occurred on 17 Jan 2004, and at the downstream gauging station on 17 Feb 2004, with a 

travel time of 31 days. The total inundation area recorded by mNDWI for the flooding period was 15,616 

km2, with the maximum daily water coverage occurring 16 days after the peak inflow and covering 9035 

km2 of the floodplain (57.9% of total inundation area). The daily vegetation area increased to above 10,000 

km2 and remained high for 45 days. The lag between maximum water and subsequent vegetation area for 

the total floodplain (25-66 days) is in accordance with the lag time between maximum water and vegetation 

signal estimated on a pixel-based approach in Section 3.2. 

 

 

Figure 8. (a) Time series of daily vegetation, water and moisture state area for the 2004 flood event in the Cooper 

Creek floodplain; (b) Inflow, outflow and average rainfall height in the same period.  

LSWI as an indicator of moisture in the form of water and vegetation peaked 10 days later than the 

maximum water area, with a maximum daily coverage of 13,023 km2. After the peak date, the moisture 

area decreased sharply at a rate of -42 km2/day and showed a more sensitive response to reductions in 

moisture availability than the vegetation response. Vegetation showed a higher persistence than moisture 
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state to the water stress, though the effect of rainfall in June 2004 was significant in compensating the water 

stress in the southern half of the Cooper (see Section 3.2).   

3.5 Event-based floodplain response dynamics  

The time series of the mapped areas using the vegetation, moisture and water indices are illustrated for the entire 12-

year period (Figure 9). For the flood events of the years 2000, 2001, 2011 and 2012, vegetation area was considerably 

larger than moisture and water areas, mostly due to the remnant vegetation growth vigour and biomass of the previous 

floods. The Cooper Creek record indicates a minimum of 200 days interval between floods is required to map 

floodplain response state changes independently (Figure 9); otherwise, the background effect of previous floods 

should be carefully eliminated. Nine out of 14 flood events in the record have intervals greater than 200 days and the 

other five events need adjustments of background effects for accurate flood mapping (Table 1).  

 

Figure 9. Daily vegetation, moisture and water area in the Cooper Creek floodplain between 25 Feb 2000 and 31 

Dec 2012. 

Flood mapping for small flows did not show connected patterns across the floodplain, indicating that the inundation 

area of these small floods is underestimated. Among the 14 floods during the study period, MODIS data with 500 

m spatial resolution was able to map relatively continuous flow paths for flood volumes greater than or equal to 

1888 GL of inflow volume (flood event of 2006 in Table 1). However, for smaller floods (e.g. 2003, inflow volume 
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of 1109 GL) discontinuous inundation patterns were mapped.  The spatial resolution of flood mapping is illustrated 

in Figure 10, where the inundation area generated by Landsat surface water mapping for two separate flood events 

is compared to the corresponding persistence time of water for these events produced by MODIS time series. For 

the 2003 event, the wider western flow path and the narrow eastern flow path (with channels < 100 m wide) are 

well mapped by Landsat imagery (Figure 10a), while MODIS imagery is less able to map connectivity between 

inundation patches (Figure 10b), particularly for the eastern flow path. For the larger 2006 event, increased 

floodplain inundation improved the comparison between mapped areas at the Landsat (Figure 10c) and MODIS 

spatial resolution (Figure 10d).  The vegetation footprint of small floods is larger than moisture and water states 

and this issue is evident by comparing the time series of floodplain response states in Figure 9 in the years 2002, 

2003 and 2005. 

    
Figure 10. (a) Water mapping for a region in the middle reach of the Cooper Creek on 25 Mar 2003 generated by 

Landsat 7 imagery; (b) Persistence time (number of days) of water for the 2003 flood event generated by MODIS 

time series; (c) Water mapping on 12 May 2006 by Landsat 5 imagery; (d) Persistence time of water for the 2006 

flood event produced by MODIS time series; 

Flood size plays a critical role in spatiotemporal features of floods, such as floodplain response state 

persistence time and total inundation area. The 95th percentile exceedance limits (95%EL) of persistence 

times of the three floodplain response states show a significant correlation with flood volume (FV [GL]) 

(Figure 11a-c). Flood events from 2000, 2001, 2010 and 2011were omitted from the analysis because of 

the effect of previous floods on the mapped floodplain responses. The 95%EL of water persistence increases 

approximately linearly with flood volume but note the analysis did not include the largest floods in the 

study period (2000, 2010).  For larger floods, the 95%ELwater is expected to increase non-linearly because 



Chapter 3. Flood mapping  

85 
 

of higher depths of water requiring longer time periods to flow downstream and dissipate via evaporation 

and infiltration. The 95%EL for vegetation and moisture show strongly non-linear behaviour that likely 

approaches an asymptote for large floods related to the time for post-flood evapotranspiration to deplete a 

floodplain soil moisture store with finite capacity. The maximum observed values of 95% EL for vegetation 

and moisture are 250 and 220 days; which is the required interval between two floods for these two response 

states to return to the dry bare soil background value. Therefore, for consecutive floods with shorter 

intervals, the first flood will still be influencing the vegetation and moisture states before the start of the 

second flood.          

   

   

Figure 11. Upper limit of 95th percentile of floodplain response state persistence time for water (a), vegetation (b) 

and moisture (c) floodplain response states against flood volumes between 2000 and 2012 in the Cooper Creek; 

Total inundation area against flood volumes for water(d), vegetation (e) and moisture (f) in the same period. 

The inundation area increases with flood volume (Figure 11) with all three floodplain response states 

showing significant linear correlations. Floods with less than 1888 GL of inflow volume have been 

excluded due to the likely inaccurate mapping of small floods caused by the coarse spatial resolution of 

MODIS data. The lower correlation of the vegetation index is possibly due to the effect of additional rainfall 

on vegetation for the outlier points (e.g. flood 2000-2001 and 2007, Table 1). Stream inflow volumes 
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measured during the 12 years of study period are limited to 8100 GL, which is approximately 1/3 of the 

maximum flood volume of the available record that occurred in 1974. It is expected that for the larger 

floods, the given linear relationships may not give accurate results as the inundation area may approach an 

asymptote with increasing flood size. Consequently, the given relationship is valid for the flood inflows in 

the range of 1888-8100 GL with the maximum rainfall depth of 130 mm in the flooding period. 

4 Discussion 

4.1 Value of Multiple Indices in Understanding Flood Dynamics and Vegetation Responses 

Implementing multiple indices provides more information about floodplain responses to inundation in arid 

and semi-arid regions and this approach is increasingly recommended for highly variable flow regimes 

(Campos et al. 2012; Ouma and Tateishi 2006; Thomas et al. 2015). Flood mapping in expansive 

floodplains and wetland systems using only water indices may not identify full inundation extent due to 

landscape complexity, rapid vegetation vigour and biomass response, shallow water and canopy cover 

(Powell et al. 2014). We demonstrated that in the extremely flat floodplain of Cooper Creek, coupling 

vegetation and open water mapping reveals an increased inundation extent, and the areas temporarily or 

partially inundated with weak water response demonstrated a longer and more stable vegetation response. 

Excluding large water bodies on the floodplain, such as Lake Yamma Yamma, which does not experience 

a prolonged vegetation state due to the persistence of water coverage, the cumulative inundation area given 

by vegetation mapping was 16.2% more than the corresponding area produced by water mapping. However, 

mapping of open water using mNDWI retains the advantage of allowing mapping of dynamic inundation 

patterns without having to wait for the response time of vegetation vigour and biomass to inundation. We 

showed that LSWI as a moisture index maps similar cumulative inundation area to the changes in vegetation 

growth vigour and biomass mapped using NDVI but can provide additional information as it is sensitive to 

the water content in the soil, water, and vegetation. Using moisture indices like LSWI is particularly 

recommended in the mixed flooded areas where connectivity is fundamental to ecosystem processes (Ward 
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et al. 2002) and in areas with seasonal flooding (Campos et al. 2012) where water and vegetation have 

opposite effects on some indices like NDVI, leading to potential misclassification of those areas. In 

addition, moisture indices can identify the period where moist soils dominate the following inundation and 

prior to vegetation growth. This can assist modelling evapotranspiration of arid zone floodplains where 

accurate detection of water content duration and intensity in its various forms of open water, vegetation and 

moist soil is crucially important (Guerschman et al. 2009; McMahon et al. 2013).     

Utilizing multispectral MODIS images for flood mapping in the form of time series at a daily frequency 

provided additional advantages to just mapping dynamic and cumulative flood extents. For example, the 

combined use of water and vegetation indices in the form of time series provides the opportunity to identify 

the lag between flooding and maximum subsequent vegetation vigour and biomass response. This analysis 

provides a complementary tool for ecological studies of floodplain productivity, which previously have 

mainly utilised vegetation indices for understanding the spatiotemporal effects of flooding on productivity 

(Parsons and Thoms 2013; Sims and Colloff 2012; Wen et al. 2012). By comparing maximum water and 

vegetation growth vigour and biomass dates for each pixel, we demonstrated that the average lag time 

between flooding and peak productivity of forbs and annuals is 41 days. This finding is in accordance with 

the 1-2 months lag time between peak rainfall and maximum NDVI in areas of east and southern Africa 

(Anyamba et al. 2002), the Okavango Delta (Gaughan et al. 2012), and arid zones of India (Chandrasekar 

et al. 2006). It is expected that for evergreen canopies the vigour may not reach the high values of temporary 

vegetation and their response time to flooding is longer as well (Powell et al. 2014; Wen et al. 2012). The 

coarse spatial resolution of MODIS images prevented the assessment of the lag in the response of permanent 

riparian vegetation, occurring as thin zones around permanent water holes, to flooding in Cooper Creek. 

The time-series data can also be used to identify the period of vegetation response to inundation by 

comparing the time from peak vegetation growth vigour and biomass to the return to background values of 

NDVI. This is considered to approximately equate to the persistence period of the enhanced levels of soil 
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moisture due to flood inundation that is depleted by evapotranspiration. Such information is likely to be 

important for both ecological and water balance studies of arid zone floodplain environments. 

4.2 Limitations of Utilizing MODIS data 

Omission error is an important issue when identifying small terrestrial features in coarse resolution satellite 

imagery (Ozesmi and Bauer 2002). Daily MODIS images provided a valuable source of high-frequency 

data to characterize spatial and temporal flood dynamics; however, its coarse resolution was the main 

limitation in mapping small floods. For low flood volumes in Cooper Creek (<1888 GL, Figure 10a-b), the 

flow is mainly confined in the primary anastomosing channel systems. Primary channels have typical 

widths of 20-100 m and are commonly flanked by tree-covered levees (Knighton and Nanson 1994b) that 

further obscure mapping of inundation by MODIS. As flood volumes increase, numerous secondary 

channels and floodplains become inundated allowing coarse-resolution sensors to start detecting superficial 

water cover (e.g. Figure 10c-d).  Landsat sensors with the spatial resolution of 30 m can better map the 

small floods in Cooper Creek, though their revisit time is 16 days and cloud cover may obscure sensing at 

the flooding times, resulting in loss of data for many weeks. The first satellite of Sentinel-2 was launched 

in mid-2015 and the second one will be launched in 2017 and its data are freely accessible with global 

coverage (www.esa.int). These twin sensors have a spatial resolution of 10-60 m, which is very close to the 

Landsat resolution, but their revisit time is reduced to 5 days. The combined use of Landsat, Sentinel-2 and 

SPOT sensors would provide a remotely sensed database with high spatial and temporal resolution but its 

length of record may be an issue. In addition, Planet Labs (www.planet.com) is providing images on a 

global one-day revisit time with the spatial resolution of 3-5 meters by utilizing over 100 small satellites as 

the largest constellation of Earth-imaging satellites. With these new products, there will be a trade-off 

between the advantages of high spatial or temporal resolution in detecting environmental changes and 

spectral consistency between satellites and length of the record. However, the consistent data capture by 

the high-frequency MODIS platform still provides a powerful historical dataset since the year 2000 for use 

in large floodplain environments.   

http://www.planet.com/
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The minimum applicable threshold of total inflow volume in Cooper Creek (1888 GL) cannot be 

generalized to other floodplains because not only the size of the flood is important but also the physical 

characteristics of the floodplain, such as area, width, and complexity of the channel system. In small flood 

events of the Cooper Creek, inundation is often limited to the in-bank flows in relatively narrow and deep 

channels of the anastomosing system; while, inundation becomes active at overbank stage over large 

floodplains in medium and large flood events (Knighton and Nanson 2002), providing a better chance of 

detecting inundation area using space-borne imagery. However, utilising the time series availability of the 

high-frequency MODIS data allowed the dominant flow paths to be mapped and the scale of the information 

is still highly relevant and suitable for use in ecological or flow modelling studies.  

5 Conclusion 

Despite the relatively coarse resolution of daily MODIS images in comparison to Landsat, we have 

demonstrated the value of the temporal record provided by MODIS in characterising spatiotemporal 

dynamics of floods of large arid zone floodplain rivers utilizing simultaneous multiple indices of vegetation, 

water and moisture status of the floodplain. The significant advantage of the multiple indices, time-series 

approach was that in addition to mapping changes in flood extents at a high frequency, other important 

features of flood dynamics can be analysed, such as mapping the moisture and vegetation persistence of the 

floodplain and the lag time between inundation and peak vegetation vigour and biomass response. While 

the coarse resolution of daily MODIS images provides a challenge in characterizing the flood dynamics of 

small flow events or in smaller river systems, the time-series approach using multi-date MODIS data 

provided useful information on floodplain dynamics and vegetation responses as an essential part of many 

ecological and hydrological studies. This approach more fully utilises the information content in the 

MODIS dataset and goes beyond the binary mapping approach of defining a pixel as inundated or not at 

any given period. Globally, this approach is suitable for other large, low-gradient floodplains in the arid 

zone that show similar, long-duration vegetation responses as observed in Cooper Creek. 
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Chapter 4 
 
Water Balance of Large-Scale Arid Zone Floodplains: Spatiotemporal 

Effects of Ungauged Runoff and Rainfall on Transmission Loss, Case 

Study: Cooper Creek, Australia 

 

Abstract 
Improvements in characterizing the hydrology of large-scale arid zone floodplains play an important role 

in better managing the natural environment and sustainability of these sensitive environments. 

Spatiotemporal change of transmission loss in large-scale arid zone floodplains is in the interest of 

hydrologists; however, little is known about it due to the high variability of rainfall and runoff and scarcity 

of data. In this paper, a combination of hydrological data analysis/modelling and remotely sensed data is 

used to study the spatiotemporal effects of major water balance elements on the transmission loss of the 

Cooper Creek, Australia. 17 major flood events were analysed over 480 km reach of the Cooper Creek 

between 2000 and 2015. Results indicated that in-reach ungauged runoff can significantly influence 

transmission loss in major flood events when monsoonal rainfall of tropical origin pushes further south to 

inland Australia. Three important features of runoff generated by direct rainfall on the low-gradient 

floodplain to transmission loss are volume, distribution in time and space; while the latter highly impacted 

transmission loss in all range of flood sizes. It is expected that the results of this research will help 

hydrologists to better understand hydrological processes in the large-scale arid zone floodplains and reduce 

uncertainty in transmission loss by identifying important spatiotemporal features of water balance elements. 

1. Introduction 
Hydrology plays a significant role in the ecological processes of arid-zone floodplains such as plant 

productivity and diversity (Baldwin et al., 2013; Beltman, Willems, & Gusewell, 2007), fish recruitment 

(Zampatti & Leigh, 2013) and waterbird breeding (Aharon-Rotman et al., 2017; Kingsford & Thomas, 

2004). Therefore, improvements in characterising spatiotemporal hydrological elements of water balance 

help arid zone specialists and managers to better utilise this environment with minimal impact on its 

sensitive ecology (Faramarzi et al., 2017; Samuel, Girma, Zenebe, & Ghebreyohannes, 2018). However, 

characterising the hydrology of arid zones is very challenging due to high rainfall and runoff variability in 
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time and space and high uncertainties associated with the lack of quality data (Alazard, Leduc, Travi, 

Boulet, & Ben Salem, 2015; Fleischmann et al., 2018; T. McMahon, R. Murphy, M. Peel, J. Costelloe, & 

F. H. Chiew, 2008; T. A. McMahon, R. E. Murphy, M. C. Peel, J. F. Costelloe, & F. H. S. Chiew, 2008b; 

Sachse et al., 2017).  

While complicated hydrological models yield poor results in sparsely gauged arid zone rivers, sometimes 

simple regression models are even found to outperform in predicting flow (Al-Qurashi, McIntyre, Wheater, 

& Unkrich, 2008) and provide a more effective tool for regulators and planners to manage the ecohydrology 

of arid zones (Cataldo, Behr, Montalto, & Pierce, 2010). Combining remotely sensed and ground 

hydrological modelling or utilizing a group of satellite data in scarcely gauged arid zones can reduce 

uncertainty in characterising hydrological processes (Costa, Foerster, de Araújo, & Bronstert, 2013; J. F. 

Costelloe, A. Shields, R. B. Grayson, & T. A. McMahon, 2007; Ekeu-wei, Blackburn, & Pedruco, 2018; 

Pham, Marshall, Johnson, & Sharma, 2018) and improve estimation of arid zone water balance components 

(Fleischmann et al., 2018; A. A. Jarihani, Larsen, Callow, McVicar, & Johansen, 2015). Remote sensing 

data can also provide spatiotemporal features of flow that this will eventually result in better understanding 

of floodplain hydrology (Larned, Arscott, Schmidt, & Diettrich, 2010; Olden, Kennard, & Pusey, 2012; 

Spurgeon, Pegg, & Hamel, 2016; Thoms & Parsons, 2003). 

Lake Eyre Basin (LEB) in Australia is one of the largest arid zone catchments in the world. One of the 

major features of LEB is high transmission losses (J. F. Costelloe, Grayson, Argent, & McMahon, 2003; J. 

F. Costelloe et al., 2007; A. D. Knighton & G. C. Nanson, 1994b; Knighton & Nanson, 2002). The average 

transmission loss ratio (difference between downstream from upstream volume divided by the upstream 

volume) are very high in the LEB and reaches 77% and 78% for the middle reaches of Diamantina River 

and Cooper Creek respectively (D. Knighton & G. Nanson, 1994; T. A. McMahon, R. E. Murphy, M. C. 

Peel, J. F. Costelloe, & F. H. S. Chiew, 2008a). Characterizing transmission loss in the arid zone 

anastomosing rivers of LEB is challenging due to the complex flow patterns, large-scale of the floodplain 

(>10,000 km2) and paucity of hydrologic data (J. Costelloe, A. Shields, R. Grayson, & T. McMahon, 2007; 

D. Knighton & G. Nanson, 1994). D. Knighton and G. Nanson (1994) studied the effect of flood volume 

on transmission loss in the Cooper Creek by utilising gauged streamflow in the upstream and downstream 

of the study reach. However, they didn’t incorporate the effect of runoff from ungauged in-reach sub-

catchments and floodplain direct rainfall on transmission loss. J. Costelloe et al. (2007) utilised a few 

remotely sensed Landsat images in the development and calibration of a daily, semi-lumped conceptual 

hydrological model to characterize the magnitude of transmission losses as a function of gauged upstream 

discharge and spatial pattern of flooding (flooding area and flow path) and ran the model for the 330-km 

reach of Diamantina River. They used empirical analysis of streamflow data and inferred that high 
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correlation between the ratio of annual downstream to upstream discharge and in-rich rainfall input 

(R2=0.72) can affect the transmission loss behaviour of flow events; however, they found it difficult to 

specifically account for in the analysis of flood pulse behaviour. A. A. Jarihani et al. (2015) estimated 

ungauged runoff volume for seven flood events in a 180-km reach of Diamantina river and considered it as 

one of the main sources of uncertainty in the floodplain water balance; however, the effect of direct rainfall 

on the floodplain and spatial features of ungauged runoff on transmission loss were unexplained. 

The main aim of this paper is to investigate the effect of volume size and spatiotemporal features of various 

elements of the Cooper Creek water balance (such as ungauged runoff and direct floodplain rainfall) on 

transmission loss, which has not been characterised in the previous studies, where the Cooper Creek reach 

was considered as a lumped entity (i.e. black-box analysis) during the event-based water balance analysis 

(Knighton & Nanson, 2001; D. Knighton & G. Nanson, 1994). Water balance elements are estimated to 

improve the accuracy of the transmission loss ratio in a stepwise method by utilising a combination of 

remote sensing analysis and hydrological modelling in 17 flood events between 2000 and 2015. It is 

expected that investigating spatiotemporal features of water balance elements will result in a better 

understanding of water transmission processes in large-scale arid zone floodplains. 

2. Materials and methods 

2.1.  Study area  
The study reach is on Cooper Creek (Figure 1), the largest catchment of the Lake Eyre Basin and is defined 

by the confluence of Thompson and Barcoo rivers at the upstream end and by Cullyamurra gauging station 

at the downstream end. The reach floodplain has an area of 22,510 km2 and a reach length of 480 km with 

an average slope of 1.7 × 10-4 m/m (T. A. McMahon et al., 2008a). The study reach is a mud-dominated 

anastomosing river with complex interconnected flow paths extended in the floodplain with the width 

varying between 10 to 60 km (Nanson, 2013).  

Annual inflow to the reach is intermittent but seasonal and mainly occurs in the summer (Knighton & 

Nanson, 1997). Large floods originating from Thompson and Barcoo Rivers are associated with monsoonal 

rainfall on the western slopes of Great Dividing Range in Queensland. Annual gauged inflow from 

Thompson and Barcoo Rivers ranges from <100 GL to the maximum recorded flow of 23,500 GL in 1974, 

with an annual mean volume of 3150 GL (T. A. McMahon et al., 2008a). Spatial and temporal patterns of 

rainfall over the floodplain are highly variable. The long-term trend shows a north-east to south-west 

gradient varying from 300 mm to 200 mm (T. McMahon et al., 2008). Cooper Creek floodplain is covered 

with a thick (2-7 m) impermeable alluvial mud which minimises recharging to unconfined groundwater 

under the floodplain. Minimal recharging groundwater only occurs through the base of waterholes in large 

flood events (Cendón et al., 2010; Gibling, Nanson, & Maroulis, 1998; D. Knighton & G. Nanson, 1994). 
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Figure 1. (a) Location of Cooper Creek catchment (in purple) and floodplain (in black) in Australia; (b) 
Digital Elevation Model (DEM) and 5-meter elevation contours of the floodplain and location of 
gauging stations at the upstream and downstream locations of the study reach (delineated in purple). 

2.2. Water balance model 
Following the approach of Knighton and Nanson (1994), an event-based methodology was used here to 

analyse the available gauging station data. The correlation of gauged flow data over the study reach was 

provided by summing up the inflow and outflow volume in discrete events. Events which often start and 

end in zero flow at their starts and ends spanning over a few months. The event-based water balance of the 

Cooper Creek reach is calculated between 2000-2015. The water balance is defined as follows: 

∆𝑆𝑆 = 𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖

𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖
𝑟𝑟𝑔𝑔𝑖𝑖𝑖𝑖𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟 − 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸                                                                  (1) 

Where ∆𝑆𝑆 is the change in storage of the reach between two flood events, 𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is upstream gauged 

inflow from Thompson and Barcoo Rivers, 𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is inflow from ungauged catchments, 𝑄𝑄𝑖𝑖𝑖𝑖

𝑟𝑟𝑔𝑔𝑖𝑖𝑖𝑖𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟 is 

inflow from direct rainfall on the floodplain, 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔   is gauged outflow from Cullyamurra station, and 

𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸  is transmission loss through evaporation from surface water, bare soil or interception and transpiration 

from floodplain vegetation. ∆𝑆𝑆 term includes deep percolation to the unconfined groundwater in the 

floodplain. The Cooper Creek floodplain is covered with a thick layer of impermeable mud, preventing 

deep percolation of floodwater to the unconfined aquifers (Cendón et al., 2010; Gibling et al., 1998). 

Therefore, we assume that the positive change in the storage of the floodplain does not occur in the 

groundwater but takes place in the surface water and shallow soil. Shallow soil has a low capacity to retain 

water and it loses its water through direct evaporation from soil or evapotranspiration of temporary 
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vegetation coming after the flooding events (Capon, 2005; Powell, Jakeman, & Croke, 2014).  If 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸  is 

moved to the other side of equation, combined sum of evaporation loss and change of floodplain storage 

equals to the difference of inflow, coming from gauged and ungauged catchments and direct floodplain 

rainfall, and outflow leaving the floodplain via the gauged outlet at Cullyamurra:  

∆𝑆𝑆 + 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸 = 𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖

𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖
𝑟𝑟𝑔𝑔𝑖𝑖𝑖𝑖𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟 − 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔                                                                   (2) 

In cases where flood events occur over long intervals and far apart from each other, the floodplain has time 

to lose the increase in water storage ∆𝑆𝑆 through the evapotranspiration term, so that when ∆𝑆𝑆 gradually 

decreases 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸   increases. Events in the Cooper Creek reach between 2000 and 2015 are investigated to 

identify which years have the potential of  ∆𝑆𝑆 ≅ 0. Events that are temporally close to the next event have 

a ∆𝑆𝑆 ≠ 0; however, an increase of floodplain storage converts to the evaporation loss after commencing 

the next flood event.   

In the results section, the relationship between evapotranspiration transmission loss volume (𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸 ) and 

inflow volume in three stages is investigated. Firstly, evaporative loss (𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸 ), the difference between 

gauged inflow and outflow (𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 and 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) is investigated and compared to the inflow flood 

volume (𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔), similar to the work of D. Knighton and G. Nanson (1994). Secondly,  ungauged inflow 

from catchments around the reach (𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) is incorporated to gauged inflow (𝑄𝑄𝑖𝑖𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ), and 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸  is 

recalculated and compared to the volume of gauged and ungauged inflow (𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 +  𝑄𝑄𝑖𝑖𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔). Then, 

the effect of distance of ungauged catchments from the reach outlet at Cullyamurra on transmission loss is 

investigated. Finally, the volume of within reach rainfall (𝑄𝑄𝑖𝑖𝑖𝑖
𝑟𝑟𝑔𝑔𝑖𝑖𝑖𝑖𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟) on saturated areas (estimated by 

remotely sensed data) is added to gauged and ungauged inflow (𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖

𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) , 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸  is 

recalculated and compared to the total inflow (𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖

𝑔𝑔𝑖𝑖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖
𝑟𝑟𝑔𝑔𝑖𝑖𝑖𝑖𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟).   

