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Abstract

Urbanization and global warming are two of the major human impacts on the environment. The Urban Heat Island (UHI)
effect can change precipitation patterns. Global warming also leads to changes in precipitation and especially an increase
in intensity and frequency of extreme precipitation. With urbanization expected to grow in the future, the role of UHI in
a warmer climate is an important research question. We present results from 20-year long regional convection-permitting
model simulations that include the UHI effect, run for historical and future climates for two megacities, Paris and Shanghai.
In the warmer future climate, urban-induced precipitation is found to decrease compared to the historical climate, for both
mean and extreme precipitation, with large uncertainties due to natural variability. The mean precipitation increase due to
UHI in Paris is 2.2+ 1.4% and 1.8 + 1.3% for historical and future conditions, respectively. Shanghai has slightly weaker
mean precipitation change than Paris at present and no change in the future. The future reduction of the urban effect is found
to be caused by a decrease in summer precipitation for both cities. Interannual variability in precipitation due to UHI is
larger for Shanghai than Paris. The UHI effect on extreme precipitation is also reduced in the future climate and the area
with precipitation increase is more concentrated. The general increase in extreme precipitation due to global warming, in
combination with the precipitation redistribution due to UHI, underline the importance for future urban planning to mitigate
damage caused by extreme precipitation events.

Keywords Precipitation - Global warming - Urbanization - Extreme events

1 Introduction

Urban Heat Islands (UHI) are formed when cities have
higher temperatures than surrounding rural areas (Oke 1982;
Arnfield 2003). Compared to rural vegetated areas, urban
surfaces have different thermal properties such as lower
albedo, less water available for evaporative cooling as well
as higher potential for heat storage (Taha 1997). Excess
anthropogenic heat emission (AHE) caused by human activ-
ity such as fuel combustion, e.g. from transport and air con-
ditioning, is also an important contribution to UHI (Ichinose
et al. 1999; Dong et al. 2017).

UHI produced by large urban areas can impact precipi-
tation by enhancing low-level convergence, due to both
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increase in surface roughness and destabilization of the
boundary layer (Theilen et al. 2000; Bornstein and Lin 2000;
Shepherd and Burian 2003). Regional numerical modelling
at convection-permitting scales improves our understanding
of these processes (Shepherd 2005; Shepherd et al. 2010).
Wan et al. (2013) and Zhong et al. (2017) studied UHI
effects in Shanghai and other urban areas in the Yangtze
River Delta by changing the land use in convection-permit-
ting numerical models. Wan et al. (2013) studied one event,
while Zhong et al. (2017) ran the model over 5 years, both
studies found that the UHI alters the circulation patterns and
cause an increase in precipitation. This effect is also found
in studies over other regions (Argiieso et al. 2016; Liu and
Niyogi 2019). Zhang et al. (2018) found that the urbaniza-
tion of Houston even had a substantial effect with increase
in extreme precipitation during hurricane Harvey. Marelle
et al. (2020) studies UHI effects in four mega cities over
long enough time scales (10 and 20 years) to investigate the
climatic impact on extreme precipitation on a convection-
permitting scale by changing land cover and using high reso-
lution AHE. The study finds that UHI increases the intensity
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and especially frequency of extreme precipitation over urban
areas.

With global warming the hydrological cycle amplifies
and causes changes in mean and extreme precipitation that
differ globally (Douville et al. 2021; Pfahl et al. 2017; Hod-
nebrog et al. 2019). This leads to an increase in intensity
(Fischer and Knutti 2016) and frequency of extreme pre-
cipitation (Myhre et al. 2019). The number of events that
cause flooding or damages is therefore expected to occur
more frequently in a warmer climate, and this should be
accounted for in future adaption management. In addition,
urbanization is expected to continue to grow, 55% of the
world’s population lived in urban areas in 2018 and this is
projected to reach 68% by 2050 (WUP 2018). As more peo-
ple live in impenetrable urban areas, in a warming climate
with more extreme precipitation, the added effect of UHI
on precipitation is therefore of high importance for future
urban planning.

