W) Check for updates

Wasko Conrad (Orcid ID: 0000-0002-9166-8289)
Sharma Ashish (Orcid ID: 0000-0002-6758-0519)

Atmospheric moisture measurements explain increases in tropical rainfall

extremes

Thomas P. Roderick®, Conrad Wasko?, and Ashish Sharma®

!School of Civil and Environmental Engineering, University of New South Wales, Sydney,

Australia.
Department of Infrastructure Engineering, University of Melbourne, Melbourne, Australia.

Corresponding Author: Ashish Sharma (fu)

Key Points
1. Negative scaling in the tropics can be explained by the limitation of temperature due

to evaporation.

2. Extreme rainfall is found to scale consistently with integrated water vapour regardless
of location.

3. Global warming can be expected to bring higher extreme rainfall events in all

locations, including the tropics.
Plain Language Summary

Rainfall scaling studies have been used to understand how we can expect extreme rainfall
intensities to change under a warming global climate. Previous studies have consistently
found negative scaling in the tropics which contradicts the expectations that higher
temperatures will result in more extreme rainfall and greater flood risk. This study shows that
the negative scaling rates calculated in previous research may be caused by a limitation of
temperature especially in climates with a surplus of moisture. It is reasoned that when
moisture is available, excess heat results in more evaporation as opposed to an increased air

temperature, forcing temperature to remain below a nominal upper limit. The study was
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performed using satellite data for integrated water vapour to give an accurate relationship
between extreme rainfall and atmospheric moisture, as well as between surface air

temperature and atmospheric moisture.
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Abstract

Anthropogenic climate change is increasing extreme rainfall as a result of increased water
holding capacity of the atmosphere due to higher temperatures. However, the observed
rainfall-temperature scaling relationships often differ from the theorised increases in moisture
holding capacity. This discrepancy is most evident in tropics, where higher surface
temperatures show a marked decrease in extreme rainfall intensity despite observed increases

in extreme rainfall.

Here, we use atmospheric moisture measurements from NASA’s Atmospheric Infrared
Sounder (AIRS) with surface measurements to investigate the tropical rainfall-temperature
scaling relationship. We show rainfall intensity scales positively with integrated water vapour
in all regions. Further, integrated water vapour does not consistently scale positively with
surface air temperature and its dependence on background temperature offers a physical
explanation for the apparent negative scaling. We conclude the inconsistent relationship
between surface air temperature and moisture is the reason for the ‘apparent’ negative scaling

consistently found in the tropics.
1. Introduction

It is generally accepted that as our climate warms, extreme rainfalls will intensify (Craig,
2010). Such predictions are based on the physical reasoning that the atmospheric moisture
holding capacity will increase at an exponential rate as governed by the Clausius

(C -(rewebatitn et al., 2003). Due to this thermodynamic relationship between
moisture and temperature, temperature has been used to infer how rainfall extremes may
change with increasing temperatures (Agilan & Umamahesh, 2017; Allen & Ingram, 2002;
Lenderink & Attema, 2015). With observational measurements of temperature and rainfall
intensity, the observed rainfall can be paired with the concurrent temperature to calculate an
observed scaling rate. This scaling represents a percentage increase in rainfall per degree
increase in temperature and circumvents the need for extensive historical records. However,
the observed scaling rate often differs from the exponential rate governed by the C

relation.
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Global studies using historical observations have consistently found that extreme rainfall
decreases with near surface air temperature in the tropics and warmer climatic regions
(Maeda et al., 2012; Utsumi et al., 2011; Wasko et al., 2016). These results are usually termed
so-called ‘negative scaling rates’, meaning that extreme rainfall decreased with higher near-
surface air temperature. Negative scaling rates challenge the notion that extreme rainfall will
increase as near surface air temperature increases and contradict observational studies which
have shown increased tropical precipitation extremes (O’Gorman, 2015). It is of interest to
understand whether the extreme negative scaling observed for stream flows (more negative
than that for precipitation) in the tropics could be a result of the use of an improper covariate
(Sharma et al., 2018).

A unifying reason for why this negative scaling is observed has not yet been established. For
example, the reversal from positive to negative in scaling above 26 degrees Celsius has been
suggested to result from limited moisture availability (Hardwick Jones et al., 2010). This
switch at high temperatures appears to be consistent in both the tropics and non-tropics
(Wang et al., 2017). It has also been theorised that negative scaling is an outcome of the
correlation between reduced rainfall and increased sunshine. The increased sunshine heats the
surface soil, resulting in warmer surface air temperatures (Trenberth & Shea, 2005). The
negative scaling is suggested to be the result of arid surface conditions (Drobinski et al.,
2016). Surface air temperature was found to be a poor correlator of the atmospheric
temperature of condensation. This disjoint is inflated in arid conditions and thus contributes

to the lower rainfall intensity found at higher surface air temperature (Drobinski et al., 2016).