2.3. Hydrological data 
Daily upstream flow data for Thompson and Barcoo Rivers were provided by the Department of Natural 

Resources and Mines in Queensland (https://water-monitoring.information.qld.gov.au) for Stonehenge and 

Retreat stations (Station No. 003203A and 003301B, respectively) between 2000 and 2015. Downstream 

flow data for Cullyamurra Station (Station No. A0030501) were obtained from WaterConnect, South 

Australia’s water information portal, 

(https://www.waterconnect.sa.gov.au/Systems/RTWD/Pages/Default.aspx). Daily gridded rainfall data 

with 0.05o spatial resolution (approximately 5×5 km) for the same period was derived from the AWAP 

Project provided by the Bureau of Meteorology (BoM) (David A Jones, William Wang, & Robert Fawcett, 

2009). 

https://water-monitoring.information.qld.gov.au/
https://www.waterconnect.sa.gov.au/Systems/RTWD/Pages/Default.aspx
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Gridded PET data calculated in three different methods was used to estimate open water evaporation at 

Yamma Yamma Lake. Having three PET datasets provides the chance of comparing Yamma Yamma Lake 

volume in various methods. Daily gridded AWAP data for downward solar irradiance, maximum and 

minimum daily temperature and vapor pressure (David A Jones et al., 2009) and SRTM DEM (resampled 

from 1 arc-second to 0.05o (Dowling, Brooks, & Read, 2011) ) were used to estimate Morton areal potential 

evapotranspiration (Morton, 1983) from 2000 to 2015. Gridded daily 0.05o × 0.05o Priestly-Taylor potential 

evapotranspiration (Priestley & Taylor, 1972) for the period of 2000-2010 was also obtained from CSIRO 

data collection (Donohue, McVicar, Roderick, & Li, 2013). Daily grids of Penman-Monteith potential 

evapotranspiration (Monteith, 1981; Penman, 1948) in 0.05o resolution in NetCDF4 format were obtained 

from 2000 through 2015 from the Bureau of Meteorology in “Australian Landscape Water Balance” Project 

(http://www.bom.gov.au/water/landscape). 

To estimate flow path length of some gauged and ungauged Cooper Creek sub-catchments to Cullyamurra 

outlet (Figure 2), a combination of flow direction analysis using topographic gridded data and remote 

sensing techniques were utilized. Firstly, the 1 arc-second SRTM data (Dowling et al., 2011) in ArcHydro, 

one of the extensions of ArcGIS, was used to map flow paths in Cooper Creek. ArcHydro provides a 

dendritic structure for flow path which is not applicable in the anastomosing river system of Cooper Creek. 

To modify the flow paths, flood maps created in Water Observation from Space (WOfS) Project in 

Geoscience Australia (Mueller et al., 2016) were used. This product provides surface water maps between 

1987 and 2015 using Landsat imagery in the Australian continent. A map was created of the cumulative 

number of times water was detected in the Cooper Creek reach and this map was used to modify dendritic 

flow paths given by ArcHydro to anastomosing flow paths. Finally, flow length was estimated using the 

modified flow paths.  

2.4.  Rainfall-runoff model 
For better estimation of inflows to the Cooper Creek floodplain, the volume of water from ungauged 

catchments between upstream and downstream gauging stations was calculated. In Figure 2, the location 

of 21 catchments between Stonehenge and Retreat stations and Cullyamurra Station are illustrated. Three 

regions were excluded from modelling ungauged runoff, two sub-catchments south of S1 and S3, and 

Yamma Yamma Lake because they don’t contribute in providing runoff to the floodplain. Visual inspection 

of satellite images like Google Map and RGB Landsat images didn’t show flow routes for those regions 

and it was concluded that rainfall is collected in local depressions and subsequently evaporates. The overall 

area of ungauged catchments is 67,745 km2. Kyabra Creek and Wilson River are the largest in-reach 

catchments, with areas of 18,162 and 9,629 km2 respectively. Ungauged inflows were estimated by the 

Probability Distributed Model (PDM), a conceptual lumped rainfall run-off model (Moore, 2007). We used 

http://www.bom.gov.au/water/landscape
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daily records of Priestly-Taylor, Penman-Monteith and Morton areal potential evaporation and AWAP 

rainfall data to calibrate the model. PDM model was calibrated using 16 years of the gauged Darr River 

sub-catchment of Cooper Creek between 2000 and 2015, the closest gauged sub-catchment, located 200 

km upstream of Stonehenge Station. The calibrated parameters were then transferred to the Cooper Creek 

to run PDM for the ungauged catchments.  

 
Figure 2. Location of 21 ungauged catchments 
around Cooper Creek floodplain between 
upstream Stonehenge and Retreat Stations on 
Thompson and Barcoo Rivers and downstream 
Cullyamurra Station  

2.5. Rainfall-runoff model uncertainty  
The total uncertainty in modelling originates from various sources such as uncertainty in system inputs 

(forcing) and outputs, model structural errors (such as aggregation of spatially distributed rainfall-runoff 

models into a spatially lumped model) and errors in estimating model parameters (Blasone et al., 2008). 

Generalized Likelihood Uncertainty Estimation (GLUE) proposed by Beven and Binley (1992) is used here 

to quantify runoff uncertainty from ungauged catchments. This method calculates total uncertainty using 

model parameters picked randomly in the universe of parameter space and takes a group of parameter sets 

that fit model prediction by a means of the objective function. GLUE method has been criticised due to 

requiring a subjective decision on likelihood function and cut off threshold to separate behavioural models 

from non-behavioural ones (Christensen, 2004; Montanari, 2005); however, we used this method here 

because of popularity in hydrological analysis and inclusion of all sources of uncertainty in the analysis. 
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In this research, 100,000 parameter sets from the global parameter space of PDM model were selected 

randomly. These parameters were used to generate runoff predictions in Darr River, where the model was 

calibrated, and they were compared with measured runoff at the outlet of this catchment from 2000 to 2015. 

Then, the top 1% of parameter sets with the highest Nash-Sutcliff efficiency (NSE) used as behavioural 

parameters. NSE for the selected behavioural models ranged between 0.55 to 0.69.  

2.6. Estimation of Yamma Yamma Lake volume 
Yamma Yamma Lake works as a terminal sink in the Cooper Creek floodplain. Therefore, it is necessary 

to estimate its volume to provide how much water is lost there as a terminal lake. The simplest method to 

estimate the volume of Yamma Yamma Lake is to find the maximum level of water at each flood event and 

using a DEM to estimate the volume below the maximum level geometrically. Maximum water levels were 

calculated using density slicing of shortwave infrared band of Landsat imagery (Band 6) to separate water 

and soil (Frazier & Page, 2000). However, STRM DEM is not accurate enough to do volumetric 

calculations of the lake due to the low accuracy of that dataset. The maximum water height in Yamma 

Yamma Lake (~1.5 m) is less than the accuracy of SRTM Data. The elevation accuracy of SRTM DEM is 

about 6 meters for the non-vegetated areas in Australia (Rodríguez, Morris, & Belz, 2006). 

To overcome this problem, the volume of Yamma Yamma Lake is estimated by calculating the time-series 

of the lake water surface using satellite imagery and daily potential evapotranspiration for the flood event 

in 2004. This event has a long dry period after the main flooding pulse. During the subsequent long dry 

period, no inflow came to the lake and rainfall was also minimal. Lake volume is estimated by: 

𝑉𝑉 = ∫ 𝐴𝐴𝑜𝑜
𝑜𝑜
0  . (𝑃𝑃𝑃𝑃𝑃𝑃𝑜𝑜 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑜𝑜).𝑑𝑑𝑑𝑑 − 𝐼𝐼𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝑓𝑓𝐼𝐼𝑓𝑓 𝑢𝑢𝑅𝑅𝑢𝑢𝑅𝑅𝑢𝑢𝑢𝑢𝑢𝑢𝑑𝑑 𝑐𝑐𝑅𝑅𝑑𝑑𝑐𝑐ℎ𝑓𝑓𝑢𝑢𝑅𝑅𝑑𝑑 𝑅𝑅𝑓𝑓𝐼𝐼𝑢𝑢𝑅𝑅𝑑𝑑 𝐼𝐼𝑅𝑅𝑙𝑙𝑢𝑢                     (3) 

Where 𝐴𝐴𝑜𝑜 is daily surface area estimated by interpolation of lake surface area for 10 discrete days from the 

date of maximum water level to the date that the lake dries up, estimated by using MODIS imagery 

(Mohammadi, Costelloe, & Ryu, 2017). PET and Rain are average daily potential evapotranspiration and 

cumulative rainfall height (mm/day). 

2.7. Remotely sensed data 
Actual evapotranspiration (AET) of the Cooper Creek reach is not calculated independently in the water 

balance model. It was first calculated as a residual in the water balance model and then compared to the 

AET remote sensing data. Remotely sensed actual evapotranspiration data were acquired from two sources. 

The 8-day composite MODIS Global Terrestrial Evapotranspiration Product (NASA MOD16A2), herein 

called MOD16A2, provides global coverage to estimate ET fluxes, accounting for plant transpiration, 

rainfall interception from wet canopy surfaces, potential evaporation from saturated wet surfaces and 

discriminates between the evaporation rate of moist and wet soils (Mu, Heinsch, Zhao, & Running, 2007; 
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Mu, Zhao, & Running, 2011). MOD16A2 data from 2000 to 2013 were downloaded from the Numerical 

Terradynamic Simulation Group (NSTG) webpage at the University of Montana 

(http://www.ntsg.umt.edu/project/modis/mod16.php). It has an 8-day temporal resolution, but the spatial 

resolution is 1 km. Guerschman et al. (2009) developed the CSIRO MODIS Reflectance Scaling Actual ET 

(CMRSET-AET) for Australia with the same temporal, but finer spatial resolution than MOD16A2. 

CMRSET provides AET for the period of 2000-2013 with an 8-day temporal and 250-m spatial resolution. 

The data are available at http://remote-sensing.nci.org.au/u39/public/data/wirada/cmrset. To estimate water 

balance elements of each flood event, the AWAP rainfall, CMRSET and MOD16A2 for the Cooper Creek 

floodplain were extracted from a few days antecedent to each event to a few days prior to the following 

event. Inflows to the floodplain, including gauged and ungauged runoff and rainfall, mainly enter the 

floodplain during the flood events. But water storage in the form of terminal storage and infiltration may 

last for longer periods. Therefore, we extended the period of estimating remotely sensed AET volumes for 

each flood to a few days before the next flood.  

Landsat 5 Thematic Mapper (TM) and Landsat 7 Enhanced Thematic Mapper Plus (ETM+) images 

(path/row: 97/78) were used to finding the maximum water extent of Yamma Yamma Lake. Due to the 

aridity of the region, there was no vegetation cover at the boundaries of Yamma Yamma Lake. Therefore, 

the water extent of Yamma Yamma lake was distinctly separable from bed soil using density slicing of 

Landsat shortwave infrared band (Frazier & Page, 2000). We used Landsat images for six dates 

(2000/05/10, 2004/02/07, 2006/06/04, 2008/02/18, 2010/04/28 and 2012/03/08) to find maximum water 

extent of Yamma Yamma Lake for the largest flood events between 2000 and 2015. Landsat images were 

acquired from the Queensland Department of Environment and Resource Management 

(https://www.dnrm.qld.gov.au). These images were corrected for atmospheric, topographic, sensor location 

and sun elevation effects (Flood, Danaher, Gill, & Gillingham, 2013). 

To delineate the temporally varying water extent of Yamma Yamma Lake, daily MODIS data were 

downloaded from NASA Land Processes Distributed Active Archive Centre website 

(http://reverb.echo.nasa.gov). Relevant tiles (horizontal tile numbers 31 and vertical tile number 11) were 

downloaded for years 2004, 2012 and 2013. MODIS images were reprojected from sinusoidal to WGS84 

geographic coordinate system and clipped for the Yamma Yamma Lake by using the MODIS Reprojection 

Tool (https://lpdaac.usgs.gov/tools/modis_reprojection_tool). We delineated the lake area using mNDWI 

index explained by Mohammadi et al. (2017). 

3. Results 

3.1.  Change in reach storage 
To investigate event-based water storage change in the study reach, remotely sensed time series of water 

http://www.ntsg.umt.edu/project/modis/mod16.php
http://remote-sensing.nci.org.au/u39/public/data/wirada/cmrset
https://www.dnrm.qld.gov.au/
http://reverb.echo.nasa.gov/
https://lpdaac.usgs.gov/tools/modis_reprojection_tool
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and vegetation areas in the Cooper Creek were utilised (Mohammadi et al., 2017) and shown in Figure 3. 

It was assumed that if within-reach surface water and vegetation area after a few months of flooding go 

below 100 km2, water storage is almost lost through evaporation. This assumption is made based on the 

negligence of water storage in the form of deep percolation (Cendon et al., 2010). The list of flood events, 

their interval to the next flood (starting from the time of flow cessation at Cullyamurra station until the 

commencement of flow at the upstream gauges for the next flood event) and gauged discharge volume is 

given in Table 1. Remotely sensed vegetation and water maps were here used to identify if there was overlap 

in response between events. For example, event 2000 has an inflow of 8253 GL and part of the vegetation 

cover and the surface water remained until the next flood. Therefore, it is inferred that in equation 1, ∆𝑆𝑆 ≠

0 for the transmission loss (∆𝑆𝑆 + 𝑄𝑄𝑜𝑜𝑔𝑔𝑜𝑜𝐸𝐸𝐸𝐸 ) of events 2000 and 2000-1. From event 2001-2 to event 2009, 

floodwaters and subsequent vegetation response deplete due to the long span between floods or low volume 

of incoming floodwaters. Therefore, it is assumed that ∆𝑆𝑆 = 0 for these events and evaporation loss 

encompasses all the transmission loss. For events 2009-10 to 2011-12, starting from early 2010 until mid-

2012, floodplain experiences the highest flood during the study period and the intervals between events 

2009-10 / 2010-11, and 2010-11/2011-12 are 106 and 159 days, respectively, which is less than the overall 

average of the interval the between floods (213 days). Therefore, ∆𝑆𝑆 ≠ 0 is assumed in the transmission 

loss term of events 2009-10, 2010-11 and 2011-12. Remaining surface water in the reach during events 

with ∆𝑆𝑆 ≠ 0 is mainly because of the water retained in Yamma Yamma Lake. Incoming flow for events 

2013-14 and 2014-15 is 540 and 249 GL respectively, which is lower than the average incoming gauged 

inflows (2693 GL). The long intervals to the next flood for these two events (242 and 302 days) results in 

considering all the transmission loss to be equal to evaporation loss for these events.     

 
Figure 3. Time series of vegetation and water coverage area in the Cooper Creek between 2000 and 2012 provided 
by Mohammadi et al. (2017) 
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3.2. Water balance using gauged streamflow 
In Table 1, gauged streamflow in Cooper Creek is provided for 17 flood events occurring between 2000 

and 2015. Gauged upstream flow for the events varies from 109 to 8253 GL with an average and standard 

deviation of 2693 and 2524 GL respectively. However, the maximum upstream flow during this period is 

about 30% of the historical maximum flow recorded in 1974, which had a volume of 24000 GL.  

Table 1. Characteristics of 17 flood events in the Cooper Creek 
between 2000 and 2015, including flood event dates and duration 
and gauged inflow and outflow  

     
No. 

Date Interval 
to the 
next 
flood 

(Days) 

Gauged Inflow (GL) Outflow 

Cullyamurra 

(GL) 

Gauged 
Inflow-
Outflow 

(GL) 

Transmission 
Loss (%) 

From To 
Barcoo 
River 

Thompson 
River 

Sum 

1 03/02/2000 28/07/2000 112 259 7994 8253 3031 5222 63 

2 17/11/2000 31/03/2001 242 1145 1964 3109 244 2865 92 

3 28/11/2001 06/03/2002 341 473 604 1077 104 974 90 

4 10/02/2003 05/05/2003 253 268 865 1133 69 1065 94 

5 13/01/2004 14/04/2004 251 1680 2957 4636 943 3693 80 

6 21/12/2004 01/03/2005 107 56 154 210 33 176 84 

7 16/06/2005 09/08/2005 213 50 60 109 34 75 69 

8 10/03/2006 21/06/2006 200 459 1443 1903 121 1782 94 

9 07/01/2007 23/04/2007 206 365 628 993 457 536 54 

10 15/11/2007 22/04/2008 258 1657 1975 3632 281 3351 92 

11 05/01/2009 30/05/2009 215 141 2684 2824 190 2635 93 

12 31/12/2009 05/06/2010 106 2725 3620 6344 7869 -1524 -24 

13 19/09/2010 30/06/2011 159 4792 2661 7453 3680 3773 51 

14 06/12/2011 29/06/2012 204 1031 1724 2754 948 1807 66 

15 20/01/2013 23/04/2013 225 341 214 555 61 495 89 

16 04/12/2013 17/04/2014 242 277 263 540 62 479 89 

17 15/12/2014 06/03/2015 302 51 197 249 69 180 72 

 

Considering only upstream and downstream flows as the sole elements of estimating transmission loss 

provide inconsistency and scattering in the inflow-transmission loss (TL) relationship. In Figure 4a, the 

upstream flow as the combined inflow from the Thompson and Barcoo rivers is compared to the 

downstream flow measured at Cullyamurra station. Flood events in 2007, 2009-10 and 2011-12 were 

considered as outliers and excluded in the analysis. These three events will be analysed in further sections. 

In general, outflow volume is < 100 GL for the events with inflow volume > 2000 GL and then gradually 

increases for larger volume floods. An exponential relationship is fitted to the inflow and outflow ( 𝑉𝑉𝑜𝑜𝑔𝑔𝑜𝑜 =

42.2 𝑢𝑢0.0006 𝑉𝑉𝑖𝑖𝑖𝑖  ,𝑅𝑅2 = 0.97 ). This relation is valid for the inflows between 109 GL and 8253 GL. For the 

events with 𝑉𝑉𝑖𝑖𝑖𝑖 < 100 𝐺𝐺𝐺𝐺, the outflow could be considerably less than 42.2 GL. In this formula, when 

𝑉𝑉𝑖𝑖𝑖𝑖 > 8900 𝐺𝐺𝐺𝐺, 𝑉𝑉𝑜𝑜𝑔𝑔𝑜𝑜 exceeds 𝑉𝑉𝑖𝑖𝑖𝑖 which is not true in terms of conservation of water. Outflow volume in 

the largest recorded event in 1974 comprised 60% of the inflow. Therefore, the relation between inflow and 

outflow will be different when events outside this range are included in the analysis.      
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To better illustrate the relationship between gauged inflow and outflow, Figure 4b compares inflow with 

TL percentage (𝐼𝐼𝑖𝑖𝑟𝑟𝑟𝑟𝑜𝑜𝐼𝐼−𝑜𝑜𝑔𝑔𝑜𝑜𝑟𝑟𝑟𝑟𝑜𝑜𝐼𝐼
𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑜𝑜𝐼𝐼

 ×100). The average transmission loss between 2000 and 2015 (excluding 

floods in 2007, 2009-10 and 2011-12) is 82%. Transmission loss varies non-linearly with the inflow size 

shown in Figure 4b. For small flood events, TL is around 75% and it increases to 95% as flood volume 

increases towards the threshold of 3000 GL. Then, TL sharply decreases in the events with the flood volume 

above the threshold and reaches 50-60% for the two largest events during the study period. TL for the 

largest recorded event with the inflow volume of 24000 GL, three times bigger than the maximum flood 

volume in the study period, decreased to 40% (A. D. Knighton & G. C. Nanson, 1994a). This nonlinear 

behaviour in the anastomosing river systems is in accordance with the results of A. D. Knighton and G. C. 

Nanson (1994a) for the same study reach between 1967 and 1988 and J. F. Costelloe, Grayson, and 

McMahon (2006) for 330 km reach of Diamantina River, one of the sub-catchments of Lake Eyre Basin, 

between 1966 and 1988.  

Transmission loss for three outliers is less than the general trend of flood events. In 2007, only 54% of 993 

GL flood volume was lost in the floodplain and this value is 66% for the 2011-12 event with the flood size 

of 2753 GL. In the 2009-10 event, TL loss is negative, and outflow is 24% larger than inflow (6344 vs 7869 

GL). These results indicate the need to investigate the significance of other terms of water balance in 

transmission loss values.   
 

  
Figure 4. (a) Comparison of gauged upstream flow (GL) in the Cooper Creek as the combined inflow from 
Thompson and Barcoo rivers in Stonehenge and Retreat stations versus gauged downstream flow (GL) in 
Cullyamurra station between 2000 and 2015 (b) Transmission loss percentage estimated by using gauged 
upstream and downstream flows in the Cooper Creek for the same study period   

3.3. Runoff from ungauged catchments 
In the second step of characterizing water balance elements of the Cooper Creek floodplain, runoff 

originated from ungauged catchments between the upstream and downstream of the floodplain was 

estimated using the PDM model. Table 2 illustrates calibrated parameters of the PDM model, run in daily 
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time-step, for the Darr River catchment for the period of 2000-2015. Using spatially averaged areal Morton 

PET and AWAP Rainfall data as the forcing inputs, the Nash-Sutcliffe model efficiency coefficient (Nash 

& Sutcliffe, 1970) for the calibrated parameters is 0.7033 and the simulated runoff volume underestimated 

the gauged run-off volume at the outlet for 16.6% during the modelling period.   

Table 2. Parameters of PDM model calibrated for Darr River catchment for the period between 2000 
and 2015 

No. Parameter 
name 

Unit Lower 
Bound 

Upper 
Bound 

Calibrated Value Description 

1 𝐶𝐶𝑚𝑚𝑔𝑔𝑚𝑚 mm 1 1000 552.75  Maximum value of the storage capacity distribution function  

2 
b - 

0.001 1.8 0.42 
 Exponent of Pareto distribution controlling spatial variability of store 
capacity 

3 𝑏𝑏𝑔𝑔 - 0.1 600 25.47  Exponent in actual evaporation function  

4 𝑏𝑏𝑔𝑔 - 0.2 670 511.16  Exponent of recharge function 

5 𝑙𝑙𝑏𝑏 𝑑𝑑𝑅𝑅𝑑𝑑−1 0.1 100 53.85  Baseflow recharge time constant  

6 𝑙𝑙𝑔𝑔 𝑑𝑑𝑅𝑅𝑑𝑑−1 1 2000 1066.90  Groundwater recharge time constant 

7 

𝐶𝐶𝑓𝑓𝑅𝑅𝑅𝑅

𝐶𝐶𝑓𝑓𝑅𝑅𝑚𝑚
 

𝑑𝑑𝑅𝑅𝑑𝑑−1

𝑑𝑑𝑅𝑅𝑑𝑑−1
 

0 0.2 0.20  Minimum store capacity (Cmin)/maximum store capacity (Cmax) 

8 

𝑆𝑆𝑑𝑑

𝐶𝐶𝑓𝑓𝑅𝑅𝑚𝑚
 

𝑑𝑑𝑅𝑅𝑑𝑑−1

𝑑𝑑𝑅𝑅𝑑𝑑−1
 

0 1 0.81  Soil tension storage capacity (St) to Cmax 

9 𝑙𝑙1 𝑑𝑑𝑅𝑅𝑑𝑑−1 0 10 0.51  Time constant cascade of the first linear reservoir (1/day) 

10 

𝑙𝑙1

𝑙𝑙2

 
𝑑𝑑𝑅𝑅𝑑𝑑−1

𝑑𝑑𝑅𝑅𝑑𝑑−1
 

0 1 0.46  k1/k2 

11 𝐼𝐼𝑐𝑐 - 0.5 1.5 1.50  Rainfall factor 

    

Using calibrated parameters in Table 2, runoff from 21 ungauged catchments entering the study reach were 

calculated and the results are given in Table 3. Ungauged inflow is volumetrically significant for events 

2004, 2009-10, 2010-11 and 2011-12, which are equivalent to 11%, 27%, 15% and 15% of the gauged 

inflows. For the other 13 events, ungauged inflow is insignificant with the values <10% of the gauged 

inflow. By incorporating the effect of ungauged runoff and redrawing total inflow vs outflow and total 

inflow vs TL% in Figure 5a and b, the results show a more predictable behaviour. Event 2010-11 overtake 

event 2000 as the highest-inflow-volume events with very similar inflow volumes of 8578 and 8262 GL 

respectively and the inflow volume of event 2009-2010 (inflow = 8119 GL) approaches to the event 2000. 

In addition, the TL% for event 2009-10 increases from 51% to 57% while the event 2009-2010 shows a 

sharp increase for TL% from -24% to 3% and inflow volume exceeds outflow. Also, TL% for events 2007 

and 2001-12 show an offset to the general trend of the other 13 flood events. Those clues raise the 

significance of other likely unaccounted elements of the Cooper Creek water balance.  
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Table 3. Characteristics of 17 flood events in the Cooper Creek between 2000 and 2015, 
including flood event dates and duration, gauged inflow and outflow and ungauged inflow  

     
No. 

