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Key Points:

e The ensemble approach is more valuable for forecasting precipitation than
for forecasting temperature, mixing ratio, and wind speed

e The individual impacts of urban canopy parameters have different sensi-
tivity to different meteorological variables

e Urbanization increases the area with a probability of high temperature,
low mixing ratio, low wind speed, and extreme precipitation

Abstract

The urban morphology determined by urban canopy parameters (UCPs) plays
an important role in simulating the interaction of urban land surface and at-
mosphere. The impact of urbanization on a typical summer rainfall event in
Hangzhou, China, is investigated using the integrated WRF /urban modelling
system. Three groups of numerical experiments are designed to assess the uncer-
tainty in parameterization schemes, the sensitivity of urban canopy parameters
(UCPs), and the individual and combined impacts of thermal and dynamical
effects of urbanization, respectively. The results suggest that the microphysics
scheme has the highest level of uncertainty in simulating precipitation, followed
by the planetary boundary layer scheme, whereas the land surface and urban
physics schemes have minimal impacts. The choices of the physical parame-
terization schemes for simulating precipitation are much more sensitive than
those for simulating temperature, mixing ratio, and wind speed. Of the eight
selected UCPs, changes in heat capacity, thermal conductivity, surface albedo,
and roughness length have a greater impact on temperature, mixing ratio, and
precipitation, while changes in building height, roof width, and road width affect
the wind speed more. The total urban impact could lead to higher temperature,
less mixing ratio, lower wind speed, and more precipitation in and around the
urban area. Comparing the thermal and dynamical effects of urbanization sepa-
rately, both of them contribute to an increase in temperature and precipitation
and the thermal effect plays a major role. However, their impacts are opposite in
changes of mixing ratio and wind speed and each play a major role respectively.



Plain language summary

Limited knowledge exists over how factors related to urbanization affect local
short-term precipitation in cities, which is a common precipitation type but
difficult to forecast. In this study, a typical summer heavy precipitation event
occurred in Hangzhou, China is chosen to analyze the urban effect using both
ensemble simulation method and sensitivity test method. The ensemble sim-
ulation can well reproduce the heavy precipitation and the high temperature,
low mixing ratio, and weak wind speed before precipitation in the urban area.
The performance of the model is shown to have more uncertainties in forecast-
ing precipitation than the uncertainties in temperature, mixing ratio, and wind
speed. The thermal and dynamic effects of urbanization on this rainfall event
are further separated and compared. Both the thermal and dynamic effects
contribute to an increase in temperature and precipitation in the urban area.
However, they play the opposite role in the changes of mixing ratio and wind
speed. The thermal effect plays a major role and decrease the mixing ratio, and
the dynamical effect is dominant on changes in wind speed and reduces the wind
speed.
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1 Introduction

The rapid urbanization of China, which involves population aggregation and im-
pervious surface expansion, has artificially changed the land cover and physical
properties of land surface. This has led to a series of climate and environmental
issues, such as the urban heat islands (UHIs) Portman 1993Ren et al. 2008 Yang
et al. 2011a(; ; ), extreme rainfall Jiang et al. 2020Wen et al. 2020Zhang et
al. 2009(; ; ), and air pollution Wang et al. 2007Zhang et al. 2016(; ). To ad-
dress these urban environmental issues, an integrated urban modelling system
is coupled to the Weather Research and Forecasting (WRF) model to bridge the
gaps between traditional mesoscale modelling and microscale modelling Chen
et al. 2022bHe et al. 2019Miao et al. 2015Shen et al. 2019Shui et al. 2016(; ;
; ;) Three urban parameterization schemes, i.e., bulk parameterization Liu et
al. 2006(), the single-layer urban canopy model (SLUCM) Kusaka and Kimura
2004Kusaka et al. 2001(; ), and the building effect parameterization (BEP)
Martilli et al. 2002(), with different degrees of freedom to parameterize urban
surface processes, are used to analyze how urban morphology and its thermal
and dynamical effects influence the local micrometeorology.

In general, urbanization can produce less evaporation, higher surface temper-
ature, larger thermal transport (sensible and latent heating), and a deeper
boundary layer (Chen et al. 2022b; Shui et al. 2016; Zhang et al. 2009).
Chen et al. (2016) indicated that the anthropogenic heat release in Hangzhou,
China, contributed 65.26% and 17.47% to the UHI intensity in winter and
summer, respectively. Both the high-rise buildings and the UHI-induced




circulation (Fujibe 2003) modifies the 10-m wind fields, for example, reducing
the regional wind speed and causing a weak wind zone in the urban areasMittal
et al. 2018(). Furthermore, numerous studies consistently found urbanization
increases in the amount and frequency of extreme precipitation over and
downwind of cities (Zhang 2020; Wu et al. 2019; Wan et al. 2015; Miao et
al. 2011). However, the uncertainty in forecasting precipitation is usually
much larger than the uncertainties in temperature and wind field. In this case,
ensemble forecast is more credible for studying the urban effect on extreme
precipitation than a single model run (Schwartz et al. 2014). Studies of urban
impact on rainfall without ensemble runs probably overestimate urbanization
effects on rainfall, sometimes up to 100% (Berner et al. 2011; Yu et al. 2018).

In addition, the urban morphology determined by urban canopy parameters
(UCPs) that used to drive these processes also can greatly affect the thermal and
dynamical fields in the urban areas Chen and Ng 2011Martilli 2007(; ). Zhou
and Chen (2018) indicated that the increasing building height may mitigate
the UHI intensity at the pedestrian level due to the shading effects of high-rise
buildings. Many urban greening and white roof experiments showed that the
surface temperature and UHI were reduced obviously due to the surface albedo
changed Akbari et al. 1992Coutts et al. 2013Liu et al. 2018Millstein and
Menon 2011Smith and Roebber 2011(; ; ; ; ). Three dimensional UCPs datasets
were developed both in the United States Ching et al. 2009() and China Sun
et al. 2021(), with which the model skill in simulating 2-m temperature and
10-m wind speed was greatly improved He et al. 2019Ronda et al. 2017(; ).
Besides, Shen et al. (2019) found that the impact of updating urban fraction
and urban morphology were obvious on wind speed but minor on temperature
and humidity in Guangzhou, China. However, these studies mainly focus on
the impact of changes in either a single UCP or the entire UCPs dataset on the
urban environment, a diagnostic analysis of isolating the contributions of these
UCPs on the thermal and dynamic fields has been less conducted.