Others have suggested that the local cooling associated with the rainfall event is the cause of
the negative scaling (Bao et al., 2017). It is shown that this local cooling effect is particularly
pronounced in warmer climates as colder climates have typically more background variably
in temperature. This ‘cooling effect’ has been mitigated by using the atmospheric temperature
at 850hPa pressure from reanalysis products in place of the surface air temperature (Ali &
Mishra, 2017), though the ‘cooling effect’ of rainfall events causing the apparent negative
scaling has been refuted (Barbero et al., 2018). As the mechanism behind this switch in

scaling relationship is not fully understood, alternatively, dew point temperature (DPT) has
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been used as a measure of the moisture of the atmosphere. This, to an extent, circumvents the
inconsistent results obtained by scaling precipitation intensity with surface temperature with
more positive scaling results obtained (Ali et al., 2018; Lenderink et al., 2011; Lenderink &
Van Meijgaard, 2010; Panthou et al., 2014;Wasko et al., 2018).

A gridded observational study covering the European land mass demonstrated that the scaling
rate of extreme daily precipitation with daily temperature is positive in winter, and negative in
summer (Berg et al., 2009). Sub-daily data has been used to show that the negative scaling
found at higher temperatures to be a result of shorter storm durations, but not a decreased
intensity during those storms (Utsumi et al., 2011). Further it was found that embedded short
duration storm bursts within longer storm durations will result in negative scaling (Wasko et
al., 2015). Although the observed positive scaling rates have links to the increases in extreme
rainfall (Westra et al., 2013), overall, the observed negative scaling in the tropics is in
contrast to research that has found extreme rainfall to be robustly increasing in all regions
across the world over the previous six decades (Donat et al., 2016), and a resulting increased
flood risk (Hettiarachchi et al., 2017).

Rainfall scaling studies however may also identify scaling rates above C-C. For example,
using a 99-year record of observations from a study site in the Netherlands, using sub-daily
rainfall data retrieved at hourly intervals, a ‘super’ C-C scaling (above ~7%/°C) was
observed. Multiple factors have been proposed to explain deviations in scaling rate above
7%/°C, such as storm intensification due to latent heat release (Lenderink & Van Meijgaard,
2008; Trenberth et al., 2003), or, a proportional shift to convective storm systems (Haerter &
Berg, 2009). Also, a shift in rain type to increasingly convective storms at higher
temperatures has been suggested, thus altering the expected scaling relationship (Berg et al.,
2013).

Previous research on rainfall scaling has largely relied on ground observational data, climate
models or reanalysis datasets to study extreme rainfall introducing possible artefacts in the
scaling relationship. In this paper we retrieve the Atmospheric Infrared Sounder (AIRS)
satellite data (Aumann et al., 2003; Susskind et al., 2014; Tobin et al., 2006) to obtain
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observational recordings for atmospheric moisture content. The AIRS satellite provides the
unique opportunity, for the first time, to analyse observational atmospheric climate data to
further our understanding of negative scaling. Previous research has relied on assumptions
regarding the relationship between surface air temperature and the moisture holding capacity

of the atmosphere to predict extreme rainfall.

The relationship between atmospheric water vapour and rainfall intensity has been previously
examined to find a ‘peak’ relationship. Atmospheric radiation measurements have been
analysed to show a dependence of rainfall on Integrated Water Vapour (IWV) (Neelin et al.,
2009; Schiro et al., 2016). Other rainfall parameters were shown to increase with IWV such
as mean cluster size and radius of gyration of the rainfall event (Peters et al., 2009) which

supports the overall influence of IWV on rainfall.

In this paper, we directly investigate the relationship between Surface Air Temperature (SAT)
and WV, as well as the relationship between IWV and rainfall using observational
measurements. Ultimately, this paper seeks to answer the question: Why do tropical extreme

rainfalls scale negatively with higher temperatures?

