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Abstract 
A characterization of cloud properties associated with precipitation in the region around 

the Great Barrier Reef (GBR) is constructed using decade-long (2007-2017) satellite 

observations from Moderate Resolution Imaging Spectroradiometer (MODIS) and 

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) combined 

with CloudSat. The spatial and vertical distributions of low-level cloud properties over 

the region are also investigated and discussed. In general, different cloud types are 

observed over different regions and vary by season: high clouds are dominant over the 

low-latitudes in summer, altocumulus are mainly observed over north-east Queensland, 

and low-level clouds are dominant over the ocean and coast during the winter months  

at higher latitudes under a trade wind regime.  A strong latitudinal dependence of total 

precipitation across the Greater GBR region is identified with a significant orographic 

enhancement near Cairns in the wet tropics. MODIS and CloudSat-CALIPSO cloud 

observations show good agreement on significant differences in low-level cloud 

microphysical properties between the land and the ocean. The largest land-ocean 

differences in warm cloud microphysical properties are found over the mid-latitudes 

near 18°S, which is strongly associated with orographic forcing, with these 

enhancements extending further east to the coral reef area. However, the frequency of 

warm cloud is not enhanced upwind of the mountains in the wet tropics. In addition, no 

significant differences in warm cloud properties between the actual GBR and the open 

ocean are identified. These results suggest that low-level clouds over the GBR do not 

show any significant response to the reef-related microphysical perturbations.  



1 Introduction 
As an important component of the Earth’s climate system, clouds play a critical role in 

the global hydrological cycle and energy budget (Stephens., 2005). By interacting with 

radiation, clouds modulate the flow of energy through the atmosphere across a range 

of temporal and spatial scales. The important role of local cloud cover in modulating the 

regional energy budget across the Great Barrier Reef (GBR) was explored in Zhao et al. 

(2021), and the importance of clouds in preventing thermal coral bleaching was 

highlighted. Usually, warmer sea surface temperature (SST) is recognized as one of the 

main drivers of coral bleaching (Donner et al., 2005). Additionally, direct ultraviolet (UV) 

radiation is also implicated as a cause of coral stress, especially for tropical corals, 

including the GBR, that live in habitats where solar irradiance is extremely high (Lesser 

and Farrel, 2004; Shick et al., 1996). In this context, clouds have been suggested to 

temporally shade corals by limiting the UV radiation exposure and the sea surface 

heating caused by incoming solar radiation (Jones et al., 2017; Mumby et al., 2001). Zhao 

et al. (2021) identified a natural relationship between local cloud cover, radiation and 

SST, independent of the large-scale El Niño-Southern Oscillation (ENSO) impacts, 

particularly over the subtropical trade wind area where low clouds prevail. Low clouds 

reflect a significant fraction of incoming solar radiation and emit longwave radiation at 

relatively high temperatures, and thus exert a net cooling effect on the earth (Klein & 

Hartmann, 1993). Therefore, understanding the natural variability of cloud properties, 

especially low-level clouds, is essential to help understand the local atmosphere-ocean 

interactions across the GBR, a World Heritage site that spans over 2300 km off the coast 

of northeast Australia.  

Shallow cloud systems are by their nature sensitive to perturbations in both their 

thermodynamic environment and microphysical background in which they exist 

(Stevens and Brenguier, 2009). The GBR contains the world’s largest complex collection 

of coral reefs, and it has been suggested that the coral reef emissions of dimethylsulfide 

(DMS) may be an important contributor to the regional atmospheric aerosol loading that 

can serve as cloud condensation nuclei (CCN) (Cropp et al., 2018; Deschaseaux et al., 

2016; Fischer and Jones 2012; Jones 2015). An enhanced production of CCN could, 



potentially, affect the formation of low-level clouds such as cumulus and stratocumulus 

clouds and change the microphysics (e.g. effective radius and cloud droplet number 

concentration) of these clouds, changing their albedo, precipitation rate and lifetime 

(Jones et al., 2017; Lohmann and Feichter, 2005). On the other hand, variations in SST 

from the shallow water area off the coast to the deeper open ocean and from low to 

high latitudes over the GBR could also lead to differences in cloud properties across the 

region, given that the SST could significantly affect thermodynamic conditions of the 

circulation and consequently modify cloud properties such as cloud cover, cloud top 

height (Bony et al., 2004).  

Located at the northeast coast of Australia, the marine atmospheric boundary layer 

cloud system over the GBR can also be influenced by a local-scale thermally driven sea-

breeze circulation (Simpson, 1994; Li et al., 2009). A portion of the northeast 

Queensland coast along the GBR (near the town of Cairns; Figure 1) is known as the ‘wet 

tropics’ (e.g. Murphy et al. 2016), where the climatological south-easterly trade winds 

encounter orographic forcing. The highest elevation site in Queensland, Mt. Bartle Frere 

(elev. 1612 m), is located in this region with the Bellenden Ker Top station being one of 

the wettest stations in Australia receiving over 8000 mm of annual precipitation 

(Herwitz, 1986). It is, therefore, an open question as to whether this orographic forcing 

enhances cloud cover over the GBR, which in turn could locally protect corals from 

bleaching events.  

The representation of shallow cumulus clouds in numerical weather prediction 

simulations is a long-standing challenge (e.g., Back and Bretherton 2009; Nam et al., 

2012), with their smaller horizontal extent and broad range of time scales. However, 

satellite observations offer a unique possibility to survey cloud properties over a range 

of scales at different stages of their life cycle. The Moderate Resolution Imaging 

Spectroradiometer (MODIS) on the NASA Earth Observing System Terra and Aqua 

platforms provides unique measurements for deriving cloud properties (King et al., 

1992, 2013). Cloud parameters derived from MODIS have been widely used for climate 

studies and model evaluations (Bennartz and Rausch, 2017; Kotarba, 2016; Suzuki et al., 

2011; Wilcox et al., 2009). Information about the vertical distribution of clouds from 



satellite observations has become available since 2006, when CloudSat (Stephens et al. 