Date Interval to 
the next 

flood 
(Days) 

Gauged Inflow (GL) Outflow 

Cullyamurra 

(GL) 

Ungauged  

Inflow 

(GL) 

Gauged 
+Ungauged 
Inflow (GL) 

Transmission 
Loss (GL) 

Transmission 
Loss (%) 

From To 
Barcoo 
River 

Thompson 
River 

Sum 

1 03/02/2000 28/07/2000 112 259 7994 8253 3031 9 8262 5231 63 

2 17/11/2000 31/03/2001 242 1145 1964 3109 244 2 3111 2867 92 

3 28/11/2001 06/03/2002 341 473 604 1077 104 0 1077 974 90 

4 10/02/2003 05/05/2003 253 268 865 1133 69 0 1133 1065 94 

5 13/01/2004 14/04/2004 251 1680 2957 4636 943 509 5145 4202 82 

6 21/12/2004 01/03/2005 107 56 154 210 33 0 210 176 84 

7 16/06/2005 09/08/2005 213 50 60 109 34 1 110 76 69 

8 10/03/2006 21/06/2006 200 459 1443 1903 121 0 1903 1782 94 

9 07/01/2007 23/04/2007 206 365 628 993 457 72 1065 608 57 

10 15/11/2007 22/04/2008 258 1657 1975 3632 281 0 3632 3351 92 

11 05/01/2009 30/05/2009 215 141 2684 2824 190 0 2824 2635 93 

12 31/12/2009 05/06/2010 106 2725 3620 6344 7869 1775 8119 251 3 

13 19/09/2010 30/06/2011 159 4792 2661 7453 3680 1125 8578 4898 57 

14 06/12/2011 29/06/2012 204 1031 1724 2754 948 429 3183 2236 70 

15 20/01/2013 23/04/2013 225 341 214 555 61 0 555 495 89 

16 04/12/2013 17/04/2014 242 277 263 540 62 0 540 479 89 

17 15/12/2014 06/03/2015 302 51 197 249 69 0 249 180 72 

 

  
Figure 5. (a) Comparison of gauged and ungauged inflow (GL) in the Cooper Creek stations versus downstream 
flow (GL) measured in Cullyamurra station (b) Transmission loss percentage estimated by using gauged and 
ungauged inflow and gauged outflows in the Cooper Creek    

The flow path length from the ungauged catchment outlets to the outflow at Cullyamurra station also plays 

an important role in transmission loss of the reach. To illustrate the significance of this factor, streamflow 

volumes from 21 ungauged catchments are shown in Table 4. The location of catchment names given in 

Table 4 is illustrated in Figure 2. Flood events with significant ungauged streamflow are highlighted in 

yellow colour. For event 2004 with ungauged streamflow volume of 509 GL, all the ungauged runoff was 

generated in the northern catchments and Kyabra Creek which are at the furthest distance from the reach 

outlet. While in event 2007 with an ungauged runoff of 72 GL, 38 GL of the ungauged runoff (equivalent 

a b 
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to 53% of the total ungauged runoff) was generated in the southern and western catchments which are closer 

to the reach outlet. In event 2009-10, ungauged runoff is spread more uniformly across the ungauged 

catchments. From 1775 GL of total ungauged runoff, 328 GL was generated in the southern catchments 

(Wilson River, E7, W1, S1, S2, S3), 431 GL was produced in the eastern and western catchments (W2, 

W3, E1, E2, E3, E4, E5, E6) and 985 GL was generated in the northern catchments (Kyabra Creek, N1, 

N2, N3, N4, N5, N6). For the event 2010-11, the ungauged runoff was mainly concentrated in the northern 

catchments (75%, 849 GL from 1125 GL). This event has the highest total (ungauged and gauged) inflow 

volume; however, its transmission ration is following the general behaviour of inflow-outflow volume in 

Figure 5b. In the event 2011-12, 47% of the runoff (203 GL from 429 GL) is generated in the southern 

catchments. Therefore, expecting lower TL% in this event is likely due to less infiltration and open water 

area per unit time caused by the shorter route of the southern catchments to the outlet.     

Table 4. Detailed runoff volume from ungauged catchments around Cooper Creek floodplain for the events 
between 2000 and 2015. The location of the catchments is illustrated in Figure 2. 

 
 

To compare quantitatively route distances of multiple inlets to the Cullyamurra outlet, dendritic drainage 

lines were firstly generated by ArcHydro in ArcGIS and then modified into an anastomosing flow pattern 

by using remotely sensed flow routes which was generated by mapping cumulative number of times water 

detected by WOfS product between 1987 to 2015 (Mueller et al., 2016). In Figure 6a ArcHydro drainage 

lines are overlaid on the WOfS flooding map in the Cooper Creek. In Figure 6b one flow route of each 

Thompson, Barcoo and Wilson river and Kyabra Creek among hundreds of possible paths is illustrated. 

Based on provided flow paths in Figure 6b, Stonehenge and Retreat stations as the gauged upstream stations 

pass 812 and 731 km respectively to reach Cullyamurra. Distances of Kyabra Creek outlet and Wilson river 

outlet to Cullyamurra are 599 km and 281 km respectively. The large differences in distances of the northern 

and southern catchments from the outlet provide evidence showing the effect of the location of ungauged 
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(and gauged) catchments on the transmission loss in such a large-scale floodplain.   

  
Figure 6. (a) The cumulative number of times water detected by WOfS product between 1987 and 
2015, with ArcHydro drainage lines overlaid. (b) A sample of flow path routes for Thompson, 
Barcoo and Wilson rivers and Kyabra Creek to Cullyamurra outlet generated by modifying dendritic 
ArcHydro drainage lines with WOfS flood maps   

3.3.1. Uncertainty of the rainfall-runoff model 
Flood volumes generated by parameter sets of behavioural models for 17 flood events in ungauged 

catchments are compared to flood volumes of the calibrated model in Figure 7. Out of 17 events, 12 floods 

have ungauged volumes in calibrated model with <10 GL, one food with the volume between 10 and 100 

GL occurred in 2007 and four flood events with >100 GL occurred in the years 2004, 2009-2010, 2010-11 

and 2011-12. For the other 12 ungauged low flow events (<10 GL), 67% of realisations generate flows < 

10 GL and the 90% uncertainty interval of flood volume (between 5 percentile and 95 percentile) ranges 

between 0 and 82 GL. This magnitude is insignificant in comparison to the gauged volume in these 12 

events; 7 events had gauged volumes >1000 GL and 5 of them ranged between 100 to 1000 GL. For the 

later 5 events, evaporative transmission loss is very high over 20,000 km2 of the floodplain and the outflow 

from Cullyamura Station is expected to originate from the floodplain runoff of direct rainfall or ungauged 

catchments near the outlet. Therefore, for these 12 low flow events, the uncertainty of the flow volume 

doesn’t impact floodplain throughput significantly.  

In 2007, 5 and 95 percentile of ungauged flood volumes for behavioural parameters are 17 and 289 GL 

respectively, while the volume of calibrated parameters is 72 GL. 90% uncertainty bound (252 GL) is about 

a b 
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3.5 times of calibrated ungauged volume; however, this amount is considerably lower than the upstream 

gauged volume (993 GL). Therefore, uncertainty in the volume of the ungauged catchment is not expected 

to change the transmission ratio in 2007. However, as discussed, the spatial distribution of ungauged 

outflow and vicinity of ungauged catchment outlet to the reach outlet can play an important role.  

Four events occurred in 2004, 2009-10, 2010-11 and 2011-12 had the largest ungauged volume between 

2000 and 2015. According to Figure 7, calibrated ungauged volume produced lies between 25 and 75 

percentiles and calibrated volume moves from 25 percentile to 75 percentiles of realisations by increasing 

ungauged flood volume. 95% percentile ungauged volume of realisation in 2004 is 716 GL which is 15.4% 

of gauged runoff (4636 GL). This ratio is 33.7% (2136/6344 GL), 25.7% (1912/7453 GL) and 35% 

(964/2754 GL) for the next large events in 2009-10, 2010-11 and 2011-12. For the events 2010-11 and 

2009-10, the upper bound of ungauged volume realisations goes beyond 1/3 of gauged volume. Therefore, 

model uncertainty is likely to have the highest impact on the inflow and transmission loss relationship in 

these two events. In addition, the proportion of southern catchments in calibrated ungauged volume is more 

significant for these two events (Table 4). Consequently, a higher percentage of ungauged inflow reaches 

the outlet due to the shorter distance. This issue can lead to a higher uncertainty of the results of the 

transmission ratio for these two events.                       

 
Figure 7. Uncertainty bounds of flood volume for 17 events occurred in the ungauged catchments around 
Cooper Creek between 2000 and 2015, compared to the volume of the calibrated model (blue circle).   

3.4. Direct rainfall on the floodplain 
Rainfall on the reach floodplain and ungauged catchments of the Cooper Creek is spatially variable. 

Average annual rainfall depth on the ungauged catchments of Cooper Creek (Figure 8) shows a north-east 

to south-west gradient from 386 mm to 178 mm between 2000 and 2015. Average annual rainfall in upper 

parts of Kyabra Creek and Wilson River catchments, ungauged catchments at the east of the study reach, 
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is 386 mm. The mean annual rainfall depth for the Cooper Creek floodplain, area highlighted in brown in 

Figure 8, varies spatially between 308 in the upstream section to 178 mm near the downstream end, with a 

spatial average of 235 mm.  

In Table 5 rainfall depth and volume of the events are given. Annual precipitation from 2010 to 2012 is 

highest in the study period between 2000 and 2015 so that by excluding these three years the mean annual 

rainfall depth drops from 235 mm to 174 mm. Rainfall depth is highest for the events 2010-11 and 2009-

10, with 602 and 415 mm respectively. 

 
Figure 8. The spatial pattern of mean annual 
rainfall in the Cooper Creek floodplain and its 
ungauged catchments between 2000 and 2015 

In Table 5, rainfall volume fell on the Cooper Creek reach is provided and in Figure 9a, it is compared to 

the gauged and ungauged inflow. In general, events with higher inflow received more rainfall. However, 

the ratio of rainfall to inflow volume is significantly variable. Inflow in event 2014-15 is 250 GL while the 

study reach received more than 8 times rainfall volume. Event 2007, one of the outliers in inflow-

transmission loss analysis in Figure 5b, received 2.65 times rainfall than inflow. The other two outliers in 

that figure, (large events 2009-10 and 2011-12), received rainfall 0.99 and 1.62 times the gauged and 

ungauged inflow respectively. Therefore, the inclusion of rainfall volume reveals part of the reason for 

lower transmission losses in these events as outliers.    

The contribution of rainfall in floodplain runoff cannot be predicted in a straightforward process. The flat 

gradient of the Study reach and dominance of cracking clay sediments with high initial infiltration rate 



Chapter 4. Water Balance  

113 
 

absorbs a significant percentage of direct floodplain rainfall (Cendón et al., 2010) and subsequent runoff is 

minimal except in areas that rainfall falls on a saturated surface or open water. Therefore, we used time-

series of remotely sensed saturated surfaces to estimate rainfall volume to runoff. Saturated surfaces were 

identified with LSWI>0.006 Mohammadi et al. (2017) and rainfall volume on saturated areas was included 

in the floodplain runoff.  Rainfall volume on saturated areas is illustrated in Figure 9a and the ratio of this 

figure to total rainfall volume is provided in Table 5. According to Table 5, this ratio varies from 0 to 25% 

for small to medium events (gauged and ungauged inflow < 4000 GL). For four largest events with the 

inflow volume> 4000 GL, (2000, 2004, 2009-10,2010-11) this ratio jumped to 0.61, 0.48, 0.69 and 0.54. 

Rainfall volume in the event 2011-12 was high at 5156 GL, but gauged and ungauged inflow volume was 

only 3183 GL and due to the smaller saturated areas, this ratio fell to 0.22.  The combined effect of rainfall 

volume and saturated areas on the water balance of Cooper Creek is compared to flood size in Figure 9a. 

In larger events, saturated areas and often rainfall volumes are both high; therefore, the contribution of 

rainfall in floodplain water balance increases by flood size.  Rainfall volume on saturated areas in small to 

medium events is small because the inundation area is significantly smaller than large floods. In Figure 9b, 

the remotely sensed inundation area calculated by saturated surfaces is compared to the sum of total inflow 

and rainfall volume on saturated areas. Inundation area in the events with <1300 GL of inflow and rainfall 

on saturated area increases with a very low gradient. Total inundation (saturated) area increases with a clear 

trend from 1500 to up to 20,000 km2 when flood size increases from 1300 to 20,000 GL and reaches its 

maximum threshold of 22,000 km2 for larger events, the upper limit which inundates almost all the 

floodplain. Lower inundation areas in small events are likely due to the utilisation of primary channels in 

in-bank water levels to transfer water to downstream. When water level increases with flood size to 

overbank levels, the floodplain is inundated and the inundation area increases (D. Knighton & G. Nanson, 

1994; Lange, 2005). To understand the effect of the inundation area on transmission loss, these features are 

compared in Figure 9c. For small events, the inundation area is small and transmission loss through 

evaporation is less than medium events that have bigger flooding on floodplains. By increasing flood size, 

floods find shorter and more direct routes to downstream and transmission loss increases. This agrees with 

the findings of D. Knighton and G. Nanson (1994) using only gauged streamflow data.    

In Figure 9d, total inflow and rainfall on saturated areas are compared to transmission loss in the Cooper 

Creek. In general, transmission loss varies between 80 to 90% when flood size < 1000 GL. The highest 

transmission loss (90-100%) occurs for the mid-range floods (1000-4000 GL). For the four largest events 

recorded between 2000 and 2015, transmission loss decreases to <90% and goes further down to 70-80% 

in events with flood size >10000 GL. The relation between flood size and transmission loss is in accordance 

with the findings of D. Knighton and G. Nanson (1994) who compared transmission loss and flood size 

using only upstream and downstream gauged streamflow in the Cooper Creek. 
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Table 5. Characteristics of 17 flood events in the Cooper Creek between 2000 and 2015, including 
flood event dates and duration, gauged inflow volume, estimated ungauged inflow volume, gauged 
outflow volume, rainfall depth, and volume and transmission loss volume 

               
No. 

Date Interval to 
the next 

flood 
(Days) 

Flood 
Duration 
(Days) 

Gauged 
Inflow 
(GL) Gauged 

Outflow 

 (GL) 

Ungauged  

Inflow 

(GL) 

Rainfall 
Depth 
(mm) 

Rainfall 
Volume (GL) 

Rainfall 
Volume on 
Saturated 

Areas (GL) 

Ratio of 
Rainfall 

Volume on 
Saturated 

Areas to Total 
Rainfall 
Volume 

(Gauged + 
Ungauged) 

Inflow+ 
Rainfall 

Volume on 
Saturated 

Areas (GL) 

Transmission 
Loss (%) 

From To 

1 2000/02/03 2000/07/28 112 176 8253 3031 9 201 3902 2245 0.61 10508 71 

2 2000/11/17 2001/03/31 242 134 3109 244 2 149 2893 525 0.15 3636 93 

3 2001/11/28 2002/03/06 341 98 1077 104 0 58 1126 20 0.01 1097 91 

4 2003/02/10 2003/05/05 253 84 1133 69 0 86 1670 96 0.05 1229 94 

5 2004/01/13 2004/04/14 251 92 4636 943 509 85 1650 929 0.48 6074 84 

6 2004/12/21 2005/03/01 107 70 210 33 0 11 214 4 0.02 214 84 

7 2005/06/16 2005/08/09 213 54 109 34 1 29 563 69 0.10 180 81 

8 2006/03/10 2006/06/21 200 103 1903 121 0 29 567 55 0.08 1958 94 

9 2007/01/07 2007/04/23 206 106 993 457 72 145 2815 619 0.19 1684 73 

10 2007/11/15 2008/04/22 258 159 3632 281 0 109 2120 173 0.07 3805 93 

11 2009/01/05 2009/05/30 215 145 2824 190 0 81 1576 277 0.15 3101 94 

12 2009/12/31 2010/06/05 106 156 6344 7869 1775 415 8055 6513 0.69 14632 46 

13 2010/09/19 2011/06/30 159 284 7453 3680 1125 602 11679 7364 0.54 15942 77 

14 2011/12/06 2012/06/29 204 206 2754 948 429 266 5156 1357 0.22 4540 79 

15 2013/01/20 2013/04/23 225 93 555 61 0 47 905 20 0.02 575 89 

16 2013/12/04 2014/04/17 242 134 540 62 0 111 2157 95 0.04 636 90 

17 2014/12/15 2015/03/06 302 81 249 69 0 105 2038 21 0.01 270 75 
 

For the three biggest events (events 2000, 2009-10 and 2010-11) with inflow volume >8000 GL, event 

2000 has the least outflow volume and is not an outlier in the nonlinear relationship between the inflow-

transmission loss in Figure 9d. Inflow in event 2009-10 and 2010-11 is very similar (8678 and 8708 GL) 

but the rainfall depth in event 2010-11 is 45% more than event 2009-10 (602 mm versus 415 mm); however, 

the outflow volume in event 2009-10 is 7869 GL and in the event 2010-11 is 3680 GL. Similar to event 

2000, event 2010-11 is not an outlier in the nonlinear relationship between the inflow-transmission loss in 

Figure 5a.  The higher transmission ratio in event 2009-10 was previously linked to the generated runoff in 

the southern ungauged catchments and its shorter route to the outlet. The spatial pattern of rainfall for the 

events 2009-10 and 2010-11 and their corresponding rainfall and runoff times series are illustrated in Figure 

10a to d. Sum of gauged and ungauged inflow and rainfall on saturated areas for the events 2009-10 and 

2010-11 were 14632 and 15942 GL respectively. However, rainfall in event 2009-10 is mainly concentrated 

in the middle part of the floodplain while in the event 2010-11, it is concentrated in the northern parts of 

the floodplain. Consequently, it is expected that in event 2009-10, a higher percentage of the runoff 

generated from rainfall on saturated areas reaches the outlet due to the shorter distance. In addition, time 

series of rainfall in Figure 10c and d shows that 193 mm out of 405 mm of rain in event 2009-10 occurred 

in 3 consecutive days, while in event 2010-11, there were many rainfall days with <30 mm days distributed 

from September 2010 to March 2011. Therefore, it is expected that rainfall in event 2009-10 has more 
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capacity to saturate the soil and start flowing on the ground, while rainfall in event 2010-11 is intermittent, 

with the chance of higher loss through evaporation/interception and infiltration. In reality, event 2010-11 

is composed of two smaller flood pulses occurring in 284 days while the event 2009-10 is a one-pulse flood 

with a single main upstream flow. Therefore, the flow and rainfall stretched over a longer span in event 

2010-11 provides a higher chance of transmission loss. 

 

  

  
Figure 9. (a) Comparison of gauged and ungauged inflow volume versus rainfall volume in the Cooper Creek reach 
for 17 flood events between 2000 and 2015 (b) Comparison of inflow volume and rainfall versus inundation area 
estimated by remotely sensed data(c) Comparison of sum of gauged and ungauged inflow and rainfall volume 
versus outflow volume in Cullyamura gauge (d) Comparison of gauged and ungauged inflow and rainfall volume 
on saturated area versus transmission loss percentage  

    

a b 

c d 



Chapter 4. Water Balance  

116 
 

  

  
  

Figure 10. Spatial pattern of rainfall in event 2009-10 (a) and 2010-11 (b). Time series of height and gauged 
and ungauged streamflow for events 12 (c) and 13 (d) in the Cooper Creek.  

Events 2007 and 2011-12 have transmission loss percentages of 73% and 79% with the gauged inflow 

volumes of 1180 and 3630 GL. The effect of inflow from ungauged catchments for these events and their 

distance to the outflow on the lower transmission loss ratio were discussed in the previous section. Figure 

11a and b the spatial pattern of rainfall for these events are illustrated. In the event 2007, 170 mm rainfall 

covered the southern and central parts of the reach during 106 days of flooding (Figure 11a), with 92 mm 

out of 145 mm rainfall occurring in three consecutive days (Figure 11c). In addition to the considerable 

ungauged runoff from ungauged catchments, the rainfall being temporally concentrated and spatially 

covering the regions close to the outlet provide strong clues for the lower transmission loss percentage for 

the event 2007. Flood event 2011-12 is bigger in terms of inflow volume. 330 mm rainfall covered the 

middle and top parts of the floodplain and eastern ungauged catchments; however, the rainfall pattern is 

further from the outlet than for the event 2007. In the event 2011-12, the volume of water routed on the 

a b 

c d 
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floodplain from ungauged catchments and the floodplain could be higher in volume, but the transmission 

loss ratio is smaller due to the further distance of rainfall and ungauged runoff to the outlet.  

  

    
Figure 11. Spatial pattern of rainfall for events 2007 (a) and 2011-12 (b) in the Cooper Creek.  Time-series of 
daily rainfall height and gauged and ungauged streamflow in events 2007 (c) and 2011-12 (d). 

According to Figure 9d, transmission loss in the event 2014-15 is 75% which is smaller than the nonlinear 

trend. The sum of gauged and ungauged flows in this event is 249 GL which is the third smallest flood 

event. To analyse low TL of this event, the spatial pattern of rainfall and time series of inflow and outflow 

hydrographs are illustrated in Figures 12a and b. In Figure 12a, rainfall has a higher concentration in the 

eastern catchments and part of the middle floodplain received direct rainfall. In Figure 12b, the peak of 

daily runoff from ungauged catchments shows a 17-days lag with the recorded peak in Cullyamurra station. 

Received peak in Cullyamurra Station does not belong to the inflow at upstream gauging stations because 

their travel times of daily peak runoff is longer. We studied travel time of peak daily runoff traveling from 

Thompson and Barcoo Stations to Cullyamurra Stations. They are mainly categorized into two classes, 

a b 

c d 
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some of them have the travel time of 30-34 days with the highest occurrence for 32 days and some of them 

have a travel time of 40-44 days. Therefore, travel time of fewer than 30 days for the upstream gauging 

inflows is very unlikely. The lag between ungauged runoff pulse and outlet runoff pulse is 17 days lag time 

and pulse shape are similar; therefore, it is likely that this pulse originates from ungauged catchments or 

runoff from the direct floodplain. The volume of water from the given pulse is 9.3 GL and the corresponding 

volume in the outlet is 5.4 GL giving a TL% of 42%. The total outlet volume for the event 2014-15 is 69 

GL. An output of 5 GL from the ungauged catchment is not very significant but it can change TL% for 

such a small event at a meaningful level.         

 

 

Figure 12. (a) Spatial pattern of rainfall for event 2014-15 (b) Time-series of daily rainfall height and 
gauged and ungauged streamflow.  

3.5. Yamma Yamma Lake volume 
Yamma Yamma Lake is filled in floods beyond a certain threshold. Figure 13 illustrates the maximum 

water extent of Yamma Yamma Lake for the major flood events that occurred between 2000 and 2015. The 

maximum water extent for the years from 2000 to 2010 was calculated using Landsat 5 TM. For the year 

2012, we used Landsat 7 ETM+. In Figure 13, parallel bands of water extent for the 2012 event are created 

because of SLC-off failure that occurred for Landsat 7 ETM+ in 2003. According to Figure 13, Yamma 

Yamma Lake was filled partially in events 2006 and 2008 with the gauged inflow volumes of 1903 and 

3632 GL respectively. In the events 2000 and 2004, the lake was fully filled and dried up again due to the 

subsequent evaporation. During the period of 2010 to 2012 (events 12, 13 and 14) the lake was filled and 

a b 
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didn’t fully dry for three years due to the large inflows. According to the records between 2000 and 2015, 

the lake is filled for the events with > 4500 GL of inflow coming from Thompson and Barcoo rivers. 

 
Figure 13. Maximum water level in Yamma Yamma Lake 
detected for some events in the study period using Landsat 
imagery overlaid on SRTM DEM.  

To estimate Yamma Yamma Lake volume, changes of water extent were used for the event 2004. Time-

series of PET, area and lake volume for event 2004 is illustrated in Figure 14. During 273 days from the 

maximum water level (2004/02/05) until the lake dried (2004/11/03), the lake area decreased from 665 km2 

to 0. Cumulative ET height (or maximum water height) by Penman-Monteith, Morton areal and Priestly-

Taylor PET were 1558, 1001 and 782 mm and estimated lake volume was 651, 436 and 341 GL 

respectively. The volume of lost water using PM PET is about 50% higher than Morton APET. Morton 

APET simulates the wet environment evaporation and so provides a more realistic estimation of lake 

volume. PT PET is 22% lower than Morton APET, but its daily variation follows a similar pattern.  

Based on Morton APET, the average water depth of the event 2004 is 0.66 m. Considering the maximum 

lake area of 665 km2, the small increases in lake water for the other bigger flood events result in 

considerable lake volume increases. For example, for event 2010-11 Yamma Yamma lake volume 

estimation was 976 and 611 GL for PM PET and Morton APET methods. Evaporation was not calculated 

using PT PET because the data were only available until the end of 2010. These figures are 49% and 39% 

higher than the volume in the event 2004. Equivalent differences in maximum lake water height for these 

two events are 0.46 m and 0.25 m using PM PET and Morton APET respectively; however, the effect of 

minimal increases in water height on the lake volume is considerable. Yamma Yamma lakeshores are very 
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steep; therefore, an increase of 0.25-0.50 m in lake height does not show a significant increase in the lake 

extent using remotely sensed data.     

 
Figure 14. Time series of daily area, Penman-Montieth PET, Morton APET 
and Priestly-Taylor PET and their subsequent evaporation volume in Yamma 
Yamma Lake for the flood event 5 

4. Discussion  

4.1. Significance of Cooper Creek in TL studies 
Surface and groundwater interaction (percolation and recharge) is a dominant process in transmission loss 

of many arid zone ephemeral streams, and there are numerous studies on characterizing infiltration and 

subsequent percolation on transmission loss such as Wadi Kuiseb in Namibia (Schmitz, 2004), Nahal Zin 

River in Israel (Leistert, 2005; Schwartz, 2016), Upper Niger River (Fleischmann et al., 2018) and 

Okavango Delta, Botswana (Milzow, Kgotlhang, Bauer-Gottwein, Meier, & Kinzelbach, 2009). However, 

there is little data in case studies that evapotranspiration is the major source of transmission loss in the arid 

zones. Low-gradient floodplains of the Lake Eyre Basin (LEB) perform differently and water loss mainly 

occurs in the form of evapotranspiration. Justin F Costelloe, Western, and Irvine (2006) used piezometric 

data and numerical modelling to investigate groundwater recharge in Neales River during streamflow in 

2004-5 and demonstrated that percolation/recharge to unconfined aquifers mainly occurs in sub-bankfull 

levels of the primary channels of the floodplain and it was in the range of 0.1-0.4 m per event without 

showing a clear relationship with water stage. In addition, the contribution of shallow anastomosing 

channels and floodplain to recharge was negligible. These studies were further accomplished by Cendon et 

al. (2010) in Cooper Creek. Based on data collected from 34 piezometers installed near the waterholes of 

Cooper Creek in 2003-4, they demonstrated that percolation occurs mainly under waterholes generated in 

primary channels. Percolation is maximum during flood events, when channel scour occurs and is minimal, 
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but not zero, during no-flow conditions. In addition, percolation in the floodplain, even through sand dunes, 

and sallow secondary channels are negligible. Accordingly, it is assumed that transmission loss occurs 

through evapotranspiration. The dominance of evaporation in TL in the Cooper Creek and its difference to 

many other world arid zone rivers in which infiltration is dominant shows the significance of studying the 

hydrology of Cooper Creek as an opportunity to improve the understanding of arid zone floodplains. 

4.2. Spatiotemporal effects of ungauged runoff and rainfall on TL 
In this chapter, the effects of various water balance elements on the outlet water volume and transmission 

loss percentage of the Cooper Creek were investigated. One of the main drawbacks of previous water 

balance studies of Cooper Creek (Knighton & Nanson, 2001; D. Knighton & G. Nanson, 1994) was that 

they mainly utilised gauged discharges at the upstream and downstream ends of the floodplain. Introduction 

of new datasets and modern remotely sensed data provide better tools to investigate other contributing 

factors to the water balance of Cooper Creek. Gridded AWAP rainfall not only provides the spatial pattern 

of rainfall on the floodplain but also, it is used to estimate runoff from ungauged catchments. In addition, 

time series of remotely sensed land cover provided strong evidence of floodplain storage in the form of 

surface water and vegetation for the events that occur at shorter intervals and helped us to estimate the water 

volume in Yamma Yamma Lake for large flood events.  

