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Abstract

This study compares the impacts of global warming and intense anthropogenic heat (AH) on extreme hourly precipitation
over the Pearl River Delta (PRD) megacity, located in coastal South China. Using the cloud-resolving Weather Research and
Forecasting (WRF) model coupled with the single-layer urban canopy model (SLUCM), three downscaling experiments were
carried out: the first (second) having zero (300W/m? as diurnal maximum) AH values prescribed over PRD urban grids, under
the same current climate conditions. The third experiment with AH=300W/m? under future projected climate representative
concentration pathway (RCP) 8.5. Boundary conditions were derived from PRD extreme rainfall episodes, identified from the
Geophysical Fluid Dynamics Laboratory Earth System Model (GFDL-ESM2M) historical and RCP8.5 runs. Global warming
forcing leads to “20 to more than 100% increase in the probability of hourly precipitation with the magnitude of 20-100mm/hr
over urban locations. The enhancements from intense AH forcing were similar. However, two types of forcings have distinct
signatures in modulating the thermodynamic environment. Warming due to AH is limited to the lowest 1km above ground,
while global warming warms up the whole troposphere. Intense AH results in enhanced convective available potential energy
(CAPE) and reduced convective inhibition (CIN) within the megacity, allowing convection to be triggered more easily and with
more vigor. On the other hand, global warming enhances both CAPE and CIN, over both urban and rural areas. Our results
highlight the different physical mechanisms of AH and global warming in exacerbating extreme urban rainfall, despite their

having similar impacts on the rainfall intensity.
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Abstract

This study compares the impacts of global warming and intense anthropogenic heat (AH) on
extreme hourly precipitation over the Pearl River Delta (PRD) megacity, located in coastal
South China. Using the cloud-resolving Weather Research and Forecasting (WRF) model
coupled with the single-layer urban canopy model (SLUCM), three downscaling experiments
were carried out: the first (second) having zero (300W/m? as diurnal maximum) AH values
prescribed over PRD urban grids, under the same current climate conditions. The third
experiment with AH=300W/m? under future projected climate representative concentration
pathway (RCP) 8.5. Boundary conditions were derived from PRD extreme rainfall episodes,
identified from the Geophysical Fluid Dynamics Laboratory Earth System Model (GFDL-
ESM2M) historical and RCP8.5 runs. Global warming forcing leads to ~20 to more than
100% increase in the probability of hourly precipitation with the magnitude of 20-100mm/hr
over urban locations. The enhancements from intense AH forcing were similar. However, two
types of forcings have distinct signatures in modulating the thermodynamic environment.
Warming due to AH is limited to the lowest 1km above ground, while global warming warms
up the whole troposphere. Intense AH results in enhanced convective available potential
energy (CAPE) and reduced convective inhibition (CIN) within the megacity, allowing
convection to be triggered more easily and with more vigor. On the other hand, global
warming enhances both CAPE and CIN, over both urban and rural areas. Our results
highlight the different physical mechanisms of AH and global warming in exacerbating

extreme urban rainfall, despite their having similar impacts on the rainfall intensity.



1. Introduction

The Pearl River Delta (PRD) is located in the Greater Bay Area of the southern coast
of China with a subtropical climate. During summer, weather and circulation elements such
as troughs of low pressure, southwest monsoon, tropical cyclones, and severe thunderstorm
systems can bring widespread or localized heavy rainfall to the region (Heywood, 1953; Bell,
1969; Wai et al., 1995; Luo et al., 2017). In the past few decades, PRD has seen very rapid
urbanization; for instance, the proportion of built-up urban areas in the region has quadrupled
from the year 1990 to 2010 (Du et al., 2013). Urbanization is known to influence the local
meteorology by modifying land-surface properties (Bornstein, 1968; Carlson et al., 1981;
Oke, 1988; Sisterson and Dirks, 2015), including the introduction of urban morphology (Oke,
1981; Kusaka el al., 2001; Coceal and Belcher, 2004; Shepherd, 2005). Previous works such
as those from the Metropolitan Meteorological Experiment (METROMEX; Huff and
Changnon, 1973) and by others (Han et al., 2014; Liang and Ding 2017; Liu and Niyogi
2019), indicate that the urban heat island (UHI) effect can enhance precipitation over cities.
Bornstein and Lin (2000) concluded that this is due to UHI-induced convergence (see also
Rozoff et al., 2003). Being an essential contributor to UHI, the anthropogenic heat (AH) flux
also affects urban rainfall (Nielsen et al., 1981; Oke, 1988; Wilby et al., 2009). A recent study
also shows that intense urban rainfall is more sensitive to AH than land cover changes over
the PRD region (Hu et al., 2021).