2. Data and Methods

The Atmospheric Infrared Sounder (AIRS) satellite data (Version 6) provides a global
coverage for both temperature and moisture. AIRS Data is publicly available for academic
research  at  National  Aeronautics and  Space  Administration  (NASA),
http://acdisc.gsfc.nasa.gov/opendap/Aqua_AIRS_Level3/. Moisture levels are recorded at 100
different pressure levels in the vertical air column. This has been combined into a Total Air
Moisture, or Integrated Water Vapour (IWV) value for each grid square with units kg/m% The
spatial coverage is a 1-degree by 1-degree grid over the earth’s surface. The satellite does two
daily pole-to-pole passes at 1:30 and 13:30 local solar time, each day (Aumann et al., 2003;
Susskind et al., 2014; Tobin et al., 2006) The AIRS data achieves 1K root mean squared
errors in 1km layers below 100 hPa for temperature and 10% root mean squared errors for
moisture concentration. Temperature and moisture observations agree with radiosonde

measurements (Divakarla et al., 2006).
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Each of the 109 ground weather stations used in this study are matched with the 1-degree
latitude by 1-degree longitude grid square in which it resides with respect to the AIRS data.
The two daily recordings of the AIRS data correspond to the two daily orbits of the AIRS
satellite. The mean daily IWV is calculated as the average of the two swathes. This results in
a database with corresponding average daily temperature, daily rainfall and average daily
IWV.

This data is combined with daily surface rainfall and SAT data from the Australian Bureau of
Meteorology weather stations. The weather station data retrieved was restricted to stations
containing rainfall and temperature observations from 2002 to 2015 to match the AIRS data.
Weather station data was required to contain over 97% of records flagged for acceptable
quality control. This totalled 109 individual weather stations from mainland Australia. Our
use of Australian data allows us quality data from a large variety of climates. This includes
tropical, warmer regions in the north, temperate regions to the south and east, and arid, desert
regions in central Australia. Station rainfall measurements are taken daily at 9:00 am. This
value represents the rainfall that occurred at the station in the 24 hours preceding the
measurement. Similarly, the daily average SAT is used. This has been calculated by
averaging the maximum and minimum daily surface temperatures that occurred in the 24

hours preceding the 9:00 am measurement.

Quantile regression is used to assess the scaling relationships between climate variables
(Wasko & Sharma, 2014). Quantile regression provides a statistical method to calculate the
scaling rate that is unbiased to sample size. Quantile regression differs from linear regression
as it minimizes the absolute deviation of the errors with a weighting of p for under prediction
and (1 —p) for over prediction. The following description of quantile regression follows
(Hao & Naiman, 2007):

Consider a set of data pairs (x;,y;) fori = 1,..,n where x; represents SAT observations and

y; gives rainfall. The quantile regression can be expressed as:

y; = ép)_l_ ﬁl(p)xi+e(p)

i
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where 0 < p < 1 is the quantile and ¢; is an error term with zero expectation. The parameters

2

o~ and ﬂl(p) are chosen to minimize a cost function D, defined as:

D) =p > = AP - BPxl+ A=) Y lyi— AP - Bl

Yi zﬁé”)+ ﬁfp)xi Yi <ﬁ5p)+ ﬁfp)xi
For this study the slope of the scaling relationship will be given by ,81(”). For rainfall, we have
taken the log of the daily measurements in mm (Lenderink & Van Meijgaard, 2010). The

. ®) : . :
slope ,Bl(p)ls transformed 100 X (e[”lp — 1) to give the scaling rate as a % increase/decrease
per degree Celsius when scaling rainfall against temperature. This methodology is also used
to calculate a scaling between IWV and rainfall intensity as well as IWV and SAT.
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3. Results
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Figure 1. 90™ percentile scaling of Rainfall against both SAT and IWV for Mildura Airport and
Darwin Airport. a) Rainfall Intensity against SAT for Mildura Airport (%/°C). b) Rainfall Intensity
against SAT for Darwin Airport (%/°C). ¢) Rainfall Intensity against IWV for Mildura Airport
(%/kgm?). d) Rainfall Intensity against IWV for Darwin Airport (%/kgm?).

The scaling relationship between extreme rainfall intensity, SAT and IWV at two locations,
one tropical (Darwin Airport, Stn:014015, Latitude: -12.4239°, Longitude: 130.8925°) and
one non-tropical (Mildura Airport, Stn:076031, Latitude: -34.2358°, Longitude: 142.0867°)

This article is protected by copyright. All rights reserved.



are shown in Figure 1. Each plotted point represents a paired observation of daily rainfall
volume and the corresponding daily averaged temperature. The red line shown in Figure 1
represents the calculated scaling rate. The Mildura Airport scaling for the 90™ percentile
between rainfall and SAT (Figure 1a) displays the typical expected positive relationship with
a rate of 11.73%/°C increase in extreme rainfall intensity with each degree increase in
temperature. However, at Darwin Airport (Figure 1b) the relationship is strongly negative (-
44.14%/°C). This highlights the sharp decrease in extreme rainfall intensity with increasing
temperatures we observe in tropical regions, which is in contrast to the observed increases in
precipitation extremes in tropics.