In this study, the individual and combined impacts of thermal and dynamical
effects of urbanization are investigated through several sensitivity experiments.
A typical summer rainfall event occurred under a weak synoptic forcing back-
ground in Hangzhou, China is chosen. Hangzhou is one of the central cities in
the Hangzhou Bay with a permanent population of 12.2 million in 2021 (Zhe-
jlang Statistical Bureau; http://tjj.zj.gov.cn/col/col1525563/index.html), and
has experienced rapid economic development and urbanization in the past two
decades. Analysis of the remote sensing night light data shows that the urban
distribution in the Hangzhou Bay area has developed from a point-like distribu-
tion in the 1990s to a continuous belt-like distribution nowadays, and the urban
area has increased by more than three times Yang et al. 2015(). Wide roads
and high-rise buildings rise in Hangzhou megacity, which changes the physical
properties of the underlying surface and has a great impact on the urban en-
vironment. Thus, it is necessary to investigate the urban effects on the local
micrometeorology of Hangzhou and, in turn, to improve the understanding of
the interaction mechanism of urban land surface and atmosphere.



The paper is organized as follows: the description of the study area, synoptic
background, model configuration, and simulation experiments are given in sec-
tion 2. Section 3 evaluates the performance of the model, and discusses the
impacts of UCPs as well as the thermal and dynamical effects of urbanization
on this rainfall event. The paper ends with a summary of the main findings in
section 4.

2 Methodology

2.1 Synoptic background

The selected summer rainfall case occurred between 13:00 to 16:00 BST on
26 July 2018, with a maximum hourly rainfall amount exceeding 114.7 mm
at Liancheng Station (30.367°N, 120.283°E) near the downtown of Hangzhou.
Before and during this event, Hangzhou is dominated by the uniform west Pacific
subtropical high-pressure system with relatively weak winds and less favorable
moisture conditions (Fig. 1). Moreover, high temperature phenomena ( 35 °C
at 10:00 BST) is observed in Hangzhou before the precipitation. This synoptic
pattern is not conductive to form regional rainfall but is favorable to initiate
local rainfall. Therefore, this case is suitable to study the impacts of urban
thermal and dynamical effect on the simulation of local heavy precipitation and
the high temperature before. Hereafter, our entire study period is from 09:00
to 18:00 BST on July 26, 2018.

2.2 Model configuration

The model used in the current study is the WRF-ARW coupled with urban
model version 4.0.2 (http://www2.mmm.ucar.edu/wrf/users), which is widely
used for mesoscale numerical simulation research in the world Skamarock et
al. 2019(). Figure 2a shows the terrain of our study area and the location of
Hangzhou. All the simulations have two one-way nested domains centered at
(31.0°N, 120.5 °E) with a horizontal grid spacing (grid numbers) of 4 km (353
x 403) and 1 km (457 x 413), respectively. The vertical coordinate contains 51
full sigma levels from surface to 10 hPa. Approximately eight of these levels are
designed below 1 km to provide a fine vertical resolution within the planetary
boundary layer, and the lowest half-sigma level height is approximately 35 m
above ground. The black rectangle box (119.9-120.8 °E, 29.8-30.7 °N) in Fig.2b
is referred to as the control region in this study as the urban area and heavy
precipitation are concentrated in this region.

To assess contributions of model physics parameterizations to biases in simu-
lations of this local heavy rainfall event, two types of land surface, i.e., Noah
Tewari et al. 2016() and NoahMP Niu et al. 2011Yang et al. 2011b(; ), two types
of urban surface, i.e., SLUCM Chen et al. 2011() and BEP Martilli et al. 2002(),
three types of microphysics, i.e., Purdue Lin Chen and Sun 2002(), WSM6 Hong
and Lim 2006(), and WDM6 Lim and Hong 2010(), and two types of planetary
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boundary layer, i.e., MYJ Janji¢ 1994Mesinger 1993(; ), and Boulac Bougeault
and Lacarrere 1989(), are chosen for the physical parameterization perturba-
tions of the ensemble forecast in this study. In addition, the RRTMG Iacono
et al. 2008() is employed for both shortwave and longwave radiation schemes
in the simulation. No cumulus parameterization is used as recommended in the
paper of Skamarock et al. (2019), given that the model can resolve the deep
convective updrafts itself. All the physical schemes used are identical for both
two nests. The description of the model configuration is summarized in Table
1.

Considering the rapid urban expansion in and around Hangzhou, the default
MODIS 20-category land use dataset Strahler 1999() used in our study is up-
dated by a more inhomogeneous and detailed urban land cover and fraction
dataset at 1 km x 1 km resolution Chen et al. 2014(). Using this dataset has
been proved to better simulate the UHIs Chen et al. 2014Chen et al. 2016(; )
and extreme rainfall Chen et al. 2022a() in Hangzhou. For more descriptions
of this dataset, see Chen et al. (2014).The updated land use map is shown in
Figure 2b, and the Hangzhou-Shaoxing mega city with an urban fraction 0.2
is highlighted with the magenta solid line.

2.3 Numerical experiment design

Three groups of numerical experiments, i.e., GROUP I, II, and III, are designed
in our study (Table 2). In GROUP I, there are a total of 24 ensemble members
with the same model configurations except for different combinations of physical
parameterization schemes. Every ensemble member is named by the option of
the selected physical parameterization schemes, e.g., the name of “m2p2s2ul”
represents that Lin(2), MYJ(2), Noah(2), and SLUCM(1) are selected for the
microphysics, PBL physics, land surface, and urban physics schemes of this en-
semble member, respectively. The control ensemble forecast (ENCTL) includes
these 24 members running with the real land use data. Another ensemble fore-
cast (referred to as ENNoUB) is designed the same as the ENCTL, but replace
the urban land use with cropland in each member to investigate the impact of
urbanization. In GROUP II, one control simulation called CTL (the member
of “m16p8s4u2” in ENCTL) and another 16 sensitivity tests (i.e., SEN1, SEN2,
.., and SEN16) are conducted to systematically explore the effects of UCPs to
the simulation of urban environment. Each sensitivity test is the same as the
CTL, but decrease or increase one UCP (such as the building height) by 50%.
In GROUP III, another 3 sensitivity tests (referred to as NOTH, NODY, and
NOUB) are conducted and compared to the CTL to investigate the thermal
and dynamical effects of urbanization. The NOTH, NODY, and NOUB run are
designed the same as the CTL, but artificially remove the urban thermal effect,
urban dynamical effect, and both of them, respectively. The urban process, as
a part of the land surface process, influences the bottom boundary variables in
WREF following Eq. (1).