2002) and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) 

(Winker et al. 2007) joined the A-train satellite constellation. Given the advantages and 

limitations of different satellite observations, combining different satellite products and 

sensors would provide a more complete picture of the cloud properties across the 

region.  

Considering the special location and its large extent of complex collection of coral reefs, 

the GBR is a unique natural laboratory to examine the sensitivity of low-level cloud 

properties in response to local forcing, including the regional aerosol loading and 

orography. In this study, we employ long-term satellite observations to characterize the 

macrophysical and microphysical properties of clouds over the GBR as well as the 

surrounding open ocean and coastal regions.  In addition, we investigate the potential  

influence of local forcings on these properties and the implications for cloud cover and 

the protection of coral reefs. In particular, we seek to address two scientific questions: 

(1) What are the geographical and seasonal characteristics of clouds over the Greater 

GBR region? (2) Is there any evidence of variations in low-level cloud properties in 

response to local conditions, including the orographic forcing and the reef-related 

perturbations, across the region? The investigation is extended to examine precipitation 

across the domain, with a particular interest in the prevailing trade cumulus clouds. 

Addressing these questions will help to bridge the key knowledge gap in our 

understanding of the role of clouds over the GBR in the regional climate system, which 

is essential to help understand the local atmosphere-ocean interactions over the region. 

This knowledge may further aid the development of mitigation strategies for future 

mass coral bleaching events.  



2 Data and Methods 

2.1 Investigation area and study period 

Our main study domain is (as in Zhao et al. 2021) shown in Figure 1, which is defined as 

the Greater GBR region. Three subdomains are defined in Figure 1a, namely land, GBR, 

and open ocean. Note that the most southern part of Papua New Guinea does not 

belong to the open ocean subdomain, and the western border of the open ocean is at 

142.1° (shown by solid black line in Figure 1a). We chose the study period from 2007 to 

2017. The ‘wet tropics’ is commonly defined to be located between roughly 15 and 19°S, 

along the coast near Cairns.   

 

Figure 1. (a) Region 140 - 155°E, 10 - 25°S is the Greater GBR region referred to this study. 
Three subdomains are defined as land, GBR (where most of the coral reefs are located) and open 
ocean. (b) Bathymetric map of the domain. (c) Average number of footprint per granule in 1° 
latitude ×1° longitude grid box based on 2B-GEOPROF/2B-CLDCLASS-LIDAR_PDICD during 
the time period of 2007-2017 including daytime and nighttime. Note that grid boxes with no 
sample data are shaded in grey color. (a) and (b) are reproduced from Figure 1 in Zhao et al. 
(2021) 

 

2.2 Datasets 

2.2.1 CloudSat & CALIPSO cloud products 

The CloudSat and CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observation) satellites, parts of the sun-synchronous A-train constellation, were 

launched together in April 2006. The primary instrument on board CloudSat is the Cloud 

Profiling Radar (CPR), a 94 GHz radar with a 1.4 km wide effective footprint and 480m 

effective vertical resolution, which measures vertical structures of clouds and 

precipitation. It has the capacity to identify and penetrate optically thick clouds and 

detect small particles of liquid water and ice. Cloud-Aerosol Lidar with Orthogonal 

Polarization (CALIOP) is a spaceborne dual wavelength polarization lidar sensor on 

CALIPSO, which is designed to acquire vertical profiles of attenuated backscatter during 

both daytime and night-time. It can accurately detect most midlevel and high-level 

clouds which are often optically thin (e.g., altocumulus and cirrus clouds) (Wang and 



Sassen, 2007; Deng et al., 2017). Therefore, combining lidar and radar measurements  

provides more reliable and detailed profiles of cloud properties (Sassen et al., 2009; 

Mace et al., 2009). The synergy of these active remote sensors along with other A-train 

sensors has provided near-simultaneous measurements that have been widely used for 

climate studies and model evaluations (Stephens et al., 2008; Li et al., 2011; Su et al., 

2011; Huang et al., 2012, 2015). 

Two of the daily orbits traverse our domain each day at the same local solar time with 

one overpass occurring during daytime (13:30 local time) and the other during nighttime 

(01:30 local time). It should be noted that CloudSat has been operating in a daylight-only 

mode because of a battery malfunction in 2011 (Stephens et al., 2017). Therefore, 4 

years (2007-2010) of full data (including daytime and nighttime) and 7-yr (2011-2017) 

daytime-only observations have been applied to this study. CloudSat and CALIPSO are 

operating on a Sun-synchronous orbit with a mean equatorial altitude of 705 km and an 

inclination of 98.2 degrees (Stephens et al., 2008) (an example of the orbits that 

overpass the study domain in a year is shown in S1). The orbit is of constant size and 

shape and has a revisit time of 16 days. The footprint for a single profile is approximately 

1.4km across-track by 1.8km along-track for CPR and around 1km by 1km for CALIOP, 

which result in the unevenly distributed measurements across the study domain with 

some grid boxes (1° latitude × 1° longitude) not covered at all (e.g. grey boxes in Fig. 1c) 

and large sample size differences possible between two adjacent grid boxes. Figure 1c 

illustrates the total number of footprints in each grid box (1° latitude ×1° longitude) and 

Table S1 shows the total number of footprints that pass through the Greater GBR region 

for the time period 2007-2017 separated into daytime and nighttime. 

The level-2 cloud scenario classification product 2B-CLDCLASS-LIDAR (Sassen et al., 

2008) provides a vertically resolved retrieval of cloud properties by synergistically 

combining CloudSat and CALIPSO observations at the CloudSat horizontal and vertical 

resolutions based on an optimal estimation framework. Clouds are grouped into cloud 

types (i.e. cirrus, altostratus, altocumulus, stratus, stratocumulus, cumulus, 

nimbostratus, and deep convection) using a detection algorithm (Wang and Sassen, 

2007; Sassen and Wang, 2008), which categorizes the cloud type based on some basic 



features (e.g., cloud base/top layer altitude, horizontal extent) of the major cloud types. 