Studies have shown that increasing urbanization leads to
a larger heat storage and larger nighttime temperature differ-
ence between urban and rural areas, and especially nighttime
UHI is correlated with urban population and less dependent
on the climate zone of the city (Zhao et al. 2014; Imran
et al. 2019). Daytime UHI is however more dependent on the
climate the city is situated in as well as precipitation due to
the limits of evaporative cooling in urban areas (Manoli et al.
2019). Scott et al. (2018) studied 54 United States cities for
2000-2015 and found that over interannual timescales, the
UHI does not change with a warmer climate. Hamdi et al.
(2015) used model simulations for Paris and Brussels to
show that with future climate change, the biggest difference
in UHI intensity is seen in nighttime temperatures during
winter, caused by less wind. They also found a decrease in
daytime UHI during summer, caused by drying soil out-
side of the urban areas. As climate change leads to different
precipitation patterns, the future UHI effects on precipita-
tion can be different than under current conditions. A model
study by Georgescu et al. (2021) over the continental United
States found that future urban expansion can both suppress
or enhance extreme precipitation depending on season and
location. Zhang et al. (2009) found that precipitation over a
growing Beijing had decreased due to less evaporation and
results presented in Trusilova et al. (2008) show a reduction
in precipitation over urban areas in central Europe explained
by less water availability in the extensive urban areas. In this
study the UHI effect on precipitation will be explored by
using regional numerical modelling at convection-permit-
ting scales for simulations that include the urban effects and
parallel simulations without the urban landcover for current
climate and a future projection. The cities studies include
Paris, where future projections indicate a small reduction in
summer precipitation, and Shanghai, which is affected by the
Asian monsoon that is projected to intensify.

@ Springer

Here, we use the same regional model setup as Marelle
et al. (2020) for historical and future climate projections.
To get a strong signal for global warming, a high emission
scenario is chosen for the future projections. First, results
are shown for mean and extreme precipitation indices for
the UHI effect in historical and future conditions. Thereafter,
the changes in extreme precipitation from historical to future
conditions are investigated further.

2 Methods

Model simulations are performed with the Weather Research
and Forecasting model (WRF) version 3.9.1 (Skamarock and
Klemp 2008) at a convection-permitting horizontal resolu-
tion of 3 km. This inner 3 km domain is 483 km X 483 km
wide and is nested in an intermediate 15 km domain which
again is nested in an outer 45 km grid. Temperature, hori-
zontal winds and geopotential height are spectrally nudged
for the outermost 45 km grid. There are 50 vertical lev-
els with a model top at 50 hPa. The WRF model setup in
terms of physics schemes and parameterizations is given
in Table S1.

The initial and 6-hourly boundary conditions to WRF are
taken from a coupled atmosphere-ocean model simulation
with the National Center for Atmospheric Research (NCAR)
Community Earth System Model (CESM 1.0.4) (Gent et al.
2011), and are the same as in Hodnebrog et al. (2019).
Sea-surface temperatures are also provided by the CESM
results. The CESM is run using the CAM4 atmosphere mod-
ule (Neale et al. 2010) with a 1.9 X 2.5 horizontal resolution
and 26 vertical levels, with the CLM4 land module (Law-
rence et al. 2011), a full ocean model (Danabasoglu et al.
2012) that is based on the Parallel Ocean Program 2 (Smith
et al. 2010) and with the CICE4 sea-ice model (Hunke and
Lipscomb 2008). Soil moisture and temperature to WRF
are interpolated from the 15 CLM4 soil levels to four soil
levels used by WRF. The CESM model run is from 1850 to
2100 with the high emission Representative Concentration
Pathway 8.5 (RCP8.5) (van Vuuren et al. 2011).