Vgrid = chg X (1 - wurb) + Vurb X Wy (1)



where V,,;q is the variable (e.g., surface temperature, sensible heat flux, and

friction velocity) from the surface to the lowest layer of the grid; V.., is the same
variable from the land surface model for the natural vegetation surfaces; V,, is
the same variable from the urban canopy model for the artificial surfaces; and
Wy, 18 the fraction coverage of artificial surfaces. The urban thermal effect is
removed by setting w,,;, = 0 for the thermal related variables, including albedo,
surface temperature, sensible heat flux, latent heat flux, and ground heat flux.
The dynamical effect is removed by setting w,,;, = 0 for the dynamical related
variables including friction velocity and momentum.

All the simulations are initialized at 02 BST on July 26, 2018, and integrated
for 18 hours. The hourly ERA5 reanalysis data Hersbach et al. 2018() with
a resolution of 0.25°x0.25° is used to provide the initial and lateral boundary
conditions. No data assimilation or nudging is performed to avoid the influence
of other factors.

The meteorological variables, including precipitation, 2-m temperature (T2M),
2-m mixing ratio (Q2M), and 10-m wind speed (WS10M), are derived from
the minute-level surface observations maintained by the Zhejiang Meteorolog-
ical Bureau, China Meteorological Administration. The gauged variables are
interpolated into the model grid by using the inverse distance weighted method.
This interpolation method has been proved to be insensitive to the results Ikeda
et al. 2010Xu et al. 2017(; ). Thus, the gridded observation data are used for
a quantitative evaluation of the model performance. To avoid the disturbance
of precipitation, the thermal related variables (i.e., surface temperature, T2M,
Q2M, sensible heat flux, latent heat flux, ground heat flux, and net radiation
flux) are calculated before precipitation (i.e., from 10:00 to 13:00 BST on 26 July
2018), while the other variables are calculated during the entire study period
(i.e., from 10:00 to 18:00 BST on 26 July 2018).

3 Results

3.1 Evaluation of WRF simulation

The accumulated precipitation from 13:00 to 18:00 BST on July 2018 is simu-
lated by 24 ensemble tests with different combination of physical schemes using
a map of current land use (ENCTL in Group I). The threat score (TS) is used
to evaluate the performance of each test in predicting the accumulated precipi-
tation (Table 3). The TS is defined as:

N,
TS = 3 (2)

where N, is the number of simulations that capture the observation, Ny is the
number of missing grids, and N, is the number of total grids.

The performance of the model in capturing the occurrence of rainfall ( 0.1 mm)
is generally good, with the averaged TS >0.85 accuracy, although the model
performance gradually decreases at higher accumulations. Only 3 of the 24



members have TS >0.1 when the precipitation is >50 mm. Comparing the
TS among all the members in each category (0.1, 10, 25, and 50 mm), the
microphysics scheme plays a key part in forecasting rainfall and the majority
of the members with higher TS use the microphysics scheme of WDM6 (16).
A combination of the WDM6 (16), BouLac (8), Noah MP (4), and BEP (2),
i.e., m16p8sd4u2, gets the highest T'S when precipitation is 10 and 25 mm, and
gets the second highest T'S when precipitation is 0.1 mm. The composite radar
reflectivity simulated by m16p8s4u2 is compared with the observation in Figure
3. The model successfully captures the first well defined radar echo formed in
the southeast corner of the control region at 14:00 BST on 26 July 2018, except
for about 1.5 h early (Fig. 3al vs. 3a2). Then the convective system moves
northwestward with a rapid intensification in the next two hours (Fig. 3b1-3b2).
The radar echo reaches its maximum value at 16:00 BST in the urban area of
Hangzhou, which is also well simulated by the CTL with an approximate shift
of 1.5 h in advance (Figure 3c1-3c2). After 16:00 BST, the convective system
gradually weakens and moves out of the study area (Fig. 3d1-3d2). In general,
the m16p8s4u2 successfully captures the evolution of the heavy-rain-producing
convective system and is chosen as the CTL.

The averaged T2M, Q2M, and WS10M before precipitation (from 10:00 to 13:00
BST on 26 July 2018), and the accumulated precipitation (from 13:00 to 18:00
BST on 26 July 2018) of the ENCTL are both qualitatively (Fig. 4) and quan-
titatively (Table 4) compared with the observations. The deviation (BIAS) and
root-mean-square error (RMSE) based on the following definitions are used to
analyze the averaged uncertainty of the four meteorological variables.

N
BIAS = % Zizl (Xz - sz% (3)
N 2
where X, and Y, represent the variable in each grid from WRF model and

T — —
observation, respectively, and X and Y are their corresponding mean values.

Under the influence of the subtropical high, Hangzhou is sunny and hot be-
fore precipitation. The observed temperature reaches 38 °C in the urban area
of the control region, which shows a clear UHI phenomenon (Fig. 4al). Com-
pared with the observation, the ENCTL well captures the main features of T2M
with slight underestimation (Fig. 4b1), and the CTL successfully reports an ex-
tremely high temperature of 39 °C in the urban area (Fig. 4cl). The spread of
T2M is small in the ENCTL (Fig. 4d1), indicating that the high temperature
and the UHI are well reproduced by most members. Accompanied by the hot
weather, Hangzhou is also characterized by low moisture (Fig. 4a2) and small
wind speed (Fig. 4a3). Both the ensemble means of the ENCTL and the CTL
capture these features, i.e., relatively smaller values of Q2M (Fig. 4b2, 4¢2) and
WS10M (Fig. 4b3, 4¢3) within the control region than those outside the control
region. These scenarios, known as the urban heat island, dry island, and turbid
island (exacerbated by low wind speed), are similar to those shown by previous
studies Chen and Jiang 2006Miao et al. 2009Shen et al. 2019Wang and Gong
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The accumulated precipitation is mainly concentrated in the control region (Fig.
4a4). The CTL well reproduces the spatial distribution and magnitude of the
accumulated precipitation (Fig. 4c4). In the ensemble mean of the ENCTL,
although a large value center could be found inside the control region, the rainfall
magnitude is much underestimated and the center shift about 35 km to the east
(Fig. 4b4). This is consistent with previous findings that some signals of extreme
rainfall may be weakened by the ensemble meanYu et al. 2018(). It should be
noted that the spread of precipitation is much larger inside the control region,
indicating that there are more uncertainties in forecasting precipitation inside
the urban area than that in the natural land use (Fig. 4d4).