Besides cloud layer type, the 2B-CLDCLASS-LIDAR data also provide other cloud layer 

information including cloud layer top and base height, cloud fraction and cloud phase.  

Another CloudSat dataset employed in this study is the level-2B CloudSat Radar-Only 

Cloud Water Content Product (2B-CWC-RO). This product provides estimates of vertical 

profiles of cloud liquid and ice water content, effective radius, and related quantities for 

each radar profile measured by CloudSat’s CPR. It should be noted that the 2B-CWC-RO 

product uses a temperature-dependent cloud water content (CWC) partition for clouds 

with temperature between 0°C and -20°C. Between these temperatures, the ice and 

liquid fractions are scaled linearly with temperature to obtain a profile that smoothly 

transitions from all ice at -20°C to all liquid at 0°C. Such a simple phase partition has 

been suggested to be problematic in several previous studies, due to the lack of physical 

basis. Therefore, in our study cloud microphysical properties are only examined for 

liquid (warm) clouds (cloud top temperature warmer than 0 °C) which primarily include 

cumulus and stratocumulus. 

For the microphysical properties of cumulus and stratocumulus, we firstly identify the 

cloud type for each cloud layer from 2B-CLDCLASS-LIDAR. Then we re-grid each cloud 

layer to vertical bins at 500m intervals to accurately match the cloud type to 

microphysical properties for each layer using the cloud layer base and top altitudes for 

cumulus and stratocumulus. The vertical profiles of liquid cloud microphysical properties  

for cumulus and stratocumulus are then examined using the 2B-CWC-RO product at 

500m vertical resolution.  

2.2.2 Moderate Resolution Imaging Spectroradiometer (MODIS) 

The National Aeronautics and Space Administration’s (NASA) MODIS is an imaging 

instrument flown both on the Aqua and Terra platforms, which acquires data in 36 

spectral bands with a spatial resolution of about 1km. In this study, the Level 2 Cloud 

Product (collection 6; Platnick et al. 2014) from the MODIS instrument onboard Aqua is 

employed to build a climatology of cloud microphysical properties at cloud top. The 

Level-2 Cloud Product provides retrievals of cloud fraction, cloud optical thickness, cloud 



top temperature, and three droplet effective radius retrievals using near-infrared 

radiances observed at 1.6, 2.1, and 3.7 µm. From the retrieved cloud optical thickness 

and droplet effective radius, cloud droplet number concentration can be estimated 

(Brenguier et al., 2000). To be consistent with the analysis of CloudSat & CALIPSO, we 

calculate the cloud droplet number concentration (CDNC) for warm clouds only, which 

is identified based on cloud top temperature (warmer than 0°C) and cloud phase optical 

properties (liquid water), using the method given by Grosvenor and Wood (2014), which 

was modified from the original method in Bennartz (2007). The equation for calculating 

the CDNC is: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 2√10
𝑘𝑘𝑘𝑘𝑄𝑄3
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                              (1) 

where COT is cloud optical thickness,𝑘𝑘  is a factor related to the dispersion of the 

assumed cloud droplet size distribution; a constant value of 0.8 is adopted for 𝑘𝑘 in this 

study. Similarly, Q is the scattering efficiency, which is set to its geometric optics limiting 

value of Q = 2. 𝜌𝜌𝑙𝑙  is the liquid water density (1.0 × 103 kg m-3) and 𝑐𝑐𝑤𝑤 is the temperature-

dependent condensation rate (in kg m-4), which is set to be 80% of its adiabatic value, as 

in Bennartz (2007). Note that the 80% adiabatic assumption may cause some 

temperature-dependent bias, but its contribution to the overall error budget is relatively 

small, as examined in Huang et al. (2016). 𝑟𝑟𝑒𝑒 is the effective radius, which can be derived 

at different MODIS bands: 1.6, 2.1, and 3.7 𝜇𝜇𝜇𝜇. An important assumption made in 

equation (1) is that the retrieved effective radius is valid at the top of cloud, as indicated 

by the subscript ‘top’ in the above equation. However, satellite-derived effective radius 

is typically valid at some penetration depth below cloud top that depends on the 

observation wavelength and geometry (Bennartz and Rausch, 2017). The results from 

Bennartz and Rausch (2017) demonstrate that the penetration depth at 1.6 µm is about 

2 to 3 times greater than that at 3.7 µm. Further detailed implications and limitations 

regarding this CDNC calculation is discussed in Bennartz and Rausch (2017). In this study, 

we use the effective radius retrieved at 3.7 µm to calculate the CDNC, as in Bennartz and 

Rausch (2017).  



2.2.3 European Centre for Medium‐Range W eather Forecasts (ECM W F) model  

analysis 

The ECMWF-AUX dataset, produced by the CloudSat Data Processing Center, includes 

several meteorological ECMWF global variables which are mapped to the horizontal 

centre of each CloudSat profile and the vertical centre of each bin (CIRA, 2007). The 

temperature, specific humidity, and height fields at model pressure level from ECMWF-

AUX analysis data are used in this study to calculate the lower troposphere stability (LTS) 

and estimated inversion strength (EIS) for selected profiles that are identified as 

cumulus and stratocumulus based on 2B-CLDCLASS-LIDAR product. 

