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Key points

# Extreme rainfall has increased, with greater increases for more extreme events.

# Storm volumes show lesser trends, and there is a shift to shorter rainfall events.
# Flood peaks for frequent flooding have decreased across many parts of the world.
# Flood peaks for rarer flood events have increased across many parts of the world.
# Changes in antecedent soil moisture are modulating changes in flooding.
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Abstract

Increases in extreme rainfall intensities as a result of climate change pose a great risk due to the possibility
of increases in pluvial flooding, particularly in urban and developed areas. But evidence is emerging that
the observed increases in extreme rainfall are not resulting in universal increases in flooding. Indeed, on
a global scale, studies consistently find more gauge stations with decreasing rather than increasing trends
in the annual maxima flood magnitude. Here, we aim to improve our understanding of how rainfall and
streamflow extremes are changing and why floods are not always observed to increase despite increases
in rainfall extremes. To do so, we examine trends in streamflow events using 2776 stations from the Global
Runoff Data Centre, with events chosen to isolate the impact of changes to their respective rainfall and
antecedent soil moisture. The analysis is limited to stations with 30 years or more of active record with

the majority of stations in North America, Europe, Brazil, Oceania, and southern Africa.

Consistent with physical reasoning, for more frequent events such as the annual maxima, it is found the
peak 1-day rainfall event intensity is increasing approximately a rate of 6-7%/°C, with rarer event
intensities increasing at a rate exceeding the Clausius-Clapeyron relation. We find that storm volumes are
not increasing as greatly as the peak rainfall and storm durations are decreasing, pointing to an
intensification of rainfall events and a peakier temporal pattern. While rainfall is intensifying, the
magnitude of frequent floods (those expected to occur on average once per year) are in general
decreasing, particularly in tropical and arid regions of the world. We find that this is likely due to a
dominance of drying antecedent soil moisture conditions. However, the magnitude of rarer floods has, on
average been increasing. We suggest this is because, for these rarer events, the increase in rainfall
outweighs the decrease in soil moisture. Our results point to a worst of both world’s scenario where small
floods, responsible for filling our water supplies, are decreasing, while the large flood events which pose

a risk to life and infrastructure, are increasing.
1. Introduction

Flooding is one of the most common and costliest natural disasters (Razavi et al., 2020) with increasingly
more people at risk of flooding (Paprotny et al., 2018). With climate change, flood risk is expected to
increase in urban areas due to intensification of extreme rainfall and a lack of pervious surfaces (Fadhel
et al., 2018; Hettiarachchi et al., 2018; Jha et al., 2012). Any change in the frequency of flooding is likely
to have huge economic consequences with greater flood magnitudes increasing economic losses (Arent

et al., 2014; Wasko et al., 2021b) and decreases in flood magnitude threatening water security (Sharma
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et al., 2018). Only small changes in climate are required to have large consequences to our ecosystems
and economy (Alley et al., 2003). For example, changes of 1-2°C and 10-20% in annual precipitation can

cause order of magnitude changes in flooding (Knox, 1993).

Average precipitation across the globe has increased by approximately 2mm/year per decade (Hartmann
et al., 2013), with a suggestion that this has primarily occurred over the tropics with decreases elsewhere
(Beck et al., 2019). While changes in annual mean precipitation rates will affect antecedent moisture
conditions, changes in peak or high streamflow magnitude (here termed flooding for simplicity) are
expected to be driven by changes in extreme precipitation. Globally, the magnitude of extreme
precipitation has increased (Donat et al., 2016; Westra et al., 2013). For daily annual maxima, the average
increase of 5.9-7.7%/°C (Sun et al., 2021; Westra et al., 2013) matches the theoretical Clausius-Clapeyron
(6-7%/°C) increase in the moisture holding capacity of the atmosphere due to higher temperatures
(Fowler et al., 2021; Trenberth, 2011). But there is also an expectation that more extreme (rarer) daily
rainfalls will increase even further (Pendergrass, 2018; Pendergrass and Hartmann, 2014) with increases
above the Clausius-Clapeyron rate observed (Guerreiro et al.,, 2018; Wasko and Nathan, 2019) and

modelled (Bao et al., 2017) for events rarer than daily annual maxima.

In contrast to the increasing trends in precipitation extremes on a global scale, regional studies of flood
magnitude show very mixed trends (Archfield et al., 2016; Bléschl et al., 2019; Hall et al., 2014; Mallakpour
and Villarini, 2015; Wasko and Nathan, 2019). One global investigation of trends in annual flood maxima,
using 9213 stations, found the number of sites showing statistically significant decreasing trends was
greater than the number of sites showing statistically significant increases (Do et al., 2017). Similar results
were also found for a range of flow percentiles across the world suggesting entire flow distributions have
moved either upward or downward (Gudmundsson et al., 2019). Another global study found increasing
20-year and 50-year floods in temperate climates but mostly decreases elsewhere (Slater et al., 2021).
Further confounding our understanding, modelled (Do et al., 2020) and projected (Hirabayashi et al.,
2013) increases in flooding are not consistent with the large number of stations exhibiting historical
decreases in flood magnitudes. Global flood models project 30 year and 100 year average recurrence
interval (ARI) flood increases across the majority of the globe with decreases only in limited regions of
central Europe, south east Australia, and central South America (Arnell and Gosling, 2016; Dankers et al.,

2014; Hirabayashi et al., 2013).

