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A B S T R A C T   

This study evaluates the performance of the non-hydrostatic RegCM4 model (RegCM4-NH) 
incorporating the building energy model (BEM) in simulating urban climate over the Pearl River 
Delta (PRD) and Yangtze River Delta (YRD) regions. Specifically, it focuses on examining how the 
inclusion of BEM can ameliorate the severe warm bias in urban grids observed in high-resolution 
RegCM4 simulations by improving the surface energy balance. The prognostic calculation of 
interior building temperature and the consideration of ventilation and heat transfer between the 
building and the environment can collectively lead to a better estimate of anthropogenic heat flux 
(AHF). The effect of BEM does not appear to be uniform, showing spatial and temporal variations. 
While the magnitude of AHF reduction is roughly proportional to the urban density, the 
maximum reduction occurs at nighttime, which results in an asymmetric response to the mini
mum and maximum temperatures. Although the degree of lowering temperature is not sufficient 
to remove the systematic warm bias, adding physical realism to the model is helpful to make 
further improvements. The performance evaluation of RegCM4-NH with BEM targeted in vast 
urban agglomerations for the first time will be a valuable reference to facilitate the wider use of 
RegCM4-NH in the study of urban surface impacts.   

1. Introduction 

According to the United Nations, Department of Economic and Social Affairs, Population Division (2018), the percentage of the 
world's urban population increased from 30% in 1950 to 55% in 2018 and is estimated to touch 68% by 2050. China is among the 
fastest urban population-growing countries. In particular, the Pearl River Delta (PRD, including Guangzhou, Shenzhen, and Hong 
Kong) and the Yangtze River Delta (YRD, including Shanghai and Nanjing) are considered among the largest urban agglomerations in 
China. Apart from witnessing the ongoing fast-faced urbanization, these regions are also expected to be highly vulnerable to 
anthropogenic warming (Zhang et al., 2016; Yang et al., 2019; Qing and Wang, 2021; Wang et al., 2021). Importantly, the urban 
expansion may deteriorate the negative impacts of extreme heat waves across areas where the heat stress has already often exceeded a 
dangerous level in summer. Therefore, it is paramount to quantify the effect of urban heat island (UHI) on thermal discomfort in 
current and future climate conditions. 
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Notably, the regional climate model (RCM) can be a useful tool to ascertain the modifications of surface-atmosphere exchanges of 
heat, moisture, and momentum owing to land-use/land-cover changes. If the cropland is converted into urban, the land surface scheme 
embedded in RCM modifies not only the dominant surface properties (e.g., surface albedo, roughness length, displacement height, 
surface emissivity, heat capacity, thermal conductivity) but also the relevant physical processes related to surface energy partitioning 
and the water cycle (Grimmond et al., 2009). Very high-resolution RCM simulations at convection-permitting grid spacing (e.g., a few 
kilometers) are particularly required to investigate the effect of urbanization on regional climate due to the localized nature of urban 
extent. Studies modeling urban effects using RCMs are eliciting a great deal of attention in China, with most modeling studies being 
conducted using the Weather Research and Forecasting (WRF) model (Chen et al., 2011; Wang et al., 2012; Yan et al., 2016; Li et al., 
2017; Zhao and Wu, 2017; Dai et al., 2019; Xiao et al., 2019; Yang et al., 2019; Kwok and Ng, 2021; Wang et al., 2021, Wong et al., 
2021). While the International Centre for Theoretical Physics (ICTP) regional climate model version 4 (RegCM4) has been extensively 
used for climate simulations to a grid spacing of up to 10 km (Giorgi et al., 2012), its utilization to examine the impact of urbanization 
has been rather limited so far. This is attributed to the fact that the urban module is not actively working with a relatively coarse 
resolution under the hydrostatic dynamical core. However, given that the non-hydrostatic RegCM4 (RegCM4-NH) has been released 
recently, the convection-permitting simulations or urbanization simulations have started being conducted across the European region 
(e.g., Coppola et al., 2020; Pichelli et al., 2021; Ban et al., 2021; Huszar et al., 2020a & b). Subsequently, in what is viewed as the first 
attempt to evaluate the performance of RegCM4-NH over monsoon-dominated regions of East Asia, Nguyen-Xuan et al. (2021) 
evaluated the performance of RegCM4-NH at 4 km grid spacing over the PRD and YRD urban regions and demonstrated the great 
potential of RegCM4-NH in simulating the fine-scale climate characteristics over the targeted regions. According to this study con
ducted by Nguyen-Xuan et al. (2021), the performance of RegCM4-NH is comparable to the convection-permitting WRF simulations 
over the PRD and YRD regions. 