At the same time, a substantial increase of extreme daily and hourly rainfall intensity
over southern China and PRD has been observed in the past 60 years (Zhang et al., 2009;
Wong et al., 2010; Hartmann, 2013). Different climate projections also estimate that, under a
warmer climate, the occurrence of light rain (1 — 10 mm/day) would be suppressed while that
of heavy rain would be enhanced (Chou et al., 2012; Ueda et al., 2006; Qian et al., 2007; Lee

et al., 2011). The intensification of extreme precipitation is likely related to the enhancement
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of maximum moisture content in the atmosphere, broadly following the Clausius-Clapeyron
(CC) relation of ~7% increase per degree K rise in lower tropospheric temperature. Indeed,
rising extreme rainfall amplitudes conforming to the CC (or even super-CC) relation over
locations with different background climate, such as Hong Kong and the Netherlands, have

been reported (Lenderink et al., 2011).

Over the urban areas, both urbanization and global warming can contribute to heavy
rainfall intensification. Georgescu et al. (2021) conducted a modeling study showing that
urban expansion can either enhance or suppress extreme rainfall, while global warming can
compensate the effect of urban expansion, giving a net enhancement in extreme rainfall over
continental US. Holst et al. (2016, 2017) and Hu et al. (2021) used a cloud-resolving
atmospheric model to examine the sensitivity of precipitation intensity to the level of AH
over PRD. Based on simulations for a record-breaking historical case (Holst et al.) or extreme
cases from model outputs (Hu et al.), it was found that the presence of AH can significantly
enhance the probability of heavy rainfall in urban locations. Hu et al. (2021) also showed that
the enhancement of AH on extreme rainfall is stronger than land cover changes, which is
consistent with the weak response from urban expansion concluded by Georgescu et al.
(2021). As global warming and local urbanization are the main contributing factors to the
long-term increase of local temperature in the region (Lee et al., 2011; Chan et al., 2012), it is
of interest to further compare such AH impacts with those due to a warming climate on

extreme precipitation.

This study seeks to address this issue based on a methodology similar to that used by
Holst et al. (2016, 2017) and Hu et al. (2021), again focusing on the PRD region. In order to
examine the impacts of global warming, extreme rainfall cases simulated by a coarse-
resolution General Circulation Model (GCM), for both the present and future projected
climate were dynamically downscaled using a high-resolution model. Furthermore, during the
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downscaling exercise for both the historical run and future climate projections, various values
of AH within the PRD megacity area were prescribed to investigate the sensitivity of heavy
precipitation to urban heating. The rest of this paper is organized as follows. Section 2
describes the model and experimental setup. Results on different impacts on the urban rainfall
characteristics and thermal environment due to AH and global warming are given in section

3. Concluding remarks can be found in section 4.

2. Model experimental design and AH flux

For conducting downscaling experiments with a focus on the PRD megacity, the
Weather Research and Forecast (WRF) model version 3.8.1, with Advanced Research WRF
(ARW) dynamic core (Skamarock et al., 2008), coupled with a single-layer urban canopy
model (SLUCM) (Kusaka and Kimura, 2004) was employed to dynamically downscale
outputs from the Geophysical Fluid Dynamics Laboratory (GFDL) Earth System Model
(GDFL-ESM2M; Dunne et al., 2012, 2013). Here we used the Noah Land Surface Model
(Noah LSM; Tewari et al., 2004), which supports SLUCM in WREF. Other physical
parameterizations include the Rapid Radiative Transfer Model for GCMs (RRTMG) for long-
wave radiation (Iacono et al., 2008), the short-wave radiation scheme by Dudhia (1989), the
single-moment 6-class microphysics scheme (Hong and Lim, 2006), the planetary boundary
layer scheme by Bougeault and Lacarrere (1989), and also the simplified Arakawa-Schubert
cumulus scheme (outermost domain only; Pan and Wu, 1995). Figure 1 shows the three
nested model integration domains, with the horizontal grid spacing of 50 km (129x89) in the
outermost (d01), 10 km (70%80) in the middle (d02) and 2 km (130x130) in the innermost
domain (d03), which is a convection-permitting resolution. One-way nesting was employed,
and there are 39 vertical levels with a prescribed model top at 30 hPa. Land surface is
categorized according to Moderate Resolution Imaging Spectroradiometer (MODIS) data in

WREF for all scenarios.



