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Abstract: Due to rapid growth and expansion, Xiongan New Area is at risk for heatwaves in the
present and future induced by the urban heat island effect. Based on eight combined schemes,
including two common WRF surface layer schemes (MM5 and Eta) and urban canopy schemes (SLAB,
UCM, BEP and BEP + BEM), simulation performance for 2-m temperature, 2-m relative humidity and
10-m wind during a heatwave in July 2019 was compared and analyzed. The simulation performance
is ranked from best to worst: 2-m temperature, 2-m relative humidity, 10-m wind direction and
10-m wind speed. MM5 simulate 2-m temperature and 10-m wind speed better than Eta, but 2-m
relative humidity worse. MM5 coupling BEP + BEM provides the highest simulation performance
for 2-m air temperature, 10-m wind direction and 10-m wind speed but the worst for 2-m relative
humidity. MM5 and Eta produce nearly opposite results for wind direction and wind speed. Due to
the Anxin station close to Baiyang Lake, lake-land breeze affects the simulation findings, worsening
the correlation between simulated 10-m wind and observation.

Keywords: surface layer schemes; urban canopy schemes; Meteorological simulations; heatwave;
Simulation evaluation

1. Introduction

As global warming and the urban heat island effect develop, extreme weather and
climate events hit cities more frequently [1–3]. Heatwaves are increasing in frequency,
intensity and duration [4]. Heat-related mortality, morbidity, adverse pregnancy rates,
negative mental health impacts, and heat vulnerability are all increasing with climate
change [5,6]. The frequency and severity of heat waves’ effects on China’s human civiliza-
tion and environment are increasing [7–10]. The North China Plain, located in the core
of contemporary China, may endure deadly heat waves in the future [11]. The Xiongan
New Area will become the economic hub of the Beijing-Tianjin-Hebei triangle due to its
proximity to Beijing. Cheng and Li [12] analyzed the changes in average and extreme
temperatures in the region using daily normalized temperature data from 1960 to 2016 and
concluded that the changes in most temperature indicators in the Xiongan New Area were
greater than the average changes in the neighboring Beijing-Tianjin-Hebei region and North
China. In the Beijing-Tianjin-Hebei region, the Xiongan New Area currently possesses
climate conditions that are conducive to urban development but will face a significant
danger of high-temperature catastrophes in the future [13,14].

With the development and maturation of numerical models, simulation methods have
become an essential tool for quantifying and explaining the effect of urbanization and
investigating the physical process behind heatwaves. Currently, the Weather Research and
Forecasting (WRF) coupled single-layer urban canopy model (UCM), multilayer urban
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canopy module (Building Environment Parameterization, BEP) and Building Energy Model
(BEM) are widely used in urban high temperature simulation [15–20]. Loughner et al. [21]
used WRF coupled with UCM to simulate a heatwave and found that decreasing com-
mercial building heights by 8 m and residential building heights by 2.5 m results in up
to 0.4 K higher daytime surface. In one of his numerical simulations in Madrid, Spain,
Paz et al. [22] found that the WRF-coupled BEP configuration significantly improved the
wind speed results in the built-up area, with an annual mean deviation of −0.3 m·s−1

compared to the 1.6 m·s−1 produced by the reference WRF operation. Giovannini et al. [23]
uses numerical simulation to conclude that the urban canopy scheme BEP + BEM can well
reproduce the spatial distribution of energy consumption in urban areas and its dependence
on urban morphological characteristics. Since the transportation of momentum, heat, and
water vapor is primarily influenced by the dynamic and thermal effects in the boundary
layer [24], an increasing number of studies have been conducted to simulate and analyze
wind and temperature using a variety of boundary layer parameter schemes [25–27]. The
surface layer is located at the bottom of the boundary layer, and turbulence is the most
important kind of air movement in the surface layer. The turbulent flux has a crucial role
in wind speed, temperature fluctuations, carbon dioxide concentration, precipitation and
latent heat release in the atmosphere [28–31]. Prasad et al. [32] evaluated the surface layer
schemes Revised MM5 Monin-Obukhov (hence referred to as MM5) and Eta and found
that the simulation accuracy of the WRF coupled surface layer scheme MM5 was higher.
Peng et al. [33] compared the surface layer schemes MM5 and Li and found that the Li
scheme has certain advantages in describing regional atmospheric stratification.