In the present study, we investigate the urbanization effects on the climate characteristics over the PRD and the YRD regions 
utilizing the RegCM4-NH model with the same configuration used in Nguyen-Xuan et al. (2021), albeit with an improved urban 
module. For the RegCM4 simulations, the so-called CLMU (Oleson et al., 2008a, 2008b), which is the default urban canopy module 
incorporated into the Community Land Model version 4.5 (CLM4.5, Oleson and Lawrence, 2013), is used to resolve the bio-physical 
processes associated with the urbanized surface. The transferability and sensitivity of CLMU within RegCM4 have been tested in areas 
of Europe (Halenka et al., 2019; Karlický et al., 2018; Huszar et al., 2020a, 2020b; Karlický et al., 2020). Based on these previous 
studies, the default version of CLMU tends to markedly overestimate temperature over the urban grids and the magnitude of over
estimation becomes larger as the resolution increases. For example, Huszar et al. (2020a) demonstrated using RegCM4 with CLMU that 
the nested domain at 3 km resolution overestimates temperature against observation, even though its parent domains with 27 km and 
9 km grid spacing cause the negative bias. Huszar et al. (2020b) also reported that the simulation at 1 km resolution shows significant 
overestimation during nighttime. On the other hand, Oleson and Feddema (2020) reported that the deficiency of CLMU could be 
attributed to two possible reasons. Firstly, the unrealistic prescription of urban properties (i.e., the building morphology, radiative and 
thermal characteristics of road and building roof and walls, and the settings of interior temperature for heating and air conditioning) 
can enhance the heat transfer between the exterior and interior of a building. Secondly, the curtailed accuracy in the calculation of 
interior building temperatures may lead to the excessive release of anthropogenic heat flux (AHF). In order to help ameliorate this 
problem, a building energy model (BEM) similar to the one developed by Bueno et al. (2012) has been incorporated into the recent 
version of CLM5 with some simplifications to suitably operate for long-term high-resolution simulations (Oleson and Feddema, 2020). 
In contrast to the original CLMU, incorporating BEM into CLMU allows the land surface model to treat the interior building tem
perature as a prognostic variable updating every time step, which, in turn, results in better estimates of AHF release into the atmo
sphere. The accurate estimation of AHF is proven to be very important, in particular for the future projection of urban climate (Doan 
et al., 2019). 

In this regard, we have incorporated the BEM of CLM5 with updated urban properties (Oleson and Feddema, 2020) into CLM4.5 
embedded in RegCM4-NH to alleviate the well-known problem of temperature overestimation in urban grids. Currently, RegCM4-NH 
is set up to enable CLMU to perform for only those grid points where the urban fraction is higher than 40%. Neglecting the low-to- 
medium density urban may make the CLMU's deficiency appear less apparent, but it cannot be considered the fundamental solu
tion. It is worth mentioning that very high urban density (e.g., tall building district) usually appears with a small fraction (as shown in 
Fig. S1) but may introduce great effects. Therefore, it is necessary to remove or reduce the current 40% threshold (even 80% in some 
earlier versions) in RegCM4 in order to comprehensively simulate urban impacts at different density classes. The first focus of this 
study is placed on investigating whether the physical realism added by the BEM is capable of improving the performance of RegCM4- 
NH simulations over the PRD and YRD regions. Then, a comparative assessment of the characteristics of urban heat island (UHI) 
between the PRD and YRD regions is carried out. Although both PRD and YRD have experienced rapid urbanization over the past few 
decades, the effect of UHI may emerge differently through the interaction with meteorological backgrounds in these regions. This study 
could serve as a prerequisite before conducting future projections that consider the temporal evolution of urban growth under different 
levels of global warming. In addition, this study will serve as a valuable reference to foster the usage of the RegCM4-NH model for 
urban climate studies across other regions. 

2. Model configuration and experimental design 

2.1. Non-hydrostatic RegCM4 and domain configuration 

The Regional Climate Model version 4.7 with the non-hydrostatic dynamical core (Coppola et al., 2021) is used for simulating the 
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regional climate over the PRD and YRD regions. Fig. 1 illustrates the domain setting with one parent domain and two nested domains 
along with their respective topography and urban density. The parent domain (hereafter referred to as D1) encompasses most parts of 
southeastern China along with adjacent countries (e.g., Korea, Japan) with a horizontal resolution of 20 km. On the other hand, the two 
nested domains (hereafter referred to as D2) focus on the PRD and YRD regions with a horizontal resolution of 4 km. The comparison of 
spatial distributions between topography and urban density clearly demonstrates that high urban density mostly appears in low-lying 
areas below 100 m elevation above sea level. Urban density comprises the sum of three urban classes: tall building district (TBD, i.e., 
very high density), high density (HD), and medium density (MD) (Fig. S1). The geographic extent of TBD appearing in Fig. S1 (a) is in 
consonance with the location of high urban density above 40% shown in Fig. 1 (d, e). For the vertical resolution, the D1 and two D2 
simulations employ 23 and 41 levels, respectively. The D1 simulation is driven by the initial and lateral boundary conditions from the 
ERA-Interim reanalysis with a resolution of 0.75◦ × 0.75◦ at 6-h intervals (Dee et al., 2011). All simulations are integrated between 01 
May and 01 September for each year of the 2000–2009 decade. The first month of each year's simulation (i.e., May) is considered to be 
a spin-up period and thus discarded from the analysis. For each D2 domain, two simulations are performed with the default CLMU and 
the BEM newly added to CLMU. Table 1 summarizes additional details of individual simulations. 

The non-hydrostatic dynamical core (Coppola et al., 2021) and convective parameterization from Emanuel (Emanuel and Živković- 
Rothman, 1999) are used for all simulations. It is noteworthy that 4 km is within the ‘gray-zone resolution’, wherein deep convection is 
partly resolved and partly sub-grid. When performing the sensitivity tests of convective parameterization turn-on/off, we found that 
the Emanuel scheme performs better in comparison to the convection-permitting simulation (Nguyen-Xuan et al., 2021). The land 
surface processes are modeled with CLM4.5 (Oleson and Lawrence, 2013), and the urban module turns on for only two nested domains. 

Fig. 1. Domain and topography (unit: m) used for the parent domain (a) and two nested domains (b, c) simulations. The geographical locations of 
two nested domains are marked by red rectangles in panel (a). The Pearl River Delta (PRD) and Yangtze River Delta (YRD) focused in this study are 
shown respectively in panel (d) and (e) with the distribution of urban fraction (unit: %) used in CLMU. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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Other configurations include the microphysics from the Subgrid Explicit Moisture Scheme (SUBEX, Pal et al., 2000), the planetary 
boundary layer parameterization based on Holtslag et al. (1990), the radiative transfer scheme from the National Center for Atmo
spheric Research (NCAR) Community Climate Model version 3 (CCM3, Kiehl et al., 1998), and the ocean flux scheme from Zeng et al. 
(1998). These physical parameterizations are identical to those adopted in Nguyen-Xuan et al. (2021), with the exception of imple
menting BEM to CLM4.5. 