Table 1. Percentage increase in mean yearly maximum daily rainfall from 1950-1980 to 1981-2014

for Mildura and Darwin Airport. Only days with rainfall exceeding 1 mm are considered for this
analysis.

LOCATION 1950 - 1980 1981 - 2014 INCREASE
MILDURA AIRPORT | 35.6 mm 38.9 mm 9.36 %
DARWIN AIRPORT 121.1 mm 144.9 mm 19.71 %

To highlight this, present extreme rainfall trends over time (Table 1). We find the yearly
maximum rainfall intensity to be increasing in both Darwin and Mildura, consistent with
previous research (Guerreiro et al., 2018). From the period 1950-1980 to the period 1981-
2014, rainfall extremes increase at both locations. In our globally warming climate, such
increases in rainfall extremes are observed in both the tropics and non-tropics (Donat et al.,
2016). This opposes the relationship shown by scaling rainfall intensity against SAT, as, if it
was to be used for prediction, a decrease in extreme precipitation intensity would result with

higher temperatures.

To overcome the inconsistency of using SAT as a scaling covariate we have scaled rainfall
intensity against IWV, derived using AIRS retrievals (Figure 1c, Figure 1d). The scaling
ascertained for the 90™ percentile (similar to the SAT results earlier) shows a positive scaling

rate for both weather stations. Mildura Airport rainfall intensity scaled against IWV at a rate
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of 8.34%/kgm™. Darwin airport had a similarly positive rate of 4.24%/kgm™. It appears
consistent that increased IWV results in higher extreme rainfall intensities across both
locations of vastly varying climates. This is expected as a higher volume of integrated water

vapor is intuitively a strong factor in the formation of extreme rainfall events.
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Figure 2. 90" percentile scaling of Rainfall, SAT and IWV for 109 weather stations in Australia from
2002 to 2015. a) Rainfall Scaling against SAT (%/°C). b) Rainfall Scaling against IWV (%/kgm™). c)
IWV scaling against SAT (kgm™/°C). d) IWV scaling against SAT for daily SAT above 28°C (kgm’
?/°C) focused on tropical regions. Only days with rainfall exceeding 1 mm are considered. 100 wet

days required for scaling rate to be shown in panel (d).

The 90™ percentile scaling relationship between daily rainfall intensity and daily average SAT
(Figure 2a) shows great variability over the 109 Australian weather stations. The magnitude
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of the sphere indicates the scaling rate and the colour gives the sign (positive or negative).
The relationship between extreme rainfall and SAT is found to be in general agreement with
previous studies (Wasko et al., 2016). Typically, a positive scaling rate has been observed in
the colder subtropical regions and a negative scaling rate in hotter tropical regions. There is
considerable variability in this plot, and the results are not consistent with the expected
increase in rainfall extremes, thus not providing a reliable indication of the expected rainfall

intensities with rising SAT.

The plot of rainfall intensity against IWV (Figure 2b) shows the relatively constant positive
relationship between rainfall intensity and IWV. This relationship appears robust and
independent of spatial location or local climatic temperature. It is also robust across arid,
central location and the wetter coastal regions. This relationship appears consistent across
Australia and confirms that a higher IWV is required for extreme rainfall to occur. The theory
proposed to explain rainfall scaling outlines that higher SAT increases the moisture holding
capacity of the atmosphere and will therefore result in an increased rainfall intensity (Soden
& Held, 2006). In Figure 2b, Rainfall vs IWV shows atmospheric moisture and rainfall to
scale positively in all locations, thus we can conclude that negative scaling observed in the

tropics is likely a result of the relationship between SAT and atmospheric moisture.