It can be expected that changes to pluvial flooding in highly urban areas may be driven by changes in

precipitation extremes as there is little impervious area (Hettiarachchi et al., 2018), but this transfer
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function between precipitation and flooding doesn’t hold in non-urban areas (lvancic and Shaw, 2015;
Sharma et al., 2018). The soil moisture state of the catchment before it rains modulates flooding (lvancic
and Shaw, 2015; Pathiraja et al., 2012) and hence the historical trend in flooding (Tramblay et al., 2019;
Wasko and Nathan, 2019). Indeed monthly precipitation anomalies do not correlate well with flood
anomalies (Stephens et al., 2015) and a low correlation was found between changes in precipitation
extremes and changes in flooding across the U.S (Do, Mei, et al., 2020). Here, we suggest that the
discrepancy between extreme rainfall trends and flood trends is, at least in part, due to (a) a lack of
consistency in the magnitude of the extreme event considered (Bennett et al., 2018; Bertola et al., 2021;
Wasko and Nathan, 2019), and (b) changes in the antecedent moisture conditions (lvancic and Shaw,

2015; Sharma et al., 2018; Wasko, 2021).

Although many studies examine trends in rainfall and streamflow, few, if any studies examine trends in
these variables concurrently. Moreover, historical trends in antecedent moisture are rarely studied, with
trend studies focusing on either changes in mean soil moisture (Albergel et al., 2013; Feng and Zhang,
2015) or the antecedent precipitation (Woldemeskel and Sharma, 2016) as a surrogate for the actual
antecedent soil moisture. Finally, with few exceptions, historical trends in events rarer than annual
maxima are seldom studied (Slater et al., 2021). Here, we examine the influence of changes in extreme
rainfall and soil moisture on flood magnitude, and how this influence varies with event duration and rarity.
In doing so, we aim to understand why, in the absence of snowmelt, floods are not always observed to
increase despite increases in rainfall extremes. Using the Global Runoff Data Centre streamflow database,
we identify the antecedent soil moisture, storm volume, and peak rainfall associated with flood events.
We investigate the trend in each, along with the resultant peak flood magnitude, across a range of event
severities, to see whether any consistency between changes to rainfall extremes and flooding can be

identified.
2. Methods

We investigate historical trends in streamflow peaks using data from the Global Runoff Data Centre
(GRDC, 2015), where the storm rainfall, storm volume, and soil moisture, coincident with the flood event,
were obtained from the Global Land Data Assimilation System (GLDAS) Version 2 (Rodell et al., 2004).
Events are sampled on the basis of rainfall to ensure that antecedent conditions are independent from
the resultant flood. A peak over threshold approach is employed to identify rainfall events and the
associated flood peak, with historical trends subsequently investigated by quantile regression in order to

capture variation with event rarity.
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2.1 Data

Daily streamflow from the Global Runoff Data Centre (GRDC, 2015) was analysed as these have been
successfully used in other global studies (Do et al., 2017; Lee et al., 2015; Milly et al., 2018; Wasko et al.,
2020). Rainfall, snow fall, snow depth, snowmelt, and root zone soil moisture at the catchment outlet
were extracted from the Global Land Data Assimilation System (GLDAS) Version 2 (Rodell et al., 2004) for
the years 1948 to 2014. GLDAS forcings, including rainfall, are from the Global Meteorological Forcing
Dataset which combines a suite of observation-based datasets with reanalysis (Sheffield et al., 2006).
Hence the rainfall can be considered observed. As root zone soil moisture has been identified to be most
correlated with catchment flood response (Hill and Thomson, 2019) root zone soil moisture was used as
representative of the catchment soil moisture state. The model for soil moisture is a stationary
deterministic process and hence will not interfere with calculated trends (Wasko and Nathan, 2019). The
assumptions that outlet measurements are representative of catchment conditions, and that GLDAS is
representative of gauged observations, were verified using a high-quality (observed) catchment average