2.2. Urban parameterization in CLM4.5 

In RegCM4, the land-surface processes and their interactions with the atmosphere are represented by the CLM4.5 which uses the 
subgrid hierarchy based on the mosaic approach. This method allows the model to proportionally include all types of land use as well 
as to simulate simultaneously all possible related processes at each grid point. The urban processes are simulated by a sub-model, also 

Table 1 
Summary of experimental design and RegCM4 configuration.  

Exp. Name Area Resolution Dimension 
(lon×lat×lev) 

Urban Shared Configuration 

D1 East Asia 20 km 225 × 195 × 23 Off Non-hydrostatic core 
CPS: Emanuel 
Microphysics: SUBEX 
PBL: Holtslag 
Land surface: CLM4.5 
Radiation: CCM3 
Ocean flux: Zeng 

D2-PRD-Def PRD 4 km 161 × 161 × 41 Default 
D2-PRD-BEM PRD 4 km 161 × 161 × 41 BEM 
D2-YRD-Def YRD 4 km 161 × 181 × 41 Default 

D2-YRD-BEM YRD 4 km 161 × 181 × 41 BEM  

Fig. 2. Schematic diagram for the comparison between default CLMU (marked by black-dashed line) and BEM newly added into CLMU (marked by 
red-dashed line) in estimating the interior building air temperature (TiB), which is used to calculate the amount of anthropogenic heat flux (QF) 
contributed from the building to urban canyon due to heating and air-conditioning activities. The building is composed by “surfaces” including roof, 
sunlit wall, shaded wall, and floor. The urban canopy air temperature (Tac) affects TiB by transferring the heat into the building by the conductions 
(Hcd,surfaces) through roof, sunlit wall, and shaded wall and forming the temperature at the inner most layer of each surface (Tig,roof, Tig,sunlitwall, Tig, 

shadedwall). While the default CLMU estimates TiB based on a simple weighted average of roof, sunlit wall, and shaded wall temperatures, the BEM 
calculates TiB prognostically as a result of the balance between conduction (orange arrows), convection (green arrows), and radiation (blue arrows) 
on each surface and with the ventilation (curved arrows through the windows). The BEM also takes into account the balance on floor surface where 
the heat can be transferred between building and ground based on floor temperature (Tig,floor). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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known as CLMU, which is a single-layer urban canopy model developed by Oleson et al. (2008a & b). CLMU considers the urbanized 
surface to be a classical canyon representation of urban geometry described by building height (H) and street width (W) and composed 
of the roof, sunlit wall, shaded wall, pervious surface (e.g., residential lawns and parks), and impervious surface (e.g., roads, parking 
lots, sidewalks). In an urban canyon, the trapping of solar radiation ( S→), longwave radiation ( L→), and the surface-atmosphere ex
changes of heat, mass as well as momentum are modulated by the properties of each urban density type, such as the materials of roads 
and building surfaces, the morphology of the urban environment, and human behaviors. In CLMU, these processes are described under 
the fundamental balance of net radiation ( S→− L→), AHF from building space heating and air conditioning (QF), and the sum of the 
turbulent sensible and latent heat fluxes (QH + QE) in addition to net storage heat fluxes (QS) for each urban surface: 

S→− L→+QF = QH +QE +QS (1) 

The net radiation ( S→− L→) is computed from the downward shortwave (S↓) and longwave radiation (L↓) and the upward shortwave 
(S↑) and longwave (L↑) radiation (i.e., S↓ − S↑ + L↓ − L↑). QH, and QE, are derived from the Monin-Obukhov similarity theory while QS is 
the residual term in Eq. (1). CLMU is designed to simulate for multiple density classes (i.e., MD, HD, TBD in Fig. S1) appearing in each 
grid cell, instead of considering only the most dominant class as in previous versions. Due to its simplicity and computational effi
ciency, CLMU is beneficiated to long-term climate simulations at high resolution. Indeed, CLMU has been widely applied for the 
simulations of urban climate impacts and was ranked in the upper third of the 32 urban model intercomparison project (Grimmond 
et al., 2011; Oleson and Feddema, 2020). 

2.3. Implementation of BEM to CLMU 

In previous studies, the overestimation of AHF in CLMU has been recognized and two possible reasons have been addressed (Oleson 
and Feddema, 2020). First, the thermal properties of the roof and walls and their descriptions for thermal conductivity may remain 
unrealistic, thereby resulting in an improper amount of heat transfer between the exterior and interior of the building, which, in turn, 
can sequentially affect the estimation of the AHF. Second, the process of calculating the interior building air temperature (TiB) seems to 
be too simplistic, just taking the weighted average of the interior roof and wall surface temperatures (Oleson, 2012). As shown in Fig. 2, 
urban canopy air temperature (Tac) affects the temperature in the innermost layer of each surface (Tsurfaces) of the building by heat 
conduction (Hcd,surfaces) through the roof and walls. For the default CLMU (marked by a black-dashed line in Fig. 2), TiB is only 
determined by the heat conduction through building surfaces (roof, shaded wall, and sunlit wall). No heat transfer takes place from the 
bottom layer and there is no natural heat transfer by ventilation as well. On the other hand, the implementation of BEM enables the 
inclusion of more components that directly affect TiB (marked by red-dashed line in Fig. 2). More specifically, the interior surface 
temperature of each surface (i.e., Tig,roof, Tig,shadedwall, Tig,sunlitwall, and Tig,floor in Fig. 2) can be calculated using Eq. (2) that represents 
the energy balance of heat conduction (Fcd), convection (Fcv), and radiation (Frd) for each interior surface (i.e., roof, shaded wall, sunlit 

Table 2 
Parameters used in the BEM and the urban properties over PRD and YRD.  