Compared to the magnitude of the ensemble means, the variations of BIAS
and RMSE are relatively small in T2M, Q2M, and WS10M than those in pre-
cipitation, which suggests that the uncertainty of forecasting precipitation is
much larger than the uncertainties in T2M, Q2M, and WS10M (Table 4). The
performance of the model in forecasting the last three variables could be less im-
proved by changing the options of various physical schemes, but quite valuable
for forecasting short-term local heavy rainfall.

A comparison of the hourly variations of averaged T2M, Q2M, WS10M, and
precipitation between the observed and the ENCTL suggests that most of the
members well capture the evolution of this event (Fig. 5). However, the T2M
drops faster during the precipitation period and then keeps in a higher level
afterwards in the ENCTL than observation (Fig.5a). Besides, most of the mem-
bers underestimate the Q2M (Fig. 5b) but overestimate the WS10M (Fig. 5¢)
during the entire study period. Finally, similar to CTL, the precipitation starts
1-2 h earlier in most members (Fig. 5d). The premature estimates of the con-
vective initialization may be a common difficulty in simulating local convection.

In general, the uncertainties in forecasting T2M, Q2M, and WS10M are smaller
than the uncertainty in precipitation. The uncertainty in forecasting precipita-
tion is much larger in the urban area than that in the surrounding nonurban
area. A comparison of the parameterization schemes suggests that microphysics
scheme plays the most important role in forecasting precipitation, followed by
the PBL, whereas the land surface and urban physics schemes have minimal
impacts. This result is consistent with the work of Yu et al. (2018) and Chen et
al. (2022a), who also indicated that the microphysics and PBL schemes can sub-
stantially affect the temperature and moisture profiles in the lower troposphere,
and then have a significant impact on precipitation simulation.

3.2 Sensitivity analysis of urban canopy parameters

Previous researches indicate that urban morphology determined by UCPs has
a great impact on the numerical simulation of urban environment He et al.
2019Kusaka and Kimura 2004Miao et al. 2009Shen et al. 2019Sun et al. 2021(;
;3 ;). Eight most important parameters for characterizing urban canopy (i.e.,



building height, roof width, road width, anthropogenic heat, heat capacity,
thermal conductivity, surface albedo, and roughness length) are selected and
increased/decreased by 50% to investigate their individual sensitivity on T2M
(Fig. 6), Q2M (Fig. 7), WS10M (Fig. 8), and accumulated precipitation (Fig.
9), respectively. To avoid the disturbance of precipitation, the first three vari-
ables at 10:00 BST and the 1-hr accumulated precipitation during 13:00-14:00
BST are chosen for comparing the impacts of UCPs. One common feature is
that the influences of UCPs on simulated meteorological elements are concen-
trated in the urban area. Changes in WS10M and precipitation are less obvious
than those in the T2M and Q2M, because they involve more complicated mech-
anisms, especially the precipitation processes Huang et al. 2019Yin et al. 2020(;
).

For changes in T2M (Fig.6), UCPs of building height, heat capacity, thermal
conductivity, and surface albedo have a negative feedback effect, while the other
four UCPs have a positive feedback effect. Considering the magnitude of tem-
perature change, the impacts of heat capacity, thermal conductivity, surface
albedo, and roughness length (Fig. 6i-6p) are more obvious than the impacts of
building height, roof width, road width, and anthropogenic heat (Fig. 6a-6h).
The temperature decreases by about 0.05-0.2 °C in the urban area by increas-
ing the heat capacity, thermal conductivity, or surface albedo, and increases by
0.04-0.08 °C by increasing the roughness length. Compared with the changes
above, differences in T2M are much smaller by changing the building height,
roof width, road width, or anthropogenic heat. The effects of UCPs on Q2M
(Fig. 7) are opposite to those on T2M, except for changes in the building height.
This is also consistent with previous findings that the increase of temperature
in the urban area would enhance the ground evaporation and leads to a smaller
mixing ratio Zhang et al. 2009(). For changes in WS10M (Fig.8), UCPs of the
building height, heat capacity, thermal conductivity, and surface albedo have
a negative feedback effect, while roof width, roughness length, and road width
have a positive feedback effect. The anthropogenic heat has a negligible effect
on the changes of WS10M. The influences of UCPs on precipitation (Fig. 9),
however, is less uniformly distributed than those on the other three meteorolog-
ical elements. Both positive and negative feedback effects can be observed in
the urban area, suggesting large uncertainties in forecasting heavy precipitation
there. Similar to T2M and Q2M, the impacts of heat capacity, thermal conduc-
tivity, surface albedo, and roughness length on precipitation (Fig. 9i-9p) are
more obvious than the impacts of the other four UCPs (Fig. 9a-9h). In general,
the simulations of T2M, Q2M, and precipitation are more sensitive to the heat
capacity, thermal conductivity, surface albedo, while the simulation of WS10M
is more sensitive to the building height, roof width, and road width.

Figure 10 lists the differences of multiple meteorological variables averaged in
the control region when increasing the values of the eight UCPs by 50% individ-
ually. Firstly, consistent with the finding above, both T2M and Q2M are more
sensitive to changes in heat capacity, thermal conductivity, surface albedo, and
roughness length. The WS10M is mainly affected by the structural parameters



(i.e., building height, roof width, and road width). As the effect of UCPs on pre-
cipitation is not evenly distributed in space, the conclusion made by the region
averaged values is less consistent with that in Figure 9.