LTS is defined as the potential temperature (𝜃𝜃) difference between a nominal location 

in the free troposphere (typically 700hPa) and the surface: 

                                                     𝐿𝐿𝐿𝐿𝐿𝐿 = 𝜃𝜃700 − 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠               (2) 

The quantity EIS was developed to obtain a more precise estimate of the strength of the 

boundary layer inversion by removing the variability of the free tropospheric 

thermodynamic structure (Wood and Bretherton, 2006). EIS is defined as: 

                                              𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐿𝐿𝐿𝐿𝐿𝐿− Г𝑚𝑚850(𝑧𝑧700 − 𝐿𝐿𝐿𝐿𝐿𝐿)    (3) 

Where Г𝑚𝑚850  is the moist adiabatic potential temperature lapse rate,  𝑧𝑧700  is the altitude 

of the 700hPa pressure level, and LCL is the lifting condensation level computed using 

the expression LCL = 125 (T – Td), which is based on the temperature (T) and dew point 

temperature (Td) at the surface (Lawrence, 2005). 

2.2.4 ERA5 reanalysis 

ERA5 is the fifth-generation atmospheric reanalysis from the European Centre for 

Medium-Range Weather Forecasts (Hersbach et al., 2020). ERA5 uses the Integrated 

Forecasting System and includes atmosphere, land surface and ocean wave models. In 

this study, monthly total precipitation and wind field at 10 meters are derived from ERA5 

with a resolution of 0.25° for the time period of 2007-2017.  



3 Spatial-temporal characteristics of clouds over the Greater GBR 

region 

3.1 Total cloud cover, wind and precipitation 

The average total cloud cover (TCC) based on MODIS observations (2007-2017) shows 

significant latitudinal variation with strong land-ocean differences across the Greater 

GBR region (Figure 2a). High values of TCC are observed over the low-latitude ocean and 

most northern part of Queensland (Cape York), while southwest Queensland, furthest 

inland, experiences the least TCC throughout the year. The seasonality of TCC across the 

Greater GBR region is shown in Figure 2b-d. The maximum value of TCC is observed 

during the austral summer (DJF) over the deep tropics, as expected from the southward 

migration of the Intertropical Convergence Zone (ITCZ) during the tropical cyclone 

season from December to April. High values continue into the autumn months (MAM) 

during the retreat of the monsoon (Fig. 2d). The ITCZ migrates seasonally towards the 

warming hemisphere, with the southern branch over the western Pacific extending to 

15°S, on average, during January-February-March season (Adam et al., 2016; Chen et al., 

2008), which largely contributes to the enhanced cloudiness and precipitation across 

northern Australia in austral summer and autumn months (e.g. Murphy et al. 2016). The 

most significant land-ocean contrast in TCC is seen during the winter season (JJA), when 

western Queensland experiences the lowest TCC (less than 20%), while TCC of around 

65% is observed over the ocean.  

The trade wind regime is dominant over the GBR and open ocean during the winter 

season (e.g. Murphy 2017 and Fig. 5f-g). Accordingly, marine atmospheric boundary 

layer trade wind clouds largely contribute to the TCC over the open ocean in the winter 

months, while high clouds associated with the ITCZ, including the Madden-Julien 

Oscillation, and tropical cyclones are dominant during the summer month with the 

seasonal balance governed by the migration of the ITCZ. At higher latitudes, TCC inside 

the GBR is somewhat lower than in the outer open ocean (Fig. 2a). However, our analysis 

did not identify any significant difference in TCC at low latitudes when moving from the 

open ocean to the GBR. The most significant difference can be seen during winter (Fig. 



2e), where around 35% TCC is observed inside the GBR, while the outer open ocean is 

experiencing TCC of 55%.   

Figure 2. The averaged total cloud cover (TCC) over the Greater GBR region during the time 
period of 2007-2017 derived from MODIS observation. The three black triangles identify the 
towns of Cairns, Townville and Mackay, as per Figure 1. 

To examine the vertical structure of these clouds, the cloud occurrence frequencies 

(COFs) of various cloud types are constructed using the 11-yr (2007-2017) CloudSat-

CALIPSO data across the Greater GBR region. As shown in Fig. 3, the Greater GBR region 

is dominated by high clouds, altocumulus and low-level clouds. High clouds are mostly 

observed over the low-latitudes, and altocumulus tend to occur over land. Low-level 

clouds over the region are mostly observed over the ocean and along the north-east 

coastline of Queensland. Figure 4 shows significant variations in the annual cycle of the 

COF of high clouds and stratocumulus (Sc). There are more high clouds observed over 

the Greater GBR region during the austral warmer months (December - April), while the 

COF of stratocumulus peaks in austral winter time (June, July, August), which is 

consistent with the migration of the ITCZ, as previously discussed. The other types of 

clouds show little seasonal variation of COF, but there are slightly higher frequencies of 

altocumulus and cumulus (Cu) in October. We note that it is not possible to discern a 

diurnal cycle, including a sea breeze, in the cloud cover with A-train observations due to 

the sun-synchronous orbit. These observations, as a result, cannot provide evidence on 

complicated thermo-topographically induced diurnal oscillations (Lindesay and Tyson 

1990).  

Figure 3. 11-year (2007 -2017) averaged cloud occurrence frequency (COF) of eight cloud types 

over the Greater GBR region produced from CloudSat-CALIPSO data. White squares indicate no 

observations.  

Figure 4. Annual cycle of cloud type COF over the Greater GBR region (140 - 155°E, 10 - 25°S, 
shown in Fig 1a) produced from CloudSat-CALIPSO data. Note that error bars represent +/- one 
standard deviation from the climatological mean. 