BEM parameters Units Value 

Air changes per hour hr− 1 0.3 
Convective heat transfer coefficient Wm− 2 K− 1 0.948–4.040 
Emissivity of interior surfaces – 0.9 
Floor thickness m 0.1   

Urban properties Units TBD HD MD 

Canyon height to weight ratio – 7.2 1.8 0.48 
Height of roof m 180 45 12 
Fraction of roof – 0.5 0.6 0.35 
Roof thickness m 0.26 0.15 0.15 
Wall thickness m 0.32 0.29 0.29 
Roof type – BUR/concrete_deck BUR/wood_deck BUR/wood_deck 

Wall type – 
conc_panel/ 
conc_masonry 

brick_veneer/ 
conc_masonry 

brick_veneer/ 
conc_masonry 

Road type – 
concrete_road/ 
conc_masonry 

asphalt_road/ 
stabilized 

asphalt_road/ 
stabilized 

Emissivity of roof – 0.91 0.92 0.92 
Emissivity of wall – 0.9 0.9 0.9 
Emissivity of pervious road – 0.95 0.95 0.95 
Emissivity of impervious road – 0.88 0.91 0.91 
Minimum internal building 

temperature 
◦C 19 12 12 

Maximum internal building 
temperature 

◦C 27 37 37  
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wall, and floor). Here, since the subscript of “sfc” indicates all four surfaces collectively, Eq. (2) can be expanded to four and each one is 
used to calculate Tig,roof, Tig,shadedwall, Tig,sunlitwall, and Tig,floor, respectively. 

TiB is then determined by the balance of heat fluxes on building air after taking ventilation into consideration as described in Eq. 
(3). The inclusion of the heat transfer between the building and the ground through the floor makes it possible to lower TiB during 
nighttime while its effect on TiB during the daytime may depend on the environmental conditions. This is because the Tac is usually 
higher/lower than the TiB during the day− /night-times. Meanwhile, the heat can be transferred in and out of the building along with 
the ventilation rate, thus leading to an increase/decrease in TiB. These processes, which are only taken into consideration in BEM, but 
not in default CLMU, are expected to enhance the accuracy of TiB, subsequently controlling the amount of the release of AHF that 
contributes to the energy balance in the urban canopy. In addition, the equations enable the BEM to prognostically predict TiB at every 
time step, expecting more realistic temporal variations. 

Fcd,sfc +Fcv,sfc +Frd,sfc = 0 (2)  

VBρCP
∂TiB

∂t
−
∑

sfc
Asfchcv,sfc

(
Tig,sfc − TiB

)
− V̇ventρCP(Tac − TiB) = 0 (3) 

The parameters in Eq. (3) include the following: VB refers to the volume of building air, ρ is the density of dry air at standard 
pressure, CP signifies the specific heat of dry air, Asfc denotes the area of the surface, hcv,sfc and Tig,sfc signify the convective heat transfer 
coefficient and interior surface temperature at each surface (i.e., Tig,roof, Tig,shadedwall, Tig,sunlitwall, and Tig,floor), and V̇vent is a constant 
for the ventilation air flow rate. Once the calculation of TiB is completed at the given time step, the AHF is estimated in the same way as 
the default CLMU (Oleson and Feddema, 2020). Specifically, the maximum/minimum internal building temperatures prescribed as the 
thermostat of the building (Table 2) are used to control the need for heating and air conditioning, which can determine the amount of 
AHF released. As a case in point, when the TiB is higher/lower than the prescribed maximum/minimum internal building temperature, 
the AC/heater will be activated to cool down/warm up the building. Then, the energy required to decrease or increase TiB is converted 
to sensible heat to calculate the AHF released into the climate system. More details can be found in Oleson and Feddema (2020). 

2.4. Updated urban dataset and observational data for validation 

Apart from the implementation of BEM to RegCM4-NH, all of our simulations are performed with the updated urban distribution 
and properties provided by Oleson and Feddema (2020), whereas the previous studies based on default CLMU use the urban dataset 
provided by Jackson et al. (2010). The updated dataset includes the spatial distribution in the percentage of three urban density 
classes, including TBD, HD, and MD, for each 1 km resolution grid cell. The buildings' morphological, thermal, and radiative char
acteristics as well as building interior maximum and minimum thermostat settings are grouped into 33 geographic regions where both 
social and physical characteristics are similar. This dataset was collected and converted to be suitably used in CLMU through the 
utilization of the Toolbox for Human-Earth System Integration & Scaling (THESIS) tool set (Feddema and Kauffman, 2016; Oleson and 
Feddema, 2020). Oleson and Feddema (2020) reported that an updated dataset for urban properties has been reduced to the global 
average temperature of 0.02 ◦C from the global simulation using the Community Earth System Model (CESM). One limitation of using 
this data for our study is that both PRD and YRD share the same urban properties because China, in its entirety, is now considered to be 
one of the 33 regions. Table 2 provides the parameters used in the BEM and urban properties corresponding to the three urban density 
types used in CLMU. 