Mean discharge is highly correlated to the Southern Oscillation Index (SOI), one of the most commonly 

used indicators of ENSO, in Eastern Australia and this phenomenon has impacted Cooper Creek (Ward, 

Beets, Bouwer, Aerts, & Renssen, 2010; Whiting et al., 2004). Cooper Creek and its headwater in the Great 

Dividing Range is largely fed by the Australian summer monsoon. During La-Nina conditions (very high 

positive SOI), higher upstream flow and direct rainfall on the floodplain are expected; while the reverse 

occurs in the La-Nina phase, when SOI is highly negative (Kotwicki & Allan, 1998; T. McMahon et al., 

2008). The lag between the Australian climate and ENSO is so strong that it can be used to forecast rainfall 

several months ahead(F. H. S. Chiew & Siriwardena, 2005a; Clewett et al., 2003). Larger flood events 

typically coincide with periods when rainfall of tropical origin pushes further south and results in a positive 

correlation between gauged and ungauged streamflow. The positive correlation between TL and rainfall 

was briefly pointed out in the Diamantina river using empirical data (J. Costelloe et al., 2007); however, it 

was not analysed in detail. Runoff volume from the ungauged catchments in the Cooper Creek was 

significant (>10% of gauged inflow) for only 4 out of 17 events. Three out of four events were among the 

six largest flood events in the study period. This result highlighted the inclusion of ungauged runoff in the 

water balance of large events in Lake Eyre Basin floodplains. Apart from ungauged runoff volume, the 

distance of ungauged basin outlets from Cooper Creek outlet at Cullyamurra plays a significant role in 

transmission loss. Shorter flow paths for ungauged basins in the South of Cooper Creek results in less 
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transmission loss in comparison to the upstream gauged inflows. The distance of Southern in-reach 

ungauged outlets from Cullyamurra is <300 km which is about one-third of upstream gauges located at 

700-800 km distance from the study reach outlet. In addition, Southern parts of Cooper Creek are often 

inundated during large floods. Consequently, saturated soil in this part helps a higher transmission rate of 

ungauged runoff. According to Figure 5b, flood events 2007, 2009-10 and 2011-12 had transmission loss 

ratios higher than the other events with the same total flood volume and for all these events, the ratio of 

ungauged runoff in the Southern in-reach basins to the total ungauged runoff volume was significant. For 

a small flood event, like event 2007 with the gauged streamflow of 993 GL, the effect of the short distance 

of ungauged runoff to Cullyamurra on the transmission was significant.  

Direct rainfall plays a significant role in the water balance of the Cooper Creek. Rainfall volume, spatial 

and temporal pattern of rainfall and proportion of rainfall precipitated on the saturated areas are the main 

features of rainfall that influence transmission loss in the Cooper Creek. Small events like 2007 and 2014-

15 received rainfall volume 2.65 and 8 times of upstream inflow volume. Rainfall in the event 2007 was 

mainly concentrated in the central and southern parts of the study reach (Figure 11a) and 63% of direct 

rainfall during this event occurred in three days. Event 2014-15, the third smallest event, received 

significant rainfall in the central part of floodplain and eastern ungauged catchments (Figure 12a). High 

volume and special spatiotemporal features of rainfall and ungauged runoff in these two events explain the 

reason of low transmission loss as outliers in Figure 9d. Events 2009-10 and 2011-12 have similar inflow 

volume and rainfall on saturated areas; however, event 2009-10 received significant rainfall in a few 

consecutive days in the middle and southern parts of the reach and has the lowest transmission loss (46%) 

during the study period, while transmission loss for the event 2011-12 was 77%. This highlights the 

importance of spatial and temporal patterns of rainfall and ungauged runoff on transmission loss of Cooper 

Creek as an example of large-scale arid zone floodplain. Consequently, without knowing the spatiotemporal 

pattern of rainfall and ungauged runoff and limiting water balance to the upstream and downstream inflow 

as a black box, interpreting transmission loss of Cooper Creek and similar large-scale floodplains are 

incomplete and complex. Saturated areas provide a higher chance of converting floodplain rainfall to runoff. 

Saturated areas are the result of flooding by gauged or ungauged runoff and prior intense rainfalls which 

mainly occur in large events, when large rainfalls often coincide with large gauged and ungauged runoff 

volumes. In four large events (2000, 2004, 2009-10 and 2010-11), the proportion of rainfall fell on saturated 

areas to the total rainfall volume was 0.61,0.48, 0.69 and 0.54, while this figure was below 0.20 in small 

and medium events. The significance of saturated areas on transmission loss of events is higher in large 

events. However, the spatial pattern of rainfall is more important than saturated areas in all ranges of floods 

from small to large events.  
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Calculating runoff from direct rainfall in the Cooper Creek floodplain is not as easy as the ungauged 

catchments and conventional rainfall-runoff models cannot be used to estimate runoff. Firstly, the 

floodplain is very flat, and it is not like a typical catchment, steep enough to route the runoff to the outlet 

in a dendritic drainage system. Secondly, the conversion rate of rainfall to runoff is highly dependent on 

the land cover. In parts of the floodplain that is covered by water, we may consider a rainfall to runoff 

coefficient close to one, but in areas with vegetation or soil cover, a great proportion of water is lost through 

infiltration, interception or direct evaporation. Therefore, a very small runoff coefficient from direct rainfall 

on the floodplain is expected, except in cases where the rainfall occurs on inundated areas that are routing 

to the outlet. In this work, one forward step was taken by utilising remotely sensed data to detect saturated 

areas to find out in which rainfall is more likely to convert to runoff. However, the conversion of rainfall 

to the runoff in large-scale arid flat floodplains is still challenging and needs better tool models and data to 

characterize.  

4.3. Uncertainty in hydrologic data and model 
Hydrological modelling uncertainty originates from different sources such as forcing data and model 

structures. Uncertainties in point rainfall measurements (Nespor & Sevruk, 1999) and errors associated 

with data interpolation techniques to convert point into grid data such as rainfall AWAP data grid used in 

this study (D. A. Jones, W. Wang, & R. Fawcett, 2009) are among well-known sources of rainfall 

uncertainty. In addition, uncertainty of AWAP gridded rainfall data in sparsely gauged catchments and very 

dry or very wet climates increases (Tozer, Kiem, & Verdon-Kidd, 2012) and hydrologic modelling in the 

Cooper Creek is likely to suffer from high uncertainty. Furthermore, a lumped model was used here to 

estimate ungauged runoff and daily gridded data over the catchments were spatially averaged. Error in 

gridded rainfall data leads to a greater error in rainfall-runoff models. Francis H. S. Chiew (2006) 

demonstrated that a 1% change (error) in mean annual rainfall results in a 2 to 3.5% change (error) in mean 

annual streamflow. Tozer et al. (2012) showed that a 1% change in rainfall data resulted in a 4% difference 

in streamflow of South Australia catchments. As observed in the Cooper Creek floodplain, the spatial 

pattern of rainfall has a significant effect on catchment water yield and it is likely than using spatially 

averaged rainfall data results in underestimating runoff peaks especially in larger catchments which might 

have higher spatial variability in rainfall.  

Remotely sensed gridded rainfall products are a promising solution for filling data gaps in sparsely gauged 

regions. There are many available remotely sensed rainfall products such as Tropical Rainfall Measuring 

Mission Multi-satellite Precipitation Analysis (TMPA 3B42V7) (Huffman et al., 2007), CMORPH (Joyce, 

Janowiak, Arkin, & Xie, 2004), Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) 

(Funk et al., 2015), Precipitation Estimation from Remotely Sensed Information using  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/climate
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Artificial Neural Networks (PERSIANN) (Sorooshian et al., 2000) and Multi-Source Weighted-Ensemble 

Precipitation (MSWEP) (Beck et al., 2017). These products have been evaluated in different climates and 

continents and MSWEP often outperformed in various climates (Alijanian, Rakhshandehroo, Mishra, & 

Dehghani, 2017; Bai, Liu, Liang, & Liu, 2015; Xu et al., 2019); however, this product underestimates 

extreme events which is crucial in flood analysis(Awange, Hu, & Khaki, 2019; Nair & Indu, 2017) and 

CHIRPS provide better results in extreme events (Mosaffa, Shirvani, Khalili, Nguyen, & Sorooshian, 2018; 

Prakash, 2019).  

Discharge data is also subject to water level and rating curve uncertainties (McMillan, Freer, Pappenberger, 

Krueger, & Clark, 2010). McMahon and Peel (2019) investigated stage-discharge relationships for 622 

rating curves from 171 Australian Bureau of Meteorology Hydrologic Reference stream gauging Stations 

(HRS). They found +4.5 to 4.2% (95% confidence band) median uncertainty of available gauged discharge 

relationship at median daily discharges; while this range increased to a +29 to -22% when a ±4 mm water 

level uncertainty is incorporated. Upstream and downstream gauges of Cooper Creek are in very flat and 

wide river valleys which are subject to high corrosion rates of mud dominated soils in large floods and little 

errors in water level measurement could result in high uncertainty levels; therefore, more frequent updating 

of rating curves is needed in these gauges.  

Uncertainty in potential evaporation (PET) data is another source of input uncertainty which didn’t impact 

rainfall-runoff modelling performance significantly. Fixed monthly Penman-Monteith, daily Penman-

Monteith (from BOM and MOD16A2 (8-day resolution)), Priestly-Taylor and Morton areal 

evapotranspiration PET data were used in the calibration of PDM model in Darr River catchment and Nash-

Sutcliffe efficiency for all these PET data were above 0.6. Low sensitivity of PDM model to PET data 

agrees with the other findings of rainfall-runoff models in dry catchments. In water-limited environments, 

errors PET data doesn’t impact the performance of models and PET errors may even be compensated by 

calibration; while in energy-limited regions with high water availability PET errors could impose a more 

significant effect on results(Bai et al., 2015; Guo, Westra, & Maier, 2017; Oudin, Michel, & Anctil, 2005).  

The calibrated parameters of Darr River were used to estimate runoff from Cooper Creek ungauged 

catchments. As the results of using parameter values of rainfall-runoff modeling based on regionalisation 

relationships and closest gauged catchment provide similar performance (F. H. S. Chiew & Siriwardena, 

2005b), we used calibrated parameters of Darr River for estimating runoff from ungauged catchments. The 

Nash-Sutcliffe efficiency (E value) of PDM rainfall-runoff model calibrated for Darr River is 0.77. E values 

>0.8 are considered as good modelling in rainfall-runoff modelling and E values >0.6 suggest reasonable 

modeling (F. H. S. Chiew & McMahon, 1993). The E value of 0.70 in our modelling demonstrates that 

PDM model had a reasonable to good performance in predicting Darr River streamflow. There is a wide 
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range of rainfall-runoff models used in Australia. For example, Peel, Chiew, Western, and McMahon 

(2000) calibrated SIMHYD model for 331 catchments in Australia with Nash-Sutcliffe efficiency (E) 

ranging from 0.1-0.91 and 80% of values>0.7. W. C. Boughton and Chiew (2003) calibrated AWBM model 

for 221 Australian catchments with E ranging from 0.35 to 0.97 and 80% values >0.75. The results of these 

studies illustrate that current rainfall-runoff models do not have obvious superiority to each other in 

delivering results and their performance is relatively similar. Therefore, the results of rainfall-runoff 

modelling are more dependent on the quality of input data than the model structure (W. Boughton, 2005, 

2009). Even though, rainfall-runoff models should be used with care in changing climate conditions. Saft, 

Western, Zhang, Peel, and Potter (2015) demonstrated that long droughts can change runoff generation 

processes and available models overestimate runoff after long droughts. These changes are more severe in 

large, arid, flat catchments with little woody vegetation, like the ungauged Cooper Creek catchments. 

Evaluating the poor performance of available models in China and during Millennium Drought in Australia 

indicated that model structure and calibration/evaluation metrics are two key issues that need to be chosen 

carefully to produce satisfactory results (Fowler, 2017; Tian, Liu, Liu, & Bai, 2018).  

Uncertainty analysis of ungauged runoff in the Cooper Creek demonstrates that this issue can impact 

transmission loss in four out of five large events (2004, 2009-10,2010-11 and 2011-12 and two of these 

four large events are more influenced by runoff uncertainty (2009-10 and 2010-11). In these two events, 

contributions of southern sub-catchments that are closer to the outlet are more significant. For the medium 

floods, it is expected that only in event 2007 runoff uncertainty plays an important role in the floodplain 

TL. The common feature of all these three events is the spatial distribution of rainfall than runoff volume. 

Therefore, improving rainfall grid data with a higher spatial resolution and better accuracy to predict 

extreme events could lead to a better estimation of water balance elements and subsequent transmission 

loss in the large-scale arid zone floodplains.         

5. Conclusion  
In this paper, major elements of water balance elements in Cooper Creek were investigated. The main 

significance of this study in comparison to the similar water balance studies of the Australian arid large 

scale floodplains (J. F. Costelloe et al., 2007; B. Jarihani, Sidle, Bartley, Roth, & Wilkinson, 2017; A. D. 

Knighton & G. C. Nanson, 1994a) is inclusion of spatiotemporal pattern of runoff from ungauged 

catchments and direct rainfall on the floodplain in transmission loss of the study reach for different flood 

sizes by incorporating hydrological data, hydrological modelling and remotely sensed data.  

The results demonstrate that: 
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● Ungauged in-reach runoff volume is significant mainly in the water balance of large events and 

spatial distribution of ungauged runoff makes it even more important in the events which don’t 

follow the usual northeast-southwest decreasing pattern of rainfall.  

● In contrast to the ungauged runoff which is more important in large events, spatial features of direct 

rainfall on the floodplain influence transmission loss of all flood ranges, from small to large events 

and in the events with rainfall mainly concentrated near the outlet had lower transmission loss. 

Rainfall volume becomes less important in changing the transmission loss of events which have a 

higher concentration far from an outlet. Temporal features of rainfall were also significant in two 

events with the rainfall event were mainly concentrated in a short period (a few days). Therefore, 

other than the volume of rainfall, spatiotemporal features of rainfall can influence transmission loss 

of large-scale arid zone floodplains. 

● Estimating direct rainfall to runoff and estimating its subsequent effect on transmission loss of low-

gradient large- scale arid floodplains is very challenging. Remotely sensed products like MODIS 

have low resolution (~500 meters); however, its high temporal resolution (twice a day) can provide 

a valuable tool to identify saturated areas and take one step forward in characterizing volume and 

spatiotemporal features of runoff generated by direct rainfall on the floodplain. 

It is expected that this study should have been able to shed light on the water balance of large-scale arid 

floodplains and could provide a better understanding of these ecologically important environments.              
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Chapter 5 

 

Characterising Transmission Loss in the Large-Scale Dryland Rivers 

Using a Remotely Sensed Evapotranspiration Model, Case Study: Cooper 

Creek, Australia 

 

Abstract 

Unregulated anastomosing floodplains of Lake Eyre Basin (LEB) are in arid-zone inland Australia 

containing a high endemic and range-restricted biodiversity. Evapotranspiration is a significant element in 

the water balance of LEB floodplains (>70% on average); therefore, a sound environmental decision in 

water allocation for the future development projects requires a comprehensive understanding of 

evapotranspiration pattern in time and space over a wide range of flood events. However, hydrological 

modelling is challenging there due to data scarcity, the high variability of annual flood volume, spatially 

complex flow patterns in anastomosing rivers, very low gradient (0.015%-0.03%) and large-scale 

floodplains (~20,000 km2). In this research, a novel approach was presented to evaluate the performance of 

two remotely sensed actual evapotranspiration products (CMRSET and MOD16A2) in data-poor regions 

by utilising only remotely sensed time series of MODIS land cover indices. Then, CMRSET model was 

found to be more suitable to calculate evapotranspiration loss in the floodplains and it was further diagnosed 

and modified to provide event-based evapotranspiration maps for the floods between 2000 and 2015 in the 

Cooper Creek, the largest river of LEB. It was found that evaporation from water surface comprised >84% 

(average 90%) of the total evapotranspiration loss in the small, medium and some large events and its 

contribution declined only in the consecutive wet years between 2010 and 2012 when the proportion of 

plant transpiration and interception in the evapotranspiration loss increased significantly to ~30%. 

Moreover, two reasons were found to explain the higher transmission loss percentage of medium-sized 

flood events in comparison to the small and large events: (1) entrapment of water in the densely-located 

waterholes of the middle reaches of Cooper Creek, where the floodplain width decreases and stream power 

increases (2) extension of floodplain inundation pattern above the bankfull stage of primary channels from 
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upstream to downstream parts of floodplain and subsequently, increasing evaporation surface. The remotely 

sensed attempts here quantified some hypothesis which was only described qualitatively about transmission 

loss in anastomosing rivers. It also provided a better estimate of evaporation loss in the lateral inflow 

receiving areas (LIRAs) such as floodplains, wetlands, and lakes where some Australian catchment-scale 

evaporation models like AWAP and AWRA fail to provide reasonable estimates. Finally, the remotely 

sensed approach of evaluating evapotranspiration models and the modified model can be implemented in 

the other poorly-gauged arid floodplains of the world.       

Keywords: anastomosing river, arid floodplain, evapotranspiration, transmission loss, Lake Eyre Basin, 

Cooper Creek, remote sensing, MODIS, MOD16A2, CMRSET  

1. Introduction 

Lake Eyre Basin (LEB) is located in central Australia and covers 1.20 million km2, about one-sixth of the 

continent area (Kingsford, Costelloe, and Sheldon 2014). Georgina River, Diamantina River, and Cooper 

Creek, located at the north of the Basin, are the major rivers of the LEB and provide the majority of water 

reaching the terminal lake of Kati Thanda-Lake Eyre (KTLE) in the south of the basin (Kotwicki 1986; 

Costelloe 2004). The middle reaches of these three rivers are composed of anastomosing floodplains, where 

the floodwater spread over a spatially complex pattern of the multi-channel river network. These rivers are 

characterised by their low gradients (0.015% to 0.03%) and play a vital role in sustaining the ecological 

and cultural life of inland Australia. Unlike Murray-Darling Basin located in the neighbourhood of LEB, 

LEB is largely unregulated with high endemic and range-restricted biodiversity (Kingsford 2017; Knighton 

and Nanson 1997; Nanson 2013). There has been an increasing potential demand to utilise the limited water 

resources of LEB rivers for irrigation, pastoral, mining, oil and gas industries. In order to preserve the 

environmental sustainability of the basin, water should be allocated for future human purposes with a proper 

understanding of the hydrology of these arid land rivers (Lockyer and Kingsford 2012; Crothers 2017; 

Mudd 2017; Costelloe 2017).     

Evapotranspiration is the major element of water balance in the middle reaches of LEB rivers. The average 

water loss is about 73% of upstream flow over a 480 km reach of Cooper Creek (Knighton and Nanson 

1994a) and this figure is 72% over a 330 km of Diamantina River (Costelloe, Grayson, and McMahon 

2006). Therefore, comprehensive knowledge about the LEB river hydrology requires a proper 

understanding of the evapotranspiration pattern of flooding over time and space. However, hydrological 

modelling in the LEB is very challenging: this area is sparsely populated and around 60,000 people live in 

this basin (Measham and Brake 2009); therefore, rainfall gauging stations are sparse and there are many 
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catchments with ungauged rivers (Costelloe 2004). In addition, the annual streamflow volume supplying 

the arid floodplains of the LEB has the highest variability in the world (McMahon et al. 2008a; Puckridge 

et al. 1998) which makes the predictability of the annual river flow very difficult. The anastomosing 

floodplains of LEB are composed of multiple channels bifurcating and joining many times which makes a 

spatially complex system. In contrast to single-trunk rivers, it is difficult to predict the inundation pattern 

for highly-variable flood sizes (Costelloe, Grayson, and McMahon 2006; Mohammadi, Costelloe, and Ryu 

2017; Costelloe 2017; Asadzadeh Jarihani 2015). Finally, the middle reaches of the LEB rivers are large 

scale. For example, the floodplain area in the Cooper Creek and Diamantina River is 22,150 and 13,350 

km2, respectively. Consequently, hydrological model setup, calibration, and validation in the large-scale 

floodplains have high computational costs (Jarihani, Larsen, et al. 2015; Asadzadeh Jarihani 2015).             

Characterising transmission loss in the anastomosing rivers in Australia and the world has evolved since 

the 1980s. The initial hydrological analysis was mainly based on the gauged inflow and outflow data and 

considered anastomosing floodplains as a single-point reservoir without conducting quantitative analysis 

for the effect of spatial characteristics of floodplains on evaporation loss (Knighton and Nanson 1994a; 

Kotwicki 1986; Olivry 1995; Dincer 1985). Costelloe, Grayson, and McMahon (2006) developed a grid-

based conceptual model to simulate transmission loss in the Diamantina River. Model uncertainties were 

mainly caused by the coarse resolution of model grids (5 km×5 km) and incorrect simulation of flow paths. 

Errors in DEM (like inherent signal noises, over-smoothing, and long-range stripping) and high 

computational costs are the main limitations of utilising hydrodynamic models to simulate inundation 

patterns in the low-gradient large-scale anastomosing rivers (Asadzadeh Jarihani 2015; Neal, Schumann, 

and Bates 2012). Developing remotely sensed models to characterise land cover dynamics and hydrologic 

models in anastomosing rivers have been demonstrated to be promising. Remote sensing has been 

implemented to differentiate bare soil, water and vegetation cover in the LEB rivers (Jarihani, Callow, et 

al. 2015; Mohammadi, Costelloe, and Ryu 2017), Niger Inner Delta (Mariko 2003; Aires et al. 2014; 

Crétaux et al. 2011; Bergé-Nguyen and Crétaux 2015) and Okavango Delta (Milzow, Kgotlhang, Bauer-

Gottwein, et al. 2009; Milzow, Krogh, and Bauer-Gottwein 2011; Wolski et al. 2017). Remotely sensed 

land cover detection algorithms have been utilised in the water balance models to produce 

evapotranspiration maps (Ibrahim et al. 2017; Ogilvie et al. 2015). However, these loss maps are relied on 

surface water evaporation and did not account for plant transpiration and interception. In addition, water 

evaporation has been simply estimated by multiplying detected water area to potential evapotranspiration 

or a proportion of pan evaporation and models were not calibrated and validated by independent datasets. 

Therefore, developing remotely sensed hydrological models which provide the spatiotemporal pattern of 

wet surface evaporation, plant transpiration, and interception separately is expected to improve our 
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understanding of the hydrology of arid-zone anastomosing rivers.  

In this research, performance of two remotely sensed actual evapotranspiration (RS AET) products in the 

anastomosing rivers will firstly be evaluated: the 8-day composite MODIS Global Terrestrial 

Evapotranspiration Product (NASA MOD16A2), herein called MOD16A2, provides global coverage to 

estimate ET fluxes since the year 2000, accounting for plant transpiration, rainfall interception from wet 

canopy surfaces and soil surface evaporation. MOD16A2 data were evaluated by 46 eddy covariance towers 

across North and South America, mainly located in temperate to wet climates zones (Mu, Zhao, and 

Running 2011). This model has been evaluated in many arid regions (Kim et al. 2012; Trambauer et al. 

2014; Aguilar et al. 2018; Chang et al. 2018); however, its performance has not been investigated in the 

arid zone floodplains. Guerschman et al. (2009) developed the 8-day CSIRO MODIS Reflectance Scaling 

Actual evapotranspiration (herein called CMRSET) for Australia. They stated that most of the Australian 

landmass (dominated by dry to very dry environments) are underrepresented in the calibration and 

evaluation of CMRSET and requested for further evaluation of the model in the arid zones. In a 

comprehensive report, King et al. (2011) investigated 16 AET products in Australia and found CMRSET 

to be the most accurate model for the lateral inflow receiving areas (LIRA) such as floodplains, wetlands, 

irrigation areas, and water bodies, because AWRA (Australian Water Resources Assessment) and AWAP 

(Australian Water Availability Project) models are not basically designed to estimate evapotranspiration 

loss in LIRAs (Raupach et al. 2009; Van Dijk 2010). King et al. (2011) recommended developing methods 

to evaluate AET in LIRAs and arid regions to improve the accuracy of AET estimates in Australia. Having 

inspired by Mohammadi, Costelloe, and Ryu (2017), a novel approach will be presented here to evaluate 

RS AET products in the sparsely gauged arid-zone LIRAs by implementing time series of remotely sensed 

water, vegetation, and moisture indices. Then, the CMRSET product will be further diagnosed and modified 

for better estimating transmission loss over time and space of anastomosing rivers.   

In summary, the main aims of this research are as following: 

 Developing a method to evaluate RS AET products in the poorly-gauged large-scale arid floodplains 

using the advantages of remotely sensed time series of land cover dynamics without requiring 

ground measurements. 

 Modifying CMRSET to provide a sound estimate of evapotranspiration loss in the dynamic 

vegetation and water covers of arid floodplains. 

 Investigating spatiotemporal patterns of transmission loss in the large-scale arid zone anastomosing 

rivers of LEB, quantifying some of the qualitative hypotheses presented so far about the relationship 

between transmission loss volume and flood size, and presenting new hypothesis based on the 
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quantitative analysis that will be presented here.    

2. Materials and methods 

2.1.  Study area  

Cooper Creek is the largest catchment of the Lake Eyre Basin (LEB) in Australia (Figure 1a). The middle 

part of this river is a typical example of a mud-dominated anastomosing river. In this research, the widest 

reach of the river between the confluence of Thompson and Barcoo rivers at the upstream end and 

Cullyamurra gauging station at the downstream was chosen as the study area (area delineated in purple 

boundaries in Figure 1b). The study reach has a river length of 480 km, covering an area of 22,510 km2 

with a very gentle slope of 0.017%(McMahon et al. 2008a; Mohammadi, Costelloe, and Ryu 2017). The 

width of the study reach varies between 10 km near the outlet to 60 km in the middle parts (Nanson 2013).  

 

Figure 1. (a) Location of Cooper Creek catchment (in purple) and floodplain (in black) in Australia; (b) 

Digital Elevation Model (DEM) and 5-meter elevation contours of the floodplain and location of 

gauging stations at the upstream and downstream locations of the study reach (delineated in purple). 
 