Associated with the cloud climatology, the precipitation and wind fields over the Greater 

GBR region have also been examined. As Fig. 5a shows, there is a strong zonal 

dependence of total precipitation across the Greater GBR region, with a local maximum 



associated with orography in the ‘wet tropics’ near Cairns (see Figure 1). A significant 

seasonal variation in total precipitation is also seen across the Greater GBR region with 

the peak occurring during austral summer (DJF), followed by the autumn months  

(MAM), as expected from the seasonal migration of the Australian summer monsoon 

and the ITCZ, where the prevailing south-easterly trade winds (Fig. 5f) are replaced by 

north-westerlies (Fig. 5h) at low-latitudes. As the tropical cyclone season also occurs 

during austral summer, it is possible that the increase in precipitation over the Greater 

GBR region during the warmer months is associated with deeper convective systems 

such as tropical cyclones and storms, as well as the background monsoon trough 

(Davidson et al., 2007; Moise et al., 2020). A slight increase in precipitation during 

summer is noted further south immediately along the coast down to the higher 

latitudes. As shown in Figure 1b, elevated terrain extends along the northeast coast of 

Australia. Under the south-easterly trade wind regime (Figure 5f), the mesoscale cloud 

systems over the Greater GBR region can be enhanced by upslope flow when they move 

from ocean over the orography. Thus, mountain ranges could alter the characteristics of 

cloud systems (e.g., Roe, 2005; Houze, 2012;), leading to enhanced precipitation over 

the windward slopes of mountains, where significant orographic effects on precipitation 

over Cairns can be noted during all seasons (Figure 5a-e), which makes it one of the 

wettest spots in Australia (Murphy et al. 2016). 

The southeasterly trade wind regime that dominates the Greater GBR region has been 

noted in several studies (e.g. Wolanski, 1982). As shown in the 11-yr average wind field 

(Figure 5f), southeasterly winds prevail across GBR and open ocean. The strongest trade 

winds are found in winter (JJA), followed by spring and autumn with these months all 

clearly showing dominant southeasterly winds over the ocean. During the summer, with 

the migration of the ITCZ, the winds weaken and even reverse to a weak north to 

northwesterly wind at low latitudes (Figure 5h), while southeasterly winds keep 

prevailing in the southern part of the ocean.  In all seasons we note a small weakening 

of the winds immediately upwind of the wet tropics presumably in response to 

orographic blocking.    



Figure 5. (a) 11-yr (2007-2017) averaged monthly total precipitation derived from ERA5 over 
the Greater GBR region. (b-e) Seasonal variation of monthly total precipitation. (f-j) same as (a-
e), but for 10-m wind field derived from ERA5. Arrows show the direction of wind vector. Colour 
shading shows the wind speed at 10 m. Black triangles indicate the location of Cairns. 

3.2 Low-level cloud properties and precipitation 

The shallow convective clouds under the trade wind regime, commonly referred to as 

trade cumulus and stratocumulus, are directly connected to the underlying ocean. They 

are an important part of the overall climate system not only through their impact on the 

surface radiation budget and water budget, but also for their role in driving atmospheric 

circulations (Snodgrass et al., 2009; Vogel et al., 2016). It is of interest to investigate the 

variability of these shallow trade wind clouds specifically, across the GBR and open 

ocean, as well as their response to local forcings. We restrict this analysis to warm clouds 

only (cloud top temperatures warmer than 0°C and of liquid phase) as determined by 

MODIS observations (Platnick et al. 2017) and the Cu and Sc as observed by CloudSat 

(Figure 3). 

As shown in Figure 6, there is a significant land-ocean difference in warm cloud 

properties, with warm clouds over the GBR and open ocean observed to have particles 

with larger effective radius (Re) (~15µm) but lower number concentration (less than 75 

cm-3) when compared to the land area. Warm cloud over the GBR and open ocean is 

observed to have small latitudinal variations in Re and CDNC, while larger variations in 

cloud properties are found over the land area, with CDNC decreasing and Re increasing 

from inland Queensland to the northeast coastline. These CDNC and Re gradients are 

likely a product of the coastal and orographic dynamics.  

Figure 6: Warm cloud microphysical properties: (a) effective radius (Re) and (b) cloud droplet 
number concentration (CDNC) derived from MODIS observations at 3.7µm onboard Aqua 
(2007-2017). 

Latitudinal variations of cloud top height (CTH) and precipitating cloud frequency for the 

Cu and Sc over the three sub-domains are examined by analyzing the data from CloudSat 

and CALIPSO (shown in Figure 7). Precipitating cloud is identified from the CPR radar 

reflectivity, where the criterion for drizzle of -15dBZe (profiles with maximum radar 

reflectivities larger than -15dBZe are considered to contain precipitating clouds) has 



been applied. As such, the sampled clouds may be producing very light rain/drizzle that 

evaporates before reaching the surface. The results show that warm clouds (Cu + Sc) 

over land have higher tops than clouds over ocean, especially for Cu. The CTH for Cu over 

the land area peaks at high latitudes with a magnitude of 3km, while the maximum CTH 

over ocean is around 2km in the deep tropics. Sc is observed to have an approximately 

constant CTH across the Greater GBR region, regardless of latitude and sub-area. When 

considering precipitating cloud frequency for the two types of warm cloud, cumulus is 

found to have a tendency to precipitate over land, especially over mid- to high latitudes. 

In contrast, Sc is seen to precipitate more often over the ocean.   

Figure 7. Latitudinal variations of the mean (solid lines) and standard deviation (shaded area) 
value of cloud top height of cumulus (top) and stratocumulus (bottom) over three sub-domains. 
Bar plot shows the frequency of precipitation for the two cloud types over three sub-domains. In 
both line and bar plot, green denotes land, blue denotes GBR and red denotes open ocean area.  

Several studies have established relationships between LTS/EIS and low cloud amount 

to investigate the physical processes associated with boundary layer clouds (e.g., Klein 

and Hartmann, 1993; Wood and Hartmann, 2006). Here, we examine the LTS and EIS for 

Cu and Sc profiles that are identified by CloudSat by analysing the collocated ECWMF 

dataset. The result (Figure 8) shows that the mean values (2007-2017) of LTS and EIS for 

Cu over the ocean are both larger than that over land, which suggests that the Cu over 

land are associated with a less stable troposphere (low LTS/EIS) than that over the 

ocean, possibly explaining the more active Cu over land with higher CTH and a greater 

tendency to precipitate. In contrast, more fair-weather shallow cumulus develops over 

the ocean under a relatively stable tropospheric thermal environment, which leads to 

weaker precipitation rates. It should be noted that the limited timing of the CloudSat 

observations at 13.30 and 1.30 local time might also contribute to the observed LTS/EIS 

differences between land and ocean given the different timing in the diurnal cycle of 

convection over land and water (Tian, 2005; Yang and Slingo, 2001). 