The 3-hourly near-surface temperature is obtained from China Meteorological Forcing Dataset (CMFD) with a grid spacing of 0.1- 
degree (Yang and He, 2019; He et al., 2020). The CMFD was produced from the combination of remote sensing products, reanalysis 
data, and in-situ station observations. Furthermore, daily mean, maximum, and minimum temperatures from ERA-Interim reanalysis 
data with a resolution of 0.75◦ × 0.75◦ are also compared with simulations for reference. 

3. Results 

3.1. Validation of the improvement from the implementation of BEM 

We begin our analysis with the 10-year summer climatological patterns of the daily mean (Tmean), maximum (Tmax), and min
imum (Tmin) temperatures over the PRD and YRD regions (Fig. 3). The temperatures from the D2 simulation with default CLMU are 
compared with those from CMFD observations and ERA-Interim reanalysis data as well as D1 simulation. The temperatures from ERA- 
Interim completely miss the spatial variability owing to its coarse resolution. On the other hand, D1 simulation driven by ERA-Interim 
reanalysis produces temperatures that are much closer to the CMFD observations. Therefore, the dynamical downscaling of ERA- 
Interim reanalysis data using RegCM4-NH is capable of bringing quantitative and qualitative improvements in temperature 

Fig. 3. The spatial distribution of 10-year average (2000–2009) JJA mean temperature (T-mean), maximum temperature (T-max), and minimum 
temperature (T-min) from CMFD observation, Era-Interim (ERA) reanalysis, parent domain simulation (D1), nested domain simulation with default 
CLMU (D2-Def), and its difference from nested domain simulation with BEM (D2-BEM minus D2-Def) over PRD (I) and YRD (II). The red number in 
the top-right corner denotes the area-average value (unit: ◦C). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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simulations. However, further downscaling through the nested domain seems to be problematic, enhancing biases over some regions. 
In general, the D2 simulation tends to produce higher temperatures than that of the D1 simulation. While certain regions showing cold 
bias are benefited, broader regions, particularly those characterized by high urban density, suffer from the overestimation of tem
peratures. It is noteworthy that CMFD observational patterns may not fully reflect the localized heat island effect over urban areas as 
CMFD is interpolated and regridded from a relatively sparse network of stations (He et al., 2020). This limitation may potentially 
exaggerate the warm bias over highly urbanized areas. However, the implementation of BEM is shown to alleviate this problem 
because the effect of BEM emerges in the direction of lowering the temperatures in urban areas. The difference between D2 simulations 
with and without BEM makes it clear that the regions having an urban density above 5% (Fig. 1 d, e) are roughly congruent with the 
counterparts where the D2 simulation with BEM yields a lower temperature. Interestingly, Tmax and Tmin responses to BEM emerge in 
a very different manner. While BEM aids in lowering Tmin, its impact on Tmax remains marginal. The asymmetric behavior between 
Tmax and Tmin may affect the diurnal variation of temperatures. Such responses of BEM within RegCM4-NH are mostly consistent 
with the findings presented by Oleson and Feddema (2020). 

To uncover the main factors controlling temperature simulation, Fig. 4 presents the difference in net radiation ( S→− L→), the sum of 
sensible and latent heat (QH + QE), and the difference in anthropogenic heat and net storage heat (QF − QS) between D2 simulations 
with and without BEM. BEM does not seem to make any significant change in the net radiation. Meanwhile, the spatial distribution of 
QF − QS is highly correlated to the temperature difference illustrated in Fig. 3. Since the net storage heat flux (QS), which is a residual 
from the updated fluxes, should be small, it would be reasonable to infer that the values presented in Fig. 4 (c) mostly correspond to QF. 
This implies that BEM results in the reduction of anthropogenic heat (QF) over the urban area and that its magnitude is proportional to 
the urban density. Recalling the energy balance Eq. (1), the changes in turbulent heat fluxes is attributed to anthropogenic heat, which 
subsequently modulates the temperature. 

Fig. 4. The spatial distribution of 10-year average (2000–2009) JJA mean difference of net radiation flux (Δ(S – L)) (a), sensible and latent heat 
fluxes (ΔQH + ΔQE) (b), and anthropogenic and net storage heat fluxes (ΔQF – ΔQS) (c) (unit: Wm− 2) between the two nested domain simulations 
with and without BEM (D2-New - D2-Def) over PRD (I) and YRD (II). 
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To better understand the characteristics of temperature bias patterns, Fig. 5 presents the diurnal variation of temperature biases 
over the PRD and YRD regions from the D1 simulation and D2 simulations with default CLMU and with BEM every 3-hour. For both 
PRD and YRD regions, the D1 simulation shows the systematic cold bias throughout the whole day. The D2 simulations lead to a 
significant reduction of cold bias and their improvement is evident, particularly during the nighttime (e.g., 20LST, 23 LST, and 02LST) 
with a very small magnitude of bias. However, for the daytime (e.g., 11LST, 14LST, and 17 LST) over the YRD region, the magnitude of 
warm bias from both D2 simulations becomes larger than the cold bias seen in the D1 simulation, thereby revealing the skeptical aspect 
of nested simulation. The overestimation of temperature over the urban grids when the urban module turns on is not limited to our 
simulations but has already been reported in previous studies (Huszar et al., 2020a, 2020b). Although the BEM implementation does 
help reduce the temperature in comparison to D2 simulation with default CLMU during the nighttime, the positive benefit of BEM is 
seemingly not relevant. Even it is difficult to differentiate both D2 simulations in the daytime temperature. However, the bias 
calculated based on the climatological average could conceal the effect of BEM on a daily basis. Therefore, Fig. 5 also provides a 
fraction of the number of days whether the temperature at each time from the D2 simulation with default CLMU is higher or lower than 
the D2 simulation with BEM. Except for 14 LST and 17 LST over YRD, the D2 simulation with BEM produces many more days when the 
temperature is lower than that of the D2 simulation without BEM. Thus, the BEM seems to be able to help alleviate the well-known 
problem of the default CLMU that overestimates temperature over the urban grids. 