To identify extreme precipitation events in the present and future climate, the GFDL-
ESM2M 1946 to 2005 historical run, as well as the RCP8.5 projection from 2039 to 2099,
were examined. McSweeney et al. (2015) studied 28 Coupled Model Intercomparison Project
Phase 5 (CMIPS) models and concluded that the GFDL earth system models could give
satisfactory circulation features over South East Asia. Figure 2 shows the May-to-September
(MJJAS) rainfall climatology from GFDL-ESM2M historical run data covering 1945 to 2005,
and also that based on the Tropical Rainfall Measuring Mission (TRMM) multi-satellite 3B42
products from 1998 to 2013 (Huffman et al., 2014). Overall, it can be seen that the broad-
scale precipitation features over East Asia, such as the Meiyu-Baiu rainband from Eastern
China extending into Japan, are reasonably captured. Over South China, there is a slight
underestimation of rainfall intensity over the coastal area. A more detailed model evaluation
of the meteorology, including wind, temperature and pressure, also shows that GFDL-

ESM2M has satisfactory performance over Southeast Asia (Fung, 2018).

Prior to selecting the extreme episodes, probability distribution functions (PDF) of
daily mean precipitation products, averaged over the South China region of 17-27°N, 105—
117°E, were computed. For both climate runs, extreme events were identified whenever the
daily rainfall averaged over this region reaches the 99" percentile (R99p) threshold or above
in their own climates. It was found that ~ 75% of identified cases occur within the MJJAS
period (see Figure 3); this is the case in TRMM observations, the GFDL-ESM2M historical
as well as RCP8.5 simulations. By inspection, some of these episodes are clearly related to
tropical cyclone (TC)-like systems in the GFDL-ESM2M runs; these systems are not
considered here. For each climate scenario, at least 17 non-TC events out of 70 extreme cases
within MJJAS were dynamically downscaled by WRF-SLUCM, with integration starting
from three days prior to the rainfall peak and lasting for at least 6 days. Spectral nudging

(with wavelengths of ~ 1300 km or above for the meridional and zonal wind variables at



levels above 500 hPa; see Lo et al., 2008) was applied to the outermost domain of the WRF
model to ensure the consistency of synoptic conditions between WRF-SLUCM simulations
and GFDL-ESM2M boundary forcing. As illustrated in Figure S2 for a selected case, the
spectral nudging method can substantially improve the timing and location of heavy
precipitation reproduced by WRF-SLUCM. Based on 26 selected R99p cases statistics,

spectral nudging can minimize the rainfall intensity error in South China by over 20%.

Finally, for SLUCM parameters adopted for the WRF model integrations, default
values were used, except for AH (see below), average building height (set to 30.0 m), and
road width (16.0 m). Values for the latter two parameters were based on data relevant to the
city of Hong Kong (see Hong Kong Planning Standards and Guidelines,

https://www.pland.gov.hk/pland en/tech doc/hkpsg/full/ch8/pdf/ch8.pdf). = Oke  (1988)

reported a diurnal AH peak of about 1200 W m™ during summer days at a highly urbanized
location in Hong Kong. A more recent study based on satellite measurements gives a diurnal
peak of ~289 (283) W m™ in summer (winter), averaged over all urban locations within Hong
Kong (Wong et al., 2015). A typical workday AH profile for a city reaches peaks in the
morning and evening due to the emission from transportation, buildings, and other
anthropogenic activities (Oke, 1988; Ichinose et al., 1999; Flanner, 2009; Allen et al., 2011;
Sailor, 2011). In this study, a diurnal profile of AH with peaks at 7 am and 4 pm local time

(Figure S1) was imposed in the SLUCM (see Holst et al., 2016; Hu et al., 2021).