When turning to Sc, the mean LTS over the ocean is larger than that over land, which 

indicates that Sc developing over land is more likely to generate unstable convective 

precipitation. However, weaker differences in EIS could be seen for Sc over land and 

ocean, and drizzle is ubiquitous in marine boundary layer stratocumulus clouds with 



much of it evaporating before reaching the surface (Wood et al., 2015; Zhou et al., 2015). 

Thus, we suspect that the Sc profiles associated with light drizzle, although under 

relatively more stable environmental conditions, contribute much to the high frequency 

of precipitating Sc over ocean, due to the longer lifetime of Sc compared with Cu cloud.  

Figure 8. Statistics of lower troposphere stability (LTS) and estimated inversion strength (EIS) 
for Cu and Sc profiles, identified from CloudSat, over land and ocean. Variables used to calculate 
LTS and EIS are derived from collocated ECMWF dataset for the time period of 2007-2017. 

4 The role of local forcing  

4.1 Orographic enhancement of low-level cloud properties and precipitation 

From the analysis of warm cloud microphysical properties (Figure 6), we see a significant 

extension of high values of Re from ocean to land near Cairns, which is likely to be highly 

associated with orographic impacts. Because the passive sensors of MODIS provide 

information only at cloud top, the analysis is extended to CloudSat & CALIPSO profile 

data, which allows us to examine vertical profiles of cloud properties. Given that the 

tops of warm clouds tend to be below 3000m (Figure 7) and that CloudSat 

measurements within the lowest 750 m are affected by ground clutter (Mace et al., 

2007; Marchand et al., 2008), we limit our analysis to warm cloud profiles of Cu and Sc 

between 750 and 3000 m.  

The vertical distributions of liquid cloud microphysical properties, including liquid water 

content (LWC), Re and CDNC of liquid particles have been examined based on CloudSat-

CALIPSO data for land area and ocean area (including GBR and open ocean) (shown in 

Figure 9). We note that the land area is geographical diverse ranging from the rainforests 

along the coast to the dry in-land regions of southwestern Queensland. As our analysis 

only considers the warm clouds, the ‘land’ region is heavily weighted towards warm 

clouds over the coast and near-coastal orographic regions. The differences of cloud 

properties between land area and ocean area are shown in Figure 9c, f & i. To test the 

significance of the differences, we use the two-sample t-test method and the results 

presented below are statistically significant at the 95% confidence level.  

Figure 9. Zonally averaged vertical distribution of LWC of low-level clouds over (a) land area 
and (b) ocean area (GBR + open ocean) and (c) difference between (a) and (b). (d-f) as in (a-c), 



but for Re of liquid particles. (g-i) same as (a-c), but for CDNC of liquid particles. The 
significance of the difference has been tested using the two-sample t-test method, and note that 
all results presented above are statistically significant at the 95% confidence level. 

Focusing first on the distribution of CDNC of warm cloud liquid particles over land and 

ocean area (Figure 9g-h), we see very similar patterns, with CDNC ranging from 85/cm3 

at 750 m to 60/cm3 at 3km altitude level with little variation from low latitudes to high 

latitudes. There are significant positive differences in CDNC of warm clouds (Figure 9i) 

between the land and ocean from low-latitudes to high-latitudes at all altitudes, which 

is consistent with the analysis of Figure 6b. This expected land-ocean positive difference 

in CDNC is likely associated with terrestrial aerosol loading, where high concentration of 

anthropogenic aerosols (e.g. from urban pollution and industrial activity) and other 

continental aerosols (e.g. dust) could serve as CCN which leads to enhanced droplet 

number concentration over land. 

The climatological values of Re and LWC of warm clouds over the ocean area decrease 

smoothly with altitude with no significant latitudinal variations (Figure 9b & e). On the 

other hand, the zonal vertical distributions of Re and LWC over land show marked 

variations with latitude, where the most significant positive land-ocean differences are 

both located near 18°S in the wet tropics (Figure 9c & f). It is likely that the high value of 

LWC and Re over land at 18°S is associated with the orographic impacts on precipitation 

as discussed previously (see Figure 5 and 7). However, orographic precipitation depends 

on many parameters, such as the terrain features, atmospheric stability (which is 

discussed later) and upslope velocity (Roe, 2005; Houze, 2012; Kunz and Wassermann, 

2011). Further analysis of the mountain cloud-precipitation system over the Greater 

GBR region through in-situ observations and numerical simulations is necessary to 

elucidate the detailed processes involved. Nevertheless, our analysis demonstrates that 

low-level cloud properties over the Greater GBR region show strong response to the 

orographic forcing at mid-tropics near Cairns in the wet tropics. These results could 

serve as background knowledge of the orographic enhancement on clouds and 

precipitation, which helps better understanding of the local cloud-precipitation system 

over the Greater GBR region. 



Given the noted significant orographic enhancement around 18°S in the wet tropics, it 

is of interest to examine how far east this enhancement of cloud properties extends 

when considering the potential natural shading of corals by clouds, which then could 

protect corals from coral bleaching events. To this end, the cross-sectional distribution 

of warm cloud properties over a band around 18°S band (the wet tropics) is further 

explored in Figure 10b-d. It should be noted that these features of low-level clouds are 

found to be statistically significant using a method described by Lancaster (1961), and 

detailed results can be found in the Figure S2. A significant variation in cloud properties 

associated with orography can be seen, where large values of LWC and Re are observed 

over land. As shown in Figure 10b-c, low-level clouds at the windward side of the 

mountains have large LWC with relatively large Re, especially at low altitudes. This 

significant enhancement, including LWC and Re, extends further east to the coral reef 

area (shown by dashed lines) (Fig. 10e-g), which is likely to lead to enhanced cloud 

reflectance that could potentially protect corals in this area from direct radiation 

exposure. Although the magnitude of this enhancement is relatively small 

(~0.5×100mg/cm3 and ~1µm) compared to the climatological mean values 

(~9×100mg/cm3 and ~20µm), the positive differences that reach up to 2.5km height are 

statistically significant according to the two-sample t-test method. This enhancement 

has been further tested by examining another latitude band (centered at 15°S) that does 

not intercept areas with topography (see Figure S3). For this relatively flat coastline, no 

significant enhancement has been found to be extending further east over the GBR area.  