3.2. Analysis of the effect of BEM depending on the urban density 

For an in-depth analysis of how the effect of BEM emerges differently along different urban densities, three different categories (i.e., 
rural, suburban, and urban) are divided. While the rural area is defined if the total urban percentage is equal to or lower than 5% 
(shaded with gray and green in Fig. 1d & 1e), the suburban is defined if the total urban percentage is lower than 40% (shaded with 
orange and red in Fig. 1d & 1e). The study defines a region as urban if the total urban percentage is equal to or higher than 40% (shaded 
with dark purple in Fig. 1d & 1e). For the RegCM4-NH simulation with default CLMU, the urban land-use category was not assigned 
until its percentage reaches 40%. Such a stringent criterion reduces the urban area so that it could simply prevent the large contri
bution of high temperature from urban grids. For all experiments carried out in this study, the criterion is lowered to 5% to fully 

Fig. 5. The 10-year average of temperature biases simulated from D1 (open diamond), D2-Def (open circle), and D2-BEM (closed diamond) against 
CMFD observation for each local standard time (LST) over PRD (I) and YRD (II). The fractional colored bars present the number of days (totally 920 
days) when the temperature from D2-BEM is warmer (orange) or cooler (blue) than that from D2-Def. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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account for the urban effect. The topographical effect on temperature is eliminated to make a fair comparison of variables over regions 
with different urban densities. As seen in Fig. S2, the temperature climatology depicts a strong elevation dependency and the alti
tudinal displacement between rural and urban is quite different. While the majority of the urban grids are situated below 100 m, the 
rural grids exist in a much higher altitude. This may introduce the overestimation of the UHI effects which are normally estimated 
based on the temperature difference between rural and urban areas. Therefore, the temperatures are adjusted using the vertical 
gradient of the average lapse rate (i.e., 0.65 ◦C/100 m), which was also applied to the previous studies (Lowry, 1977; Martin-Vide 
et al., 2015; Ünal et al., 2020). 

Fig. 6 presents the diurnal cycle of summer mean temperature over different urban categories (i.e., rural, suburban and urban). The 
boxplots at each local standard time (LST) provide some statistics of the spatial variability of temperature corresponding to each urban 
category. The most common feature appearing in both PRD and YRD regions is that all urban classes show the same timing of highest 
and lowest temperature at 14 LST and 05 LST, respectively, and that the temperatures from D2 simulations are systematically warmer 
than those from D1 simulation. For the PRD, D2 simulation is capable of making improvements in temperature across rural areas 
because D1 simulation shows a severe cold bias, particularly during the daytime. By contrast, D2 simulation tends to deteriorate 
temperature bias over the YRD rural area where D1 simulation already shows a warm bias. The positive impact of D2 simulation 
seemingly depends on the regions because the systematic bias of D1 simulation is different between YRD and PRD regions. On the other 
hand, the D2 simulation consistently overestimates temperature over suburban and urban areas where the CLMU is more active 
(Fig. 6b & 6c), regardless of the regions. This result reveals an obvious problem embedded in the urban module and the dataset of 
urban properties that are the same for China in its entirety. Meanwhile, the notable overestimations can partly be ascribed to 
observational undersampling across the areas with higher urban density. The boxplots for CMFD exhibit very small interquartile ranges 
in the urban (and even suburban) class, which shows that the resolution of CMFD is insufficient for capturing the localized urban 
effects. Implementation of BEM tends to slightly reduce the biases, especially during nighttime at higher density urban classes. 
However, the magnitude of this reduction may not be clearly visible from the climatological average pattern. 

To understand how the BEM can produce different effects in the diurnal variation of temperature along the different urban 

Fig. 6. Diurnal variation of 10-year average (2000–2009) JJA mean temperature over rural, suburban, and urban regions in PRD (I) and YRD (II) 
derived from CMFD observation, D1 simulation, and D2 simulations with and without BEM. The boxplot for each category (i.e., rural, suburban, and 
urban) is composed of the values from grid points with the altitude lower than 50 m corresponding to that region. 
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densities, Fig. 7 presents a diurnal variation of the difference in AHF and net storage heat flux (QF − QS) between D2 simulations with 
and without BEM. The effect of BEM emerges proportionally to urban density. The BEM can lead to the modification of the AHF that 
varies diurnally in urban areas, as opposed to almost no difference between the two simulations in rural areas. In particular, the BEM 
tends to release far less amount of AHF during the nighttime in the areas where urban density exceeds 40%. According to the formula 
(Eq. (3)), it may be attributed to the ventilation effect. The direction of heat transfer by ventilation depends on the sign of (TiB – Tac). 
During the nighttime, the ventilation may transfer more heat from the building to the outside and lower the air temperature inside the 
building (i.e., TiB), thereby leading to the reduction of anthropogenic heat released from the air-conditioner. The opposite happens 
during the peak timing in Tac, but its magnitude is marginal. The current formula considers the ventilation rate to be a single constant 
for the entire day. A more accurate rating of ventilation is expected to bring further improvements in the simulation. 