Xiongan New Area will be a new type of city model for high-quality development
in the new era. During the construction process, it highlights the triple background of
“green, smart, and resilient”. Its construction path and implementation in smart city,
green low-carbon, resilient city, etc. The model has strong reference significance (http://
www.xiongan.gov.cn/2021-08/10/c_1211325329.htm) (accessed on 3 September 2022). The
thermal amplification effect of the city has a significant impact on the local city, especially in
the context of high temperature weather, it is more likely to increase the high temperature
and heat wave disasters. Therefore, it is necessary to adjust the urban thermal environment
at the urban scale to reduce the amplification effect of urban heat islands on heat waves.
However, in the existing research, only the selection of the surface layer scheme or the
urban canopy scheme is generally used alone, and there are few studies on the combination
between the two schemes. The optimal combination of the urban canopy scheme is of great
significance to improve the simulation effect of the urban surface layer and to supplement
the characteristics, formation mechanism and mitigation methods of heat waves, and
can also provide reference for urban heat island regulation and thermal environment
management.

2. Model Description and Experimental Design
2.1. WRF Model Description

The Weather Research and Forecasting (WRF) model is a simulation system developed
for atmospheric research and numerical weather prediction. The Advanced Research WRF
(ARW) model is a variant of Weather Research and Forecasting (WRF). WRF4.3.2 [34]
was developed through a partnership of the Patricia Balle (HPE), Jamie Bresch (NCAR),
Jordan Schnell (NOAA), Yaping Shao (Universität zu Köln), Martina Klose (Karlsruhe
Institute of Technology), Piotr Kasprzyk (IETU Katowice), Theodore M. Giannaros (National
Observatory of Athens, Greece). It was used in this work to simulate the temperature,
surface wind and relative humidity in the Xiongan New Area. This research configures
the WRF model with three nested domains (shown in Figure 1). This simulation employs
a three-layer nesting method. The location of the simulation center is 39◦ N and 116◦

E. The grid point sizes (grid resolution) for each domain are 81 × 81 (27 km), 121 × 121
(9 km), and 181 × 181 (3 km). The key physical choices considered for this study were
configured as follows: WRF single-moment 3-class (WSM3) scheme [35]; Rapid Radiative

http://www.xiongan.gov.cn/2021-08/10/c_1211325329.htm
http://www.xiongan.gov.cn/2021-08/10/c_1211325329.htm
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Transfer Model (RRTM) Longwave [36]; Dudhia shortwave radiation scheme [37]; Noah
land-surface module [38].

Atmosphere 2022, 13, x FOR PEER REVIEW 3 of 18 
 

 

Bresch (NCAR), Jordan Schnell (NOAA), Yaping Shao (Universität zu Köln), Martina 

Klose (Karlsruhe Institute of Technology), Piotr Kasprzyk (IETU Katowice), Theodore M. 

Giannaros (National Observatory of Athens, Greece). It was used in this work to simulate 

the temperature, surface wind and relative humidity in the Xiongan New Area. This re-

search configures the WRF model with three nested domains (shown in Figure 1). This 

simulation employs a three-layer nesting method. The location of the simulation center is 

39° N and 116° E. The grid point sizes (grid resolution) for each domain are 81 × 81 (27 

km), 121 × 121 (9 km), and 181 × 181 (3 km). The key physical choices considered for this 

study were configured as follows: WRF single-moment 3-class (WSM3) scheme [35]; 

Rapid Radiative Transfer Model (RRTM) Longwave [36]; Dudhia shortwave radiation 

scheme [37]; Noah land-surface module [38]. 

 
 

Figure 1. Three nested domains for sensitivity simulations and national basic weather stations are 

also shown (Rongcheng: 54,503, Xiongxian: 54,636, Anxin: 54,605). 