WREF is run over the two megacities Paris and Shanghai
for the years 1986-2005 representing historical conditions,
and 2081-2100 representing future conditions, with differ-
ent urban settings in the inner 3 km domain as described in
Marelle et al. (2020). Land cover is obtained from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) satel-
lite instruments (Lu et al. 2008). For the ‘urban’ simulations,
a global dataset with AHE estimations with a spatial reso-
lution of 30-arc seconds is provided by Dong et al. (2017).
The emissions dataset is estimated for the year 2013 and is
given on monthly basis with a 1 hourly diurnal resolution.
For the ‘nourban’ simulations, the urban land use for each
city is replaced by the main land cover surrounding the city,
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mostly cropland and the AHE is set to 0. As urbanization
is expected to continue to increase (WUP 2018), sensitiv-
ity simulations with a larger and warmer city called ‘exur-
ban’ is run over the last 10 years for the future conditions
(2091-2100). During the last 30 years up to present, Paris
and Shanghai have grown at different speeds (WUP 2018)
and continued urbanization is projected to be less for Europe
than China. Assumptions made in the ‘exurban’ simulations
about increase in urban land use and AHE for the two cit-
ies are therefore different (see exurban extent in Fig. S1 vs.
urban extent in Fig. 1). For Paris, the urban grid cells are
expanded by ~ 60% around the city, and mean AHE over all
the urban grid cells is increased with 50%. For Shanghai, the
outer city is extended over Yangtze estuary, with AHE in this
extended part set at the same values as in the original outer
grid cells of the city, as well as an increase in AHE with 50%
for the original urban grid cells. These changes are similar
to the observed urban changes over the last 30 years for both
cities (WUP 2018). A secondary use of the exurban simula-
tions is to check the effects of only the increase in AHE over
the original urban grid called ‘exahe’.

The effect of urbanization on extreme precipitation is
found by studying the percent increase between the 99th
and 99.72nd percentile thresholds for both daily and hourly
precipitation for the whole year. The 99th percentile cor-
responds to the 1% most extreme days or hours, and the
99.72nd percentile corresponds to 1 day or 24 h per 365
days. The percent increase in total amount of precipitation
above the percentiles is also calculated and called R99p_all
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Fig.1 Annual mean temperature difference and urban wind speed
and direction (a—d), annual accumulated precipitation difference
(e-h) and percent change for Rxlday (i-1) between the urban and

and R99.72p_all as in Myhre et al. (2019). These two lat-
ter statistics combine both the increase in intensity and fre-
quency of extreme precipitation. In addition the percent
increase in the day and hour of each year simulated with
the maximum day and hourly precipitation (Rx1day and
Rx1lhour respectively) is studied.

3 Results

The UHI effect is calculated by the difference between simu-
lations for urban and nourban. This UHI effect is calculated
for historic and future conditions.

3.1 UHI effect on mean temperature
and precipitation

Figure 1 show the annual mean impact of UHI on tem-
perature and precipitation; both accumulated and yearly
extreme precipitation for the two 20-year time periods are
explored for Paris and Shanghai. The warming from UHI is
up to 2.2 K in the city centers for Paris and Shanghai. Even
though the temperature difference due to UHI shown for
the two time periods is comparable, the historical condi-
tions (1986-2005) UHI has a bigger impact on mean pre-
cipitation increase over the urban grid cells compared to
end of the century conditions (2081-2100) for both cities.
However, there is large natural variability connected to the
effect of UHI on precipitation, the model results show that
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nourban simulations for Paris (left) and Shanghai (right) for the two
20-year simulations 1986-2005 and 2081-2100
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«Fig.2 Seasonal vertical profiles for Paris (top) and Shanghai (bot-
tom) for temperature (T), vertical windspeed (w), water vapor mixing
ratio (Q) and cloud fraction (CLDFRA) as a mean difference between
the urban and nourban simulations, evaluated over the urban grid
cells for the two 20 year periods 19862005 (blue) and 2081-2100
(burgundy). Heigh over ground shown on y-axis in km