Inflow to the study reach is intermittent and mainly occurs in the warm months of the year between 

December and March (Knighton and Nanson 1997). Monsoonal rainfalls on Great Dividing Range of 
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Queensland generate floods into Thomson and Barcoo rivers with the highest global annual variability 

ranging from <100 GL to a maximum of 23,500 GL recorded in 1974 and average annual of 3150 GL 

(McMahon et al. 2008a). Rainfall pattern has a declining rate from 300 mm at the north-east to 200 mm at 

the south-west near the outlet; however, the spatial pattern of annual rainfall might not follow the long term 

pattern in some years (McMahon et al. 2008b). The thick and impermeable mud layer of floodplain (2-7 

m)  prevents groundwater recharge of unconfined aquifer under the floodplain and minimal groundwater 

recharge occurs in only large flood events at the bottom of deeper parts of permanent channels called 

waterholes (Cendón et al. 2010; Gibling, Nanson, and Maroulis 1998; Knighton and Nanson 1994a). 

Diamantina River along with Georgina River and Cooper Creek are the three largest rivers of the Lake Eyre 

Basin (LEB). The remotely sensed evapotranspiration model was calibrated in the Cooper Creek and 

evaluated in the middle reaches of the Diamantina River between Diamantina Lake station at the upstream 

and Birdsville station at the downstream. The length and area of evaluation reach are 330 km and 13,350 

km2 respectively. Streamflow data were available between 2005 and 2015 and it was not recorded at the 

upstream in Diamantina Lake station between 2000 and 2004. Further details about the evaluation reach 

can be found in Costelloe (2004) and Costelloe, Grayson, and McMahon (2006).   

2.2. Water balance model 

In this research, an event-based water balance model for the floods of the Cooper Creek was first carried 

out to estimate water loss volume by evapotranspiration and then the event-based water loss was used to 

evaluate and calibrate two remotely sensed AET products. The water balance model for 17 events between 

2000 and 2015 was defined as: 

𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝐸𝐸𝐸𝐸 = 𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖

𝑜𝑜𝑖𝑖𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖
𝑟𝑟𝑔𝑔𝑖𝑖𝑖𝑖𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟−𝑠𝑠𝑔𝑔𝑜𝑜 − 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜

𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 − ∆𝑆𝑆                                                                 (1) 

Where 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝐸𝐸𝐸𝐸  is water loss through evapotranspiration from surface water, wet soil, plant interception, and 

transpiration, 𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 is the gauged inflow from Thompson and Barcoo Rivers, 𝑄𝑄𝑖𝑖𝑖𝑖

𝑜𝑜𝑖𝑖𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 is the inflow 

from ungauged catchments (Figure 2), 𝑄𝑄𝑖𝑖𝑖𝑖
𝑟𝑟𝑔𝑔𝑖𝑖𝑖𝑖𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟−𝑠𝑠𝑔𝑔𝑜𝑜 is the inflow from direct rainfall on the saturated parts 

of the floodplain and it is calculated by considering only a proportion of total rainfall into the water balance 

which was precipitated on the saturated areas (water, wet soil and vegetated areas). Part of the precipitation 

which evaporates immediately after rainfall events in the arid regions and is not detected by remotely sensed 

moisture indices will not be included in the water balance of the floodplain. 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜
𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 is gauged outflow 

from Cullyamurra station, and ∆𝑆𝑆 is the change in the storage of the reach between two flood events.  



Chapter 5. Transmission Loss  

139 

 

Due to the impermeable thick layer of mud, groundwater recharge is minimal because clay seals the channel 

boundaries and the permeability of the floodplain surface decreases significantly once desiccation cracks 

close at the early stages of inundation (Knighton and Nanson 1994a). Shallow soil has a low capacity to 

retain water and it loses its water through direct evaporation from soil or evapotranspiration of temporary 

vegetation coming after the flooding events (Capon 2005; Powell, Jakeman, and Croke 2014). Deep 

percolation is insignificant and it occurs only at the bottom of waterholes in large floods when the clay 

blanket is scoured by high shear velocity (Cendón et al. 2010; Gibling, Nanson, and Maroulis 1998). 

Therefore, it is assumed that groundwater recharge is negligible and surface soil moisture is lost through 

evapotranspiration at the surface of the floodplain. Flood events often occur over long intervals and far 

apart from each other; thus, ∆𝑆𝑆 is assumed to be zero for each event. Consecutive events which occur in 

short intervals were integrated into one event (like events between 2010 to 2012).  

In the results section, the comparison between evapotranspiration transmission loss volume (𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝐸𝐸𝐸𝐸 ) and 

remotely sensed AET volume will be investigated in three stages. Firstly, evaporative loss (𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝐸𝐸𝐸𝐸 ) is 

assumed to be equal to the difference between gauged inflow and outflow (𝑄𝑄𝑖𝑖𝑖𝑖
𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 and 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜

𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔), similar 

to the work of Knighton and Nanson (1994a). Secondly, 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝐸𝐸𝐸𝐸  is calculated by the difference between 

gauged + ungauged inflow and ouflow (𝑄𝑄𝑖𝑖𝑖𝑖
𝑜𝑜𝑖𝑖𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖

𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜
𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔). Finally, 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝐸𝐸𝐸𝐸  is cacculated by 

deducting gauged outflow (𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜
𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔) from the sum of in-reach rainfall volume on saturated areas 

(𝑄𝑄𝑖𝑖𝑖𝑖
𝑟𝑟𝑔𝑔𝑖𝑖𝑖𝑖𝑟𝑟𝑔𝑔𝑟𝑟𝑟𝑟−𝑠𝑠𝑔𝑔𝑜𝑜) , gauged and ungauged inflow (𝑄𝑄𝑖𝑖𝑖𝑖

𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑄𝑄𝑖𝑖𝑖𝑖
𝑜𝑜𝑖𝑖𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔).   

2.3. Hydrological data 

Four surface flow gauging stations used in this study are in Queensland. Streamflow data for Stonehenge 

station (Station code 003203A) and Retreat station (Station code 003301B) at the upstream of the Cooper 

Creek floodplain and Diamantina Lake Station (Station code 002104A) and Birdsville Station (Station code 

0020101A) at the upstream and downstream of Diamantina River were provided by the Department of 

Natural Resources and Mines in Queensland (https://water-monitoring.information.qld.gov.au). 

Streamflow data collected for the Cooper Creek stations was between 2000 and 2015 and it was between 

2005 and 2015 for the Diamantina River stations. Cullyamurra Station (Station No. A0030501) at the 

downstream of Cooper Creek is in South Australia and its streamflow data was obtained from a different 

source, WaterConnect, South Australia’s water information portal, 

(https://www.waterconnect.sa.gov.au/Systems/RTWD/Pages/Default.aspx).  

Daily gridded data for rainfall, downward solar irradiance, maximum and minimum daily temperature and 

vapor pressure were derived from the AWAP Project provided by Bureau of Meteorology (BoM) and it has 

https://water-monitoring.information.qld.gov.au/
https://www.waterconnect.sa.gov.au/Systems/RTWD/Pages/Default.aspx
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a spatial resolution of 0.05o (approximately 5×5 km) (Jones, Wang, and Fawcett 2009). SRTM DEM 

(resampled from 1 arc second to 0.05o (Dowling, Brooks, and Read 2011) ) were used to estimate Morton's 

areal potential evapotranspiration (Morton 1983) for the period of 2000-2015. According to the 

methodology and results provided in the previous chapter, streamflow from ungauged catchments of 

Cooper Creek (Figure 2) and Diamantina River were estimated using PDM rainfall-runoff model. 

 

Figure 2. Location of 21 ungauged catchments 

around Cooper Creek floodplain between 

upstream Stonehenge and Retreat Stations on 

Thompson and Barcoo Rivers and downstream 

Cullyamurra Station  

2.4. Remotely sensed data 

In this research, the latest version (Version 6) of BRDF product (Nadir Bidirectional Reflectance 

Distribution Function) of MODIS, called MCD43A4 was used to produce time series of land cover indices 

in the Cooper Creek and Diamantina River. This dataset is available with a spatial resolution of 500 meters 

and daily temporal resolution. Three indices were produced to study land cover dynamics and evaluate RS 

AET products. The Normalized Difference Vegetation Index (NDVI) (Rouse Jr et al. 1973), the modified 

Normalized Difference Water Index (mNDWI) (Xu 2006) and the Land Surface Water Index (LSWI) (Xiao 
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et al. 2002) were used to differentiate vegetation, water and moisture (available in water, vegetation, and 

wet soil) covers respectively. Time series of these indices were generated for 94,274 cloud-free pixels in 

the Cooper Creek from 24 Feb 2000 to 31 Dec 2015. The time-series of each pixel were gap-filled and 

smoothed using spline function in MATLAB (www.mathworks.com). Further details about the bands used 

in the above indices, preparation of MODIS data, reasons behind the selection of these indices and the 

method of smoothing time-series are given in Mohammadi, Costelloe, and Ryu (2017). MCD43A4 were 

also used to produce time series of GVMI, EVIr and RMI (equations 4,6, and 7) to evaluate, modify and 

recalibrate CMRSET model.  

Actual evapotranspiration (AET) of the Cooper Creek reach was first calculated as a residual in the water 

balance model and then compared to the remotely sensed AET data. Remotely sensed actual 

evapotranspiration data were acquired from two sources. MODIS Global Terrestrial Evapotranspiration 

Product (NASA MOD16A2), herein called MOD16A2, provides global coverage to ET fluxes (Mu et al. 

2007; Mu, Zhao, and Running 2011). MOD16A2 data from 2000 to 2015 were downloaded from the United 

States Geological Survey (USGS) website (https://lpdaac.usgs.gov/products/mod16a2v006/). It is available 

at 8-day temporal resolution and 500 m spatial resolution.  

Guerschman et al. (2009) developed the CSIRO MODIS Reflectance Scaling Actual ET (CMRSET-AET) 

for Australia with the 8-day temporal and 250 m spatial resolution. The data are available at http://remote-

sensing.nci.org.au/u39/public /data/wirada/cmrset/v20140423-bias-corrected. To estimate water balance 

elements of each flood event, the AWAP rainfall, CMRSET, and MOD16A2 for the Cooper Creek 

floodplain were extracted from a few days before each event to a few days before the next event. Inflows 

to the floodplain, including gauged and ungauged runoff and rainfall, mainly enter the floodplain during 

the flood events. But water storage in the form of terminal storage and infiltration may last for months. 

Therefore, we extended the period of estimating remotely sensed AET volumes for each flood event to a 

few days before the next event.  

Landsat 5 Thematic Mapper (TM) images (path/row: 96/77-78-79) were used for finding changes in water 

and vegetation cover before and after the 2004 flood event at two dates (2003/11/11, 2004/03/03). Landsat 

images were acquired from the Queensland Department of Environment and Resource Management 

(https://www.dnrm.qld.gov.au). These images were corrected for atmospheric, topographic, sensor location 

and sun elevation effects (Flood et al. 2013). 

Remotely sensed water cover maps in the WOfS (Water Observation from Space) project were used to map 

permanent waterholes in the Cooper Creek from 1987 to 2015. This product was developed by Mueller et 

al. (2016) in Geoscience Australia by using Landsat imagery and provides surface water maps with the 

http://www.mathworks.com/
https://lpdaac.usgs.gov/products/mod16a2v006/
http://remote-sensing.nci.org.au/u39/public%20/data/wirada/cmrset/v20140423-bias-corrected
http://remote-sensing.nci.org.au/u39/public%20/data/wirada/cmrset/v20140423-bias-corrected
https://www.dnrm.qld.gov.au/
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spatial resolution of 25 meters across the Australian Continent.  

2.4.1. CMRSET 

Guerschman et al. (2009) developed the CSIRO MODIS Reflectance Scaling Actual ET (CMRSET-AET) 

for the Australian continent. This product uses Enhanced Vegetation Index (EVI) (Huete et al. 2002) and 

Global Vegetation Moisture Index (GVMI) as the vegetation water content index (Ceccato et al. 2002) 

derived from the MODIS nadir bidirectional reflectance distribution function (BRDF) product called 

MCD43A4 to scale Priestly-Taylor potential evapotranspiration (PT PET). CMRSET calculates 

evapotranspiration from water and vegetation cover and rainfall interception through the following 

equation: 

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑐𝑐.𝑃𝑃𝐴𝐴𝐴𝐴 + 𝐾𝐾𝐸𝐸𝑖𝑖.𝑃𝑃      (2) 

Where PET and P are Priestly-Taylor potential evapotranspiration (PT PET) and cumulative 8-day rainfall 

depth respectively. The fixed monthly PT PET was provided by Raupach et al. (2001) and it was resampled 

to 8-day. After calibrating the model in six vegetated sites (including a seasonally flooded wetland) and 

one open water site, crop factor (kC) that represents the ratio of AET to PET was estimated as: 

𝑘𝑘𝐶𝐶 = 0.68 〈1 − exp(−14.12  𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟2.482 − 7.991 𝑅𝑅𝑅𝑅𝐸𝐸0.890)〉  (3) 

𝐴𝐴𝐸𝐸𝐸𝐸 = 2.5 𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁−𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟
𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁+6 𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟−7.5 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟+1

      (4) 

𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟 = 𝐸𝐸𝐸𝐸𝐸𝐸− 𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚−𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

       (5) 

𝑅𝑅𝑅𝑅𝐸𝐸 = max (0,𝐺𝐺𝐸𝐸𝑅𝑅𝐸𝐸 − (0.775 𝐴𝐴𝐸𝐸𝐸𝐸 − 0.076))   (6) 

𝐺𝐺𝐸𝐸𝑅𝑅𝐸𝐸 = (𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁+0.1)−(𝜌𝜌𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁2+0.02)
(𝜌𝜌𝑁𝑁𝑁𝑁𝑁𝑁+0.1)+(𝜌𝜌𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁2+0.02)

     (7) 

Where 𝐴𝐴𝐸𝐸𝐸𝐸𝑚𝑚𝑖𝑖𝑖𝑖 = 0,𝐴𝐴𝐸𝐸𝐸𝐸𝑚𝑚𝑔𝑔𝑚𝑚 = 0.9, 𝜌𝜌𝑏𝑏𝑟𝑟𝑜𝑜𝑔𝑔 ,𝜌𝜌𝑟𝑟𝑔𝑔𝑔𝑔,𝜌𝜌𝑁𝑁𝐸𝐸𝑁𝑁 𝑎𝑎𝑎𝑎𝑎𝑎 𝜌𝜌𝑆𝑆𝑆𝑆𝐸𝐸𝑁𝑁2 are MOIDS bands in blue, red, near-

infrared and shortwave-infrared (1628-1652 nm) respectively. kC is defined to estimate vegetation 

transpiration using EVIr and RMI which demonstrates surface water cover. Rainfall interception coefficient 

was defined as a linear expression of EVIr: 
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𝑘𝑘𝐸𝐸𝑖𝑖 = 0.229 𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟       (8) 

To evaluate CMRSET AET with MCD43A4 time series of land cover indices, CMRSET grids were 

resampled from 250-m to 500-m in 250-m resolution.   

2.5. Conceptual model to evaluate RS AET products 

Remotely sensed products (CMRSET and MOD16A2) were evaluated against land cover changes induced 

by flooding. To illustrate the behaviour of remotely sensed indices in flooding, the time series of a sample 

pixel in the Cooper Creek in 2004 flood is illustrated in Figure 3a. Flooding was firstly sensed by a sharp 

increase in mNDWI  from -0.54 (in pre-flood condition for the dry bare soil) to 0.66, so that the maximum 

change in mDNWI (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸𝑚𝑚𝑔𝑔𝑚𝑚′ = 0.66 −(-0.54)=1.20) occurred in 2004/02/12. When the floodwater 

traveled downstream and the water was lost through evaporation, mNDWI declined gradually to its initial 

bare soil state. NDVI initially responded to the flooding pulse negatively, so that it dropped sharply from 

0.23 to -0.20 in 2004/02/12. Then, land cover changed from water to soil and after a few weeks, vegetation 

growth was triggered by soil moisture in the form of annual grasses and forbs. NDVI increased to a 

maximum level of 0.77 (𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚𝑔𝑔𝑚𝑚′ = 0.77 −0.23=0.53) in 2004/04/05. Then its vigour was lost 

(senescence) and finally reached dormancy during the inter-flood dry period. To evaluate the performance 

of each RS AET products (CMRSET and MOD16A2), evapotranspiration rate was only compared to 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸𝑚𝑚𝑔𝑔𝑚𝑚′  and 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸𝑚𝑚𝑔𝑔𝑚𝑚′  at the peak water and vegetation dates respectively for each pixel in the 2004 

flood event (Figure 3b). 94274 pixels of MCD43A4 product covers the study reach. Therefore, each RS 

AET product was evaluated by 94274 data points of maximum change in water and vegetation indices. 

Changes in NDVI (𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′) and mNDWI (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′) from the pre-flood bare soil condition are attributed 

to the change in the percentage of vegetation and water area in section 3.2. Thus, the reader will be able to 

relate the changes in the remotely sensed land cover indices to the changes in the land cover area.      
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Figure 3. (a) hypothetical time series of water and vegetation indices 

for an example pixel experienced flooding in 2004 flood event in the 

Cooper Creek (b) corresponding time series of actual 

evapotranspiration for CMRSET and MOD16A2 products  

3. Results 

3.1. Transmission loss volume in CMRSET and MOD16A2 

In this section, lumped values of RS AET over the floodplain for the Cooper Creek floods are compared 

against floodplain transmission losses with the results shown in Table 1. In Figure 4a and b, three 

transmission loss volumes provided by hydrological water balance are compared to the transmission loss 

given by CMRSET and MOD16A2 products. The first TL type (TL1) is the difference between gauged 

inflow and outflow. The second TL type (TL2) is the difference between gauged+ungauged inflow and 

gauged outflow and the third type (TL3) is the difference between gauged+ungauged inflow+direct 

floodplain rainfall on saturated areas and gauged outflow. CMRSET TL is greater than TL1 and TL2 for 

all the flood events. The minimum CMRSET TL volume is 3714 GL for the event 2004-5 with the inflow 
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< 500 GL. According to Figure 4a, CMRSET overestimates TL3 for all the events but the difference is 

greater for the smaller events and gets closer to the TL3 for the larger events. According to Figure 4b, 

MOD16A2 underestimates TL3 in all the events. MOD16A2 underestimates TL2 for 11 out of 15 events 

and it underestimates TL1 values for 9 out of 15 events.  

Table 1. Comparison of transmission loss in the Cooper Creek floodplain estimated by 

subtracting outflow from gauged inflow (TL1), gauged + ungauged inflow (TL2), outflow 

from gauged and ungauged inflow + direct rainfall on the floodplain (TL3) and transmission 

loss given by CMRSET and MOD16A2 actual evapotranspiration for flood events between 

2000 and 2015 

Event 

No. 

From To Transmission 

Loss 1 (GL) 

Transmission 

Loss 2 (GL) 

Transmission 

Loss 3 (GL) 

CMRSET 

Loss (GL) 

MOD 16 

Loss (ET) 

1 2000/02/03 2000/07/28 5222 5231 9133 11506 3077 

2 2000/11/17 2001/03/31 2865 2867 5760 8391 1311 

3 2001/11/28 2002/03/06 974 974 2100 7564 547 

4 2003/02/10 2003/05/05 1065 1065 2734 6540 839 

5 2004/01/13 2004/04/14 3693 4202 5852 10929 1318 

6 2004/12/21 2005/03/01 176 176 390 3714 135 

7 2005/06/16 2005/08/09 75 76 639 5498 704 

8 2006/03/10 2006/06/21 1782 1782 2349 7383 978 

9 2007/01/07 2007/04/23 536 608 3423 9094 1096 

10 2007/11/15 2008/04/22 3351 3351 5471 10617 1489 

11 2009/01/05 2009/05/30 2635 2635 4211 8640 1081 

12 2009/12/31 2010/06/05 -1524 251 8306 10993 4320 

13 2010/09/19 2011/06/30 3773 4898 16576 17897 5946 

14 2011/12/06 2012/06/29 1807 2236 7392 10550 2593 

15 2013/01/20 2013/04/23 495 495 1400 3895 815 

16 2013/12/04 2014/04/17 479 479 2636 - - 

17 2014/12/15 2015/03/06 180 180 2218 - - 

 

According to Figure 4c, for the four major floods of 2000 and 2009-2012, with more than 7,800 GL of 

transmission losses, CMRSET estimates of AET matched overall TL3 with less than 25% absolute error. 

For the smaller floods, CMRSET-AET apparently overestimated transmission losses and the error increased 

when the size of floods decreased. In the floods with 5,000-6,000 GL transmission losses, the difference 

between remotely sensed AET and transmission losses varied between 45% and 94%; while this figure 
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increased to over 100% in floods with less than 5,000 GL, and peaked to more than 800% for the smallest 

flood with a transmission loss of 390 GL. On the other hand, MOD16-AET significantly underestimated 

loss in the study reach. The range of MOD16-AET was between 135 and 5,946 GL while the range of TL3 

fluctuated between 390 and 16,706 GL; so, MOD16-AET accounted for only 22-58% of water loss. 

In order to have a better insight to the AET dynamics, time series of 8-day AET were compared to the 

inundation area (Figure 5). The minimum values of CMRSET volume for 8-day intervals are 85 GL during 

dry periods. This is equivalent to a minimum daily AET of 0.5 mm over the floodplain during dry periods. 

This evaporation rate is likely overestimating the background AET from the dry bare soil. In the 2004 event, 

the after-flood dry period to the next event was relatively long (251 days) and CMRSET overestimated loss 

84% more than the water balance loss. A possible reason for better estimates of CMRSET matching the 

transmission losses of the large floods in 2009-2011 was shorter intervals between floods which reduced 

overestimating AET in dry times. In addition, according to Figure 5, CMRSET responded to the inundation 

area peaks in the medium and large events; however, it overestimated TL for the small floods (e.g. events 

2000-1 to 2003 floods).   

  

 

Figure 4. Comparison of CMRSET (a) and MOD16A2 

(b) actual evapotranspiration volume in the Cooper 

Creek versus transmission loss estimated by subtracting 

outflow from gauged inflow (TL1), outflow from 

gauged + ungauged inflow (TL2), outflow from gauged 

and ungauged inflow + direct floodplain rainfall on 

saturated areas (TL3); (c) Transmission loss 3 (GL) in 

the Cooper Creek versus MOD16A2 and CMRSET 

remotely sensed actual evapotranspiration products for 

15 floods in the period of 2000 to 2014 

 

b a 

c 
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According to Figure 5, MOD16A2 time series showed zero AET on many occasions like flooding times 

over the study period; therefore, MOD16A2 underestimated AET. The MOD16A2 failed to follow the 

peaks of the inundation area time-series. For example, during seven events between 2003 and 2008, 

floodplain loss (TL3) varied between 390 to 5471 GL (Table 1); however, MOD16A2 showed very similar 

behaviour to the variable flood sizes in this period. The main increase of MOD16A2 time series in Figure 

5, occurred for the four biggest floods (events 2000, 2009-10, 2010-11 and 2011-12) with more than 7392 

GL of transmission loss but even in these events, MOD16A2 underestimated water loss with > 50% error. 

 

Figure 5. Time-series of 8-day evapotranspiration volume (GL) in the Cooper Creek estimated by 

MOD16 and CMRSET for the period of 2000 to 2013 and daily inundation area estimated by daily 

Terra MODIS products 

3.2. How do MODIS indices respond to land cover changes?  

As stated before, floods change the land cover in the Cooper Creek from bare soil to water during inundation 

times; then, temporary vegetation emerges in the form of grass and forbs when soil moisture increases. In 

Figure 6, the percentage of water and vegetation cover changes calculated by Landsat imagery was 

compared to 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ and 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′ from MODIS imagery. According to Figure 6a, when vegetation cover 

increased from 0 to 100%, 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ increased from 0 to 0.7 respectively. In some of the pixels with vegetation 

cover change <25%, 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ decreased between 0 and -0.5. The land cover of these pixels was partially (or 

totally) changed from bare soil to water, knowing that NDVI for water is negative. When vegetation cover 

increased from 10% to 90%, 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ increased almost linearly from 0 to 0.30. 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ at vegetation cover 

change >90% was more scattered than vegetation cover changes between 10-90% (standard deviation 

≅8.5% and 5.7% respectively). High variability of 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ (at vegetation cover change >90%) in Figure 6a 

mainly corresponded to the difference in the intensity of vegetation vigour; while only the effect of 
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increasing the proportion of vegetation area in each pixel on 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ was considered here. When vegetation 

cover change exceeded 90%, the median of 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ increased to 0.44.  

In Figure 6b, Landsat water cover changes were compared to MODIS mNDWI changes (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′). In 

general, 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′ increased linearly from 0 to about 0.6 when water cover changed from 0 to 90%. At 

water cover change of <20%, scattering of 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′ was less than the scattering of 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ when the 

vegetation cover change was <25% because 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸 doesn’t respond to bare-soil and vegetation 

(Mohammadi, Costelloe, and Ryu 2017). When water cover change exceeded 90%, 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′ increased 

sharply with a median value of 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′=0.79. Variability of 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′ was low (standard deviation = 

4.2%) when water cover change was <20%, but it gradually increased when the percentage of water cover 

grew, and the standard deviation reached to 18% when the change in water cover was >90%. High 

variability of 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′ corresponds to the variability of mNDWI for different depth and turbidity of water.  
 

 

 

 
Figure 6. (a) and (b) Comparison of vegetation and water cover changes produced by Landsat imagery 

to MODIS 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′ (NDVI2004/03/03 – NDVI2003/11/12) and 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′ (mNDWI2004/03/03 – mNDWI2003/11/12) 

with 10 percentile, 50 percentile (median) and 90 percentile plots (in black lines).  

3.3. CMERSET and MOD16A2 responses at peak water and vegetation time 

3.3.1. Introduction 

To further analyse the behaviour of CMRSET and MOD16A2, the evapotranspiration rate at the time of 

peak water and vegetation was investigated. Peak water time for each pixel occurred at the flooding time 

when the coverage and/or depth of water was maximum. Peak vegetation vigour and biomass in the Cooper 

Creek often occurs 20 to 75 days after the peak water time (average: 41 days) in response to the greater 

moisture availability (Mohammadi, Costelloe, and Ryu 2017).   

a b 
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3.3.2.  CMRSET  

In Figure 7a, CMRSET at the peak time of the water signal is compared to mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚. The peak water 

signal in the floodplain occurred on different dates. To eliminate the effect of PET over time and space, 

AET was divided by PET and the results were illustrated in Figure 7b. AET varied between 0.29 and 6.0 

mm/day while mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚 ranged between 0 and 1.41. The minimum value of AET= 0.29 mm/day for 

non-flooded pixels (mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚 = 0) demonstrates that CMRSET likely overestimated AET at these 

pixels. The centroid of unflooded pixels in Figure 7b is at  𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

≅ 0.1. This minimum value caused an 

evaporation rate of 85 GL per 8-day (~ 10 GL/day) in section 3.1 and this issue caused the overestimation 

of TL especially in the small events with long drought after them. Therefore, modification of minimum 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

  

at dry times and non-flooded pixels is expected to improve the performance of CMRSET model. 

When mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚 increased from 0 to 0.15, 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

 sharply increased from the minimum level to 0.6 and then 

it increased with a very gentle slope to the maximum value at 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

= 0.8 (a few points above this level is 

ignored). mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚 = 0.15 occurs when the water cover increases to 30% (Figure 7b). The quasi-linear 

relationship between water cover change and mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚  suggest a continuous and gradual change of 

AET and mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚; however, the calibrated parameters in equation 3, resulted in the non-uniform 

increase of AET when  mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚 increases. The exponent power of RMI (0.89) in equation 3 is <1 and 

this caused a sharp increase in AET at low mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚. Therefore, it is likely that CMRSET overestimated 

AET at low water cover percentages.   

  

Figure 7. (a) CMRSET actual evapotranspiration versus mNWDI’ at peak flooding time of Cooper Creek in 2004 

flood event; (b) CMRSET AET divided by Priestly-Taylor PET versus mNWDI’ at peak flooding time   

 

a b 
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CMRSET increased at the time of peak vegetation growth and vigour when NDVI’𝑚𝑚𝑔𝑔𝑚𝑚 increased, but the 

graph was highly scattered (Figure 8a). When AET was divided by PET, the scatter reduced and the relation 

between NDVI’𝑚𝑚𝑔𝑔𝑚𝑚 and 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

 became more continuous (Figure 8b). 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

 rose from 0.08 to 0.9 when NDVI’𝑚𝑚𝑔𝑔𝑚𝑚 

increased from 0 to 0.7. The growth of CMRSET was more gradual to the growth of vegetation index than 

the growth of the water index (compare Figure 8b and Figure 8b). This is mainly because of the exponent 

power of vegetation index in equation 3. The exponent power for vegetation is 2.48 (>1) and this caused a 

gradual increase of AET at increasing EVI in comparison to the exponent water of water (0.89) which 

caused a sharp rise.  

In Figure 8b, the centroid of the unflooded (or dry) pixels which experienced little increase in NDVI 

(NDVI’𝑚𝑚𝑔𝑔𝑚𝑚 ≅ 0.05) shows 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

≅ 0.15. Similar to the behaviour of CMRSET in mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚 at dry pixels, 

this issue demonstrates that CMRSET overestimated AET at dry times and the performance of this product 

will be improved if evapotranspiration is reduced at dry pixels.    

  

Figure 8.  (a) CMRSET actual evapotranspiration versus NDVI’ at peak vegetation growth and 

vigour time of Cooper Creek in 2004 flood event; (b) CMRSET AET/PT PET versus NDVI’ at 

peak vegetation growth and vigour time   

3.3.3. MOD16A2 

In Figure 9 the response of MOD16A2 product to the peak water and vegetation signal is illustrated. 

According to Figure 9a, AET varied between 0 to 2 mm/day at all ranges of mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚. mNDWI index 

does not respond to vegetation growth; therefore, unflooded pixels (mNDWI’ = 0) likely contained 

vegetation or wet soil. By increasing mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚 to 1.41, MOD16A2 AET kept its low value close to zero 

mm/day.  𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

 scatter plot at peak water time in Figure 9b demonstrates that by increasing water cover 

percentage, 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

 converged to zero. Consequently, MOD16A2 highly underestimated water evaporation or 

a b 
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it can be stated that this product has not been designed to estimate free water evaporation. Evaporation from 

the water surface is one of the major sources of water loss in the Cooper Creek (Knighton and Nanson 

1994a) and underestimation of transmission loss volume in section 3.1 is highly attributed to the 

underestimation of water evaporation.  

In Figure 9c and d, the response of MOD16A2 at peak vegetation time is illustrated. Maximum AET (~ 3 

mm/day) occurred at very high stages of vegetation growth and vigour, when NDVI’𝑚𝑚𝑔𝑔𝑚𝑚 = 0.7. 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

 was 

also low (<0.25) at high NDVI’ values of (NDVI’𝑚𝑚𝑔𝑔𝑚𝑚 = 0.55). It is expected that when the vegetation growth 

was at its maximum level and NDVI was above 0.5, higher AET values had been calculated. Therefore, it 

is likely that MOD16A2 underestimated AET at peak vegetation time.  

  

  

Figure 9. (a) Daily evaporation rate provided by MOD16A2 product in the peak water state time 

(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸𝑚𝑚𝑔𝑔𝑚𝑚
′ ) of 2004 flood event in the Cooper Creek; b) Actual to potential evaporation rate 

provided by MOD16A2 product at peak water state at the same time and place  

In this section, it was demonstrated that CMRSET AET responded to the remotely sensed water and 

vegetation signals in the Cooper Creek floodplain and MOD16A2 response to the water was very low and 

a 

c d 

b 
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its response to vegetation above 0.25PET occurred only at very high values of NDVI (>0.7). Therefore, 

CMRSET will be further investigated and MOD16A2 will not be used further for transmission loss analysis 

in the Cooper Creek.      

3.4. CMRSET variables and remotely sensed indices 

To further evaluate the performance of CMRSET AET product, in this section variables used to formulise 

CMRSET were compared to the increase of water, vegetation and moisture indices from their basic pre-

flood values. In Figure 10a, the relation mNDWI’𝑚𝑚𝑔𝑔𝑚𝑚 (increase of mNDWI at the time of peak water signal) 

and corresponding RMI values for 94274 pixels in the 2004 flood event is illustrated. There is a linear 

correlation between RMI and mNDWI’ (RMI=0.72×mNDWI’, R2=0.89788) and when mNDWI’ = 0, 

RMI=0. As the intercept of this linear regression is zero, it indicates that there is not any residual for RMI 

when the pixel is not flooded by water. Therefore, RMI was well-calibrated in the original calibration of 

CMRSET model to represent the increase of water cover area from the base pre-flood level. In Figure 10b 

the relationship between EVI and NDVI is illustrated. For NDVI<0.5, there is a linear relationship between 

NDVI and EVI with an intercept very near to zero (EVI=0.62231×NDVI+0.0065524, R2=0.94171). At 

high NDVIs (NDVIs>0.5), this index increases very slowly but EVI continues to grow. The average value 

of NDVI is 0.14 for the bare soil at the pre-flood condition. In the original CMRSET model in equation 5, 

EVIr had been set to 0.9×EVI. Therefore, EVIr equals 0.9×0.14=0.126 for the bare soil.  This value makes 

kc=0.0539 (crop factor in equation 3), assuming that RMI=0. Overestimation of crop factor is likely the 

main source of error in CMRSET model for dry pixels. Therefore, it is expected that by modifying EVIr 

and recalibrating the model, the performance of this model will be improved. Here EVIr is replaced by 

0.775×EVI -0.076 which has already been calibrated in equation 6 for RMI. In Figure 10c, the new EVIr is 

compared to NDVI’. There is a linear regression between EVIr and NDVI’ with zero intercept (EVIr= 

0.48351 ×NDVI’, R2=0.9347). This relationship demonstrates that at NDVI’ = 0, EVIr=0 and this new value 

makes kc=0 for the unflooded pixels. The last evaluation was performed on GVMI which was used in 

equation 7. In Figure 10d, GVMI is compared to LSWI’, the amount of change in moisture content index 

available in water, vegetation, and wet soil. The linear relationship with zero intercept between GVMI and 

LSWI’ (GVMI=0.8477×LSWI’, R2=0.84249) demonstrates that fixed values taken for GVMI (0.1 and 0.02 

in equation 9) is well calibrated by Ceccato et al. (2002) and used by Guerschman et al. (2009) in CMRSET 

model to show the water content available in vegetation, soil, and water. With the new EVIr chosen here, 

CMRSET model will be recalibrated in the next section.  
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Figure 10. (a) relationship between RMI and mNDWI’, (b) EVI and NDVI, (c) new EVIr=0.775 EVI-0.076 

modified in this paper and NDVI’, (d) GVMI and LSWI’ at the time of peak water and vegetation signal for 

94724 pixels in the Cooper Creek in the 2004 flood event. 

3.5. Recalibration of CMRSET model 

EVIr in CMRSET model was modified and the model was recalibrated using Shuffled Complex Evolution 

method (Duan, Sorooshian, and Gupta 1992) with a few changes in the input data summarized in Table 2. 

MCD43A4 which had a temporal resolution of 8 days was replaced by the updated version of the product 

(version 6) with daily temporal resolution. Fixed monthly Priestly-Taylor PET was replaced by the 8-day 

Penman-Monteith PET provided by MOD16A2 product and it was interpolated to daily resolution. The 

spatial resolution of PM PET was the same as MCD43A4 product; therefore, no resampling of PET grids 

was required. The original CMRSET model was calibrated by optimising the Nash-Sutcliffe Efficiency 

(Nash and Sutcliffe 1970) as the objective function, while it was changed to Kling-Gupta Efficiency (Gupta 

a 
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b 
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et al. 2009) in the modified model. Using Kling-Gupta Efficiency (KGE) considers a higher weight to the 

small events than Nash-Sutcliffe Efficiency (NSE) in calibration. Crop factor in equation 3 contains both 

evaporation from the water surface and plant transpiration in one factor, but it was decomposed in two 

separate factors (kC1 and KC2 in Table 2) in the new model. Total evapotranspiration loss from the new 

formula for each event was equaled to the event-based loss calculated by the water balance method in the 

previous chapter by deducting outflow from the sum of gauged and ungauged inflow and the proportion of 

rainfall volume precipitated on saturated areas as the inflow to the floodplain. Rainfall precipitated on the 

non-saturated areas were assumed to evaporate from the soil surface and didn’t contribute to the water 

balance of the flood events. Based on the high correlation between 𝐿𝐿𝑆𝑆WI’ and GVMI (Figure 10d), saturated 

area proportion (SAP) for each pixel were calculated by GVMI: 

SAP= -0.05256 × GVMI-1.394 +1.311    (9) 

With SAPmin=0 and SAPmax=1. The interception factor in the new model is close to the original CMRSET 

model (0.18 vs 0.229). The power of EVIr is only 3.4% smaller than the original CMRSET model (2.4 vs 

2.482). The main differences are in the power of RMI (1.6 vs 0.89) and the factors of EVIr (30 vs 14.2) and 

RMI (24.9 vs 7.991). By increasing the power of RMI in the new model, evaporation from water and wet 

soil increases more slightly to RMI than the abrupt increase of evaporation to mNDWI’ observed in Figure 

7b. 

In Table 3 and Figure 11a and b, elements of the water balance model and the subsequent transmission loss 

for 13 flood events between 2001 and 2015 in the Cooper Creek are presented and compared to the 

transmission loss of the modified CMRSET model. These 13 floods were used in calibrating the modified 

CMRSET model. 17 events in Table 1 were reduced to 13 events in Table 3. Flood event 2000 (item no. 1 

in Table 1) was eliminated because MODIS data is available from 24 Feb 2000, 21 days after the beginning 

of the event. Flood event 2001 (item no. 2 in Table 1) was also removed because this flood occurred only 

four and half months after the downstream flow ceased in the previous large event (flood event 2000); 

therefore, water storage in the floodplain at the beginning of event 2001 was considerably high. For 

example, Lake Yamma Yamma was still covered with floodwater from the event 2000. In addition, flood 

events 12, 13 and 14 between 2010 to 2012 in Table 1 were merged into one event because these events 

were large and occurred shortly after each other and floodplain storage had not significantly depleted by 

evapotranspiration before events 13 and 14. Comparing Figure 4c and Figure 11b indicates that the 

performance of the modified model has significantly improved. The original CMRSET model 

overestimated transmission loss for all the events. Error in the events with < 5000 GL of transmission loss 

volume was above 100% and the error for the two smallest events was very high at 700-900%. The modified 
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model overestimated transmission loss for the small events and slightly underestimated it in the medium 

events. By increasing flood size, the performance of the modified model improved. The error in the 

modified model decreased significantly: only three events had error between 100% and 160%. For the other 

larger events, the absolute error was < 50% and by increasing flood size, the absolute error size declined to 

< 25% for the large events.  

Table 2. Main changes applied to CMRSET model to calculated transmission loss in the Cooper Creek 

 In the original CMRSET model 

(Guerschman et al., 2009) 

In the modified model Description 

MODIS bands 

used to 

calculate RMI 

and 𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟  

8-day MCD43A4 data resampled 

from 500 m to 250 m 

Daily MCD43A4 ver 6 product with 

the original 500 m resolution  
 

Potential 

Evapotranspir

ation 

Fixed monthly PT PET (Raupach et 

al. 2001) with the spatial resolution 

of 0.05 degrees (~5 km) interpolated 

to 250 m spatial resolution and 8-

day temporal resolution 

8-day PM PET (MOD16A2, ver 6 

product, Mu et al 2013) with the 

original spatial resolution of 500 

meters and 8-day data was 

interpolated to daily data  

 

Model fit 

efficiency 

criteria 

Nash-Sutcliffe Efficiency (NSE) Kling-Gupta Efficiency (KGE) 

KGE gives higher weight to 

the small to medium flood 

sizes in model calibration 

Rainfall term 

used in the 

water balance 

Total rainfall depth 

The proportion of rainfall 

precipitated in saturated areas. 

Saturated areas were approximated 

as a function of GVMI  

Due to the high potential 

evapotranspiration rate in the 

arid regions, a proportion of 

rainfall evaporates 

immediately after rainfall 

and cannot be sensed by 

optical remote sensors.     

AET General 

Term 

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑐𝑐 .𝑃𝑃𝐴𝐴𝐴𝐴 + 𝐾𝐾𝐸𝐸𝑖𝑖 .𝑃𝑃 

𝑘𝑘𝐶𝐶
= 0.68 〈1

− exp(−14.12  𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟2.482

− 7.991 𝑅𝑅𝑅𝑅𝐸𝐸0.890)〉 

𝐾𝐾𝐸𝐸𝑖𝑖 = 0.229 𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟 

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑐𝑐1 .𝑃𝑃𝐴𝐴𝐴𝐴 + 𝑘𝑘𝑐𝑐1 .𝑃𝑃𝐴𝐴𝐴𝐴 + 𝐾𝐾𝐸𝐸𝑖𝑖 .𝑃𝑃 

𝑘𝑘𝐶𝐶1 = 0.51 〈1− exp(−24.9 𝑅𝑅𝑅𝑅𝐸𝐸1.6)〉 

𝑘𝑘𝐶𝐶2 = 0.35 〈1− exp(−30.0  𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟2.4)〉 

𝐾𝐾𝐸𝐸𝑖𝑖 = 0.18 𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟  

Evapotranspiration was split 

into wet surface (water and 

wet soil) evaporation, plant 

transpiration and rain 

interception term 

𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟  𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟 =
𝐴𝐴𝐸𝐸𝐸𝐸 −  𝐴𝐴𝐸𝐸𝐸𝐸𝑚𝑚𝑖𝑖𝑖𝑖

𝐴𝐴𝐸𝐸𝐸𝐸𝑚𝑚𝑔𝑔𝑚𝑚 − 𝐴𝐴𝐸𝐸𝐸𝐸𝑚𝑚𝑖𝑖𝑖𝑖
= 0.9 𝐴𝐴𝐸𝐸𝐸𝐸 𝐴𝐴𝐸𝐸𝐸𝐸𝑟𝑟 = 0.775 𝐴𝐴𝐸𝐸𝐸𝐸 − 0.076  
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In the 2007 flood event, as one of three events with the largest errors, the error was 154%. Visual inspection 

of the cumulative AET map for this event (in Appendix 1) indicated that the eastern catchments of the 

Cooper Creek released a significant amount of runoff to the floodplain that was comparable to the gauged 

upstream flow and the rainfall-runoff model highly underestimated the ungauged runoff due to the low 

accuracy of the AWAP rainfall grids in the eastern ungauged catchments. Sparse rainfall gauges in the 

ungauged catchments of the LEB floodplains hinders capturing the accurate rainfall pattern of local storms. 

Local storms, especially the ones occurring in the catchments near the outlet, has lower transmission loss. 

This issue has already been reported to impact the accuracy of water balance analysis in the LEB floodplains 

(Costelloe 2017). Consequently, the modified AET model likely provides a better estimation of 

transmission loss for the 2007 event than the water balance analysis. Analysis in the previous chapter 

(Figure 9d) indicated that the 2007 flood event was an outlier in the relationship between flood size and 

transmission loss percentage. AET maps in this chapter explicitly explained the reason behind this issue 

using remotely sensed data as an independent source from ground-based measurements.   

Table 3. Water balance elements of 13 flood events between 2001 and 2015 in the Cooper 

Creek and transmission loss volume calculated by modified and recalibrated CMRSET 

model.  

               

No. 

Date 

Event 
Gauged 

Inflow 

Ungauged 

Inflow 

Rain on 

Saturated 

Areas 

Total 

Inflow 

Gauged 

Outflow 

Water 

Balance 

Transmis

sion Loss 

RS 

AET 

Error 

(%) From To 

1 2001/11/

 

2002/03/06 2001-2 1077 0 11 1088 104 984 574 -42 
2 2003/02/

 

2003/05/05 2003 1133 0 61 1194 69 1125 962 -15 
3 2004/01/

 

2004/04/14 2004 4636 424 474 5534 943 4591 3474 -24 
4 2004/12/

 

2005/03/01 2004-5 210 0 8 218 33 185 380 105 
5 2005/06/

 

2005/08/09 2005 109 1 17 126 34 92 742 696 
6 2006/03/

 

2006/06/21 2006 1903 0 243 2146 121 2025 1779 -12 
7 2007/01/

 

2007/04/23 2007 993 60 217 1270 457 813 2063 154 
8 2007/11/

 

2008/04/22 2007-8 3632 0 204 3836 281 3555 3177 -11 
9 2009/01/

 

2009/05/30 2009 2824 0 158 2982 190 2792 2242 -20 
10 2009/12/

 

2012/06/29 2009-12 16551 2776 11911 31238 12497 18741 18065 -4 
11 2013/01/

 

2013/04/23 2013 555 0 31 586 61 525 324 -38 
12 2013/12/

 

2014/04/17 2013-14 540 0 36 576 62 514 715 39 
13 2014/12/

 

2015/03/06 2014-15 249 0 5 254 69 185 477 158 
 

In Figure 11c and d, transmission loss calculated by the modified model is compared to the results of water 

balance studies in the Diamantina River for model evaluation. The results in the Diamantina River largely 

follow the Cooper Creek results: the model overestimated transmission loss in small events and slightly 

underestimated in medium events and the performance improved by increasing flood size with the errors 

ranging between 150% (for the small events) and -50%. The data were available for only 8 flood events in 

the Diamantina River for model evaluation because streamflow gauging records were available at 

Diamantina Lakes station at the upstream of the Diamantina floodplain only from the year 2005 afterward. 



Chapter 5. Transmission Loss  

157 

 

Consequently, the remotely sensed AET results and the other elements of the water balance of the 

Diamantina floodplain between 2000 and 2004 were not used. Data in the large floodplains of LEB is very 

limited over time and space and further model evaluations were not feasible elsewhere. Therefore, 

evaluating the modified model in the other floodplains inside and outside Australia can provide more insight 

into the performance of the modified CMRSET model. 

  

  

Figure 11. (a) Comparison of transmission loss calculated by the modified CMRSET model against the residual of 

inflows and outflows in the water balance model of 13 flood events in the Cooper Creek between 2001 and 2015, 

(b) and the corresponding model error; (c) comparison of modelled transmission loss against the residual of inflows 

and water balance loss of 8 flood events in the Diamantina River between 2005 and 2015, (d) and the corresponding 

model error. 

3.6. Weight of evapotranspiration elements 

Actual evaporation in the modified CMRSET model was decomposed to wet surface evaporation, plant 

transpiration, and rain interception and the results for 13 events in the Cooper Creek are presented in Table 

4, Figure 12, and Figure 13. Rain interception comprised a very small percentage of AET, often ranging 

between 0 to 0.1% and it was higher at 2.6% only in the largest events between 2010 and 2012. The higher 

KGE=0.9926 

a 

b 

c 

d 
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percentage of rain interception was firstly originated from high vegetation vigour and growth across the 

floodplain triggered by the large events and secondly the higher direct precipitation depth on the floodplain. 

In three years Cooper Creek was flooded by 20,000 GL (6600 GL/year) of upstream flow which was more 

than twice the average annual inflow (3150 GL/year) to the floodplain (McMahon et al. 2008a). In the same 

period, the floodplain received 1283 mm of precipitation (427 mm/year) which was about 1.7 times the 

average annual rainfall depth (~250 mm/year) (McMahon et al. 2008b). In Figure 12, pulses of AET in the 

plot between 2010 and 2012 was produced by plant interception in the rainy days of the Cooper Creek. 

Plant transpiration was also low at <20% for 11 out of 13 events with an average of 10% and it was high at 

27% and 29% respectively for the 2010-2012 and 2013 events. The 29% contribution of a small event in 

2013 was likely overestimated, originating from the residual vegetation of the large events between 2010-

2012. Therefore, it can be said that plant transpiration in the arid floodplains of the LEB is insignificant, 

except in wet periods containing consecutive large events.    

Table 4. The proportion of wet surface evaporation, plant transpiration and rain interception in the 

total AET loss for 13 flood events between 2001 and 2015 in the Cooper Creek floodplain 

calculated by the modified CMRSET model. The proportion of rainfall volume precipitated on the 

saturated areas are also given.  

               

No. 

Date 

Event 

RS 

Actual 

ET 

(GL) 

 Wet 

Surface 

Evap 

(%) 

Plant 

Transpiration 

(%) 

Rain 

Interception 

(%) 

Rainfall 

Volume on 

Saturated 

Areas (GL) 

Total 

Rainfall 

(GL) 

Rainfall 

Percentage on 

Saturated 

Areas (GL) 

From To 

1 2001/11/28 2002/03/06 2001-2 574 84 16 0.0 11 1852 0.6 
2 2003/02/10 2003/05/05 2003 962 89 11 0.1 61 4057 1.5 
3 2004/01/13 2004/04/14 2004 3474 86 14 0.0 474 4213 11.3 
4 2004/12/21 2005/03/01 2004-5 380 94 6 0.0 8 917 0.9 
5 2005/06/16 2005/08/09 2005 742 97 3 0.0 17 2725 0.6 
6 2006/03/10 2006/06/21 2006 1779 89 11 0.0 243 2219 10.9 
7 2007/01/07 2007/04/23 2007 2063 89 11 0.0 217 4179 5.2 
8 2007/11/15 2008/04/22 2007-8 3177 89 11 0.0 204 5269 3.9 
9 2009/01/05 2009/05/30 2009 2242 90 10 0.0 158 4368 3.6 

10 2009/12/31 2012/06/29 2009-12 18065 70 27 2.6 11911 35216 33.8 
11 2013/01/20 2013/04/23 2013 324 71 29 0.1 31 1840 1.7 
12 2013/12/04 2014/04/17 2013-14 715 85 15 0.1 36 3887 0.9 
13 2014/12/15 2015/03/06 2014-15 477 94 5 0.1 5 3653 0.1 

 

According to Table 4 and  Figure 13, evaporation from the wet surfaces (mainly water) is the main source 

of water loss in Cooper Creek. Evaporation comprised >84% (average 90%) of the total ET loss in the 

small, medium and some large events (like event 2004) and its contribution only declined between 2010 

and 2012 when plant transpiration and interception increased significantly to ~30%. It is expected that the 

contribution of wet surface evaporation in total loss is high for large events with no large event occurring 

shortly before or after them (like event 2000 and 2004). Due to the short period of available remotely sensed 
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data between 2000 and 2015, few large events occurred and investigating the contribution of large events 

requires longer data records.    

 

Figure 12. Time series of the daily volume of actual evapotranspiration and its components (wet surface 

evaporation, plant transpiration, and rain interception) in the Cooper Creek for the flood events between 2000 and 

2015. 
 

According to Table 4, the volume of direct rainfall on the floodplain is very high and exceeds the remotely 

sensed total transmission loss. Therefore, all this volume was not incorporated into the floodplain water 

balance. Only the proportion of the rainfall precipitated on saturated areas were included in the water 

balance of the Cooper Creek. The saturated areas were calculated using GVMI index which had a strong 

linear correlation with LSWI′ (see Figure 10d and equation 9), the increase of moisture index from the initial 

bare soil state. In Figure 13b, the relation between total transmission loss (equivalent to the floodplain water 

storage) and the percentage of rainfall volume on the saturated areas to the total rainfall volume is provided. 

The value was < 15% for 12 out of 13 flood events between 2000 and 2015. The only event this value 

increased to 33% was the 2010-12 event, when consecutive large floods occurred, and large areas of the 

floodplain were inundated and covered with vegetation subsequently. High vegetation cover in this event 

affected the proportion of plant interception and transpiration in the total loss and the percentage of rainfall 

volume to the total rainfall volume contributed to the event-based water balance of the floodplain as well.           
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Figure 13. (a) Contribution of wet surface evaporation and plant transpiration for the small (triangle), medium 

(circle) and large (square) events in the Cooper Creek occurred between 2000 and 2015; (b) the relation between 

flood size and percentage of rainfall volume precipitated on saturated areas to the total rainfall volume in the 

Cooper Creek for the same period.  