To assess the impacts of AH, parallel experiments, one with the peak value of 300 W
m? (with daily average of 160 W m?), and one with AH equal to zero, were conducted. The
former setting corresponds to the scenario in which every urban grid point in PRD has a
condition similar to Hong Kong city area. Note that the peak (daily average) of 300 (160) W
m? used for all urban PRD locations should be considered as pertaining to a “high
urbanization” scenario. Three different global AH datasets were used as reference to evaluate
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the validity of AH values adopted here, namely those from Flanner (2009), Jin et al. (2020)
and Yang (2017). The datasets were derived from different algorithm and combination of
energy consumption, population, night-time light, impervious surface coverage and
normalized difference vegetation index. After re-gridding to 2 km x 2 km resolution (i.e.,
same as that for the WRF-SLUCM innermost domain), the maximum AH magnitudes in
Hong Kong are 154, 289, and 76 W m™ in the Flanner, Jin et al., and Yang datasets,
respectively (see Figure S3). The result indicates that the choice of daily mean AH of 160 W

m~ falls within a reasonable range of values.

Altogether, there are three sets of downscaling experiments conducted using WRF-
SLUCM: one with zero AH and one with peak AH = 300 W m™ in the historical climate
(1946-2005), hereafter referred to as HIST AHO and HIST AH300, respectively, and the
same peak AH = 300 W m™ settings but for the 2039-2099 period according to the RCP8.5
scenario (referred to as RCP85 AH300). Here the impacts of AH, valid for the present
climate, can be inferred by comparing HIST AH300 with HIST AHO, while and the
influence of global warming for a highly urbanized PRD region can be assessed by

comparing RCP85 AH300 with HIST AH300 outputs.

3. Results
3.1. Rainfall statistics over South China

The daily rainfall statistics of GFDL-ESM2M historical and RCP8.5 scenarios over
South China were first investigated (Figure 4). It can be seen that, in the historical climate
and RCP8.5 scenario, the 99" percentiles (R99p) of daily mean precipitation rates are 16.8
mm day”’ and 18.4 mm day’, respectively. There is an enhancement of about 9.5% of the
extreme rainfall intensity in the future climate, according to RCP8.5. The PDFs also show

that the 95" percentile of daily rainfall and the simple daily intensity index (SDII, defined as



the total accumulated rainfall divided by the number of rain days) are projected to increase by
5.8% and 4.5%, respectively. We have also examined the occurrence frequency of extreme
cases in different climate simulations by adopting the same threshold value of 16.8 mm day'
(i.e., the R99p value from the historical run). It was found that under RCP8.5, the frequency
of extreme events can increase up to ~52% compared to the present climate. Overall, it is
clear that extremely precipitation rates, or the frequency of extreme episodes, are projected to

increase over South China, based on the GFDL-ESM2M simulations.

The outputs from WRF-SLUCM simulations were then examined, focusing on the
PRD heavy precipitation. To ensure that the simulations can well capture the rainfall
characteristics, rain rate PDFs from 50km x 50km WRF-SLUCM simulations (the outermost
domain dO1) are first compared with those from GFDL-ESM2M. These PDFs were computed
using the daily mean precipitation data over the PRD area, aggregated throughout the meso-
scale model integration and all non-TC cases (see section 2). In general, there is reasonable
agreement between the behavior of downscaled precipitation and that from the parent model,

for both the historical and RCP8.5 climate runs (see Figure S4).
3.2. Intense AH and global warming influences on extreme hourly rainfall statistic

The intense AH impacts on extreme hourly rainfall over the PRD megacity were
examined in the innermost model domain (d03) of the WRF-SLUCM outputs. Figures 5a
shows the hourly rain rate PDFs over urban grids, from the HIST AHO and HIST AH300
experiments, respectively. It can be seen that the presence of intense AH can enhance the
frequency of heavy rain in urban areas, as indicated by the increase of probability for rain
rates > 10 mm hr' in the HIST AH300 run. As such, the frequency for lighter rain (< 10 mm
hr') is reduced in comparison with HIST AHO. The presence of AH also enhances the total
rainfall by ~7% over the whole PRD area. We have also examined how the rain rate PDF is