mean increase over the Paris urban grid cells from 1986 to
2005 is 20.5 mm/year corresponding to a 2.2% increase,
with an interannual variability of 13.4 mm (1.4%) calculated
as standard deviation of the 20 years. For 2081-2100, the
mean increase is 15.1 mm/year with an interannual variabil-
ity of 10.1 mm, or 1.8% increase with a variability of 1.3%.
For Shanghai the interannual variability is larger due to the
city being affected by the monsoon and therefore have more
convective precipitation. This causes the mean increase over
the urban grid cells from 1986 to 2005 to be 15.9 mm/year
or 1.6%, with an interannual variability of 26.4 mm (2.5%),
and from 2081 to 2100 there is only a mean increase of
0.1 mm/year although the interannual variability is 47.8
mm (0.0% + 5.2%). Despite the large interannual variabil-
ity, the increase in precipitation due to UHI over the urban
grid cells is found to be statistically significant based on the
Wiloxon singled-rank test (p < 0.05) except for the future
(2081-2100) Shanghai simulations.

The Paris UHI effect on accumulated precipitation shows
that for both time periods there is an increase on the north-
east side, but with less precipitation difference for the end
of century simulations. The UHI effect on accumulated pre-
cipitation for Shanghai also shows an increase over a region
in the north-eastern side of the city, but this region becomes
smaller from historical to future conditions, and the west-
erly regions with a reduction in precipitation become larger.
For the sensitivity simulation (exurban) with a larger urban
area and warmer Shanghai (Fig. S1d), this westerly region
with precipitation reduction is even larger. This indicates
that the UHI effect in Shanghai changes the precipitation
pattern, and a warmer city intensifies this tendency. The UHI
effect on accumulated precipitation shows relatively small
differences when a larger urban area of Paris (exurban) was
assumed instead of the current spatial extent of the city (Fig.
Slc).

There is a clear increase over Paris for the annual
maximum I-day precipitation (Rxlday) in the histori-
cal conditions (over 20% in parts of the city), while end
of the century results do not show a clear impact of the
Paris UHI. In comparison, Shanghai does not show such
a clear impact of UHI on Rx1day for either of the peri-
ods, although the pattern of change in Rx1day values is
similar to the accumulated precipitation change pattern.
When future urban expansion is considered (the exurban
simulations) the Rx1day percent increase is similar to the
original city with no real signal for Paris. For Shanghai,

there is a larger percent decrease in Rx1day to the west and
a smaller increase to the east, also similar to the accumu-
lated precipitation pattern. (Fig. Sle, f).

To further explore the change in UHI effect between
historical conditions and a warmer climate the impact
in different seasons is investigated. Figure 2 shows the
seasonal UHI impact on temperature (T), vertical wind
(w), water vapor mixing ratio (Q) and cloud fraction for
Paris and Shanghai in the lowest 6 km above the urban
grid cells. Even though the cities are situated in differ-
ent climates, the UHI impact is similar over the seasons:
Temperature increase close to ground leads to an increase
in updrafts and a reduction in Q and cloud cover. Above
1000 m, the updraft causes an increase in Q and cloud
fraction, leading to a small decrease in temperature in
the altitude with enhanced cloud cover. The UHI effect
is strongest during the summer months, and it is also dur-
ing the summer months the two curves for historical and
future conditions differ most. While the increase in Q over
1000 m is not as strong for historical as for future con-
ditions, historical conditions show a stronger increase in
cloud fraction (although stronger increase for Paris than
for Shanghai).

To understand the effect of the UHI in historical and
future climate, the change in climate between the two time
periods studied is of interest. Figure S2 show the absolute
values in the nourban simulations for historical and future
condition. The variables (except omega as a substitute of w
for updraft) for the global climate model from the grid point
closest to the city center is also shown. Both models show
that the increase in greenhouse gases leads to around two
degrees warming in the profile and up to three degrees for
Shanghai during the summer months. Although there is an
increase in water vapor mixing ratio, the mean cloud frac-
tion shows a decrease (with less clouds in the WRF model
results compared to CAM4) in future compared to present
day climate.