IWV scales generally positively against SAT (Figure 2c) for the 90™ percentile in the 109
weather stations analysed. However, a negative scaling rate with SAT is found for some
stations located in northern Australia. For the negative scaling stations, a higher SAT
corresponds to a lower IWV. When the scaling IWV against SAT s restricted to the days
above 28 degrees Celsius (Figure 2d), we find a definite switch in the scaling relationship.
This is evidence to where the relationship between extreme rainfall intensity and SAT breaks
down. Figure 2d shows that at higher temperatures (>28 °C), an increase in SAT does not
correspond to an increase in IWV, demonstrating that using SAT is responsible for negative
scaling has been found across the tropics in past studies. Results for scaling against the 99"
and 99.9™ percentiles were found to be in general agreement with the 90™ percentile scaling
providing a broad analysis of extreme events. Extreme rainfall intensity is evidently an

outcome of an increased IWV. At higher SAT’s we observe a marked decrease in IWV, thus
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a decrease in overall precipitation. This physical relationship results in the apparent negative

scaling found when scaling extreme rainfall against SAT in the tropics.

4. Discussion and Conclusions

SAT has been plotted against IWV in Figure 3 for all stations over the 13-year period. At
lower temperatures, IWV capacity rises with SAT. However, for higher SAT, there is no
longer an increase in IWV. This is congruent with the negative scaling shown in Figure 2d.
There appears to be a limitation to the SAT and IWV relationship in warmer climates, thus

creating the negative scaling observed between temperature and IWV for SAT’s above 28 °C.
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Figure 3. Scatter plot of IWV (kg/m2) against SAT (°C) for all 109 weather stations from 2002 to
2015.

As extreme rainfall is strongly correlated with increased IWV (Figure 2b) we can conclude
that high temperature days have lower IWV and therefore less extreme rainfall. This
reduction in rainfall intensity at higher temperatures results in the negative scaling rates found
in warmer climates between temperature and rainfall consistent with previous studies
(Hardwick Jones et al., 2010) which suggest that the negative scaling occurs above a specific

temperature threshold.

This relationship between SAT and IWV can be explained by the limitations of temperature
by evaporation in hot climates (Priestley, 1965). Priestley introduces the notion that
temperature is limited in warmer climates by the balance of latent and sensible heat. When
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surface moisture is available, and SAT is elevated, temperature will remain relatively
constant and additional heat will result in increased evaporation. Extreme temperature days
are a result of insufficient surface moisture; therefore, additional radiation on very hot days is
converted to sensible (and not latent) heat (Yin et al., 2014). This clarifies why higher
temperature days often have lower IWV as there is insufficient surface moisture available for
evaporation and thus less moisture in the air. The reduced IWV then leads to lower extreme
precipitation and thus results in observational data of low rainfall on higher temperature days.
This creates the apparent negative scaling found at higher temperatures. Our hypothesis aligns
with Drobinski, who has attributed the negative scaling found at higher temperatures to be a

result of arid surface conditions (Drobinski et al., 2016).

SAT does not appear to be a suitable surrogate for the prediction of future rainfall intensity as
it opposes the observed increases in rainfall in the tropics (Bao et al., 2017; Donat et al.,
2016). Several variables such as atmospheric temperature and dew point temperature have
been considered and while performing better then SAT do not give a robust relationship to
model future extreme rainfall (Ali & Mishra, 2017; Barbero et al., 2018). A new variable for
future expected scaling should be investigated to forecast increasing rainfall intensities into

the future. This covariate should follow a predictable relationship with rainfall intensity.

In this study, satellite measured atmospheric moisture was analysed to find that WV
increases with higher SAT, contrasting with the accepted observation that rainfall does not
increase with SAT. The analysis here suggest that the negative scaling rates found in
preceding research could be an outcome of the limitations of temperature in climates with a
surplus of moisture (Priestley, 1965) and not reflective of future rainfall. Anthropogenic
climate change will likely increase latent heat in the tropics, resulting in increased air

moisture and thus increased extreme rainfall intensity.

Acknowledgements

Conrad Wasko acknowledges funding from the University of Melbourne McKenzie

Fellowship scheme. This research was partially supported by the Australian Research

This article is protected by copyright. All rights reserved.



Council. The authors thank Ditiro Moalafhi for assistance with AIRS data. Michael Roderick

provided guidance and academic mentoring during the research and preparation of the paper.

Surface rainfall and temperature data can be obtained from the Australian Bureau of
Meteorology and can be found at www.bom.gov.au/climate/data/stations/. The AIRS data can
be obtained from the NASA Goddard Earth Sciences Data Information and Services Center
(GESDISC) and can be found at https://airs.jpl.nasa.gov/data/get_data

This article is protected by copyright. All rights reserved.