The influences of UCPs on more meteorological variables are also examined. The
surface albedo, building height, roof width, and road width play an important
role in the urban canopy radiation balance, i.e., changes in downward/upward
shortwave (SWDOWN/SWUP). The surface albedo, which quantifies the frac-
tion of the sunlight reflected by the surface of the earth, is the parameter that
has the greatest impact on most of the meteorological variables. The increase
of surface albedo reflects more shortwave radiation and reduces net shortwave
radiation (NSW) entering the urban canopy, which leads to a decrease in both
surface temperature (TSK) and T2M. Although more NSW is trapped as the
building height increases, less energy reaches the surface ground and the TSK
decreases due to the longer building shadow. The temperature gradient in the
canopy also increases and causes more energy to be transported into the ground
(GRDFLX), resulting in a decrease in T2M. The opposite phenomenon could
be found when increasing the roof width and road width, which leads to an in-
crease in both TSK and T2M. On the other side, the heat capacity and thermal
conductivity have a great influence on the surface energy balance, i.e., changes
in sensible heat flux (HFX) and ground heat flux (GRDFLX). The increases of
heat capacity and thermal conductivity mean that the building could store more
energy in the urban canopy and conduct it into the ground, therefore causing a
decrease in T2M. The increase of roughness length enhances the mixing capac-
ity of the boundary layer, and more heat is conducted to the upper boundary
layer during the daytime, resulting in an increase in GRDFLX and a decrease
in TSK. The anthropogenic heat is treated as an additional sensible heat source
in the model and leads to a higher temperature and a larger HFX, although its
impact is relatively small compared to the other UCPs.

3.3 Impacts of the thermal and dynamical effects of urban-
ization

The impact of urbanization is examined by comparing the differences in T2M,
Q2M, WS10M, and accumulated precipitation between ENCTL and ENNoUB
(Fig. 11). The increase in the ensemble mean of T2M is 0.4-1.2 °C in the urban
area, which is much larger than those in the surrounding nonurban areas (Fig.
11a). On the contrary, urbanization causes the mixing ratio to decrease by 0.5-
1.8 g kg'! in the urban area (Fig. 11c¢). This is consistent with previous findings
that evaporation in urban area is reduced by impervious surfaces and reduced
green vegetation fraction (Guo et al. 2006; Zhang et al. 2009). The model also
successfully captures the characteristic of weak wind zones contributed by ur-
banization (Fig. 11e). The wind speed decreases by 0.3-1.0 m s™! in the urban
area due to the drag effect of buildings (i.e., the pressure differences across indi-
vidual roughness elements). Contrary to changes in mixing ratio, the ensemble
study indicates that urban land use lead to an increase in precipitation (Fig.
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11g). The differences in the spread of T2M (Fig. 11b), Q2M (Fig.11d), and
WS10M (Fig. 11f) are mainly concentrated in the urban area, indicating that
the urban land use introduces more uncertainty than natural land use in fore-
casting the three variables. Considering the magnitude of the ensemble mean,
the differences in the spread of precipitation is much larger than those of the
other three variables and occur both in and out of the control region. Notably,
the distribution characteristics of the differences in the spread of precipitation
(Fig. 11h) are similar to those in the ensemble mean (Fig.11g). This illustrates
that the ensemble method is quite valuable for assessing the urban impact on
local heavy precipitation Buizza 1997().

The individual and combined impacts of thermal and dynamical effects of ur-
banization are examined by comparing the simulated results of NUB, NTH,
and NDY with CTL for three different sets of variables, i.e., thermodynamic
variables (i.e., TSK, net radiation (RN), GRDFLX, HFX, and latent heat flux
(LH)), dynamical variables (i.e., friction velocity (UST) and turbulent kinetic
energy flux (TKEP)), and meteorological variables (i.e., T2M, Q2M, WS10M,
and accumulated precipitation). The energy balance in the unban canopy is
affected obviously by urbanization, which is represented by an increase in TSK
and HFX (Fig.12a1,12d1), and a decrease in RN, GRDFLX, and LH (Fig.12b1,
12c1, and 12el). A comparison of the results between NTH and NDY (Fig.
12a2-12e2 vs. 12a3-12e3) suggests that changes in these thermodynamic vari-
ables are mainly contributed by the thermal effect of urbanization rather than
the dynamical effect, which is most likely because the thermal effects of urban-
ization have a direct impact on the thermal fields in the model. These findings
are consistent with previous studies Chen et al. 2016Feng et al. 2012Shen et al.
2019(; ; ).

For the dynamical variables, the friction velocity is increased obviously in the
downtown of Hangzhou (Fig. 13al) and is mainly attributed to the dynamical
effect of urbanization (Fig. 13a3). It is possibly because the friction velocity is
closely related to the roughness length (Fig.10), which is a key variable in calcu-
lating the radial and zonal wind in WRF. The numerous high-rise buildings in
the downtown make the removal of dynamic effect of urbanization quite sensitive
to the changes of surface roughness there. The turbulent kinetic energy (TKE)
represents the strength of turbulent mixing in the boundary layer. The TKE is
increased obviously in the urban area (Fig. 13bl) and mainly contributed by
the thermal effect of urbanization (Fig. 13b2). Zhou and Chen (2018) indicated
that the strong thermal turbulence activity caused by urbanization enhanced
the transport of momentum flux and the mechanical turbulence, causing an
increase in TKE.

The thermal and dynamical effects of urbanization on the last set of variables,
ie.,, T2M, Q2M, WS10M, and precipitation, are examined and compared in
Figure 14. Both the thermal and dynamical effects contribute to an increase in
T2M (Fig. 14al-14a3). The regional averaged values of T2M suggest that the
contribution of the thermal effect is slightly larger than that of the dynamical
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effect (Fig. 15a). For changes in Q2M, although the dynamical effect is a
positive contribution, the thermal effect plays a major role and contributes to a
decrease in Q2M (Fig. 14b1-14b3, Fig.15b). The thermal and dynamic effects
are also opposite on the changes of wind speed in the urban area (Fig. 14c2 vs.
14¢3). However, since the dynamical effect is dominant (Fig. 15¢), the WS10M
in the urban area is decreased due to urbanization, which is consistent with
the difference in WS10M between ENCTL and ENNoUB (Fig. 1le). Similar
to T2M, both the thermal and dynamical effects contribute to an increase in
precipitation (Fig. 14d1-14d3). For thermal effects, the increase of temperature
and thermal turbulence activity promotes the convective motion, which in turn
increase precipitation. Also, the dynamical effects could not be ignored. The
increased friction velocity and TKE could increase the turbulent mixing strength
and then contribute to more precipitation (Fig. 15d).

4 Summary and Conclusions

A typical summer heavy rainfall event occurred in Hangzhou, China, is chosen
to analyze the sensitivity of UCPs and the individual and combined impacts of
thermal and dynamical effects of urbanization using the integrated WRF /urban
modelling system.