shifted due to AH over each grid point in d03. Kolmogorov—Smirnov (KS; Smirnov, 1948)
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tests showed that, over the highly urbanized inland locations over the northwestern part of the
domain (from 133 to 134°E, centered at 23°N), the distributions are distinct from each other at
the 90% confidence level (see Figure 6a). Inspection of each individual event revealed an
increase in the probability of rain in more than 90% of these downscaled cases, comparing
the HIST AH300 with the HIST AHO runs. The above results are consistent with those of
Holst et al. (2016) and Hu et al. (2021), who showed that heavy rainfall intensity is indeed
sensitive to AH based on model simulations. The impacts of global warming effect under
intense AH conditions are shown in Figure 5b. Overall, the probability of heavy rain (> 10
mm hr') is enhanced, while that for light rain (< 10 mm hr™) is reduced over the urban area
due to a warmer background climate. In comparison with the effect of AH, global warming
influences a broader region, with more than 50% of both urban and non-urban locations in
d03 showing a significant change in the rainfall PDF (see Figure 6b for results of KS tests).
There is also ~3% increase of the accumulated rainfall over all the downscaled cases in the
whole PRD, comparing the RCP8.5 and historical climate simulations, which is slightly less

than the AH effect (7%).

To compare the influence of AH and global warming, Figures 5c¢ and 5d show the
fractional change of the PDFs for both urban and non-urban grids, respectively. The impact
of AH is localized over the urban area, with fractional enhancements from ~ 20% at 10 — 20
mm hr' to ~ 165% at 80 — 90 mm hr' (see orange bars in Figure 5¢). Over non-urban regions,
AH has very little impact on the precipitation characteristics (green bars). Regarding global
warming’s effect, there is also a clear increase of probability of heavy rain, by ~ 10% (for 20
— 30 mm hr') to ~ 170% (for 70 — 80 mm hr™), over urban area in PRD (see orange bars in
Figure 5d). It is noteworthy that, in a warmer climate, the probability of occurrence of intense
rainfall increases in both urban and non-urban sites. Finally, in terms of how extreme rainfall

frequency is affected, the AH and global warming effects are comparable.
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3.2.  Mechanisms of AH and global warming impacts

To investigate the mechanisms through which the regional rainfall characteristics are
changed, Figure 7a shows the 2-m temperature difference between the HIST AH300 and the
HIST AHO experiments, averaged over all simulation cases and throughout their integration
periods. It is seen that AH can enhance the urban surface temperature up to about 2 K; over
non-urban regions, the enhancement is small (about 0.14 K). Thus, there is 2 K temperature
difference between the highly urbanized locations in PRD and the peripheral rural areas due
to the presence of AH. The localized temperature increment showed a pattern similar to that
by Zhang et al. (2019) and Hu et al. (2021). On the other hand, global warming effect
increases the 2-m temperature of the cases ensemble by ~2.2 K uniformly over the whole
model domain (see Figure 8a). The vertical structure of the temperature change is also
examined, by taking the average over urban and non-urban grid boxes separately for each set
of experiments (see Figure 7b). Temperature anomalies due to the presence of AH are
confined to the lowest 1km above the ground (cyan and blue curves in Figure 7b). In
comparison, under a warmer background climate, there is anomalous warming throughout the
atmospheric column, as expected from global warming experiments (see red and cyan curves

in Figure 7b).

Figures 7c¢ and 7d respectively give the change of convection available potential
energy (CAPE) and convective inhibition (CIN) due to the presence of AH. AH can
significantly enhance CAPE (by ~14%) and can also reduce CIN (by ~14%) over the urban
area, which is opposite to Zhang et al. (2019)’s conclusion. Thus, the warmer near-surface
temperature provides more potential energy, and at the same time, a more unstable
environment for strong convection to take place over the megacity. It is noteworthy that CIN
in the sub-urban area is increased, implying a non-local effect of AH. This is probably related
to the induced local overturning circulation, with rising (sinking) motion over the urban (non-
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urban) regions (see Figure 9). A warming zone up to ~1 km above the megacity can be found
(red contours in Figure 9b); such a thermal structure is conducive to more intense convection
in urban locations (Figure 5¢). On the other hand, global warming impact on CAPE and CIN
is markedly different. While CAPE is increased over the whole model domain (by ~20%)
(see Figure 8a), there is no significant change of CIN over the urbanized PRD land area
(Figure 8b). The decrease of CIN (Figure 8c) is found only over oceanic regions, due to a
warmer background climate. This is likely related to the warmer regional SST in the GFDL-
ESM2M future climate projection, which gives rise to a more unstable environment (Figure
8a). Overall, these results highlight the strong influence of AH on extreme precipitation in
megacities, and that a careful treatment of urban physics, in particular the low-level
temperature profile, is needed when simulating and projecting heavy rainstorms over urban