The BEP scheme and BEP + BEM scheme can only be used with Mellor-Yamada-Janjic 

(MYJ) PBL, Yonsei University (YSU) PBL and Boulac PBL in the WRF (V4.3.2) model. The 

MYJ scheme and YSU scheme can only be used with Eta and Revised MM5 Monin-Obu-

khov (hence referred to as MM5), respectively. The MM5 scheme and Eta scheme, which 

are both reasonably prevalent schemes, can be used with Boulac PBL. The MM5 scheme 

is a significant advance over its predecessor, the M-O similarity theory-based MM5 

scheme [39]. The Eta scheme [40–42] is also based on the M-O similarity hypothesis. Under 

stable and unstable layers, the scheme uses the stability functions provided by Holtslag 

and De Bruin [43] and Paulson [44], respectively, to calculate the surface layer turbulent 

flux iteratively. To simulate the Xiongan New Area, urban canopy schemes (SLAB(urban 

canopy schemes not selected), UCM, BEP, BEP + BEM) and surface layer schemes (MM5, 

Eta) were selected to form 8 parametric combination schemes. The eight parameter com-

binations are listed in Table 1. 

Table 1. Physical parameterization configuration of the simulation. 

Scheme SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8 

urban canopy SLAB UCM BEP BEP + BEM SLAB UCM BEP BEP + BEM 

surface layer MM5 MM5 MM5 MM5 Eta Eta Eta Eta 

2.2. Description of Study Areas 

The planning scope includes the administrative districts of Xiongxian County, Rong-

cheng County and Anxin County (including Baiyang Lake), Weizhou Town, 

gougezhuang Town, qijianfang Township and Longhua Township of Gaoyang County in 

Renqiu City, with a planning area of 1770 square kilometers 

Figure 1. Three nested domains for sensitivity simulations and national basic weather stations are
also shown (Rongcheng: 54,503, Xiongxian: 54,636, Anxin: 54,605).

The BEP scheme and BEP + BEM scheme can only be used with Mellor-Yamada-Janjic
(MYJ) PBL, Yonsei University (YSU) PBL and Boulac PBL in the WRF (V4.3.2) model.
The MYJ scheme and YSU scheme can only be used with Eta and Revised MM5 Monin-
Obukhov (hence referred to as MM5), respectively. The MM5 scheme and Eta scheme,
which are both reasonably prevalent schemes, can be used with Boulac PBL. The MM5
scheme is a significant advance over its predecessor, the M-O similarity theory-based MM5
scheme [39]. The Eta scheme [40–42] is also based on the M-O similarity hypothesis. Under
stable and unstable layers, the scheme uses the stability functions provided by Holtslag and
De Bruin [43] and Paulson [44], respectively, to calculate the surface layer turbulent flux
iteratively. To simulate the Xiongan New Area, urban canopy schemes (SLAB(urban canopy
schemes not selected), UCM, BEP, BEP + BEM) and surface layer schemes (MM5, Eta) were
selected to form 8 parametric combination schemes. The eight parameter combinations are
listed in Table 1.

Table 1. Physical parameterization configuration of the simulation.

Scheme SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8

urban canopy SLAB UCM BEP BEP + BEM SLAB UCM BEP BEP + BEM
surface layer MM5 MM5 MM5 MM5 Eta Eta Eta Eta

2.2. Description of Study Areas

The planning scope includes the administrative districts of Xiongxian County, Rongh-
ceng County and Anxin County (including Baiyang Lake), Weizhou Town, gougezhuang
Town, qijianfang Township and Longhua Township of Gaoyang County in Renqiu City,
with a planning area of 1770 square kilometers (http://www.xiongan.gov.cn/2018-04/21
/c_129855813_2.htm) (accessed on 3 September 2022).