The performance of the model is evaluated by using ensemble simulations, which
include 24 members with different combinations of physical parameterization
schemes. The results show that the WRF model well captures the heavy precip-
itation and the high temperature, low mixing ratio, and weak wind speed before
precipitation. The choices of physical parameterization schemes for simulating
precipitation are much more sensitive than those for simulating temperature,
mixing ratio, and wind speed before precipitation. The microphysics scheme
plays the most important role in simulating precipitation, followed by the PBL,
whereas the land surface and urban physics schemes have minimal impacts.

Eight important parameters for characterizing the urban canopy are chosen for
investigating their impacts on meteorological variables. The influences of UCPs
are mainly concentrated in the urban area, although the effect of UCPs on
precipitation is less evenly distributed in space than the other three variables.
The temperature, mixing ratio, and precipitation are more sensitive to changes
in heat capacity, thermal conductivity, surface albedo, and roughness length.
The wind speed is mainly affected by building height, roof width, and road
width. Besides, the surface albedo, building height, roof width, and road width
play an important role in the urban canopy radiation balance, while the heat
capacity and thermal conductivity have a greater influence on the surface energy
balance.

The individual and combined impacts of the thermal and dynamic effects of
urbanization are also examined. In general, urbanization could lead to higher
temperature, less mixing ratio, lower wind speed, and more precipitation in and
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around the urban area. Changes in the thermal fields are mainly contributed
by the thermal effect of urbanization, while changes in the dynamical fields are
mostly determined by the dynamical effect of urbanization. Both the thermal
and dynamic effects contribute to an increase in temperature and precipitation
and the thermal effect plays a major role. The thermal and dynamic effects are
opposite on changes in mixing ratio and wind speed, and they play a major role
in each of them respectively.

These results indicate the importance of considering effects of urbanization and
various UCPs on numerical weather simulation on both urban and regional
scales. However, there are still some limitations to this study. In future studies,
more realistic high-resolution UCPs should be used instead of the current default
dataset and the influences of the UCPs on atmospheric pollutants should also be
considered. In addition, the urban effect on more rainfall events with different
synoptic weather backgrounds and long-time climate simulations need to be
further analyzed.
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Appendix. A list of abbreviations
Abbreviations and Descriptions
ALBEDO surface albedo

GLW downward longwave radiation
GLWUP upward longwave radiation
GRDFLX ground heat flux
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HFX sensible heat flux

LH latent heat flux

NLW net longwave radiation

NSW net shortwave radiation

PBL planetary boundary layer scheme
PREC precipitation

Q2M 2-m mixing ratio

RMSE root-mean-square error

RN net radiation

SWDOWN downward shortwave radiation
SWUP upward shortwave radiation
TKEPS850 turbulent kinetic energy flux at 850 hPa
TS threat score

TSK surface temperature

T2M 2-m temperature

UCP urban canopy parameter

UHI urban heat island

UST friction velocity

WS10M 10-m wind speed

W850 vertical velocity at 850 hPa
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Table 1. Model Configurations
Table 2. Summary of the Numerical Experiments

Table 3. Threat Scores (TS) of accumulated pre-
cipitation (from 13:00 to 18:00 BST 26 July 2018)
for the Ensemble Study on Different Physical
Schemes

Table 4. Biases (BIAS), Root-Mean-Square
Errors (RMSE), and Spatial Correlation Coef-
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temperature, 2 m mixing ratio, and 10 m wind
speed before precipitation (Averaged from 09:00
to 13:00 BST on 26 July 2018) for the Ensemble
Study on Different Physical Schemes

Table 1. Model Configurations

Model settings D01

Model and version WRF v4.0.2
Horizontal grid points 403 x 353

Ax (km) 4
Vertical layers 51
Cumulus physics None (0)*

Shortwave radiation RRTMG (4) (Tacono et al. 2008)
Longwave radiation RRTMG (4) (Tacono et al. 2008)

Microphysics Purdue Lin (2) (Chen and Sun 2002), WSM6 (6) (Hong and Lim 2006), WDM6 (16)
PBL physics MYJ (2) (Janji¢ 1994; Mesinger 1993), Boulac (8) (Bougeault and Lacarrere 1989)
Land surface Noah (2) (Tewari et al. 2016), NoahMP (4) (Niu et al. 2011; Yang et al. 2011)
Urban physics SLUCM (1) (Chen et al. 2011), BEP (2) (Martilli et al. 2002)

aThe numbers in parentheses represent the option number for each physical
parameterization scheme.

Table 2. Summary of the Numerical Experiments
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Group WRF Simulations Physical parameterization Options Notes

GROUPI  ENCTL Microphysics (Lin(2), WSM6(6), WDM(16))
Planetary Boundary layer (MYJ(2), BouLac(8))
Land Surface (Noah(2), Noahmp(4))
Urban Surface (SLUCM(1), BEP(2))

ENNoUB same as ENCTL same as ENCTL, but r
GROUPII CTL WDM(16)+ BouLac(8)+ Noahmp(4)+ BEP(2)  The control run in EN(
SEN1 / SEN2 same as CTL same as CTL, but decre
SEN3 / SEN4 same as CTL same as CTL, but decre
SEN5 / SENG same as CTL same as CTL, but decre
SEN7 / SEN8 same as CTL same as CTL, but decre
SEN9 / SEN10 same as CTL same as CTL, but decre
SEN11 / SEN12 same as CTL same as CTL, but decre
SEN13 / SEN14 same as CTL same as CTL, but decre

SEN15 / SEN16

same as CTL

same as CTL, but decre

GROUP III CTL WDM(16)+ BouLac(8)+ Noahmp(4)+ BEP(2)  The control run in EN(
NOUB same as CTL same as CTL, but artif]
NOTH same as CTL same as CTL, but artifi
NODY same as CTL same as CTL, but artifi

Table 3. Threat Scores (TS) of accumulated precipitation (from 13:00 to 18:00
BST on 26 July 2018) for the Ensemble Study on Different Physical Schemes @