Figure S3 shows the same as Fig. 2 but includes the effect
of the larger city area and future climate sensitivity (exur-
ban) simulations. Profiles are calculated both as a mean over
the original urban area to study just the increase in anthropo-
genic heat (exahe), and as a mean over all the expanded city
grid cells (exurb). Urban expansion combined with global
warming has the strongest impact on the profile of water
vapor change (stronger reduction close to the ground and a
stronger increase above 1000 m), especially during the sum-
mer months for both cities as well as fall for Shanghai. For
Paris, however, there is no further increase in cloud fraction
for the summer months due to urban expansion, and just
a small increase during the rest of the year. For Shanghai,
independent of the city area (both exahe and exurb) there
is a small cloud fraction increase for summer and fall, even
though the areas where they are evaluated are very different.
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Figure 2 showed that the UHI effect is strongest during
summer, both for surface temperature and in the vertical
column. Figure 3 shows the seasonal mean 2-m temperature
and accumulated precipitation difference for summer (JJA)
and winter months (DJF) for Paris (spring (MAM) and fall
(SON) are shown in Fig. S4). Even though the 2-m tempera-
ture difference is smaller for winter than the other seasons,
this season show a clear influence of the UHI effect on pre-
cipitation in both historical and future simulations which is
likely caused by the stronger mean wind in south westerly
direction compared to the other seasons. Model results show
more precipitation downwind on the east side of Paris, and
a decrease further to the east outside of the city. For the
summer months there is an increase in accumulated pre-
cipitation in the historical climate with a mean of 5.2 mm/(3
months) over the urban grid cells with interannual variations
of 10.8 mm, while there is a decrease in a warmer climate
with a mean of — 3.3 mm/(3 months) over the urban grid
cells with interannual variations of 9.4 mm. The decrease

1986-2005

during summer causes the lower annual mean urban-induced
precipitation in the end of the century simulations compared
to historical climate. The large interannual variation in the
effect of UHI in summer precipitation is presumably a result
of the variability of convective precipitation.

Due to the monsoon, there is a larger seasonal difference
for Shanghai than for Paris. Most of the precipitation occurs
in summer and fall (Fig. S5 show precipitation in winter,
DIJF and spring, MAM). Figure 4 shows that the distribution
of accumulated precipitation difference between the urban
and nourban simulations during summer is very similar to
the annual precipitation difference, suggesting that this sea-
son accounts for large parts of the annual difference. Within
the city of Shanghai, there is an area with an increase in
precipitation due to the UHI effect on the east side and an
area of decrease in precipitation further downwind in the
westerly part, where the area of precipitation decrease is
larger for the end of the century simulations than present
day. Compared to Paris, the increase in mean precipitation

2081-2100

a DJF - 2m/s c DJF -2mis d JA -2mis
A T K S RN K
YN K OOl A L T
N A 2 N IS 2 M S B LA 2
7//// 2SS 7//// LA AR | L G 0. I A B 1

s vz z 5 LA " MR 4

o 777l o EES P szl o Ve 0
e s 227 i A A 2227 B | 1 = b v 1
PSS S NN E ANER A
ioo000000007 N vyl R R R £
Lo ae sy BB gty L SRS R R
e g h

- mm 2 mm - mm

Cib\“\:i 10
s
-10

-30

| o
w05
5}

-
L5
o

-10

-30 -30

Fig.3 Mean seasonal difference for temperature and seasonal accumulated precipitation for Paris in winter (DJF) and summer (JJA) for the two
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occurs further to the upwind side of Shanghai. Similar to
Paris, the decrease in annual mean precipitation in Shanghai
is caused by the decrease in summer months with 7.2 mm/
(3 months) difference between the urban and nourban simu-
lation for 1986-2005 and — 7.6 mm/(3 months) difference
for and 2081-2100. Due to a large fraction of convective
precipitation the interannual variations are large for these
results as well with 23.8 mm and 44.3 mm, respectively.