data set for Australia and are discussed in Section 4.3.
2.2 Event sampling

Events were selected on the basis of rainfall to ensure that the antecedent conditions are independent of
the flood response. For example, sampling events on the basis of flooding will bias antecedent conditions
towards wet catchment conditions. A rainfall event is identified if separated by one or more days of zero
rainfall with any rainfall below 1 mm assumed to be zero. The storm volume is the sum of the rainfalls
over the duration of the event, the peak rainfall is the maximum daily rainfall within the event, and the
antecedent moisture (or soil moisture) is the root zone soil moisture on the day before an event
commenced. The peak streamflow (or peak flow) is the maximum streamflow observed after the start of
the rainfall event to five days after the end of the rainfall event or before the next event. Baseflow was
removed from the streamflow using a recursive digital filter (Nathan and McMahon, 1990) meaning the
peak flow response is a function of the storm rainfall and soil moisture. The total number of events for
each station was equal to five times the record length, with only the largest rainfall events sampled. For
example, for a site with 50 years of record, the largest 250 events are sampled and subsequently analysed.
This approach ensures that exceedance percentiles are consistent between stations. To focus on the
impact of changes in soil moisture on the pluvial flood process we need ensure our data set is free of
snowmelt. Any event that has snow present in the precipitation, or is modelled to have snowmelt present,

is removed to ensure no mixing of flood mechanisms other than the interaction of rainfall and antecedent



141 moisture (Collins, 2019; Wasko et al., 2019). Flood drivers also vary with catchment size (Wasko and
142 Sharma, 2017a). For example, smaller catchments are less sensitive to changes in antecedent moisture
143 (Wasko and Nathan, 2019) with larger rainfalls (and hence floods) less likely to be influenced by soil
144 moisture storage (Ivancic and Shaw, 2015). As a result, we restrict our analysis to catchments less than
145 20 000 km?. We note that catchments smaller than 20 000 km? have a lag time between rainfall and
146 streamflow of less than five days ensuring the peak flow is captured and there is a more direct link with
147 between the rainfall and runoff. Increasing the maximum allowed lag time between the rainfall event and

148 peak flow did not materially change the results.
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Figure 1. Station locations and record length (a) Record length (b) Station locations relative to main

K6ppen climate classification (Beck et al., 2019).
2.3 Station selection

To reduce the impact of drought periods, stations in highly ephemeral or arid catchments where more
than 20% of events result in zero flow were omitted, as were stations with periods of zero flow greater
than three years. We restricted our analysis to sites with 30 years or more of active record. In total 2776
sites were analysed with median record length of 51 years (Figure 1a) with the majority of sites located in
temperate and cold Képpen climate zones across North America, Europe, Brazil, Oceania, and southern
Africa (Figure 1b). The median catchment area is 1 129 km? and 78% of sites have a catchment area less
than 5 000 km?. Hence the majority of catchments can be considered hydrologically small. For the readers’
interest the mean seasonality, calculated as a circular mean (Fisher, 1993; Wasko et al., 2020a) of the
chosen events is presented in Figure S1. In the southern hemisphere sampled events generally occur in
the month of peak rainfall seasonality — in the tropics the austral summer, and further south, the austral
winter. In the northern hemisphere events sampled events generally occur in the boreal summer. This
confirms the absence of snowmelt in the sample. We note the analysis was repeated restricting the data
range to a common period (1970-2000) and to only using the “pristine” GRDC stations (those largely free

of diversions and basin development) and the results were consistent with those presented here.
2.4 Calculation of Trend and Association with Flood Drivers

With the exception of the storm duration for which linear regression was used, trends for each of the peak
over threshold series (peak rainfall, storm volume, soil moisture, and peak flow) were calculated using
guantile regression (Hao and Naiman, 2007; Koenker, 2021; Koenker and Bassett, 1978). Quantile
regression was used as it allows investigation of trends in extreme percentiles. A quantile regression was
fitted between the independent response variable (y;) and the dependent variable, time (t), in the units
of days. Peak rainfall, storm volume, and peak flow were logarithmically transformed with the following

relationship fitted:
logio(:) = Bs” + BVt + € (1)

where 0 < g < 1is the quantile, €; is an error term with zero expectation, and i = 1.. m where m is the total
number of samples for the site location. The logarithmic transform was employed to obtain residuals with

zero expectation, where zero flows were set to the minimum recorded flow to allow for log
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transformation. Sensitivity tests showed that setting zero flows to the minimum on record had almost no

influence on calculated trends.

The regression coefficients 8, and 3; represent a constant and the linear change in the response variable
per unit change in time (t), respectively. A choice of g = 0.5 for the quantile (non-exceedance percentile)
corresponds to the median tendency between the dependent variable (t) and response (yi). Trends for
more extreme data quantiles were investigated using quantiles (g) above 0.5. The trend per decade
(A%/10Y) as a percentage was calculated using following transformation where n is the number of days

in 10 years:
A%/10Y = 100 - (10™1 — 1) (2)

Soil moisture did not require transformation of residuals and the trend per decade is reported as the slope
(B1) of the fitted regression multiplied by the number of days in 10 years. A notional ARI was assigned to

the rainfall quantile using the following equation (Stedinger et al., 1993):

0=1- 2] o

Where q is the non-exceedance percentile of interest, A is the average number of events per year, in this
case 5 (Section 2.2), and T, is the ARl in years. Finally, the association between the peak flow and the flood
drivers (peak rainfall, storm volume, and soil moisture) was calculated using a Pearson correlation

coefficient. The use of a rank-based Spearman correlation gave similar results.
3. Results
3.1 Association of the flood peak to event rainfall and soil moisture conditions