CASES TS(0.lmm) TS(10mm) TS(25mm) TS(50mm)
m2p2s2ul 0.87 0.32 0.16 0.02
m2p2s2u2  0.92 0.47 0.27 0.07
m2p2s4ul  0.90 0.41 0.21 0.04
m2p2s4u2 0.93 0.52 0.24 0.07
m2p8s2ul  0.84 0.44 0.19 0.02
m2p8s2u2 0.87 0.43 0.19 0.03
m2p8sdul  0.82 0.43 0.28 0.16
m2p8s4u2  0.86 0.41 0.19 0.06
m6p2s2ul 0.87 0.34 0.14 0.00
m6p2s2u2  0.88 0.34 0.07 0.00
m6p2s4ul  0.90 0.36 0.16 0.02
m6p2s4u2  0.85 0.37 0.14 0.02
m6p8s2ul  0.86 0.28 0.10 0.11
m6p8s2u2  0.92 0.39 0.14 0.02
m6p8sdul 0.84 0.43 0.17 0.04
m6p8s4u2  0.84 0.40 0.12 0.00
ml6p2s2ul  0.92 0.53 0.26 0.03
ml6p2s2u2 0.92 0.48 0.15 0.02
ml6p2s4ul 0.90 0.49 0.15 0.02
ml6p2s4u2  0.92 0.61 0.34 0.02

16



CASES TS(0.lmm) TS(10mm) TS(25mm) TS(50mm)

ml6p8s2ul  0.86 0.52 0.20 0.04
ml6p8s2u2 0.93 0.53 0.19 0.02
ml6p8s4ul  0.90 0.60 0.30 0.15
ml6p8s4u2 0.92 0.56 0.33 0.07
Mean 0.87 0.37 0.14 0.03

2The colored grid points are the top 25% members, the darker the color, the
higher the model performance.

Table 4. The ensemble means and variations of Biases (BIAS) and Root-Mean-
Square Errors (RMSE) of 2 m Temperature, 2 m Mixing ratio, and 10 m Wind
Speed before Precipitation (Averaged from 10:00 to 13:00 BST on 26 July 2018),
and Precipitation (accumulated from 13:00 to 18:00 BST on 26 July 2018) for
the Ensemble Study on Different Physical Schemes

Variables Scores Ensemble Mean Ensemble Variation
T2M BIAS(°C) -1.43 0.27
RMSE(°C) 1.97 0.16
Q2M BIAS(k kg!) -1.83 0.42
RMSE(k kg') 2.54 0.20
WS10M BIAS(m s!) 1.31 0.13
RMSE(m s?t)  1.73 0.09
PREC BIAS(mm) -6.14 13.64
RMSE (mm) 29.08 2.22
Figures

Figure 1. The ERAD5 reanalysis of geopotential height at 500-hPa (solid
lines), wind speed (arrow), and relative humidity (shading) at 850-hPa aver-
aged from 09:00 to 18:00 on 26 July, 2018. The black dot indicates the location
of Hangzhou.

Figure 2. The (a) simulated domain d01 with terrain (m) and (b) land use
in domain d02. The black rectangle box (119.9-120.8 °E, 29.8-30.7 °N) repre-
sents the control region of this heavy rain event. The magenta solid line in (b)
indicates the Hangzhou-Shaoxing mega city with urban fraction 0.2.

Figure 3. Comparison of the (al-dl) observed and (a2-d2) simulated com-
posite radar reflectivity (dBZ) at 4 selected times on 26 July 2018. Note an
approximate shift of 1.5 h between the simulation and observation.

Figure 4. Distribution of the 2-m temperature (°C) averaged during 10:00 to
13:00 BST on 26 July 2018: (al) observation, (bl) ensemble mean, (c1) CTL
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run, and (d1) spread. (a2-d2) the same as (al-d1) but for the 2-m mixing ratio
(g ke-1); (a3-d3) the same as (al-d1) but for the 10-m wind (m s-1); (a4-d4)
similar to (al-d1) but for the accumulated precipitation (mm) during 13:00 to
18:00 BST on 26 July 2018.

Figure 5. Time series of the (a) 2-m temperature (°C), (b) 2-m mixing ratio
(g kg!), (c) 10-m wind speed (m s!'), and (d) precipitation (mm) averaged
over the control region from 08:00 to 20:00 BST on 26 July 2018. The red line
denotes observation, the gray lines are the 24 ensemble members, and the blue
line represents the ensemble mean.

Figure 6. The temperature differences (°C) at 10:00 BST on 26 July 2018
between the 16 sensitivity tests in GROUP II (i.e., SEN1, SEN2, .., SEN16)
and the CTL (m16p8s4u2) by: (a) decreasing the building height; (b) increasing
the building height; (¢) decreasing the roof width; (d) increasing the roof width;
(e) decreasing the road width; (f) increasing the road width; (g) decreasing
the anthropogenic heat; (h) increasing the anthropogenic heat; (i) decreasing
the heat capacity; (j) increasing the heat capacity; (k) decreasing the thermal
conductivity; (1) increasing the thermal conductivity; (m) decreasing the surface
albedo; (n) increasing the surface albedo; (o) decreasing the roughness length;
(p) increasing the roughness length by 50%, respectively.

Figure 7. The same as Figure 6, but for the 2-m mixing ratio (g kg™).
Figure 8. The same as Figure 6, but for the 10-m wind speed (m s1).

Figure 9. The same as Figure 6, but for 1-hr accumulated precipitation (mm)
during 13:00-14:00 BST on 26 July 2018.

Figure 10. Difference in multiple meteorological variable averaged in the con-
trol region caused by increasing urban canopy parameters by 50% in each sensi-
tivity test (i.e., SEN1, SEN2, .., SEN16). The colored grid points are the four
most changed members in each column, the darker the color, the greater the
absolute value. TSK — surface temperature, T2M — 2-m temperature, Q2M —
2-m mixing ratio, WS10M — 10-m wind speed, PREC — precipitation, ALBEDO
— surface albedo, SWDOWN — downward shortwave radiation, SWUP — upward
shortwave radiation, NSW — net shortwave radiation, GLW — downward long-
wave radiation, GLWUP — upward longwave radiation, NLW — net longwave
radiation, RN — net radiation, LH — latent heat flux, HFX — sensible heat flux,
GRDFLX—ground heat flux, UST — friction velocity, TKEP - turbulent kinetic
energy flux at 850 hPa, W850 — vertical velocity at 850 hPa.

Figure 11. Differences between ENCTL and ENNoUB in ensemble mean (left)
and spread (right) of (a, b) 2-m temperature (°C) and (c, d) 2-m mixing ratio
(g ke'!) during 10:00 to 13:00 BST on 26 July 2018, and (e, f) 10-m wind speed
(m s1) and (g, h) accumulated precipitation (mm) during 10:00 to 18:00 BST
on 26 July 2018.