3.2 UHI effect on extreme precipitation

The annual and seasonal mean maps in Figs. 1, 3 and 4 show
that UHI contributes to increased precipitation in some parts
of the cities and a decrease over other parts. Since precipita-
tion can cause damages over a smaller area, extreme precipi-
tation statistics are calculated both over all the urban grid
cells and where the UHI effect has a positive annual mean
difference (as shown in Fig. 1e-h), same methodology as
used in Marelle et al. (2020). Marelle et al. (2020) showed
that areas where mean precipitation increases within cities
are also where extreme precipitation is the most influenced
by UHI. Figure 5 shows the percent increase in annual mean
and extreme precipitation due to the UHI as an average over
all the urban grid cells and just the urban grid cells that
has an increase in the yearly mean (pos urban). Also, the

Paris percent increase

percent increase for the 99th and 99.72nd percentiles (see
Method section), and the change in amount of precipitation
over these thresholds are shown. The percent increase in
annual maximum 1-day precipitation (Rx1day) is calculated
(equivalent to the maps shown in Figs. 1 and S1), as well
as the annual maximum 1-h precipitation (Rx1hour). The
interannual spread and standard deviation for the results are
shown in Fig. S6.

The results show an increase in extreme precipitation due
to UHI for historical conditions with a mean of 10.2% and
2.5% increase in Rx1day for all the urban grid cells of Paris
and Shanghai, respectively, over the 20 years. The effect
is larger for daily values compared to hourly for both cit-
ies (e.g. 8.3% and 2.2% for the corresponding 1-h annual
extreme). For historical conditions, Paris has an overall
stronger increase in extreme precipitation due to UHI com-
pared to Shanghai, however for Shanghai there is a larger
increase between the positive urban grid cells and all urban
grid cells (from 2.5 to 3.7% increase in Rx1day). This shows
that the areas that experience more mean precipitation due to
UHI effects also have higher increase in extreme precipita-
tion, and that the change in mean precipitation in Shanghai
is more influenced by extreme precipitation events than that
of Paris. Although the Rx1day is stated as an example in
the text here, the overall tendencies is the same for the other
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Fig.5 Percent increase in mean precipitation and extreme precipita-
tion indices for Paris (left) and Shanghai (right) for the two 20-year
simulations 1986-2005 (top) and 2081-2100 (mid), and the sensitiv-
ity simulations with larger and warmer cities (exurban) over 10 years

2091-2100 (bottom). Results are calculated for all urban grid cells
(“all urban”), and the urban grid cells where there is an increase in
mean precipitation over the respective time periods (“pos urban”)

@ Springer



3400

B. M. Steensen et al.

extreme precipitation statistics (based on percentiles) for
historical conditions.

For future conditions, the UHI effects on extreme precipi-
tation is lower than for historical conditions (down to a 0.3%
increase in Rx1day for Paris and a negative effect of — 0.9%
for Shanghai), this is similar to what has been shown for
mean precipitation. The difference between all urban grid
cells and the grid cells with a positive mean precipitation
change is larger for extreme precipitation in future condi-
tions in Shanghai with 4.7% increase in Rx1day for “pos
urban”, whereas Paris shows a smaller effect of 2% increase.
A larger urban area and warmer Paris in the sensitivity simu-
lation (exurban) increases the extreme precipitation com-
pared to the standard future simulations, for example there
is a 1% mean increase in Rx1day over all the exurban grid
cells. The exurban sensitivity simulation for Shanghai shows
a decrease over the whole city with — 4.4% for the 99th per-
centile precipitation intensity (99p), however for the parts
with a positive urban grid cells the effect of UHI on 99p is
a2.7% increase.