References

Agilan, V., & Umamahesh, N. V. (2017). What are the best covariates for developing non-
stationary rainfall Intensity-Duration-Frequency relationship? Advances in Water
Resources, 101, 11-22. https://doi.org/10.1016/j.advwatres.2016.12.016

Ali, H., & Mishra, V. (2017). Contrasting response of rainfall extremes to increase in surface
air and dewpoint temperatures at urban locations in India. Scientific Reports, 7(1), 1-15.
https://doi.org/10.1038/s41598-017-01306-1

Ali, H., Fowler, H. J., & Mishra, V. (2018). Global Observational Evidence of Strong
Linkage Between Dew Point Temperature and Precipitation Extremes. Geophysical
Research Letters, 1-11. https://doi.org/10.1029/2018GL080557

Allen, M. R., & Ingram, W. J. (2002). Constraints on future changes in climate and the
hydrologic cycle. Nature, 419(6903). https://doi.org/10.1038/nature01092

Aumann, H. H., Chahine, M. T., Gautier, C., Goldberg, M. D., Kalnay, E., Mcmillin, L. M.,
et al. (2003). AIRS / AMSU / HSB on the Agua Mission 1: Design , S«
Data Products , and Processing Systems. Processing, 41(2), 253-264.

Bao, J., Sherwood, S. C., Alexander, L. V., & Evans, J. P. (2017). Future increases in extreme
precipitation exceed observed scaling rates. Nature Climate Change, 7(2), 128-132.
https://doi.org/10.1038/nclimate3201

Barbero, R., Westra, S., Lenderink, G., & Fowler, H. J. (2018). Temperature-extreme
precipitation scaling: a two-way causality? International Journal of Climatology,
38(December 2017), e1274—e1279. https://doi.org/10.1002/joc.5370

Berg, P., Haerter, J. O., Thejll, P., Piani, C., Hagemann, S., & Christensen, J. H. (2009).
Seasonal characteristics of the relationship between daily precipitation intensity and
surface temperature. Journal of Geophysical Research Atmospheres, 114(18), 1-9.
https://doi.org/10.1029/2009JD012008

Berg, P., Moseley, C., & Haerter, J. O. (2013). Strong increase in convective precipitation in

This article is protected by copyright. All rights reserved.



response to  higher temperatures. Nature Geoscience, 6(3), 181-185.
https://doi.org/10.1038/nge01731

Craig, R. K. (2010). " STATIONARITY IS DEAD " ~ — LONG LIVE
TRANSFORMATION 1 FIVE
ADAPTATION LAW A . An Introduction to Climate Change Adaptation and Its B .

The Need to Turn Legal Attention to Climate Change ///. Five Principles for Glimate

Ghan. Harvard Environmental Law Review, 34(1), 9-73.

Divakarla, M. G., Barnet, C. D., Goldberg, M. D., McMillin, L. M., Maddy, E., Wolf, W., et
al. (2006). Validation of Atmospheric Infrared Sounder temperature and water vapor
retrievals with matched radiosonde measurements and forecasts. Journal of Geophysical
Research Atmospheres, 111(9), 1-20. https://doi.org/10.1029/2005JD006116

Donat, M. G., Lowry, A. L., Alexander, L. V., O’Gorman, P. A., & Maher, N. (2016). More
extreme precipitation in the worlda €™ s dry and wet regions. Nature Climate Change,
6(5), 508-513. https://doi.org/10.1038/nclimate2941

Drobinski, P., Alonzo, B., Bastin, S., Da Silva, N., & Muller, C. (2016). Scaling of
precipitation extremes with temperature in the French Mediterranean region: What
explains the hook shape? Journal of Geophysical Research, 121(7), 3100-3119.
https://doi.org/10.1002/2015JD023497

Guerreiro, S. B., Fowler, H. J., Barbero, R., Westra, S., Lenderink, G., Blenkinsop, S., et al.
(2018). Detection of continental-scale intensification of hourly rainfall extremes. Nature
Climate Change, 8(September), 803-808. https://doi.org/10.1038/s41558-018-0245-3

Haerter, J. O., & Berg, P. (2009). Unexpected rise in extreme precipitation caused by a shift
in rain type? Nature Geoscience, 2(6), 372-373. https://doi.org/10.1038/nge0523

Hao, L., & Naiman, D. (2007). Quantile Regression. 2455 Teller Road, Thousand Oaks
California 91320 United States of America: SAGE Publications, Inc.
https://doi.org/10.4135/9781412985550

This article is protected by copyright. All rights reserved.