To assess the influence of antecedent soil moisture, peak rainfall, and storm volume on the peak flow we
present the correlation of peak flow with each of these streamflow drivers in Figure 2. For a sampling
frequency of five events per year the peak rainfall has a relatively low median correlation (0.12) with the
peak flow. The storm volume-peak flow median correlation is slightly higher (0.28), but the highest
correlation for the peak flow is with antecedent soil moisture (0.39). Peak rainfall, storm volume, and soil
moisture are hence all driving the resulting peak flow, but for frequent events, on average occurring five
times a year, the antecedent soil moisture is the primary driver of the flood response. Overall, the
correlations changed little when sampling frequency was varied from 1 to 10 events per year on average

(Figure S2).
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Figure 2. Correlation of peak flow with peak rainfall, storm volume, and soil moisture for each site. The

boxplot whiskers extend to data which is no more than 1.5 times the interquartile range.

To quantify the magnitude of the response to change in antecedent soil moisture and rainfall the variation
in peak flow resulting from different combinations of peak rainfall and soil moisture is presented in
Figure 3a. To aggregate between sites, at each station the events for each variable are divided by the
mean at that site with contours presenting a ‘heat map’ of antecedent soil moisture. Referring to Figure
3a, a relatively small rainfall leads to a small flow peak when the soil is dry (bottom-left). However, the
same relatively small rainfall can result in a large flow peak if the catchment is wet (top-left). Hence, for
the same rainfall magnitude differing catchment soil moisture before the rainfall can result in orders of
magnitude difference in the flow. If the rainfall is large, a large flow will result, regardless of the soil
moisture (top-right). This is because, the more extreme the rainfall event is, the less the modulating effect

of the antecedent soil moisture conditions. We note, the same relationship is observed for the storm
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volume (Figure 3b), whereby a small difference in the soil moisture can result in order of magnitude

differences in the peak flow for the same storm volume.
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Figure 3. Relationship of pluvial flood magnitude to magnitude of flood drivers (a) Surface of antecedent
soil moisture for all pairs of peak flow and peak rainfall (b) Surface of antecedent soil moisture for all
pairs of peak flow and storm volume. In panel (a, b) the peak flow, peak rainfall, storm volume, and soil
moisture (SM) are standardised at each site by the mean of all data at that site. Each pixel is the median
of all the data points falling in that pixel. Only pixels with more than 20 points are shown. A total of

712,385 events are used for each of the plots generated.
3.2 Trends in flood drivers

Trends in frequent flooding and its drivers (peak rainfall, storm volume, and soil moisture) are presented
in Figure 4 for the 50" and 95 percentile. We first focus on the results for 50" percentile in the left
column. There is an almost universal increase in peak rainfall for the 50™ percentile of sampled events
(top-left) in the order of 0-2% per decade (Figure 4). Storm volumes show very mixed trends. For the 50"
percentile storm volumes are decreasing across most of Europe, South Africa, and Australia, as well as
part of the west coast of the U.S. Increases are observed in the UK and over the east and mid-west of the

u.S.

On average, the 50 percentile antecedent soil moisture is decreasing (Figure 4). It needs to be noted that
this is distinct from annual mean soil moisture. Although trends in antecedent root zone soil moisture
exhibit a strong positive correlation of 0.78 with trends in annual mean soil moisture trends (not shown),

they will not necessarily correspond. For example, although Europe exhibits historical increases in mean

10
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soil moisture (Albergel et al., 2013), antecedent soil moisture for events devoid of snowmelt has been
decreasing. Here, the only regions that show increases in antecedent soil moisture are those that show
increases in storm volumes, that is, the mid-west of the U.S and the U.K. (Figure 4). These regions
correspond to regions that have also previously been identified as having increased flood magnitudes such
as the north east U.S. (Archfield et al., 2016) and northern Europe (Bldschl et al., 2019). The bottom-left
panel summarises the trends in the 50" percentile of peak flows and confirms trends presented in
previous regional studies (Merz et al., 2021; Wasko, 2021). Peak flow magnitude is trending negatively in
the south and western U.S., southern Europe, and the majority of the southern hemisphere. These regions
coincide well with the regions of drier antecedent soil moisture conditions and reductions in storm volume
presented in the panels above. The regions experiencing greater peak flow magnitudes generally
correspond to the regions of wetter antecedent moisture. It appears that for frequent events, trends in
the peak flow appear more linked to soil moisture with trends in peak flow bearing little resemblance to

the increasing extreme rainfalls.
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260 Figure 4. Trend in the 50" percentile (left column) and 95™ percentile (right column) of peak rainfall,
261 storm volume, soil moisture, and peak flow from sampled events. Blue represents a shift to wetter
262 conditions and red towards drier conditions. Each 5° X 3° grid cell is the median trend for all the
263 underlying stations. Only grid cells containing five or more stations are shown. Figure S3 presents
264 individual station trends.