Compared to the results for the UHI effect for the
1986-2005 simulations, where there is an increase towards
the more extreme statistics, the simulations representing
2081-2100 show a larger variation between the extreme
precipitation indices for the same city, with some of the
indices showing an increase and others showing no change.
In Shanghai, extreme precipitation is more dependent on
the monsoon and therefore more convective, and there the
UHI effect even leads to a decrease in extreme precipitation
intensity and amount when studying the 20 years combined
but there are large interannual variations.

These large differences in UHI precipitation effects
shown in Fig. S6, illustrate the need for long timeseries
when studying the UHI effect on precipitation. There is

Fig.6 Same as Fig. 5, but with

indeed also a larger spread for daily results compared to
the hourly results that contains more data. The variations
are also larger for the most extreme threshold and for future
conditions. For most years, however, the results are centered
around the values shown in Fig. 5 with outliers often to the
more extreme events.

Even though the strength of the UHI intensity in tempera-
ture is similar in a warmer climate and historical conditions,
the UHI effect on mean and extreme precipitation is weaker
over the 20 years in the future. Figure 6 shows the same
statistics as Fig. 5, but for percent increase from historical
to future conditions over the urban grid cells (in both the
urban and nourban simulations). For Paris there is around
a 10% decrease in mean annual precipitation between 1980
and 2006 and 2081-2100, while there is a 5% increase for
Shanghai. These results are similar to the median CMIP5
model results shown in the IPCC atlas (IPCC 2013), with a
decrease in mean precipitation over central Europe and an
increase in precipitation over Shanghai both with a RCP4.5
and a RCP8.5 scenario for the end of the century.

Even with a decrease in mean precipitation in Paris with
global warming, extreme precipitation is found to increase
in the 20-year long simulations, with a higher increase in the
nourban simulation and daily data when comparing the indi-
ces. Hourly maximum precipitation due to UHI is found to
decrease in both nourban and urban simulations compared to
historical conditions. For Shanghai the model results show
a strong increase in extreme precipitation without the UHI
effect, with a stronger increase for the more extreme indices
that also account for changes in frequency. Daily precipita-
tion extremes increase more than hourly. These increases
show that even though the urban-induced precipitation is
shown to be lower in a warmer climate, a warmer climate
leads to an increase in extreme precipitation.
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4 Discussion

This study uses the same model setup as Marelle et al.
(2020), but with boundary and initial conditions from a
global climate model, limited to one realization of his-
torical and future climate, while Marelle et al. (2020)
use reanalysis data representing actual weather situa-
tions. Comparing the two studies shows that there is a
higher impact of urbanization on mean precipitation and
the yearly extreme here than in Marelle et al. (2020), but
the spatial patterns are similar. Prevailing westerly winds
in Central Europe and the Monsoon circulation are the
main drivers of precipitation changes in both studies, and
the differences seen between the studies can be caused by
natural variability and the different time periods studied.
As shown in both studies, because of the strong natural
variability the results are very dependent on the time peri-
ods studied.

UHI effects increase precipitation by inducing updraft
that initiate moist convection if the conditions are thermo-
dynamic favorable (Han et al. 2014). Figure 2 shows that the
UHI effect in Paris initiate the strongest updraft in summer,
although mean horizontal wind (see Fig. 3) is weak during
this season. For historical conditions there is an increase in
mean precipitation during summer due to UHI, while in the
future projections the UHI has a negative effect on the mean
summer precipitation over Paris. There is also a reduced
UHI effect on the annual mean and extreme precipitation
in the future compared to historical conditions. Previous
studies have found that this decrease in precipitation can be
explained by a reduction in water availability in the urban
areas (Trusilova et al. 2008; Zhang et al. 2009).