areas in the future climate.

4. Discussions and Summary

We have assessed the impacts of AH and global warming on the characteristics of
extreme precipitation over PRD, by dynamical downscaling of heavy rainfall episodes from
the GFDL-ESM2M simulations using WRF-SLUCM. In particular, the GFDL-ESM2M
present climate run and RCP8.5 future projection was used; for each scenario, parallel
experiments with zero AH and with AH set to 300Wm™ (as the daily maximum) within the
megacity area were conducted. It was found that the presence of AH enhances the probability
of heavy rainfall (> 10 mm hr") in urban locations, consistent with the enhanced rainfall by
AH concluded in Hu et al. and Holst et al. Moreover, the fractional increment of probability
increases with the rainfall intensity, from ~ 20 % at 10 — 20 mm hr™' to ~ 165 % at 80 — 90

mm hr!, showing a shift of rainfall to the extreme tail side.

Georgescu et al. (2021) evaluated the effects of global warming and urban expansion
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on extreme rainfall based on simulations at 20-km spatial resolution. This study uses WRF at
the convection-permitting resolution of 2 km, which can better represent the urban surface
processes and atmospheric physics. Heavier precipitation is likely related to the rise of
surface temperature over urban locations, which is about 1.8 K when averaged over all
episodes examined. This in turn enhances (reduces) CAPE (CIN) in the urban area, which is
conducive to strong convection. On the other hand, there is no significant change of heavy
rainfall over non-urban locations due to the presence of AH. In comparison, global warming
is seen to have an impact on precipitation characteristics over the whole PRD, with the
enhancement of both urban and non-urban heavy rainfall probability, which is consistent with
Georgescu et al. (2021) modeling results in the continental US. Compared with the present
climate (1946-2005), on average, there is about 2.3 K increase of surface temperature in PRD
for the RCP8.5 (2039-2099) downscaled cases, and CAPE is increased by ~ 20 % uniformly
within the region. It is striking that, over the megacity area, the enhancement of extreme
precipitation due to intense AH is comparable to that due to global warming. However, the
two effects are due to different mechanisms, as suggested by their different impacts on the

regional circulation and values of CIN.

The current urban canopy model (UCM) setup is based on the MODIS 2002 land use
categorization; the latter can be updated to reflect urban development over PRD in recent
years. Moreover, the same set of urban parameters, based on the urbanization condition in
Hong Kong, was used in the SLUCM throughout the whole innermost model domain; this
might not reflect the spatial heterogeneity of AH, building morphology and building
materials in the PRD region. More up-to-date urban land surface information with finer
classification, such as those from the World Urban Database and Access Portal Tools
(WUDAPT) can be utilized (Ching et al., 2018; Wang et al., 2019), in order to assess more

realistically how urban heating, or other physical characteristics in relation to urban landuse,
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might affect the local extreme rainfall, such as anthropogenic aerosols. Also, our results
presented here depend on outputs from a single GCM, namely the GFDL-ESM2M; future
climate projections from more models and different greenhouse gas emission scenarios (e.g.,
RCP4.5 and RCP6.0) can be downscaled dynamically, so as to better sample uncertainties
due to the use of different GCMs and emission scenarios. Finally, the same downscaling
method can be adopted to examine other types of inclement weather, such as heat waves and
tropical cyclones, and their influence on the urban environment. More studies have to be
carried out to investigate how global warming might affect various types of extreme events,
and their interactions with megacities under the foreseeable future land use and urban

development together with global warming.
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Figure captions

Figure 1. Nested model domains d01, d02, d03 adopted for dynamical downscaling and the

urban landuse coverage over PRD based on MODIS data (red shading) in d03.