265  The right column presents the trend in the 95" percentile of sampled events. Compared to the more
266  frequent events (left column) there are now strong increases in the magnitude of severe rainfall extremes
267 in the order of 4-6% per decade (top-right). Storm volume trends remain similar to the 50 percentile -

268  across Europe there is a slight drying trend and across the U.S. a slight wetting trend. Again, similar to the
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50t percentile, for the 95 percentile, soil moisture has been decreasing across Australia, parts of Brazil,
and southern Europe, with the only exception northern Europe, the east coast of the U.S, and northern
Australia. However, flood trends differ for the 95" percentile compared to the 50" percentile. In the
southern hemisphere the more severe events exhibit more positive trends in southern Africa, and less
negative trends in South America and southern Australia. Similarly, the peak flow trends in the south west
of the U.S. are less negative for these rarer events. Although peak flow trends do not follow peak rainfall
trends, the dependence on rainfall magnitude presented in Figure 3 appears in the trends presented in
Figure 4, with trends in more extreme events potentially less modulated by changes in soil moisture. The
relationship between the trend in the peak rainfall, storm volume, soil moisture, and peak flow and the

rarity of the event (percentile) is elucidated further in Section 3.4.
3.3 Trend in storm duration

The discrepancy between changes in the peak rainfall and storm volume requires further attention as one
would expect with increasing peak rainfall that storm volumes would also increase. The results presented
in Figure 4 where extreme peak rainfall is increasing but storm volume is not increasing point to a peakier
temporal pattern where, to compensate for the increasing trend in the peak rainfall, the remaining rainfall
in the storm is decreasing (Wasko and Sharma, 2015). A change to a peakier storm temporal pattern is
equivalent and consistent with a decreasing storm duration, hence it is prudent to investigate trends in

the storm duration.

The mean storm duration is presented in Figure 5a. The mean storm duration in the southern latitudes
varies generally between 2-4 days but increases to 4-5 days in the tropics (and longer in Brazil) consistent
with the prevalence of summer monsoonal rainfall. Across Europe, similar to the temperate climate of
Australia, average storm durations of 2-4 days have been sampled. But interestingly across the Midwest
of the U.S. shorter storm events indicate a prevalence of summer mesoscale convective weather systems

(Prein et al., 2017).
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Figure 5. Event duration (a) Mean duration of events sampled (b) Linear trend in event duration. Each 5°
X 3° grid cell is the median trend for all the underlying stations. Only grid cells containing five or more

stations are shown. Figure S4 presents individual station trends.

The trend in storm event duration is calculated using linear regression (Figure 5b). There is an almost
universal decrease in storm duration in the order of 0 to 0.2 days per decade across the globe. Some larger

decreases are observed over Brazil where the largest durations are observed, however overall, the picture
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is very consistent: the average decrease across stations analysed is approximately 0.1 day per decade.
Due to the skew of some longer events showing larger decreases, the median change is closer to -0.05
days per decade. Given that the majority of events sampled are well below 5 days in duration, this
represents a substantial decreasing trend in rainfall event duration. Using different thresholds for the
rainfall (above the 50, 80, and 90" percentile of rainfall at that station) and recalculating the trend in

the storm duration did not present any evidence of greater trends with increasing event magnitude.
3.4 Variability in flood peak, storm rainfall, and antecedent soil moisture trends

To understand at what level of rarity the dominant flood driver changes (antecedent soil moisture vs peak
rainfall), the median trend across all sites analysed for the peak rainfall, storm volume, and soil moisture
is presented against the non-exceedance percentile of sampled events (Figure 6). The percentile is
converted to a notional average recurrence interval in years using Equation 3 and is also presented in
Figure 6 for reference. The three panels present a repetition of the sampling described in Section 2.2
progressively restricting the sample to shorter maximum rainfall event durations. As presented in Figure
4 there is a strong, consistent positive trend in the peak rainfall that increases with event rarity, and this
trend is consistent across event durations (Figure 6). Assuming an increase in global temperature over
land of 0.2°C per decade, daily annual maxima increase at approximately the Clausius-Clapeyron rate of
6-7%/°C similar to previous studies (Guerreiro et al., 2018; Westra et al., 2013). Events rarer than this

however are increasing at a much greater rate that exceeds the Clausius-Clapeyron scaling rate.

Focusing on the left-most panel which presents results that do not restrict the event duration, storm
volumes show mixed trends and hence on average the trend is approximately zero. There is little evidence
for increasing peak flows, with a much larger variability in the streamflow response (wider confidence
intervals) relative to the peak rainfall trend. Despite increases in peak rainfall across all recurrence
intervals average peak flow is decreasing for frequent events. It is only for the more extreme rainfalls
above the 98" percentile, recurrence intervals rarer than approximately 10 to 20 years, the median peak
flow trend is positive. This points to more frequent flood magnitudes decreasing while rarer flood

magnitudes are increasing.