3.7. Flood Size and spatial pattern of transmission loss 

In Figures 14a to c the cumulative AET maps for three sample flood events (small, medium and large events) 

in the Cooper Creek are illustrated. Maps for the other events are given in Appendix 1. The colour bar for 

all the maps is presented on the same scale allowing comparison of maps. The mapping results were sorted 

and compared for all the events based on the transmission loss volume. Cooper Creek floodplain was 

divided into 5 regions (Figure 14d). Regions 1 and 2 are inundated in the small and medium floods. By 

increasing flood size from medium to large floods, Region 3 (Yamma Yamma Lake) and Region 4 start 

getting inundated. Region 5 is inundated in the large events (e.g. flood event 2000 or 2009-2012 given in 

Appendix 1) or in the medium events that flow from the eastern ungauged catchments are significant (e.g. 

flood event 2007 given in Appendix 1).   

a 
b 
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Figure 14. The map of cumulative evaporation depth for three small (a), medium (b) and large (c) events as samples 

in the Cooper Creek floodplain provided by modified CMRSET model; (d) zoning Cooper Creek floodplain in 5 

areas when these areas are flooded depending on flood size.  

a b 

c d 
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The results of the percentage of water loss in the given regions are provided in Table 5 and Figure 15. In 

small events, 65% to 85% of the flood was lost in Region 1. By increasing flood size, the proportion of 

water loss in Region 1 to the total water loss declined to 45% and 41% in the flood events 2000 and 2010-

12 respectively. Region 2 behaved differently: its contribution Region 2 increased from 14% to 34% by 

increasing flood size from small to medium events and it declined to 31% and 29% in the large flood events 

2000 and 2010-12 respectively. Yamma Yamma Lake (Region 3) didn’t fill in the small to medium floods 

and water loss of 0% to 2% occurred at the entrance of the Lake (e.g. event 2006 in Figure 14b). The lake 

was filled only in the three largest events in 2004, 2000 and 2009-12. Estimated water loss in the Yamma 

Yamma Lake by the modified CMRSET was 462 GL for the 2004 event. This value is very close to the 

lake water loss calculated independently in the previous chapter (436 GL) for the 2004 event which was 

estimated by multiplying time series of lake water area using Landsat imagery to the areal Morton PET. 

This little evidence approves the success of the modified CMRSET model in calculating water evaporation. 

Region 4 is not inundated in the small to medium events and its contribution to the water loss at these events 

was <4%. By increasing the flood size from medium to large events, its contribution grew to 4%, 10% and 

12% in the events 2004, 2000 and 2010-12 as the three largest events in the study period. The only exception 

is the medium size event 2007, where the eastern ungauged catchments (Wilson River particularly) released 

a significant runoff to the Cooper Creek and filled Region 4. The modified CMRSET model mapped the 

stream flow coming from the Wilson River (see Appendix 1). The contribution of Region 5 was very limited 

(≤ 3%) and it increased from 0% to 3% from small to large events.   

 Table 5. Contribution of the Cooper Creek zones defined in Figure 14d for wet surface evaporation and 

total AET loss in the Cooper Creek for 14 flood events between 2000 and 2015 

 Total Actual Evapotranspiration Wet Surface Evaporation 

               

No. 
Event 

Total 

AET 

(GL) 

Region 

1 (%) 

Region 2 

(%) 

Region 3 

(%) 

Region 4 

(%) 

Region 5 

(%) 

Total Wet 

Surface 

Evaporation 

(GL) 

Region 1 

(%) 

Region 2 

(%) 

Region 3 

(%) 

Region 4 

(%) 

Region 5 

(%) 

1 2000 and 

2001 
7653 45 31 12 10 3 9104 28 19 9 6 1 

2 2001-2 571 68 28 2 2 0 495 73 24 2 1 0 
3 2003 961 76 20 2 1 0 865 80 17 2 1 0 
4 2004 3552 50 28 13 8 1 3140 54 26 15 6 0 
5 2004-5 368 69 24 3 3 0 348 73 22 3 2 0 
6 2005 734 77 18 1 2 2 699 79 18 1 2 1 
7 2006 1790 66 30 2 2 0 1619 67 29 2 1 0 
8 2007 2082 52 33 2 12 1 1879 55 32 2 11 0 
9 2007-8 3228 60 34 2 4 0 2924 64 32 2 3 0 

10 2009 2260 70 26 2 2 0 12729 40 26 21 11 1 
11 2009-12 18065 41 29 15 12 3 2327 27 18 45 10 0 
12 2013 314 69 26 0 4 0 234 81 18 0 1 0 
13 2013-14 713 79 17 3 1 1 614 83 14 3 1 0 
14 2014-15 461 84 14 2 1 1 437 85 12 2 1 1 
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Figure 15. Comparing the contribution of the Cooper Creek regions defined in Figure 14d to the total AET loss 

in the Cooper Creek for 14 flood events between 2000 and 2015 

3.8. Why transmission loss ratio is higher in medium floods? 

Regions 1 and 2 are the most active parts of the floodplain and the quantified results in the previous part 

indicated that the majority of floodwater for all flood ranges were lost through evapotranspiration in these 

two regions. According to Figure 16a, a significant proportion of water in the small events was lost in Region 

1. By increasing flood volume, the contribution of Region 1 decreased from 84% to 68%; while Region 2 

became more active by losing 14% to 28% of the total flood water. Region 2 contributed the most to the 

total water loss in the medium floods. In flood event 2009, Region 2 was responsible for 26% of the water 

loss and this figure peaked at 34% in the 2007-8 event and decreased to 33% in the 2007 event. For the 

three largest events, water loss was lower at 31%, 28% and 29% in 2000-1, 2004 and 2009-12 events. In 

Figure 13a, it was demonstrated that the evaporation from wet surfaces (water and soil) constituted >70% 

of the total water loss. Therefore, the relationship between the proportion of total water loss in Region 1 

and Region 2 in different flood sizes (Figure 16a) was very similar to the relationship between these two 

regions for wet surface evaporation (Figure 16b).  

To investigate the reason for the maximum proportion of water loss in Region 2 in medium floods, water 

holes which have the highest frequency of water availability (even in dry times) in remotely sensed data 

were mapped using WOfS product (Mueller et al. 2016). According to Figure 17, waterholes in Region 2 

have a higher density in comparison to Region 1. This is mainly caused by the narrower width of the 

floodplain in Region 2. In Region 1, the width of floodplain increases to 55 km, while this figure is <10 km 
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in the narrowest parts of Region 2. Narrow floodplain in Region 2 converges floodwater and this increases 

the stream power required to scour the floodplain surface (Knighton and Nanson 1994b, 2000).  According 

to Figure 14a and images in Appendix 1, not only the primary channels were inundated in small events in 

Region 1, but also wide floodplains over the bankfull level of primary channels were flooded. Due to the 

high water loss in Region 1 (68%-84% of total loss), little water is left for Region 2; thus, streamflow in 

Region 2 was limited to those primary channels (and their waterholes) that are active in small events. These 

primary channels are located at the western part of the Region 2. By increasing flood volume to medium 

floods, the water level in Region 2 rose above the bankfull level of primary channels toward the east and 

spread over the floodplain. Due to the high density of waterholes, the water spread over the floodplain 

found its way to the waterholes. The volume of some of the waterholes is significant and some of them 

need 10s of GL of water to fill (Knighton and Nanson 1994b, 2000). Therefore, the overbank flow in the 

medium floods directs a significant proportion of water in Region 2 to the waterholes and only a small 

percentage of water can escape from the waterholes to route to the outlet. This phenomenon has resulted to 

have the highest proportion of water loss for the medium floods in Region 2. High water loss in Region 2 

for the medium floods is also the main reason why its transmission loss ratio is higher than the small and 

medium events. In the large flood events, water holes in Region 2 are firstly filled and then the excess water 

is routed to downstream. Therefore, by switching from medium to large events, transmission loss ration 

decreases. 

  

Figure 16. Comparing the contribution of total evapotranspiration loss (a) and wet surface evaporation (b) in 

Region 1 and Region 2 of the Cooper Creek for different flood sizes (small, medium and large) 
 

Knighton and Nanson (1994a) presented a hypothesis for the higher transmission loss in the medium events 

than the small and large events which were also used by Costelloe, Grayson, and McMahon (2006). They 

explained that transmission loss is low in the small events because the flow is confined to the primary 

channels at the sub-bankfull level. By increasing floodwater in the medium floods above the bankfull level 

a b 
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in the primary channels, streamflow spreads over the floodplain and it results in a higher water loss due to 

a bigger evaporation surface. The result of analyses in our research changes this hypothesis a little and adds 

more conditions to it. It can be stated that in small events, floodwater at the upstream parts of the 

anastomosing floodplains of LEB can rise above the bankfull levels (like inundation pattern of Region 1 

shown in Figure 14a for a small event and other similar events in Appendix 1), but it is confined to the 

primary channels in the downstream parts of the floodplain (Region 2). In medium floods, overbank water 

level further extends to downstream and water loss increases not only by increasing evaporation surface at 

the floodplain but also by the detention of large amounts of water in the waterholes densely located in the 

narrower parts of the floodplain (in Region 2) which were not utilised in the small events. In the large 

events, flood volume is large enough to escape the waterholes in the middle and lower parts of the floodplain 

and the remaining water finds its way to the outlet through more direct routes over the floodplain than 

primary channel paths to downstream.   

  

Figure 17. Location of waterholes in the upper (a) and lower (b) part of the Cooper Creek provided by mapping 

water bodies with the highest number of observations using WOfS (Water Observation from Space) product.   

Region 2 Region 1 
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4. Discussion  

4.1. A new approach to evaluate RS AET products in data-poor regions 

To date, various methods have been developed to evaluate remotely sensed AET products such as eddy 

covariance towers (Aguilar et al. 2018; Anderson et al. 2012; Groeneveld et al. 2007), water balance 

(Bastiaanssen, Ahmad, and Chemin 2002; Jia et al. 2012; Mohammadi, Costelloe, and Ryu 2015; Al Zayed 

et al. 2016), lysimeter (Wu et al. 2012; Allen et al. 2005) and Bowen ratio (Singh et al. 2008; Irmak et al. 

2011). Some methods used for evaporation estimation such as eddy covariance systems, lysimeters, Bowen 

ratio, and scintillometers can accurately measure AET, although not free from errors (Teixeira and 

Bastiaanssen 2012; Park, Baik, and Choi 2017; Sugita et al. 2017). Evaluating RS AET products with these 

tools are challenging, because of high costs (and subsequently, a limited operational period in many cases) 

and small footprint of the point-scale measurement tools which might not represent the average AET over 

the pixel of the remote sensing data (Song et al. 2017; Karimi and Bastiaanssen 2015).  

In this study, a novel approach was presented to evaluate MOD16A2 and CMRSET AET products. The 

percentage of land cover change from the initial bare soil state to water and vegetation states induced by 

flooding were calculated using the time series of water (mNDWI), vegetation (NDVI) and moisture content 

(LSWI) indices of MODIS imagery. Landsat imagery, a remotely sensed data with a higher spatial 

resolution (~30 m) were used to calibrate time series of coarser resolution (~500 m) MODIS indices to 

attribute land cover changes to the change in normalized difference indices from the initial bare soil state. 

Implementing remotely sensed data without using any ground measurement to examine AET rates under 

different land covers is the significant advantage of this approach. There are little ground measurements in 

the vast and sparsely populated floodplains of Lake Eyre Basin and lack of adequate data over time and 

space have been one of the main challenges of characterising the hydrology of LEB (Costelloe 2004; 

Costelloe, Grayson, and McMahon 2006; McMahon et al. 2008a; Kingsford, Costelloe, and Sheldon 2014). 

Utilising remote sensing data in the form of pixel-based time series provided a valuable dataset to carry out 

a comparative analysis of AET products. In this study, not only the performance of AET products were 

examined, but also variables used in the CMRSET model (like RMI, GVMI, and EVIr) were diagnosed and 

one of the main sources of bias (EVIr) were identified and modified. Furthermore, the spatial resolution of 

land cover changes was identical to the spatial resolution of MOD16A2 product and it was double the size 

of CMRSET product. Using remotely sensed products with identical (or the same range) spatial resolution 

in the comparative analysis may eliminate the uncertainties originated from different spatial scales between 

the AET product and the examining tool, like the challenges of evaluating these products using eddy-

covariance systems and lysimeters. This problem can even be more erroneous in the floodplains, where the 
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land cover is more heterogeneous and the daily evaporation rate from each land cover is different. In 

addition, the installation and operation of ground measurement tools in the floodplains are challenging 

because of the danger of floods and limited access during flooding. Therefore, using remotely sensed land 

cover changes in the form of pixel-based time series can be recommended to examine AET models and 

products in the water balance studies of large-scale arid-zone floodplains suffering from poor data.        

4.2. Performance of RS AET products in the Cooper Creek 

In this research, MOD16A2 and CMRSET were evaluated in 17 flood events of the Cooper Creek that 

occurred between 2000 and 2015. It was indicated that MOD16A2 didn’t respond to the water signal and 

its response to the peak vegetation, even at high NDVI values (~0.6-0.7) was weak. The water balance 

method demonstrated that the water loss calculated by MOD16A2 only accounted for 34% of the water 

loss on average in Cooper Creek. Previous studies have reported that the performance of MOD16A2 is 

highly dependent on the land cover type, the scale of land cover and climate of the study region. MOD16A2 

overestimates AET in the humid forests (Khan et al. 2018; Liu, Shao, and Liu 2015; Kim et al. 2012) and 

underestimates it in the semiarid and arid environments (Aguilar et al. 2018; Kim et al. 2012; Hu, Jia, and 

Menenti 2015; Ramoelo et al. 2014). In addition, MOD16A2 underestimates AET in many grasslands (Feng 

et al. 2015; Velpuri et al. 2013) and irrigation fields (Mu et al. 2007; Mu, Zhao, and Running 2011; Al 

Zayed et al. 2016; Autovino, Minacapilli, and Provenzano 2016; Tang et al. 2015). There is high uncertainty 

in this product in the heterogeneous lands than the large-scale homogenous land covers (Yang et al. 2015; 

Khan et al. 2018; Bhattarai et al. 2018). Cooper Creek floodplain is located in a vast arid zone with a 

heterogeneous land cover at flooding times, containing a dynamic land cover of bare soil, water, and 

vegetation and the major vegetation type is the temporary grassland. Therefore, it has many conditions that 

the literature has reported MOD16A2 product underestimates AET.  

Many reasons have been provided why MOD16A2 underestimates especially in the arid regions. Firstly, 

the meteorological data used in MOD16A2 is the GMAO (NASA's Global Modeling and Assimilation 

Office) dataset which has been found to be very coarse in many AET evaluation studies (Ramoelo et al. 

2014; Ruhoff et al. 2013; Kim et al. 2012; Chang et al. 2018). The original spatial resolution of GMAO is 

1°× 1.25° (~ 110 × 137 km) which was resampled to 500 m. The maximum width of the Cooper Creek 

floodplain is approximately 60 km. Therefore, the coarse resolution of GMAO cannot capture the high 

spatial variability of climatic data (e.g. relative humidity and air temperature) at heterogeneous land covers 

occurring at flooding times in the Cooper Creek floodplain. The low resolution of climatic data results in 

the production of a coarse and homogenous latent heat (LE) grids over the larger area without proper 

capturing of inundation effects on LE. High uncertainties in GMAO can be another drawback of utilising 
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this product for ET studies (Zhao et al. 2005). Secondly, the temporal resolution of MOD16A2 is 8 days. 

The low temporal resolution of this product results in the stronger coupling between the land surface and 

atmosphere (Yang et al. 2015). Improving the temporal resolution of AET products (like what was done in 

this research by improving the temporal resolution of modified CMRSET product to daily time step) can 

improve the performance of remotely AET products in the floodplains having rapid land cover changes. 

Thirdly, water cover fraction of soil (Fwet, equation 15 in Mu, Zhao, and Running (2011)) is constrained to 

be zero when the relative humidity RH<70% and it is approximated as RH4 for the RH>70%. Due to the 

coarse resolution of climatic data, RH was highly underestimated in this arid region and subsequently, water 

fraction and soil moisture were underestimated (García et al. 2013; Vinukollu et al. 2011; Trambauer et al. 

2014). This issue is expected to be more obvious in the arid floodplains with heterogeneous and highly 

dynamic land covers at flooding times. Surface radiative temperature (i.e. land surface temperature, LST) 

is a good indicator of soil moisture and its dry/wet condition and remotely sensed thermal infrared bands 

(like MODIS) provide a higher spatial resolution of LST. Therefore, using energy balance models that use 

LST, would likely lead to a better estimation of energy and heat fluxes, and subsequently, an improved 

estimate of AET in the arid environments like Cooper Creek. Fourthly, soil evaporation is calculated by 

multiplying potential soil evaporation to soil moisture constraint (equation 27 in Mu, Zhao, and Running 

(2011)). Soil moisture constraint factor includes empirical parameter 𝛽𝛽, which was revised from 100 in the 

old algorithm (Mu et al. 2007) to 200 in the modified algorithm (Mu, Zhao, and Running 2011) without 

any physical explanation. This demonstrates the empirical nature of this parameter which needs careful 

calibration. A numerical experiment conducted by Yang et al. (2015) demonstrated that for RH<50%, 

values of  𝛽𝛽 = 100 or 200 results in almost nil soil evaporation for the entire range of air temperature. This 

result is unreasonable, because not only RH could be underestimated due to the coarse resolution of GMAO, 

but also soil evaporation occurs under moderate to low RH conditions (Lei and Yang 2010; Zhang et al. 

2014). Yang et al. (2015) suggested that 𝛽𝛽 = 1000 provides more reasonable soil evaporation values. In 

addition, canopy conductance term for plant transpiration is calculated by multiplying potential canopy 

conductance to aerodynamic resistance in MOD16A2 (ra, equation 21 in Mu, Zhao, and Running (2011)), 

a two scaling factor containing air temperature (Ta) and vapor pressure deficit (VPD). Ta and VPD are 

interrelated: VPD increases in the higher temperatures. Overestimation of Ta and (subsequently VPD) by 

the coarse GMAO dataset results in overestimation of environmental stress in canopy conductance and 

consequently, underestimation of plant transpiration. To avoid this issue, multidimensional state space 

provided by Yang et al. (2013) can be suggested for future versions of MOD16A2. Finally, some 

researchers have also mentioned the high uncertainty in MODIS land use classification (MOD12Q1) in the 

arid regions (Aguilar et al. 2018; Trambauer et al. 2014; Tang et al. 2015) and MODIS LAI (MOD15A2) 
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in crops (Rodriguez 2016), savanna (Mu et al. 2007), forests (Liu, Shao, and Liu 2015) and grassland (Chi 

et al. 2017) as one of the main sources of uncertainty in MOD16A2. In summary, it can be stated that water 

cover fraction of soil, soil evaporation, and plant transpiration are highly underestimated in the arid zones 

by the current version of MOD16A2 and it needs to be revised.   

CMRSET product was developed for the Australian continent. Very few studies have investigated the 

performance of this product. King et al. (2011) examined 16 AET products in Australia through inter-

comparison and evaluation against 7 flux tower measurements and water balance for 514 catchments. They 

found two dynamic models of AWRA (Australian Water Resources Assessment) and AWAP (Australian 

Water Availability Project) provide the best AET estimates in Australia and recommended CMRSET 

product to be substituted in the lateral inflow receiving areas (LIRA) such as floodplains, wetlands, 

irrigation areas, and water bodies because AWRA and AWAP models are designed based on the catchment-

scale water balance and are constrained by rainfall but they do not include lateral inflows. The superior 

performance of CMRSET in King et al. (2011) is not surprising because flux towers used for evaluation 

had already been used in model calibration. One of the advantages of CMRSET is incorporating a term that 

accounts for the water loss through interception. Interception can be a significant element of AET and 

values up to 30-40% of total annual precipitation has been reported for the interception (Roberts 2005; 

Bruijnzeel 1997). However, the interception term was very small, and it accounted for a maximum of 2.6% 

of the total loss in the largest event. The introduction of RMI in CMRSET model allowed calculating open 

water evaporation. Guerschman et al. (2009) suggested further research on the capability of RMI to detect 

water cover. The results of this research indicated that RMI has a strong linear correlation with 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′, 

the increase of water index from the base level in bare soil state. Therefore, RMI index can be recommended 

for inclusion of open water evaporation in the future remotely sensed AET products. Although CMRSET 

is capable to estimate water evaporation, it suffered from the highest errors and bias in prediction of AET 

in the floodplains (Fogg Dam) and open water (Hume Dam) in the original study (Guerschman et al. 2009). 

CMRSET didn’t capture the seasonal pattern of AET in Hume Dam. The weakness of the original CMRSET 

model to measure AET seasonal variability has also been observed by Bretreger et al. (2019) in the irrigated 

farms (one almond farm, two vineyards, and a cotton field). It was demonstrated here that EVIr used in the 

original model overestimated vegetation growth and vigour. After changing EVIr, plant transpiration and 

interception were modified in dry conditions and decreased significantly for the bare soil and approached 

the water loss values provided by water balance estimates. Modification of EVIr and recalibration of 

CMRSET led to a different relationship between AET and RMI. RMI power in calculating crop factor 

changed from 0.89 in the original model to 1.6 in the modified model (Table 2). The initial power value of 
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RMI (0.89) caused a sharp increase in  𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

 at low RMI (or 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′) values (Figure 7b), so that when water 

cover area exceeds 30%, 𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

>0.6. By increasing the power of RMI to 1.6 in the recalibrated model, the 

increase of  𝐴𝐴𝐸𝐸𝐸𝐸
𝑃𝑃𝐸𝐸𝐸𝐸

 became more gradual to the increase of RMI which has a more physical justification. 

Consequently, the modified model and its recalibration made a significant change in water evaporation, 

transpiration and interception. One of the shortcomings of our study was limited available data for 

evaluation. The modified model was evaluated by 8 flood events in Diamantina River between 2005 and 

2015, because streamflow data was not available between 2000 and 2004 in the upstream of this floodplain. 

Therefore, the new formulation requires more evaluation in the diverse environments of Australia.      

4.3. RS AET products: a means to study TL in the anastomosing rivers 

Characterising transmission loss in the anastomosing rivers in time and space has evolved through time. 

The primary TL studies in the LEB floodplains worked only on the gauged flow at the upstream and 

downstream of the floodplain and ignored direct rainfall on the floodplain and ungauged runoff. The 

floodplain was considered as a black-box and internal processes influencing transmission loss were not 

quantified and only described (Knighton and Nanson 1994a). Anastomosing floodplains in the other parts 

of the world were also considered as a single-point reservoir, such as Dincer (1985) in Okavango Delta and 

Olivry (1995) in Niger Inner Delta who used Mike Basin to make an integrated model of ecosystem basin. 

Grid-based hydrological models were the next generation of hydrological models that were used in the 

LEB. The model developed by Costelloe, Grayson, and McMahon (2006) provided a spatial distribution of 

transmission loss in the Diamantina River in the LEB; however, the model overestimated TL in large floods 

and underestimated it in medium floods. They speculated that the coarse resolution of the model (5×5 km), 

high uncertainty in rainfall and ungauged inflow, and incorrect mapping of flow paths for different flood 

sizes were the main sources of model uncertainty.  

Hydrodynamic models have also been implemented in hydrological studies of the LEB anastomosing rivers. 

Jarihani, Callow, et al. (2015) firstly, used a two-dimensional unsteady flow model (Tuflow) to simulate 

inundation patterns over a 200-km reach of Thompson River, upstream of the Cooper Creek. They found 

that hydrological correction of available digital elevation models (like STRM DEM) by forcing flow paths 

provided by remotely sensed data (Landsat imagery) is vital to successfully model inundation patterns. 

Then they continued their work by modeling inundation pattern over 180 km of a reach at the upstream of 

the Diamantina River and estimated TL elements such as in-reach ungauged inflow, surface evaporation, 

terminal storage, and infiltration (Jarihani, Larsen, et al. 2015). In both works only narrow parts of the 

anastomosing rivers were modelled (width < 6 km), while challenges of hydrological modelling arise from 
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spatial complexities in the wide reaches of the anastomosing floodplains, where the width exceeds 50 km. 

As stated by Jarihani, Callow, et al. (2015), the main challenge of hydrodynamic modelling in the 

anastomosing rivers is the low accuracy of available DEMs originated from inherent signal noises and over-

smoothing. The average slope of the LEB anastomosing floodplains is approximately 0.02%; which means 

that the elevation decreases only 2 meters over 10 km. Therefore, small uncertainties in DEM cause large 

errors in replicating inundation patterns. Outside Australia, Neal, Schumann, and Bates (2012) ran a hybrid 

1D-2D hydrodynamic model in anastomosing rivers of Niger Inner Delta. Channels (route and width) were 

mapped using Landsat ETM+ imagery in dry times. Using remotely sensed inundation maps for validation, 

they demonstrated that these hybrid models in the anastomosing rivers outperform the purely 1D or 2D 

models. They found long-range stripping (30-100 km) in SRTM data as one of the main obstacles in 

replicating inundation patterns. This finding is in accordance with the difficulties of hydrodynamic 

modelling in the large-scale anastomosing rivers of Okavango Delta (Milzow, Kgotlhang, Bauer-Gottwein, 

et al. 2009) demonstrating that errors in the available DEMs impose high uncertainties to inundation 

modelling. 

Some TL models have been developed by only utilising remote sensing to characterise land cover dynamics. 

Few studies have been performed to provide an integrated framework for land cover dynamics in the LEB 

floodplains (Mohammadi, Costelloe, and Ryu 2017); while there are many published studies in the large 

anastomosing floodplains of Africa such as Okavango Delta (McCarthy et al. 2003, Wolski and Murray-

Hudson 2006, Milzow, Kgotlhang, Kinzelbach, et al. 2009, Thito, Wolski, and Murray-Hudson 2015; 

Murray-Hudson et al. 2015, Wolski et al. 2017) and Niger Inner Delta (Mariko 2003; Zwarts et al. 2005; 

Crétaux et al. 2011; Aires et al. 2014; Bergé-Nguyen and Crétaux 2015). In Okavango Delta, remotely 

sensed inundation mapping have been mainly used to calibrate or evaluate hydrological and hydrodynamic 

models (Bauer 2004; Bauer, Gumbricht, and Kinzelbach 2006; Milzow, Kgotlhang, Kinzelbach, et al. 2009; 

Milzow, Krogh, and Bauer-Gottwein 2011; Milzow, Burg, and Kinzelbach 2010; Wolski and Murray-

Hudson 2006). In Niger Inner Delta, two water balance models were developed based only on remotely 

sensed inundation maps. Ogilvie et al. (2015) used 8-day MODIS images (resolution ~ 500 m) between 

2000 and 2011 to characterise land cover dynamics (open water, submerged vegetation, dry vegetation, and 

dry soil) using normalized difference indices. Contribution of rainfall and evapotranspiration loss in the 

water balance were simply calculated by multiplying rainfall and potential evapotranspiration to the flooded 

areas and infiltration was calculated as the residual of the water balance model. However, this approach 

was very simple and no calibration or validation were performed for the water balance part of the 

hydrological modelling. Ibrahim et al. (2017) used a similar approach with different remote sensing data. 