For a more detailed analysis, the difference in temperature and heat fluxes between simulations with and without BEM is compared 
at the time of highest temperature (14 LST) and lowest temperature (05 LST) in the diurnal cycle. Fig. 8 presents the box plots of the 
differences between suburban and urban regions at 14 LST and at 05 LST. The difference is calculated at the daily time scales because 
the climatological mean may conceal the effect of BEM. Regarding temperature, the reason underlying the marginal effect in the 
daytime is attributed to the co-existence of a similar amount of positive and negative differences, positioning the median near zero. On 
the other hand, if the BEM is implemented, far more days produce lower temperatures at nighttime. The sum of sensible and latent heat 
fluxes exhibits a similar behavior seen in temperature, but the difference between daytime and nighttime becomes much clearer. The 
reduction of heat fluxes is balanced with the reduction of AHF, thus lowering the temperature. The temperature changes and related 
heat fluxes introduced by the implementation of BEM are consistent with the result presented in Oleson and Feddema (2020). 

3.3. Comparative assessment of the UHI effect over the PRD and YRD regions 

While Sections 3.1 and 3.2 focus on comparing two simulations with and without BEM to understand how the inclusion of BEM 

Fig. 7. Diurnal variation of 10-year average (2000–2009) JJA mean difference of anthropogenic and net storage heat fluxes (ΔQF – ΔQS) between 
the two nested domain simulations with and without BEM (D2-BEM minus D2-Def) over rural, suburban, and urban regions in PRD (I) and YRD (II). 
The boxplot for each category (i.e., rural, suburban, and urban) is composed of the values from grid points with the altitude lower than 50 m 
corresponding to that region. 
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leads to changes in the surface energy balance and resultant temperature, this section describes the urban heat island (UHI) effect 
calculated from the simulation with BEM. The UHI is an important indicator to characterize the urban climate and the feasibility of 
capturing it can exemplify the skill of RegCM4-NH with BEM as a modeling tool to be used for studying future urban expansion 
scenarios across the PRD and YRD regions. Here, the UHI is defined as the temperature difference between urban and rural (urban 
minus rural), which is the most well-known method (Yan et al., 2016; Zhao and Wu, 2017; Shi et al., 2019). Importantly, the intensity 
of UHI is sensitive to the selection of surrounding rural areas as a reference (Martin-Vide et al., 2015; Yan et al., 2016). Therefore, we 
apply the inverse distance weighting (IDW, Shepard, 1968) for the temperature difference between urban grid points and their sur
rounding lower urban density grid points, rather than confining the rural areas to specific grid points. Specifically, for each urban grid 
point “i”, the UHIi is calculated as follows: 

UHIi =

∑r=n

r=1

[
(Tadjusted,i − Tadjusted,r)

(D2
ir)

]

∑r=n

r=1

[
1

(D2
ir)

] (4) 

In Eq. (4), the temperature is firstly adjusted by elevation for all grid points. “n” denotes the number of surrounding lower density 
grid points “r”, and “D” is the distance (in km) between “i” to each of “r”. 

Fig. 9 presents the spatial distribution of climatological UHI over the PRD and YRD regions at each LST. The geographical locations 

Fig. 8. Boxplot of daily differences (D2-BEM minus D2-Def) of temperature (upper, unit: ◦C), total sensible and latent heat fluxes (middle, unit: 
Wm− 2), and anthropogenic minus net storage heat fluxes (lower, unit: Wm− 2) at 05 LST and 14 LST over suburban and urban regions in PRD (I) and 
YRD (II) during the summer (JJA) of 10-year (2000–2009). The y-axis is transformed by “asinh” function (nearly same as log10, except it can be 
applied for zero and negative values) for better visualization. 
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of maximum UHI are in accordance with the urban density presented in Fig. 1. More significantly, a pronounced diurnal variation is 
observed in the development of UHI in both regions. The UHI tends to develop gradually through the morning and early afternoon. The 
maximum UHI in terms of intensity and extent then occurs in the late afternoon and evening (17 LST and 20 LST). This implies that the 
UHI exhibits a delayed response to temperature diurnal variation because daily maximum temperature usually occurs before the 
occurrence of maximum UHI. Such a time lag can be explained by the accumulation of the massive release of AHF during the daytime. 
The intensity of UHI weakens gradually with an increase in radiative cooling. The spatial and temporal variations of UHI seen in our 
simulation are qualitatively similar to the previous findings of Li et al. (2017). 

Fig. 10 also investigates the relationship between the intensity of UHI and the background temperature. The analysis is performed 
at a daily timescale for 17 LST (a) and 20 LST (b) when the intensity of UHI is generally high over the studied domains. At each time, 
the UHI intensity and temperature anomaly from 10-year climatology are first computed with respect to individual grid points, before 

Fig. 9. The 10-year (2000–2009) climatology of spatial distribution of urban heat island effect (unit: ◦C) at each LST calculated from the inverse 
distance weighting for the difference of near-surface temperature between urban grid point and its surrounding grid points with lower 
urban density. 
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being area-averaged for urban and suburban areas to figure out the variation and dependence of UHI along with an anomalously warm 
day or a cool day at that time. Expectedly, the intensity of UHI is stronger in urban than in suburban for both PRD and YRD regions. 
However, the discrepancy between urban and suburban is much greater in YRD than in PRD. The YRD, which is situated at a relatively 
higher latitude in comparison to PRD, is characterized by a large variability range of temperature and UHI intensity. More importantly, 
the higher intensity of UHI tends to appear on anomalously hot days, thereby forming a strong correlation between UHI intensity and 
temperature anomaly. It is reasonable to envision dangerous levels of heat stress on anomalous hot days in YRD in summer. 
Furthermore, adding approximately 1–2◦ higher temperature due to UHI may exacerbate the risk level to extremely intolerable cir
cumstances, particularly for the urban population exposed to poor living conditions. The positive correlation between temperature 
anomaly and UHI intensity becomes stronger at 20 LST for PRD and at 17 LST for YRD, which are in line with the peak timing in UHI 
diurnal variation illustrated in Fig. 9. Given that some previous studies have shown that urban expansion may contribute to the 
warming trend (Lin et al., 2016; Shi et al., 2019), it is crucial to ascertain how this positive correlation will evolve and affect extreme 
heat stress in a warmer climate, which will be explored in our future work. 