As we progressively reduce the duration of the storm event sample to events of seven days or less (centre
panel) and three days or less (right panel), the peak one-day rainfall becomes a greater fraction of the
total storm volume and an increasing trend in the storm volume emerges (Figure 6). The increasing trend

in the storm volume is stronger the rarer the event, as well as the shorter the storm duration. A pattern
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in the flood trends also emerges, whereby the peak flows are increasing in response to the increase in
storm volumes, but they do not exceed the storm volume increase due to the average decrease in
antecedent soil moisture. As the threshold of what was considered rainfall (here 1Imm) was increased, the
events being sampled become larger and more extreme, also resulting in increasing storm volumes in
response to the increasing extreme rainfalls. Despite increasing storm volumes for larger events, storm

durations continue to shorten (Section 3.3).
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Figure 6. Trend in peak flow and its drivers with increasing event rarity stratified on storm event
duration. Event durations are all events (left), events of duration seven days or less (middle), and events
of duration three days or less (right). The median trend across all sites is presented with shading
representing a 90% confidence interval around the median. Units for the x-axis are the non-exceedance
percentile of the sampled events, with a notional average recurrence interval (ARI) in years is also
shown. Units for the y-axis are % per decade (10Y) for peak rainfall, storm volume, and peak flow and

mm per decade for soil moisture.

3.4 Influence of climate region on trends in flood peak, storm rainfall, and antecedent soil moisture
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Figure 7. Median trend in peak flow and its drivers with increasing event rarity with climate zone. The

climate zone is labelled in the bottom right corner of each panel. Shading represents 90% confidence

intervals. Units for the x-axis are the non-exceedance percentile of the sampled events. Units for the y-

axis are % per decade (10Y) for peak rainfall, storm volume, and peak flow and mm per decade for soil

moisture. The number in the bottom left corner is the number of stations in each climate zone.
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Recognising that flood trends vary with region (Figure 4) we follow Slater et al. (2021) and aggregate
trends on Koppen climate zone (Beck et al., 2019). The trends with non-exceedance percentile for the
main climate zones (tropical, arid, temperate, and cold), using all events, are presented in Figure 7.
Consistent with the aggregated results (Figure 6) peak rainfall is increasing in each climate zone, with the
magnitude of the increase greater with increasing event rarity. Sites located in the tropics exhibit
increasing peak rainfall but decreasing storm volumes and antecedent soil moisture across all percentiles.
Peak flows do not exhibit increases even for the most extreme events. Sites located in arid zones also
exhibit increases in the peak rainfall, but this increase is smaller in magnitude than in tropical zones or the
aggregated sample median (Figure 6). There is little positive or negative trend in the storm volume or
antecedent soil moisture conditions and peak flows are decreasing for the common events. There is
evidence of increasing peak flows only for the most extreme flows but there is large uncertainty due to
the small sample size. The magnitude of the decrease in the peak flow for the more frequent non-

exceedance percentiles is greater in tropical and arid zones than in the temperate and cold zones.

As most of the sites are in temperate and cold climate zones (Figure 7) the results for these regions look
more similar to the results when the stations were aggregated (Figure 6). For both the temperate and cold
zones peak rainfalls are increasing and the magnitude of the increases is greater the more extreme the
event. For the temperate zone we see decreasing soil moisture and peak flows with increases only for
approximately the 98" percentile. This suggests the decrease in soil moisture has a strong influence on
events that are more common than the 98 percentile, and the increase in peak rainfall dominates above
the 98" percentile. In the cold zone the antecedent moisture on average is still decreasing but storm
volumes are on average increasing as are the peak rainfalls. However, the magnitude of the storm volume
increases does not increase with the event rarity as it does for peak rainfalls. The peak flow responds
similarly to these increases and is increasing across percentiles, but due to the drier antecedent soil

moisture conditions these increases still do not match the increase in the peak rainfall.

We further stratify these results restricting our sampling to storm durations less than or equal to three
days (Figure S5). In tropical and arid regions, despite increases in storm volumes, there is still little
evidence for increasing peak flows except for the rarest events. It is only in temperate and cold regions
that increasing peak flows are found across all percentiles for these shorter storm durations. This suggests
that the results in Figure 6, though showing a clear interaction between the antecedent soil moisture

conditions and peak flows, are heavily weighted by temperate climate stations (particularly from Europe).
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We can conclude that, irrespective of the storm duration, for colder regions of the world increases in

flooding are more likely than for warmer regions.