Figure 2. Climatological mean distribution of the occurrence of extreme rainfall cases in
South China identified based on the 99th percentile threshold in the GFDL-ESM2M historical
run (blue), the RCP8.5 climate scenario (red) and TRMM-3B42 (black). ~ 75% cases in both

climates are found in May-to-September period.

Figure 3. PDFs of daily rainfall averaged over South China (17°N — 27°N, 105°E — 117°E)
from the GFDL-ESM2M historical (blue) and RCP8.5 (red) climate simulations. Dotted lines
indicate the values corresponding to the 99th percentile. Shaded areas represent the top 1

percentile of the cumulated distributions.

Figure 4. PDFs of daily rainfall averaged over South China (17°N — 27°N, 105°E — 117°E)
from the GFDL-ESM2M historical (blue) and RCP8.5 (red) climate simulations. Dotted lines
indicate the values corresponding to the 99th percentile. Shaded areas represent the top 1

percentile of the cumulated distributions.

Figure 5. (a, b) PDFs of hourly rain rates in the ranges of 0-10, 10-20, 20-30, 30-40, 40-50,
50-60, 60-70, 70-80, 80-90, 90-100 and 100-110 mm hr= in d03, computed based on outputs
over all urban grids by downscaling non-TC heavy rainfall cases from the GFDL-ESM2M
historical run with zero AH (cyan), historical run with peak diurnal AH = 300 W m# (blue)
and RCP8.5 simulations with peak AH = 300 W m* (dark red). (c, d) Fractional change of
hourly rain rate probability due to AH effect over urban (orange) and non-urban grids (green)

in d03. (d) Same as (c¢) except for gauging global warming effect. See text for details.
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Figure 6. KS test between (a) HIST AH300 and HIST AHO and (b) RCP85 AH300 and

HIST AH300. The dotted regions indicated that p-value <0.1.

Figure 7. (a) 2-m temperature, (c) convective available potential energy (CAPE) and (d)
convective inhibition (CIN) difference between WRF-SLUCM outputs with peak AH of 300
W m-2 from those with peak AH set to zero, by downscaling the GFDL-ESM2M historical
run. (b) Vertical temperature profiles averaged over urban grids in d03 for downscaled
historical run with zero AH (cyan), historical run with diurnal peak AH =300 W m-2 (blue),
and RCP8.5 simulations with peak AH =300 W m-2 (red). All values are computed by time
averaging downscaled results from d03 and by averaging the selected non-TC heavy rainfall
cases identified in the GFDL-ESM2M simulations. See text for details. Units of CAPE and

CIN: J kg-1.

Figure 8. (a) 2-m temperature, (b) CAPE and (c¢) CIN difference between GFDL-ESM2M
RCP8.5 and historical run downscaled by WRF-SLUCM with peak AH of 300 W m™. All
values are computed by time averaging downscaled results from d03, and by averaging over
selected of non-TC heavy rainfall cases identified in the GFDL-ESM2M simulations. See text

for details. Units of CAPE and CIN: J kg™'.

Figure 9. Vertical cross section plot of wind circulation (vectors) and vertical wind speed
(shaded) anomaly of downscaled non-TC extreme cases with prevailing wind direction in N —
S. (a) labelled the cross-section line, (b) is the anomaly plot of AH effect at GFDL-ESM2M