Hardwick Jones, R., Westra, S., & Sharma, A. (2010). Observed relationships between
extreme sub-daily precipitation, surface temperature, and relative humidity. Geophysical
Research Letters, 37(22), 1-5. https://doi.org/10.1029/2010GL045081

Hettiarachchi, S., Wasko, C., & Sharma, A. (2017). Increase in urban flood risk resulting
from climate change &amp;amp;ndash; The role of storm temporal patterns. Hydrology
and Earth System Sciences Discussions, 1-28. https://doi.org/10.5194/hess-2017-352

Lenderink, G., & Attema, J. (2015). A simple scaling approach to produce climate scenarios
of local precipitation extremes for the Netherlands. Environmental Research Letters,
10(8), 85001. https://doi.org/10.1088/1748-9326/10/8/085001

Lenderink, G., & Van Meijgaard, E. (2008). Increase in hourly precipitation extremes beyond
expectations from temperature changes. Nature Geoscience, 1(8), 511-514.
https://doi.org/10.1038/nge0262

Lenderink, G., & Van Meijgaard, E. (2010). Linking increases in hourly precipitation
extremes to atmospheric temperature and moisture changes. Environmental Research
Letters, 5(2). https://doi.org/10.1088/1748-9326/5/2/025208

Lenderink, G., Mok, H. Y., Lee, T. C., & Van Oldenborgh, G. J. (2011). Scaling and trends of
hourly precipitation extremes in two different climate zones - Hong Kong and the
Netherlands. Hydrology and Earth System Sciences, 15(9), 3033-3041.
https://doi.org/10.5194/hess-15-3033-2011

Maeda, E. E., Utsumi, N., & Oki, T. (2012). Decreasing precipitation extremes at higher
temperatures in  tropical regions. Natural Hazards, 64(1), 935-941.
https://doi.org/10.1007/s11069-012-0222-5

Neelin, J. D., Peters, O., & Hales, K. (2009). The Transition to Strong Convection. Journal of
the Atmospheric Sciences, 66(8), 2367-2384. https://doi.org/10.1175/2009JAS2962.1

Panthou, G., Mailhot, A., Laurence, E., & Talbot, G. (2014). Relationship between Surface
Temperature and Extreme Rainfalls: A Multi-Time-Scale and Event-Based Analysis*.

This article is protected by copyright. All rights reserved.



Journal of Hydrometeorology, 15(5), 1999-2011. https://doi.org/10.1175/JHM-D-14-
0020.1

Peters, O., Neelin, J. D., & Nesbitt, S. W. (2009). Mesoscale Convective Systems and Critical
Clusters.  Journal of the  Atmospheric  Sciences, 66(9), 2913-2924.
https://doi.org/10.1175/2008JAS2761.1

Priestley, C. H. B. (1965). the Limitation of Temperature By Evaporation in Hot Climates.
Agricultural ~ Meteorology, 3(1966), 241-246. https://doi.org/10.1016/0002-
1571(66)90031-8

Schiro, K. A., Neelin, J. D., Adams, D. K., & Lintner, B. R. (2016). Deep Convection and
Column Water Vapor over Tropical Land versus Tropical Ocean: A Comparison
between the Amazon and the Tropical Western Pacific. Journal of the Atmospheric
Sciences, 73(10), 4043-4063. https://doi.org/10.1175/JAS-D-16-0119.1

Sharma, A., Wasko, C., & Lettenmaier, D. P. (2018). If Precipitation Extremes Are
Increasing, Why  Aren’t Floods? Water  Resources Research, 1-7.
https://doi.org/10.1029/2018WR023749

Soden, B. J., & Held, I. M. (2006). An Assessment of Climate Feedbacks in Coupled Ocean -
Atmosphere Models. Journal of Climate, 19(2003), 3354-3360.
https://doi.org/10.1175/JCL19028.1

Susskind, J., Blaisdell, J. M., & Iredell, L. (2014). Improved methodology for surface and
atmospheric soundings, error estimates, and quality control procedures: the atmospheric
infrared sounder science team version-6 retrieval algorithm. Journal of Applied Remote
Sensing, 8(1), 084994. https://doi.org/10.1117/1.JRS.8.084994

Tobin, D. C., Revercomb, H. E., Knuteson, R. O., Lesht, B. M., Strow, L. L., Hannon, S. E.,
et al. (2006). Atmospheric Radiation Measurement site atmospheric state best estimates
for Atmospheric Infrared Sounder temperature and water vapor retrieval validation.
Journal of Geophysical Research Atmospheres, 111(9), 1-18.
https://doi.org/10.1029/2005JD006103

This article is protected by copyright. All rights reserved.