Trends are also calculated for the subregions presented in Figure S1 and are presented in Figure S6. The
two regions for Europe and one region for southern Africa are drawn directly from the International Panel
on Climate Change (IPCC) reports (Gudmundsson et al., 2019; Seneviratne et al.,, 2012) while the
remaining regions are aggregations of the IPCC regions. The subregion results (Figure S6) reflect the trends
aggregated by climate zone (Figure 7). Sites in Brazil are largely tropical, and arid in the south-west of the
US, and hence both regions exhibit the greatest decreases in peak flow; whereas the north-eastern US
and northern Europe are largely cold and antecedent soil moisture and peak flows are increasing. In
southern Europe increasing peak flows on average above the 95" percentile are commensurate with the
fact that studies using annual maxima find decreases in flood magnitude (Bloschl et al., 2019;
Gudmundsson et al., 2019; Mediero et al., 2014) but increases are projected for more extreme events
(Arnell and Gosling, 2016; Dankers et al., 2014; Hirabayashi et al., 2013). Southern Africa shows little
evidence of increasing trends in the peak flow for common events but for the rarest percentile studied

increases in the peak flow start to follow the increases in the peak rainfall.
4. Discussion
4.1 Influence of larger-scale atmospheric changes

Here the focus remains on changes in the antecedent soil moisture and storm rainfall as these changes
are the key drivers of changes in flooding (lvancic and Shaw, 2015; Neri et al., 2019; Wasko et al., 2021a).
Although changes in evapotranspiration are a secondary consideration due to the relatively short
timescales of flooding, they will nevertheless impact on the antecedent soil moisture conditions. For
example, increases in temperature can increase vapor pressure deficits (Denson et al., 2021) driving
greater evapotranspiration (Massmann et al., 2019) resulting in drier soils due to greater water scarcity
(Stephens et al., 2018). But higher terrestrial water storage resulting in wetter antecedent moisture
conditions is also possible as higher carbon dioxide concentrations result in reduced stomatal

conductance (Retallack and Conde, 2020; Swann et al., 2016).

Antecedent soil moisture conditions and storm rainfalls will also be affected by changes in large scale
circulation patterns. For example, changes in storm tracks and moisture transport impact extreme rainfall
events and antecedent soil moisture changing flood response (Shaw et al., 2016). The interannual

frequency and intensity of atmospheric rivers across the U.S. is linked to flood occurrence and these
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atmospheric rivers are also non-stationary (Steinschneider and Lall, 2015). The changes in flood hazard in
southern Africa have been tied to changes in the Namibia low-level jet (Tramblay et al., 2020). Across
Australia, where shifts in flooding are tied to antecedent soil moisture these changes to antecedent
moisture are highly correlated to changes in the mean rainfall due to Hadley Cell expanding poleward

(Mathew and Kumar, 2019; Wasko et al., 2020b; Wasko and Nathan, 2019).
4.2 Changes in extreme rainfalls

It is generally expected with climate change there will be a shift to shorter more intense rainfall bursts
occurring with less frequency and hence longer dry periods between events (Chang et al., 2016). It is worth
observing that the decreasing trend in storm volume across the southern hemisphere is consistent with
decreasing mean annual rainfalls outside of the tropics (Beck et al., 2019). In addition, in parts of the U.S.
where the reverse is true, increases in the storm size and depth in response to higher temperatures have
been observed in convective-permitting models (Prein et al., 2017). The greater increase to peak rainfalls
than storm volumes is consistent with a shift to less uniform rainfall distributions as a result of higher
temperatures (Wasko and Sharma, 2015) and a greater frequency of convective rainfall events (Berg et

al., 2013; Molnar et al., 2015).

It is expected that the magnitude of extreme rainfall events will increase with higher temperatures due
to the moisture holding capacity of the atmosphere increasing (Allan et al., 2020; Trenberth, 1999). This
is generally approximated to a rate of increase of 6-7%/°C. The increases in peak rainfalls presented here
for events similar in rarity to annual maxima are consistent with the increase expected due to increases
in the moisture holding capacity of the atmosphere. It is expected that extremes that are greater than this
may increase at an even greater rate due to latent heat releases which further invigorate the storm
strength (Lenderink and van Meijgaard, 2008; Pendergrass, 2018) and will be coupled with the increase
in the frequency of extreme rainfall events (Papalexiou and Montanari, 2019). The increases observed in
rare quantile peak rainfalls here appear to be in line with the largest increases simulated in climate models
(Pendergrass, 2018) and are similar to increases simulated in continuous simulation projections of rainfall

to higher temperatures (Wasko and Sharma, 2017b).
4.3 Assumptions and limitations

To prevent confounding of trends due to a mixing of flood mechanisms snowmelt was omitted (Collins,
2019; Stein et al., 2020; Wasko et al., 2019). It is important to note that as rising temperatures are

expected to cause precipitation to fall preferentially as rain (Trenberth, 2011) and cause flood processes
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to be more rainfall dominant (Chegwidden et al., 2020; Vormoor et al., 2016), it can be expected that the
results presented here will only become more relevant as temperatures increase further. Even as
snowpack decreases with increased temperatures, this will be offset by the increases in rainfall driven and

rain-on-snow flood events (Davenport et al., 2020).