When looking at the total cloud cover distribution observed by MODIS (Figure 2), there 

is a slight increase in TCC over the wet tropics during winter months, when the trade 

winds are strongest (Figure 5j). However, there is little to no significant TCC 

enhancement around the wet tropics identified during the warmer (coral bleaching) 

season. It is noted that the TCC derived from MODIS accounts for all cloud types, in 

which high-level clouds may be prominent and where TCC is highly influenced by tropical 

cyclones and southward migration of the ITCZ rather than by local orographic 

enhancement in Austral summer months. From CloudSat observations, our result 

(Figure 3) shows some enhancement of Sc COF over the orography in the wet tropics, 



but this enhancement does not extend further east to the coral reef area. On the other 

hand, small COF enhancement of altocumulus is observed upwind of the mountains near 

the wet tropics, but these results may be biased by the limited spatial and temporal 

resolution of the sun-synchronous satellite observations. In this context, analysis of 

high-resolution observations would be needed to address the open question of cloud 

cover enhancement over the wet tropics upwind of the mountains.  

Figure 10. (a) Bathymetric map of the Greater GBR region with red lines indicating the 18°S 
latitude band. (b-d) 18°S latitude-band cross-section distribution of cloud microphysical 
properties (LWC, Re and CDNC of liquid particles). Dashed lines denote the location of the coral 
reef (GBR area). Note that all results shown above are statistically significant at 95% confidence 
level. (e-g) Difference plots between the GBR and limited open ocean (same width as the GBR, 
shown by blue dashed lines) at the 18°S latitude-band for each altitude level same as (b-d). The 
black dots indicate the differences that are statistically significant at the 95% significant level. 

4.2 Potential responses of cloud properties to coral reef emissions 

A small but consistent difference in TCC between open ocean and GBR (Figure 2) has 

been identified over higher latitudes, where there is a large collection of coral reefs. 

When considering the hypothesis that clouds and precipitation may be modulated by 

biogenic emissions associated with coral reefs (Cropp et al., 2018; Fischer and Jones 

2012), it is of interest to examine variations of cloud properties that may be linked to 

the transition from open ocean to GBR. It is interesting to note that the most significant 

difference in TCC between GBR and outer open ocean at higher latitudes is observed 

during winter (Fig. 2e), when the biogenic emission of coral reef is considered to be low 

because of the lack of environmental stresses, such as extreme warm sea surface 

temperatures (Charlson et al. 1987). On the other hand, the variation in SST from GBR 

to the open ocean through marine atmospheric boundary layer processes, especially at 

higher latitudes in winter (see Figure S4), may affect cloud properties, especially low-

level clouds (Qu et al., 2015; Takahashi et al., 2021). It should be noted that the TCC 

(Figure 2) derived from MODIS is a consideration of all cloud types, in which high-level 

clouds may be prominent, especially over the deep tropics. However, low-level clouds 

play an important role in air-sea interaction processes, where low-level clouds 

properties show strong sensitivity to the surface conditions (Klein et al. 2017). Thus, low-



level clouds should be at first place to consider when addressing the reef-emissions 

hypothesis. 

From Figures 3 and 7, we see that the COF and precipitation frequency of low-level 

clouds (Sc+Cu) over the GBR, where there are many coral reefs, are very similar to those 

over the open ocean. In other words, our analysis does not identify clear evidence of a 

response of low-level cloud macro-physical properties to coral reef related local forcing. 

Not surprisingly, analysis of the warm cloud microphysical properties (Figure 6) shows a 

significant land-ocean contrast across the Greater GBR region, but no significant 

difference is noted between the GBR and open ocean. This is consistent with the vertical 

distribution analysis based on CloudSat and CALIPSO (Figure 11), where the profiles of 

LWC, Re and CDNC of liquid particles for GBR and open ocean are nearly the same at all 

altitudes. In summary, our statistical analysis of independent satellite datasets 

consistently finds no evidence of significant differences in low-level cloud microphysical 

properties between open ocean and GBR.  

Figure 11. (a) Vertical profile of liquid water content (LWC), (b) Re of liquid particles and (c) 
CDNC of liquid particles of low-level clouds (stratocumulus + cumulus) over GBR (blue lines) 
and open ocean (red lines). Solid lines represent average values at each altitude, and shading 
indicates the standard deviation. 

 

When considering the dominant south-easterly trade wind regime over the open ocean 

and GBR (Figure 5f), we select two sub-domains A (A1 and A2) and B along the wind 

direction to further explore any potential variations in cloud properties (Figure 12a) in a 

Lagrangian framework. Subdomain B is at a downwind location just before the main flow 

moves over the land area near Cairns. A1 and A2 are at upwind locations inside and 

outside of the coral reef area (black line in the Figure 12a). Microphysical properties of 

warm clouds derived from CloudSat and CALIPSO are examined for each sub-area (Figure 

12b). Once again, no significant difference is noted in the cloud microphysical properties  

of warm clouds between subdomain A (including A1 and A2) and B at all altitudes.  