Compared to Paris, Shanghai show conditions that are
more favorable for moist convection, and precipitation pro-
duction in the urban simulations occurs more over the city
than on the downwind side. This causes a decrease in pre-
cipitation over the rest of the city compared to the nourban
simulations. In the future simulations, conditions are even
more favorable and mean precipitation is increased right on
the upwind side inside of the city, with a decrease further
downwind for summer and fall mean wind directions. Addi-
tional expansion of the urban area of Shanghai in the exur-
ban simulations show the same tendency with the area of
increased precipitation displaced even further upwind, and a
large area with precipitation decrease. The favorable condi-
tions for convection can also be seen by the large increase
in both mean and extreme precipitation for Shanghai with
the future emission scenario. Even though the high emission
scenario (RCP8.5) used in this study is uncertain, the trends
in the results presented in this study is important for future
city planning as RCP 4.5 also show an increase in precipita-
tion over the Shanghai area (IPCC 2013).

The results found here suggest that a larger and warmer
city increases the mean and extreme precipitation in the
future, especially over smaller areas of the cities compared
to if the city size and heat emission is kept at current levels.
Increasing green areas is a common strategy to reduce the
effect of UHI on temperature, as increased water available
for evaporation reduces temperature but could also increase
water available to be precipitated downwind of the city. With
already increasing extreme precipitation due to global warm-
ing, and the flooding risks in the impenetrable urban areas,
measures that reduce the UHI effect on precipitation is even
more important.

5 Conclusions

We present results on the role of the UHI on mean and
extreme precipitation, simulated by a convection-permitting
regional model driven by a global climate model for a his-
torical and a future scenario for Paris and Shanghai. The
effect of UHI is studied by comparing model results that
include the urban areas and anthropogenic heat to model
results where the urban area is replaced with the surround-
ing land cover. Results show that the UHI leads to an updraft
that increase moist convection with increase in water vapor
and cloud fraction over the urban area. If conditions are
favorable, this increased convection can cause an increase
in precipitation downwind, causing a different precipitation
distribution in the simulations that include urban effects
compared to the nourban simulations.

Especially for historical conditions, the area with
increased precipitation is located downwind of the prevail-
ing wind directions, with a small decrease in the rest of the
city. The UHI effect in Paris is stronger than in Shanghai for
mean and extreme precipitation, both as a mean over all the
grid cells and as a mean of the grid cells with a yearly posi-
tive mean increase in precipitation. Since precipitation in
Shanghai is more convective, the results are more uncertain
with a large interannual variability.

For future conditions, both cities have a reduced UHI
effect on mean precipitation compared to historical condi-
tions, with the largest reduction in summer precipitation.
Sensitivity simulations with larger and warmer cities, due
to assumptions of increased urbanization in the future,
show the same result. Especially for Shanghai, conditions
for moist convection are more favorable causing a stronger
redistribution of the precipitation due to the UHI effects.
Also, the area with increased precipitation is more con-
centrated in the downwind side of the city border in the
future simulations, with a precipitation reduction further
downwind compared to historical conditions. This leads to
a negative mean precipitation over all the Shanghai urban
grid cells, although flooding can still cause large damage
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over the more concentrated area affected. The natural vari-
ability of convective and also extreme precipitation leads
to large uncertainties, and the results are very dependent
on the time period studied highlighting the need for long
timescales.

Extreme precipitation events of short time-duration can
lead to flooding, and with impenetrable urban surfaces,
cities are more at risk. The urban effect on extreme hourly
precipitation is less than the increase in daily extremes
in both the historical and future simulations. For Paris,
there is even a decrease in extreme hourly precipitation
from historical to future climate, however for Shanghai
the hourly extreme precipitation is found to increase
although not as strongly as for the daily extremes.Even
with a reduced effect of UHI on precipitation in the future
model simulations compared to the historical, the model
results also show that background extreme precipitation,
due to global climate change, will increase in Paris and
Shanghai, highlighting the need to account for changes in
extreme precipitation in urban planning. This is important
especially in the areas where the UHI redistribution of
precipitation causes an increase.
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