4. Summary and discussion 

In this study, the BEM introduced by Oleson and Feddema (2020) was incorporated into CLMU in RegCM4-NH to alleviate the 
severe overestimation of temperature in urban grids which is a well-known bias reported by other studies based on the high-resolution 
RegCM4 simulations (e.g., Huszar et al., 2020a, 2020b). The urban distribution and properties are also updated in both simulations 
with and without BEM using the urban dataset provided by Oleson and Feddema (2020) from the one provided by Jackson et al. 
(2010). Currently, the default set-up of RegCM4-NH does not account for low-to-medium density urban and CLMU only works for the 

Fig. 10. Scatterplot for the relationship between UHI intensity (unit: ◦C) and near-surface temperature anomaly (unit: ◦C) averaged over urban and 
suburban in PRD and YRD at 17 LST (a) and 20 LST (b) during the summer (JJA) of 10-year (2000–2009). For each urban category, the ellipse is 
based on the multivariate t-distribution at 0.99 level while the line is from a simple linear regression considering UHI intensity as function of near- 
surface temperature anomaly. For each panel, the Spearman's correlation coefficients between the two variables are shown in the bottom-left and 
bottom-right corners for suburban and urban, respectively. 
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grids where the urban fraction is over 40% so that the overestimation bias in urban grids may be less apparent. In this regard, the 
evaluation of the RegCM4-NH with BEM in simulating urban climate at very high resolution (i.e. 4 km) can serve as a benchmark for 
future use by the RegCM community. In addition, since most previous studies focusing on the urbanization effect based on the RegCM 
modeling system have been limited to the European region, our simulations targeted on the PRD and YRD regions will provide 
pertinent insights into the transferability of the RegCM-NH to other urban agglomerations for the purpose of studying the urban effect 
on regional climate. 

A significant body of studies has demonstrated that the emission of AHF from the buildings plays a crucial role in simulating the 
urban climate (Sailor, 2011; Chrysoulakis and Grimmond, 2016; Zhang et al., 2016; Wang et al., 2019), thus emphasizing the 
importance of a realistic representation of the processes related to the building in the urban model. Although the role of the urban 
model has not been seriously considered for the hydrostatic version of RegCM4, the release of and transition to RegCM4-NH may 
underscore the need to improve the urban canopy model in RegCM4-NH. In this regard, the implementation of BEM and the 
demonstration of physical realism expected from the BEM could indeed be valuable. The comparison of two simulations with and 
without BEM reveals that the effect of BEM emerges in the form of a slight reduction of the nocturnal warm bias, whereas the severe 
overestimation of daytime temperature mostly remains unchanged. Compared to the default CLMU, the BEM treats the interior 
building temperature (TiB) as a prognostic variable updating every time step while also taking into consideration the ventilation and 
heat transfer between the building and the ground. Obviously, the calculation procedure of TiB is more comprehensive in BEM than in 
default CLMU, and therefore it is reasonable to expect that TiB derived from BEM can positively impact model performance. The 
accuracy of TiB is essential to determine the amount of heat removed and/or wasteheat as the AHF is released into the atmosphere, 
which contributes to the energy balance in the urban canopy. In our simulation, the BEM brings the systematic reduction of AHF during 
the night, leading to a decrease in temperature. Apart from the improvement by adding BEM, this study demonstrates that the RegCM4- 
NH with the BEM is capable of reasonably capturing the relevant patterns of UHI effect over the PRD and YRD regions, which are 
commonly observed in other regions (Zhang et al., 2010; Zhang et al., 2016; Li et al., 2017; Lin et al., 2016; Shi et al., 2019). The 
experimental design with two nested domains corresponding to the PRD and YRD (See Fig. 1) offers a unique opportunity to address 
the role of background climate on the effect of UHI. The positive relationship between the intensity of UHI and temperature anomaly is 
more obvious in YRD than in PRD, indicating the region-specific impacts of urbanization. These findings could serve as a benchmark 
before conducting the future climate projections to understand the climate impact of future urban growth in a warmer climate. 
Furthermore, the modeling skill exemplified by RegCM4-NH with the BEM could have significant implications for the RegCM4 
community. 

Despite an encouraging result, we are aware of critical limitations and the fact that there is significant room for further 
improvement. First, the lack of detailed property data of building for each domain impedes the efforts to further fine-tune this model. 
This includes not only the problem of sharing similar urban features in PRD and YRD, but also omitting some key processes. Second, the 
diurnal variation of ventilation, which is assigned as a single constant, could also be an important factor to improve the model ac
curacy. As a case in point, the findings from Wang et al. (2019) suggest that a more realistic estimation of ventilation could be achieved 
by using the instantaneous indoor CO2 concentration. The contribution of vehicles emission and another major source of anthropo
genic heat should also be considered in the model. Although CLMU has already provided a very simple estimation for traffic activities, 
this module is disabled in RegCM4-NH and requires further investigation before it can be used properly. In addition, long-term climate 
simulations should be performed with the regular change of urban expansion because the transition from agriculture or grassland to 
urban structures has shown crucial roles in modifying local climate (Doan et al., 2016; Doan and Kusaka, 2016). Inevitably, these 
improvements can only be implemented with the more detailed and realistic information of the urban at finer scale resolution. 
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