Trenberth, K. E., & Shea, D. J. (2005). Relationships between precipitation and surface
temperature. Geophysical Research Letters, 32(14), 1-4.
https://doi.org/10.1029/2005GL022760

Trenberth, K. E., Dai, A., Rasmussen, R. M., Parsons, D. B., Trenberth, K. E., Dai, A., et al.
(2003). The Changing Character of Precipitation. Bulletin of the American
Meteorological Society, 84(9), 1205-1217. https://doi.org/10.1175/BAMS-84-9-1205

Utsumi, N., Seto, S., Kanae, S., Maeda, E. E., & Oki, T. (2011). Does higher surface
temperature intensify extreme precipitation? Geophysical Research Letters, 38(16), 1-6.
https://doi.org/10.1029/2011GL048426

Wang, G., Wang, D., Trenberth, K. E., Erfanian, A., Yu, M., Bosilovich, M. G., & Parr, D. T.
(2017). The peak structure and future changes of the relationships between extreme
precipitation and temperature. Nature Climate Change, 7(4), 268-274.
https://doi.org/10.1038/nclimate3239

Wasko, C., & Sharma, A. (2014). Quantile regression for investigating scaling of extreme
precipitation with temperature. Water Resources Research, 50(4), 3608-3614.
https://doi.org/10.1002/2013WR015194

Wasko, C., Sharma, A., & Johnson, F. (2015). Does storm duration modulate the extreme
precipitation-temperature scaling relationship? Geophysical Research Letters, 42(20),
8783-8790. https://doi.org/10.1002/2015GL066274

Wasko, C., Parinussa, R. M., & Sharma, A. (2016). A quasi-global assessment of changes in
remotely sensed rainfall extremes with temperature. Geophysical Research Letters,
43(24), 12,659-12,668. https://doi.org/10.1002/2016GL071354

Wasko, C., Tang Lu, W., & Mehrotra, R. (2018). Relationship of extreme precipitation, dry-
bulb temperature, and dew point temperature across Australia. Environmental Research
Letters, 13(7), 074031. https://doi.org/10.1088/1748-9326/aad135

Westra, S., Alexander, L. V., & Zwiers, F. W. (2013). Global increasing trends in annual

This article is protected by copyright. All rights reserved.



maximum daily precipitation. Journal of Climate, 26(11), 3904-3918.
https://doi.org/10.1175/JCLI-D-12-00502.1

Yin, D., Roderick, M. L., Leech, G., Sun, F., & Huang, Y. (2014). The contribution of
reduction in evaporative cooling to higher surface air temperatures during drought.
Geophysical Research Letters, 41(22), 7891-7897.
https://doi.org/10.1002/2014GL062039

This article is protected by copyright. All rights reserved.



Integrated Water Vapour (kg/mz)

5 a) Mildura - SAT
10 - - -
11.73 %/°C

= 102}
E
8
=
& 10t}

10°

0 40
Surface Air Temperature (°C)
5 ¢) Mildura - IWV
10 " "
8.34 %/kgm™2

€ 102}
E
I
=
& 10t}

10° = ' '

0 10 20 30 40 50

b) Darwin - SAT

103
-44.14 %/°C
€ 102}
E
8
=
& 10t
10° ‘ ‘ e
22 24 26 28 30 32
Surface Air Temperature (°C)
3 d) Darwin - IWV
10 - - -
4.24 %/kgm 2
€ 102}
E
s
£
g 10t}
10° '
30 40 50 60 70

Integrated Water Vapour (kg/mz)

This article is protected by copyright. All rights reserved.



Latitude

Latitude

110°E

140°E
Longitude

c) IWV Vs SAT
- ™

140°E
Longitude

O
@

o

[

0

= Negative
® Positive

8

0

B Negative
H Positive

Latitude

Latitude

15°S

25°S

b) Rainfall Vs IWV

110°E

d) IWV Vs SAT (> 28°C)

140°E

Longitude

O
@
o
[ ]

0

= Negative
® Positive

D T
.‘. .
‘ ® ®
° 0
B Negative
® Positive
125°E 140°E
Longitude

This article is protected by copyright. All rights reserved.




_
O 0 0 0
< ™ N —

AN wy/By) Jodep Jarepn parelbolu|

60
50

15 20 25 30 35 40

Surface Air Temperature (°C)

10

This article is protected by copyright. All rights reserved.