Figure 12. Differences of (al-a3) surface skin temperature (°C), (b1-b3) surface
net radiation (W m™), (c1-c3) ground head flux (W m™), (d1-d3) sensible heat
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flux (W m™), and (el-e3) latent heat flux (W m™) averaged during 10:00 to
13:00 BST on 26 July 2018 between the control test (CTL) and (left) NoUB,
(middle) NoTH, and (right) NoDY test.

Figure 13. Same as Figure 12, but for (al-a3) friction velocity UST (m s!),
and (b1-b3) turbulent kinetic energy TKEP (m? s72) at 850h Pa during 10:00
to 18:00 BST on 26 July 2018.

Figure 14. Same as Figure 12, but for (al-a3) 2-m temperature (°C) and (bl-
b3) 2-m mixing ratio (g kg*) during 10:00 to 13:00 BST on 26 July 2018, and
(c1-¢3) 10-m wind speed (m s!) and (d1-d3) accumulated precipitation (mm)
during 10:00 to 18:00 BST on 26 July 2018.

Figure 15. Comparison of the impacts of the total, thermal, and dynamic
effects of urbanization on (a) 2-m temperature (°C) and (b) 2-m mixing ratio (g
keg!) averaged during 10:00 to 13:00 BST on 26 July 2018, and (c) 10-m wind
speed (m s!) and (d) accumulated precipitation (mm) averaged during 10:00
to 18:00 BST on 26 July 2018 .
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Figure 2. The (a) simulated domain d01 with terrain (m) and (b) land use
in domain d02. The black rectangle box (119.9-120.8 °E, 29.8-30.7 °N) repre-
sents the control region of this heavy rain event. The magenta solid line in (b)
indicates the Hangzhou-Shaoxing mega city with urban fraction 0.2.
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Figure 3. Comparison of the (al-dl) observed and (a2-d2) simulated com-
posite radar reflectivity (dBZ) at 4 selected times on 26 July 2018. Note an
approximate shift of 1.5 h between the simulation and observation.
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Figure 4. Distribution of the 2-m temperature (°C) averaged during 10:00 to
13:00 BST on 26 July 2018: (al) observation, (bl) ensemble mean, (c1) CTL
run, and (d1) spread. (a2-d2) the same as (al-d1) but for the 2-m mixing ratio
(g kg'!); (a3-d3) the same as (al-d1) but for the 10-m wind (m s!); (ad-d4)
similar to (al-d1) but for the accumulated precipitation (mm) during 13:00 to
18:00 BST on 26 July 2018.
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Figure 5. Time series of the (a) 2-m temperature (°C), (b) 2-m mixing ratio
(g ke1), (¢) 10-m wind speed (m s!), and (d) precipitation (mm) averaged
over the control region from 08:00 to 20:00 BST on 26 July 2018. The red line
denotes observation, the gray lines are the 24 ensemble members, and the blue
line represents the ensemble mean.
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Figure 6. The temperature differences (°C) at 10:00 BST on 26 July 2018
between the 16 sensitivity tests in GROUP II (i.e., SEN1, SEN2, .., SEN16)
and the CTL (m16p8s4u2) by: (a) decreasing the building height; (b) increasing
the building height; (c) decreasing the roof width; (d) increasing the roof width;
(e) decreasing the road width; (f) increasing the road width; (g) decreasing
the anthropogenic heat; (h) increasing the anthropogenic heat; (i) decreasing
the heat capacity; (j) increasing the heat capacity; (k) decreasing the thermal
conductivity; (1) increasing the thermal conductivity; (m) decreasing the surface
albedo; (n) increasing the surface albedo; (o) decreasing the roughness length;
(p) increasing the roughness length by 50%, respectively.
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Figure 7. The same as Figure 6, but for the 2-m mixing ratio (g kg™!).
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Figure 8. The same as Figure 6, but for the 10-m wind speed (m s!).
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Figure 10. Difference in multiple meteorological variable averaged in the con-
trol region caused by increasing urban canopy parameters by 50% in each sensi-
tivity test (i.e., SEN1, SEN2, .., SEN16). The colored grid points are the four
most changed members in each column, the darker the color, the greater the
absolute value. TSK — surface temperature, T2M — 2-m temperature, Q2M —
2-m mixing ratio, WS10M — 10-m wind speed, PREC — precipitation, ALBEDO
— surface albedo, SWDOWN — downward shortwave radiation, SWUP — upward
shortwave radiation, NSW — net shortwave radiation, GLW — downward long-
wave radiation, GLWUP — upward longwave radiation, NLW — net longwave
radiation, RN — net radiation, LH — latent heat flux, HFX — sensible heat flux,

29



GRDFLX—ground heat flux, UST — friction velocity, TKEP - turbulent kinetic
energy flux at 850 hPa, W850 — vertical velocity at 850 hPa.
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Figure 11. Differences between ENCTL and ENNoUB in ensemble mean (left)
and spread (right) of (a, b) 2-m temperature (°C) and (¢, d) 2-m mixing ratio
(g kgt) during 10:00 to 13:00 BST on 26 July 2018, and (e, f) 10-m wind speed
(m s1) and (g, h) accumulated precipitation (mm) during 10:00 to 18:00 BST
on 26 July 2018.
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Figure 12. Differences of (al-a3) surface skin temperature (°C), (b1-b3) surface
net radiation (W m™), (c1-c3) ground head flux (W m™), (d1-d3) sensible heat
flux (W m™), and (el-e3) latent heat flux (W m™) averaged during 10:00 to
13:00 BST on 26 July 2018 between the control test (CTL) and (left) NoUB,
(middle) NoTH, and (right) NoDY test.
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Figure 13. Same as Figure 12, but for (al-a3) friction velocity UST (m s!),
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to 18:00 BST on 26 July 2018.
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Figure 15. Comparison of the impacts of the total, thermal, and dynamic
effects of urbanization on (a) 2-m temperature (°C) and (b) 2-m mixing ratio (g
kg!) averaged during 10:00 to 13:00 BST on 26 July 2018, and (c¢) 10-m wind
speed (m s1) and (d) accumulated precipitation (mm) averaged during 10:00
to 18:00 BST on 26 July 2018 .
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