Cropp et al. (2018) suggested that the GBR may be a significant source of marine aerosol 

emissions and could potentially influence the atmosphere above them. However, they 



do not influence the coral’s local environment during windy period, as the products are 

transported and dispersed by the wind. On the other hand, a climate model simulation 

by Fiddes et al, (2021) showed a small response of the number concentration of particles 

greater than 3nm dry diameter (N3) and CCN to the DMS perturbations over the 

Maritime Continent-Australian region, with nearly zero differences in N3 and CCN when 

coral reef DMS emissions are removed. Our findings are essentially consistent with the 

results from these previous studies, although our analysis has focused on identifying any 

observable footprints that coral reef emissions might have left on clouds over the GBR, 

rather than on examining the aerosol themselves. We recognise that the complex 

interactions between regional marine biogenic emissions and meteorological factors 

covering a range of scales requires carefully analysis. For example, the scavenging 

effects of precipitation can lead to the removal of aerosol particles, which limits the 

detection of aerosol effects on clouds. Nevertheless, our study indicates that there are 

no significant changes in warm cloud properties between the coral reef area and outer 

reef-free ocean as observed by independent satellites. It is expected that this 

observation will aid further analyses of the local cloud-climate interactions over the 

Greater GBR region related to the protection of the coral reefs.  

Figure 12. (a) Climatology of wind field at 10m derived from ERA5 for the period of 2007-2017. 
Three red boxes show the locations of three target subdomains A1, A2 and B. (b) Vertical profiles 
of LWC, Re and CDNC of low-level clouds over sub-domain A1, A2 and B derived from 
CloudSat & CALIPSO.   



5 Conclusions 

In this study, we employed decade-long (2007-2017) satellite datasets from MODIS and 

CloudSat & CALIPSO and reanalysis datasets from ERA5 to characterize the cloud 

properties and the associated precipitation over the Greater GBR region. The 

atmospheric stability associated with low-level cloud properties and the role of local 

forcings are also investigated and discussed. The main findings of this study are 

summarized as follows: 

1. In general, the Greater GBR region is found to be mainly dominated by high cloud, 

altocumulus and low-level cloud types (cumulus and stratocumulus). Strong 

geographical and seasonal variabilities are noted, with high clouds dominant 

over low latitudes in summer, altocumulus mainly observed over north-east 

Queensland, and low-level clouds covering most of the water area and the land 

along the coast during winter months. The seasonality is primarily driven by the 

seasonal migration of the ITCZ.  

2. Our analysis reveals a strong latitudinal dependence of total precipitation across 

the Greater GBR region and a significant precipitation enhancement associated 

with orography near Cairns. The prevailing southeasterly trade wind largely 

controls the boundary layer of the GBR and the open ocean which also varies 

seasonally in alignment with the ITCZ. 

3. Cumulus cloud over land area tends to have higher cloud tops and to precipitate 

more often, under relatively unstable lower troposphere condition, than those 

over the water area (GBR and open ocean). On the other hand, stratocumulus 

precipitates more often over the ocean, with possibly light drizzle. The cloud top 

height of stratocumulus does not vary with latitude and from ocean to land. 

4. Significant differences in cloud properties of warm clouds are found between the 

land and water areas, with the largest land-ocean differences in Re and LWC over 

the mid-tropics near 18°S (the wet tropics), which is likely associated with 

orographic forcing. This orographic enhancement is observed to extend further 



east to the coral reef area, which may protect corals through larger cloud 

reflectance; however, there is no significant low cloud COF enhancement 

extending upwind of the mountains. 

5. Our analysis did not identify any significant difference in warm cloud properties  

between GBR and open ocean. Similarly, no clear differences in cloud properties  

at upwind and downwind sites within the coral reef region along the dominant 

trade wind direction are found in the analysis. These results suggest that low-

level cloud over the Greater GBR region does not show any significant response 

to the reef-related microphysical perturbations. 

While we characterized cloud properties based on long-term satellite observations, 

which provide background information on the nature and variability of cloud across the 

Greater GBR region, it is recognised that higher temporal resolution, e.g. diurnal cycle 

of these low-level clouds, including a sea breeze, should also be investigated. Low-level 

cloud development is well-known to show strong responses to the day-night cycle of 

solar flux. During daytime, strong solar heating of the surface could drive convection and 

generate cumuliform clouds, while at night stratiform clouds are more likely to form 

because of the boundary layer cooling condensation. Maritime convection can also be 

enhanced during nighttime by cloud-top cooling relative to nearby clear areas. A 

fundamental difference in the convective life cycle between land and ocean has been 

suggested in terms of peaking time, precipitation type and intensity (Futyan and Del 

Genio, 2007; Matsui et al., 2016). As such, it is important to take the diurnal cycle into 

account to avoid biases. Given the limitation of the polar orbiting satellite observations 

that we have applied in this study, observations with higher spatial and temporal 

resolution will be necessary to investigate the full lifecycle of these clouds and the 

development of onshore precipitation. 

It is worth noting that a primary objective of this study has been to identify any 

observable changes of low-level cloud properties over the Greater GBR region that 

might be related to the impacts of biogenetic emissions or orographic forcing. Future 

work needs to be focused on detailing the key physical mechanisms and processes 

https://journals.ametsoc.org/view/journals/hydr/17/5/jhm-d-15-0111_1.xml#bib75


involved. In particular, analysis of the thermal-dynamical mechanisms that relate to 

these shallow clouds is needed using high-resolution numerical simulations and 

observational data. Nevertheless, our analysis shed some light on the understanding of 

the nature and variability of clouds over the Greater GBR region, where the role of 

clouds in thermal coral bleaching events have only recently been identified. This 

research also helps determine future research priorities on advancing the understanding 

of cloud-climate interactions and the hydrological cycle over this climatically important 

region.  
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• Different cloud types are observed over different areas of the Greater Barrier Reef region and 
vary by season; 

• Independent satellite observations show good agreement on significant warm cloud 
properties orography enhancement near Cairns in the wet tropics, with these enhancements 
extending further east to the coral reef area; 

• There is no significant response of low-level clouds to the reef-related microphysical 
perturbations identified over the Great Barrier Reef region.  
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