To analyse spatial and temporal patterns of food extent, cloud-free Landsat ETM+ images between 2000 
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and 2009 were resampled to 15 m resolution using the pan-sharpening of Landsat panchromatic band. In 

addition, the active microwave SeaWinds with the coarse resolution of 25 km was incorporated for land 

cover classification and the results were compared to NDVI maps of one of the MODIS products. Using 

microwave data had an advantage over optical data because it was not affected by cloud cover; however, 

its spatial resolution was very coarse; consequently, inundation area using microwave sensors was bigger 

than the area given by optical sensors. In addition, calculating evapotranspiration volume by multiplying 

the remotely sensed flood extent to a fixed value (0.75 × pan evaporation height) was an over-simplification 

of this term in the water. Finally, the model has uncertainty around 25% because the contribution of 

infiltration and direct rainfall on the floodplain was ignored. 

Implementation of time series of multiple remotely sensed indices suggested by Mohammadi, Costelloe, 

and Ryu (2017) provided a strong tool to evaluate remote sensing AET products. In contrast to Ogilvie et 

al. (2015) and Ibrahim et al. (2017), which no model calibration or evaluation performed in Niger Inner 

Delta, the modified CMRSET model was calibrated in the Cooper Creek and evaluated in the Diamantina 

River. In addition, they defined a simple threshold to identify water surfaces in Niger Inner Delta and 

calculated water loss by multiplying water area to a predefined surface evaporation rate. Here, 

evapotranspiration rate was formulated as a continuous function of change in the area percentage of water 

(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸′) and vegetation (𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸′) which had a strong linear correlation with RMI and modified EVIr in 

the CMRSET model. In addition, the model was set up with a 1-day temporal resolution, which significantly 

improves the spatial and temporal accuracy of AET estimation for a fast-moving natural phenomenon like 

floods. Finally, the AET model presented here can simulate wet surface (including open water) evaporation, 

plant transpiration, and interception separately. The results in section 3.6 indicated that plant transpiration 

and interception accounts for 10% of total loss in small floods but it can increase up to 30% in wet years 

and large events. While previous models inside and outside Australia (Ibrahim et al. 2017; Ogilvie et al. 

2015; Jarihani, Larsen, et al. 2015) only include surface water evaporation as the surface transmission loss. 

In summary, it can be stated that using time series of multiple remotely sensed indices in the form of 

modified CMRSET model can provide better spatiotemporal estimates of AET in the large-scale arid-zone 

anastomosing rivers. A combination of hydrodynamic models with improved accuracy in the future DEMs 

and remotely sensed data might outperform the models that rely only on remotely sensed data; however, 

the research community needs to wait and examine the new generations of DEM and hydrodynamic models 

that will come in the future and compare them to the results of remotely sensed models like CMRSET. 

One of the challenges in modifying CMRSET model for the large-scale anastomosing rivers was the lack 

of suitable data for evaluation. Therefore, it is suggested that this model will be examined in the other arid 



Chapter 5. Transmission Loss  

173 

 

zone floodplains for future improvements. In addition, daily MODIS data is a product with a high temporal 

resolution which is freely accessible for the research community; however, this product suffers from low 

spatial resolution (~ 500 m). Blending free remotely sensed data such as Landsat-8 (spatial resolution:30 

m, temporal resolution:16 days, www.usgs.gov/land-resources/nli/landsat/landsat-8) and Sentinel-2 

(spatial resolution: 20 m, temporal resolution: 5 days, www.esa.int) products can improve the temporal 

resolution to 4 days and provide more spatial details of anastomosing rivers. However, the short record of 

available data for these two products and very high computational and storage costs, which might increase 

to 70 times of utilising MODIS images, are the main limitations of working with Landsat-8 and Sentinel-2 

products.                   

4.4. TL pattern and flood size: new insights  

The ratio of transmission loss (the proportion of floodwater volume lost to the total inflow volume) varies 

nonlinearly with flood size in the anastomosing floodplains of the LEB: it is relatively low for the small 

floods, but it increases in the medium floods and decreases again in large floods. This phenomenon has 

been observed in the Cooper Creek (Knighton and Nanson 1994a) and the Diamantina River (Costelloe, 

Grayson, and McMahon 2006). To date, there has been no quantitative analysis to explain this behavior. 

Knighton and Nanson (1994a) provided a qualitative explanation: The relatively low transmission loss ratio 

happens in small events when the flow is confined to the primary channels but increases at higher stages at 

over-bank levels when the floodplains are activated and evaporation surface increases rapidly. In large 

events, floodways are activated at the over-bank stage. Floodways are broad channel-like forms of high 

width-depth ratio cut into floodplain surface and follow more direct routes than the anastomosing channels, 

often cutting across them at high angles. More direct routes of floodwater reduce water loss; therefore, 

transmission loss ratio decreases. The results of our research confirm this hypothesis, however, event-based 

AET maps provided more details and new observations: in small events, floodplain inundation at overbank 

levels occur in the wide upper parts of the Cooper Creek, but it is largely confined to the primary channels 

in the narrow parts of lower Cooper Creek, where a significant percentage of water has already lost in the 

upstream (68%-84% of total loss). In the medium events, floodplain inundation at overbank stage extends 

further to the more downstream parts of the floodplain and waterholes which exist densely in the narrower 

parts of Cooper Creek are utilised, while these waterholes are not utilised in small events. Increasing the 

evaporation surface and entrapment of water in dense waterholes of the middle reaches are the main 

contributors of high transmission loss ratio so that the proportion of water which is lost in the middle reach 

of the Cooper Creek (Region 2 in Figure 16) is maximum for the medium size floods. 

http://www.usgs.gov/land-resources/nli/landsat/landsat-8
http://www.esa.int/
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5. Conclusion  

Despite the relatively coarse resolution, it was demonstrated that utilising multiple land-cover indices of 

daily MODIS images (MCD43A4) in the form of pixel-based time series provides an effective comparative 

tool to evaluate remotely sensed evapotranspiration products in the poorly gauged arid floodplains, 

diagnose remotely sensed variables used in AET models and modify the models. The evaluation method 

presented here doesn’t need ground measurements and works only by remotely sensed time series. It was 

also indicated that the modified CMRSET model can successfully estimate wet surface evaporation, plant 

transpiration, and interception in the large-scale arid regions as an essential part of many ecological and 

hydrological studies in the arid regions. This approach goes beyond the current remotely sensed AET 

models which only calculates water loss as a function water evaporation by utilising binary mapping of 

inundated areas. It is expected that by improving the CMRSET model, more accurate evapotranspiration 

maps in the lateral inflow receiving areas (LIRAs) such as floodplains, irrigation areas, and wetlands, where 

some largely used models (such as AWRA and AWAP models), will be produced. Improved remotely 

sensed AET models are expected to provide the best results in the low-gradient arid floodplains in the 

upcoming years until sophisticated 2D hydrodynamic models might outperform when they are equipped by 

very accurate DEMS (errors< 0.5 m) and high computation powers. Globally, the approach presented here 

can be recommended to characterise evapotranspiration dynamics over time and space for large-scale, low-

gradient arid floodplains.                  
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7. Appendix 1.  Cumulative AET maps of the Cooper Creek flood events 

  

  



Chapter 5. Transmission Loss  

181 

 

  

  



Chapter 5. Transmission Loss  

182 

 

  

 

 



183 

 

 

 

Chapter 6 

 

Discussion and conclusion 

This final chapter provides an overview of the overall research findings and links the outcomes of the 

previous chapters together (Section 6.1). The limitations and future research directions are discussed in 

Section 6.2, while Section 6.3 summarises the original contributions of this research. Section 6.4 provides 

a concluding statement for this Thesis. 

1. Summary of research overview 

The Literature Review in Chapter 2 defined anastomosing rivers and introduced its main features and 

challenges in hydrological modelling of these low-gradient large-scale arid-zone environments. The 

ecological significance and environmental threats of the anastomosing floodplains in LEB were explained 

and the reasons why and how characterising transmission loss can help water resources managers to utilise 

limited water while considering the environmental requirements were elaborated. It was demonstrated that, 

to date, attempts have failed to provide a reasonable estimate of evapotranspiration pattern over time and 

space in the large-scale arid-zone anastomosing rivers.  

In Chapter 3, flood mapping of Cooper Creek as the initial step of characterising transmission loss was 

conducted. The results indicated that utilisation of the time series of remotely sensed multispectral indices 

quantifying the existence of water, vegetation, and soil at the surface, using daily MODIS images provide 

a strong tool to understand land cover changes over time and space. Pixel-base time series of water, 

vegetation and moisture indices quantified the lag between flooding and subsequent vegetation response 

and delivered retention time maps of various land covers. It also compared the spatial characteristics of 

various land covers for a wide range of flood sizes. 

In Chapter 4, the effects of i) runoff input to the study basin from ungauged basins around the study reach 

and ii) direct rainfall over the study basin on transmission loss of the floodplain were investigated. The 

results demonstrated that the volume of ungauged runoff is significant for large flood events but negligible 

for small events. For the medium-size floods, both the flood volume and the spatial pattern of ungauged 

runoff should be considered when examining their effect on transmission loss, however, the effects varied 

depending on the distance from the ungauged catchment outlet to the floodplain outlet. Direct rainfall on 

the floodplain is more complicated: in addition to the volume and spatial pattern of rainfall, the temporal 
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pattern of rainfall influences the outflow volume. Surprisingly, the role of direct floodplain rainfall is 

significant in all range of flood sizes. 

Chapter 5 incorporated the methodology and results of Chapters 3 and 4 to present a new method to evaluate 

available remotely sensed evapotranspiration products and then modified the CMRSET model to produce 

event-based evapotranspiration maps for the flood events in 2000-2015 in the Cooper Creek. The results 

indicated that the evaporation from the free water or wet soil surface is the main source of water loss in the 

Cooper Creek and on average, comprising 90% of the floodplain evapotranspiration, except in consecutive 

wet years (like the period of 2010 to 2012) which plant transpiration and interception become significant. 

In addition, the results provided an important clue to explain why the ratio of transmission loss – the 

proportion of lost water volume to the inflow volume – was higher in the medium events than in small and 

large events. This transmission behaviour was reported in the previous literature and the quantitative results 

here completed explain physical processes underlying it.   

2. Limitations and future research directions 

2.1. Low resolution of remotely sensed data 

This research was conducted by using MODIS products which had a spatial resolution of 500 m. High 

temporal resolution (twice a day) was the main reason for selecting MODIS images for flood mapping 

purposes. The results in Chapters 3 and 5, however, indicated that MODIS product may not provide a 

sufficient spatial resolution suitable to produce inundation patterns and to estimate transmission loss for 

small flood events. For small events, flow in the middle and downstream parts of the study reach was 

confined to the primary channels with the widths <120 m (Knighton & Nanson, 1994a, 1994b), while the 

water level in the medium and large floods exceeds the bankfull levels and larger areas in the floodplain 

are inundated. The spatial resolution of Landsat images is 30 m; however, the temporal resolution is 16 

days which makes it an unsuitable option for studying floods. Landsat imagery was used in this research to 

calibrate land cover models generated by the coarse resolution MODIS imagery because there was not 

ground-based measurement available and few cloud-free Landsat images at flooding times were enough to 

calibrate MODIS-based models.     

Recommendation: To improve the spatial accuracy of remotely sensed land cover and evapotranspiration 

models, blending publicly accessible remotely sensed data such as Landsat 8 (spatial resolution:30 m, 

temporal resolution:16 days, www.usgs.gov/land-resources/nli/landsat/landsat-8) and Sentinel 2 (spatial 

resolution: 20 m, temporal resolution: 5 days, www.esa.int) products might be helpful. By merging these 

two products, the average temporal resolution reduces to 4 days and detecting water in the primary channels 

of anastomosing rivers in the remotely sensed images would be possible. To date, the main limitation of 

this recommendation is the short record of available data for these two products. Sentinel-2 product with 

http://www.usgs.gov/land-resources/nli/landsat/landsat-8
http://www.esa.int/
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the temporal resolution of 5 days is available since 2017 which only provides a limited period for studying 

annual flood events. However, it is expected that the real value of these datasets will emerge after 2025 

when there will be a handful of flood events in various sizes to repeat similar research. 

2.2. Selection of indices for flood mapping   

In Chapter 3, Landsat images were used to calibrate MODIS normalised difference indices of water, 

moisture and vegetation indices (NDVI, mNDWI, LSWI) and a simple thresholding method was calculated 

to find pixels with >50% of inundation area. Further investigations in Chapter 5 indicated that RMI, GVMI, 

and EVIr are highly correlated with the change of mNDWI, LSWI and NDVI from the base bare soil level 

(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚′, 𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚′ and 𝑚𝑚𝑚𝑚𝑁𝑁𝑚𝑚′). In Chapter 3, coarse resolution of MODIS imagery increased the 

uncertainty of predicting inundating mapping for the small events with the inflow volume of <1900 GL; 

utilising RMI, GVMI, and EVIr derived from MODIS in Chapter 5 improved the results and but also caused 

a lower threshold of flood sizes with erroneous remotely sensed evapotranspiration results (~ <500 GL). 

Recommendation: Utilising indices in Chapter 5 (RMI, GVMI, and EVIr) to repeat inundation mapping 

attempt in Chapter 3 with a similar approach of pixel-based time series of daily MODIS imagery is expected 

to produce improved results, especially in small events. Because it can provide an opportunity to produce 

daily inundation maps with a continuous percentage of inundation cover (0-100%) for each pixel. This new 

attempt in flood mapping will likely outperform the results in Chapter 3 which produced the maps based 

on a single threshold by separating land covers in a binary format. Improving the results for vegetation 

mapping is not certain, because NDVI shows a higher sensitivity to vegetation in the sparsely vegetated 

areas of arid zones. Therefore, EVI should be used with care and the results need to be compared and 

evaluated to the vegetation mapping of NDVI index.   

2.3. Utilising optical remote sensing data          

Optical remote sensing data offer many advantages in flood mapping studies, mainly due to the high spatial 

and temporal resolution, however, availability of these products is constrained by clouds (Alsdorf, 

Rodríguez, & Lettenmaier, 2007). Typically, there exist more cloudy days during the flooding season. This 

issue was not prohibitively significant in the Cooper Creek, because cloudy days in the arid study reach is 

significantly less than upstream reaches located in temperate zones. To reduce the negative impact of cloudy 

days, gap-filling via interpolating pixel-based time series of remotely sensed indices proved to be very 

effective to fill data gaps. Thanks to their longer wavelengths and resulting all-weather availability, 

microwave remote-sensing data have been utilised in many inundation mapping studies and many reviews 

been recently published (e.g. Schumann and Moller (2015), Dasgupta et al. (2018); Refice, D’Addabbo, 

and Capolongo (2018)). Synthetic Aperture Radar (SAR) sensors produce active microwave images 

independent of solar illumination or weather conditions. The fusion of a constellation of high-resolution 
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SAR platforms such as Sentinel-1, COSMO-SkyMED, and ALOS PALSAR-1&2 can provide a valuable 

geodatabase for inundation mapping with a temporal resolution of a few days and spatial resolution of 20-

100 m. Among SAR sensors, Sentinel-1 images have been very promising by providing free images 

globally since 2014 at 20 m spatial resolution with a revisit time of 12 days for Australia (Dasgupta et al., 

2018). However, working with SAR images is challenging. The retrieval algorithms of SAR data are more 

difficult than optical data. Furthermore, water-like surfaces, noise-like speckles, and geometric corrections 

are three common sources of error in processing SAR images and it is expected that there will be significant 

improvements in generating automated flood mapping algorithms with reduced uncertainties in the coming 

years (Shen, Wang, Mao, Anagnostou, & Hong, 2019). The other disadvantage of SAR data in comparison 

to the optical sensors like Landsat and MODIS is its short record which reduces its chance to study the 

behavior of a wide range of flood sizes in LEB. Therefore, the mid or last years of 2020 decade will be a 

good time to repeat flooding analysis with SAR data using new SAR platforms, updated algorithms, and 

relatively a longer data record.  

2.4. Scarce ground-based measurements  

One of the main obstacles in characterising transmission loss in the anastomosing floodplains of the LEB 

is data scarcity for hydrological modelling. Ungauged streamflow catchments and sparse rainfall gauges 

are the two main challenging data. In the Cooper Creek, Kyabra Creek and Wilson River with the areas of 

18,162 and 9,629 km2 are the largest ungauged catchments around the study reach. The ungauged Farrars 

Creek with the area of 13,430 km2 imposes a large uncertainty to the water balance of the Diamantina River 

floodplain. In Chapters 4 and 5, runoff from ungauged catchments was estimated using a lumped rainfall-

runoff model. These models are not free from errors. Different types of uncertainty such as model and 

forcing data uncertainty reduce the accuracy of model outputs. One of the main sources of uncertainty in 

Chapters 4 and 5 which impacted the estimates of ungauged runoff and direct rainfall on the floodplain was 

the high uncertainty in the gridded AWAP rainfall product. Sparse rainfall gauges in this arid region resulted 

in reducing spatial variability of AWAP rainfall when converting the point to grid data. For instance, in 

Chapter 3, the transmission loss ratio in the 2007 event was an outlier in transmission-loss, flood-size 

relationships (Figure 9d). Event-based actual evapotranspiration maps (Appendix 1 of Chapter 5) revealed 

that a high runoff volume came from the eastern ungauged catchments and rainfall-runoff models highly 

underestimated it due to the underestimated rainfall data. High underestimation of rainfall volumes on the 

floodplain and ungauged basins occurs especially in spatially restrictive, convective rainfall events which 

cannot be captured by sparsely rainfall gauges. This issue has previously been encountered in the water 

balance models of the LEB (Justin Francis Costelloe, 2004; J. F. Costelloe, 2017). The additional analysis 

which was not reflected in this thesis demonstrated that remotely sensed daily precipitation products such 
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as TRMM43B and MSWEP highly underestimate rainfall in the arid regions of inland Australia and AWAP 

rainfall product still outperform available remotely sensed rainfall products.   

In addition, little is known about the influence of groundwater in the LEB floodplains. Infiltration volume 

and groundwater recharge in the flooding events are assumed largely to be negligible. Most of these 

assumptions are qualitative statements based on intuition and occasional field observations of researchers. 

Few field measurements of infiltration and groundwater recharge on the floodplain surface, primary 

channels and waterholes of the LEB floodplains have been taken place, utilising direct measurements of 

groundwater table by excavating trenches (Cendon et al., 2010) and indirect methods using water quality 

measurements (Justin F Costelloe, Western, & Irvine, 2006; Larsen, 2011).  

Recommendation: In order to better characterise the hydrological behavior of the LEB floodplains, 

ground-based measurements need to be improved. Large ungauged catchments in the Cooper Creek and 

Diamantina River are required to be gauged. The upstream and downstream of the middle reaches of 

Georgina River which is a large anastomosing floodplain is not still gauged and quantitative analysis of 

water balance will be highly uncertain. Rainfall gauges need to be increased over the LEB floodplains to 

improve the accuracy of gridded rainfall data. In the eastern ungagged catchments of the Cooper Creek, 

there are settlements for the oil and gas industry and increasing rainfall gauges should be more convenient. 

Finally, regarding the large proportion of drylands in Australia, available rainfall-runoff models need to be 

investigated and possibly modified in independent research and superior models should be suggested to 

hydrologists of dryland rivers. Finally, more field-based evidence is required about soil moisture changes 

and groundwater dynamics in the LEB floodplains. 

2.5. High uncertainty in digital elevation models  

Using hydrodynamic models is one of the most attractive choices for flood mapping in anastomosing rivers 

as an initial step required for characterising transmission loss and it can be reinforced by remotely sensed 

data in model preparation, calibration, and evaluation. Hydrodynamic modelling was examined in the 

primary stages of this research in the study reach. However, it was abandoned due to the high discrepancy 

between modelled inundation area and remotely sensed inundation maps. This issue originated from the 

uncertainties in elevation measurements of remotely sensed digital elevation models (DEM). Elevation 

errors in DEMs such as SRTM DEM adversely impact hydrodynamic models in the low gradient 

floodplains. A recent attempt to eliminate systematic errors in SRTM DEM (Yamazaki et al., 2017) has 

slightly improved the performance of hydrodynamic models in the anastomosing rivers; however, the 

results are not still satisfactory (Haque et al., 2019). SRTM DEM (H version) is the best elevation raster 

for hydrodynamic modelling in Australia. However, it needs to be initially corrected by using remotely 

sensed flow paths. After applying these corrections, reasonable modelling results are achievable only in the 
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narrow parts of anastomosing floodplains with the width<6 km (Jarihani, Callow, McVicar, Van Niel, & 

Larsen, 2015; Jarihani, Larsen, Callow, McVicar, & Johansen, 2015). To minimise the effect of elevation 

errors and reduce computational costs, DEMs have been often resampled to coarser resolutions. For 

example, in Thompson River and Niger Inner Delta, DEMs have been resampled from 30 to 120 and 90 m 

to 905 m respectively (Jarihani, Callow, et al., 2015; Neal, Schumann, & Bates, 2012). Reducing the spatial 

resolution of DEMs limits their use to large flood events, where water exceeds the level of narrow primary 

channels, inundating large floodplains.           

Recommendation: Availability of DEMs with high spatial resolution and accurate channel morphology is 

very essential in hydrodynamic modelling of anastomosing rivers especially in small and medium events. 

It is expected that by providing highly accurate DEMs which have been modified for vegetation, 

hydrodynamic models will deliver improved inundation results in the anastomosing floodplains of LEB. 

Utilising Light detection and ranging (LiDAR) technique provide very accurate DEMs and it is a promising 

choice; however, data generation and preparation are very costly and hydrodynamic modelling is 

computationally expensive due to the high resolution of LiDAR DEMs (Asadzadeh Jarihani, 2015). Also, 

using hybrid one dimensional-two dimensional hydrodynamic models (e.g. LISFLOOD-FP) will be 

expected to provide better results than the two-dimensional models in the anastomosing rivers. Because 

hybrid models allow river channels with any width below that of the grid resolution to be simulated (Neal 

et al., 2012). 

3. Original research contribution 

Faced with literature reports of dryland anastomosing rivers, the findings from this study make the 

following contributions to the current literature: 

 In Chapter 3, developed an integrated framework to study multiple land cover dynamics (water, 

vegetation and moisture content) using time-series of daily remote sensing images in dryland rivers. 

Simultaneous use of multiple land cover indices facilitates producing more results that couldn’t be 

achieved by conventional methods which concentrate only on water or vegetation singly. Finding 

the lag between peak water and vegetation states for each pixel, demonstrating spatial dynamics of 

floodplain response states (water and vegetation) in separate or combined maps and characterising 

temporal dynamics of floodplain response states in arid zone floodplains are some of the outstanding 

features of the new approach. The new framework offers important insights into understanding 

dryland floods which is vital not only for hydrologists but also for researchers in other disciplines 

such as ecologists and landscape managers.  

 In Chapter 4, characterised the effect of ungauged runoff and direct floodplain rainfall on the water 

balance of large-scale arid-zone anastomosing floodplains explicitly by utilising a combination of 
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hydrologic models and remote sensing. The effect of various aspects of these elements such as 

magnitude, spatial and temporal patterns, and antecedent floodplain land cover was studied on 

transmission loss in a step-wise method.   

 In Chapter 5, developed a new method to evaluate remotely sensed evapotranspiration products in 

data-poor dryland regions. This approach compares changes in land cover states to daily evaporation 

rates. The new approach only needs remote sensing data and make the best use of time series and 

doesn’t require ground-based measurements. Utilising this approach, the main sources of error in 

CMRSET, one of the examined remotely sensed products were identified and it facilitated the path 

to modify the model and gain better results.  

 In Chapter 5, provided event-based evapotranspiration maps in dryland anastomosing rivers. 

Previous studies largely included open water evaporation as the sole source of transmission loss 

(Ibrahim et al., 2017; Jarihani, Larsen, et al., 2015; Ogilvie et al., 2015). In this research, plant 

transpiration and interception were incorporated into the evapotranspiration models. It was 

demonstrated that on average, plant transpiration and interception are responsible for 10% of water 

loss in the LEB floodplains and it can increase to 30% in wet periods when multiple large events 

occur in consecutive years. Therefore, the inclusion of these terms eliminates one of the main 

sources of uncertainty in estimating dryland evapotranspiration loss. 

 Utilising remotely sensed evapotranspiration maps in Chapter 5, the effect of flood size on 

transmission loss ratio was investigated and some causes about why transmission loss ratio in 

medium floods is higher than small and large floods were identified. This study provided 

quantitative analysis for the hypothesis that previously presented about transmission loss in 

anastomosing rivers which was only described qualitatively (J. Costelloe, Grayson, & McMahon, 

2006; Knighton & Nanson, 1994a) and improved understanding of dryland anastomosing rivers by 

adding complementary hypothesis.            

4. Concluding statement 

Before this PhD, modelling streamflow in large-scale dryland anastomosing floodplains of Lake Eyre Basin 

involved a number of challenges: in initial studies only gauged inflow and outflow were utilised and 

floodplain was considered as a Blackbox (Knighton & Nanson, 1994a), or hydrological modelling utilised 

was inaccurate due to the large errors in flood mapping (J. Costelloe et al., 2006; Justin Francis Costelloe, 

2004) or hydrodynamic modelling was conducted only in the narrow parts of the LEB floodplains, where 

inundation pattern was not spatially complex in comparison to the wide parts, because of low accuracy of 

available digital elevation models (Asadzadeh Jarihani, 2015).   
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As a result of the original contributions of this research, the prospect of characterising land cover dynamics 

(water and vegetation) over time and space in response to flooding has considerably improved. The effect 

of various aspects of ungauged runoff and direct floodplain rainfall on the water balance of the arid-zone 

anastomosing rivers were better understood. Finally, a new method to evaluate, diagnose and modify 

remotely sensed evapotranspiration products was proposed. Produced evapotranspiration maps helped 

examining previous qualitative hypothesis about the behavior of transmission loss in the LEB anastomosing 

rivers. In addition, the complementary hypothesis was provided to better explain hydrological processes in 

dryland anastomosing rivers.   

This research was conducted in the middle reaches of the Cooper Creek, the largest catchment of the LEB, 

containing wide anastomosing floodplains. Implemented methods can be applied in the other anastomosing 

floodplains of the LEB and global rivers. Through these analyses, we may be better prepared for managing 

anastomosing dryland rivers under severe anthropogenic water demands and climate change, allowing 

lessons of global applicability to be drawn from the recent Australian experience. 
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