historical run (HIST 300 — HIST 0).
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Figure 1. Nested model domains d01, d02, d03 adopted for dynamical downscaling and the
urban landuse coverage over PRD based on MODIS data (red shading) in d03.
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Figure 2. The climatological daily rainfall of May to September from (a) GFDL-ESM2M
historical climate scenario (1946-2005) and (b) TRMM-3B42 (1998-2013). The red box
marked the South China region (17-27°N, 105-117°E).
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Figure 3. Climatological monthly distribution of the occurrence of extreme rainfall cases in
South China identified based on the 99th percentile threshold in the GFDL-ESM2M historical
run (blue), the RCP8.5 climate scenario (red) and TRMM-3B42 (black). ~ 75% cases in both
climates and TRMM-3B42 are found in the May-to-September period.
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Figure 4. PDFs of daily rainfall averaged over South China (17°N — 27°N, 105°E — 117°E)
from the GFDL-ESM2M historical (blue) and RCP8.5 (red) climate simulations. Dotted lines
indicate the values corresponding to the 99th percentile. Shaded areas represent the top 1
percentile of the cumulated distributions.
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Figure 5. (a, b) PDFs of hourly rain rates in the ranges of 0-10, 10-20, 20-30, 30-40, 40-50,
50-60, 60-70, 70-80, 80-90, 90-100 and 100-110 mm hr' in d03, computed based on outputs
over all urban grids by downscaling non-TC heavy rainfall cases from the GFDL-ESM2M
historical run with zero AH (cyan), historical run with peak diurnal AH = 300 W m™ (blue)
and RCP8.5 simulations with peak AH =300 W m™ (dark red). (¢, d) Fractional change of
hourly rain rate probability due to AH effect over urban (orange) and non-urban grids (green)
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in d03. (d) Same as (c¢) except for gauging global warming effect. See text for details.
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Figure 6 KS test between PDFs of (a) HIST AH300 and HIST AHO, and PDFs of (b)
RCP85 AH300 and HIST AH300. The dotted regions indicated that p-value < 0.1.
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Figure 7. (a) 2-m temperature, (c) convective available potential energy (CAPE) and (d)
convective inhibition (CIN) difference between WRF-SLUCM outputs with peak AH of 300
W m? from those with peak AH set to zero, by downscaling the GFDL-ESM2M historical
run. (b) Vertical temperature profiles averaged over urban grids in d03 for downscaled
historical run with zero AH (cyan), historical run with diurnal peak AH = 300 W m? (blue),
and RCP8.5 simulations with peak AH = 300 W m? (red). All values are computed by time
averaging downscaled results from d03 and by averaging the selected non-TC heavy rainfall
cases identified in the GFDL-ESM2M simulations. See text for details. Units of CAPE and
CIN: J kg™
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Figure 8 (a) 2-m temperature, (b) CAPE and (c) CIN difference between GFDL-ESM2M
RCP8.5 and historical run downscaled by WRF-SLUCM with peak AH of 300 W m™. All
values are computed by time averaging downscaled results from d03, and by averaging over
selected of non-TC heavy rainfall cases identified in the GFDL-ESM2M simulations. See text
for details. Units of CAPE and CIN: J kg™'.
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Figure 9 Vertical cross section plot of wind circulation (vectors) and vertical wind speed
(shaded) anomaly of downscaled non-TC extreme cases with prevailing wind direction in N —
S. (a) labelled the cross-section line, (b) is the anomaly plot of AH effect at GFDL-ESM2M
historical run (HIST 300 — HIST _0). Urban locations along the cross section are indicated by

pink bars in (b).
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	This study compares the impacts of global warming and intense anthropogenic heat (AH) on extreme hourly precipitation over the Pearl River Delta (PRD) megacity, located in coastal South China. Using the cloud-resolving Weather Research and Forecasting (WRF) model coupled with the single-layer urban canopy model (SLUCM), three downscaling experiments were carried out: the first (second) having zero (300W/m2 as diurnal maximum) AH values prescribed over PRD urban grids, under the same current climate conditions. The third experiment with AH=300W/m2 under future projected climate representative concentration pathway (RCP) 8.5. Boundary conditions were derived from PRD extreme rainfall episodes, identified from the Geophysical Fluid Dynamics Laboratory Earth System Model (GFDL-ESM2M) historical and RCP8.5 runs. Global warming forcing leads to ~20 to more than 100% increase in the probability of hourly precipitation with the magnitude of 20-100mm/hr over urban locations. The enhancements from intense AH forcing were similar. However, two types of forcings have distinct signatures in modulating the thermodynamic environment. Warming due to AH is limited to the lowest 1km above ground, while global warming warms up the whole troposphere. Intense AH results in enhanced convective available potential energy (CAPE) and reduced convective inhibition (CIN) within the megacity, allowing convection to be triggered more easily and with more vigor. On the other hand, global warming enhances both CAPE and CIN, over both urban and rural areas. Our results highlight the different physical mechanisms of AH and global warming in exacerbating extreme urban rainfall, despite their having similar impacts on the rainfall intensity.
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