The results presented here assume that trends in point estimates of variables are representative of
catchment averages and GLDAS is representative of gauged rainfall and soil moisture observations. Trends
calculated using high-quality Australian streamflow data recommended for climate change studies
matched to observed catchment average rainfall and modelled soil moisture (Wasko and Nathan, 2019)
are similar to the trends using outlet data from GLDAS (Figure S7). The magnitude of the peak rainfall
increases are almost identical. We cannot expect the peak flow trends to match exactly as the two studies
use different station samples, but the close agreement between results suggest that trends in point
estimates of variables from GLDAS are representative of observed catchment averages for small
catchments. Although not shown here, repeating the analysis presented in Wasko and Nathan (2019) on
the identical catchment sample (Zhang et al., 2016) using catchment outlet data from GLDAS found very
similar correlations between trends in peak flow with both soil moisture and peak rainfall trends (albeit

with different magnitudes) providing confidence in the adopted methodology.

Every effort was made to ensure the results presented here are able to be generalised across regions.
Truly global reanalysis data sets are becoming available (Yang et al.,, 2021) as well as continental
observations across regions such as northern and central Africa (Tramblay et al., 2021a) which were not
well represented here. However, we note that the analysis performed here requires streamflow time
series and many published data sets only publish flow indices (e.g. Do et al., 2018; Tramblay et al., 2021).
To the best of the authors’ knowledge no studies have been undertaken on the impact of changes in
antecedent conditions on flooding outside the regions studied here. It is noted however that the
seasonality of annual maxima flooding in Africa is more associated with soil moisture than rainfall
(Tramblay et al., 2021b), and this is consistent with the finding here that frequent flood magnitude is
modulated by soil moisture changes. Across the Eastern Monsoon Region of China floods with return
periods greater than 10 years are generated by extreme rainfall (Yang et al., 2020). The fact that the
dominant flood causing mechanism across the world is generally saturation excess for annual maxima
(Stein et al., 2020) points to the modulating effect of soil moisture on these more frequent floods that
occur on average once per year and those rarer floods, that occur less frequently than once every ten

years, being rainfall driven (Wasko and Nathan, 2019).

21



472
473
474
475
476
477
478
479
480

481

482
483
484
485
486
487
488
489
490
491
492
493
494

495
496
497
498
499
500
501
502

Finally, it needs to be noted that percentage changes in flow do not have to match percentage changes in
rainfalls as some of the storm rainfall is removed in the conversion to streamflow due to absorption to
the soil and transmission losses. However, the fact that the percentage changes in flow are less than the
percentage in rainfall does conclusively point to the influence of changes in soil moisture on the flood
peak (Wasko, 2021). Although one should be careful about conflating temporal trends with temperature
sensitivities, it is encouraging that the results presented here are consistent with peak flow temperature
sensitivities, where, using catchment outlet data, it was found that although rainfall increased with
increasing rarity, streamflow only had a positive association with temperature above the 99" percentile

(Wasko and Sharma, 2017a).
5. Conclusions

In this manuscript we investigated trends in flood magnitude in response to extreme rainfall, with a focus
on the antecedent conditions driving the flood event. Where previous studies have focused on either
mean changes in soil moisture (Albergel et al., 2013; Feng and Zhang, 2015) or antecedent precipitation
(Woldemeskel and Sharma, 2016) this study presents an analysis of the soil moisture prior to the onset of
flooding. We also used quantile regression to extrapolate past the commonly studied annual maxima. In
engineering applications annual maxima are generally termed minor flooding and may be used for design
of minor infrastructure such as domestic stormwater drainage, but most infrastructure is designed to
withstand major flooding arising from events approaching, or exceeding, the 100-year recurrence interval.
Here we find that the processes driving changes in flooding for rarer recurrence intervals are different to
those driving change to frequent events. Hence, the trends presented in previous manuscripts studying
annual maxima may not be materially relevant to engineering design. Moreover, factoring only peak
rainfall intensities for estimating future flood risk may not be sufficient due to the influence of changing

storm patterns and antecedent soil moisture conditions (Wasko et al., 2021c).

We found that, across many regions in the world, in the absence of snowmelt, changes in flood magnitude
do not follow increases in peak rainfalls. Storm durations are decreasing, with more frequent extreme
rainfalls increasing at a rate similar to increases in the moisture holding capacity of the atmosphere and
rarer events exhibiting an even greater increase. In contrast, storm volumes show little consistent trend,
varying with region and duration. For frequent events, soil moisture drying is often sufficient to outweigh
increases in extreme rainfall resulting in decreased flood magnitude. However, the impact of soil moisture
changes decreases with increasing event rarity, meaning for rarer events, flood magnitudes are increasing

in response to increasing extreme rainfalls. These results suggest climate change is increasing major
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flooding, and hence increasing the risk of flood damage to infrastructure, while also decreasing the minor

flooding responsible for filling water supplies, particularly in tropical and arid regions of the world.
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