2.3. Description of Study Data

The observation data used in this study came from the national basic automated
weather stations of the China Meteorological Administration and consist of 2-m tempera-
ture, 2-m relative humidity, and 10-m wind speed and direction. These data are used to
evaluate the performance of 8 combined parameterization schemes, and comprehensive
comparisons are performed through data lists, line graphs, Taylor charts, and wind rose
graphs. ERA5 is the driving field for the numerical experiments. ERA5 is the fifth genera-
tion of ECMWF reanalysis covering the past 4 to 7 decades of global climate and weather
with a horizontal resolution of 0.25◦ × 0.25◦.

http://www.xiongan.gov.cn/2018-04/21/c_129855813_2.htm
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From 2–4 July 2019, the Xiongan New Area was affected by a heatwave, and the center
of the heatwave gradually moved from the southern part of Beijing-Tianjin-Hebei to the
central and eastern parts (Figure 2). The highest temperatures in the Xiongan New Area
on 2–4 July were 40.4 ◦C, 40.2 ◦C and 41.5 ◦C, respectively. Raei et al. [45] believe that
the definition of a heatwave is the maximum temperature exceeds the 90th percentile of
the long-term JJA daily temperature record over a 15-day window (from 7 days ahead to
7 days after the day of interest) for at least three consecutive days. In China, when the daily
maximum temperature reaches or exceeds 35 ◦C, it is generally called high temperature,
and the high temperature weather process for several consecutive days (at least three days)
is called a heatwave. This is a case of a heatwave event.
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2.4. Statistical Metrics

In this work, the correlation coefficient (R), the mean bias (MB), the standard deviation
(STDE), the root mean square error (RMSE), and the index of agreement (IOA) are used
to evaluate and analyze the simulation results of the model. Standardization is applied
to the standard deviation and root mean square error. In addition, the Taylor diagram
is used to demonstrate the accuracy of the simulation results. Taylor [46] presented a
diagram to evaluate the model’s relative advantages and overall performance. It provided
a concise summary of the diagram’s principle and established the relationship between the
correlation coefficient (R) between the simulated field and the observed field, the root mean
square error (RMSE) of the center, the standard deviation (σf) of the simulated field and the
standard deviation (σr) of the observed field. They are displayed on a polar map. RMSE is
a part of the traditional root mean square error RMS that may distinguish the difference
between the mean value of the simulated field and the observed field, allowing for a more
accurate evaluation of the model’s advantages and performance. Moazenzadeh [47] and
Wadoux [48] have utilized Taylor diagrams in several applications.

The formulae for calculation are (1)–(5).

R =

1
N ∑N

n=1

(
fn − f

)
(rn − r)

σfσr
(1)

STDE =

(
1
N

N

∑
n=1

(xn − x)2

) 1
2

(2)

MB =
∑N

n=1( fn − rn)

N
(3)

IOA = 1.0− ∑N
n=1(rn − fn)

2

∑N
n=1(| fn − r|+ |rn − r|)2 (4)

RMSE =

{
1
N

N

∑
n=1

[(
fn − f

)
− (rn − r)

]2
} 1

2

(5)
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3. Results
3.1. 2-m Temperature

As shown in Figure 3, all 8 experiments are capable of simulating the temperature
variation, and the daytime simulated temperature is higher than the measured one, while
the opposite during the nighttime. In the first 14 h of model operation, the simulated
temperature is on the high side, but after 14:00 on 2–July (universal time, the following
times are all UTC), the simulated values are close to the observed values, especially on
2–July. From 14:00 to 04:00 on 3–July, the simulation bias is minor, indicating that after a
period of time, the model reaches a stable state, and the simulated temperature is closer
to the observed value. According to the maximum temperature, the simulated maximum
temperature is higher than the observed value, and the simulated time is 1–2 h away from
the observation time. Overall, the maximum temperature simulated by SIM1-SIM4 (both
with MM5) is closer to the observed value than the maximum temperature simulated by
SIM5-SIM8 (both with Eta). In the same urban canopy scheme, the maximum temperature
simulated by the MM5 scheme is more accurate than that simulated by the Eta scheme.
The simulation value of the ETA scheme is lower for the simulation of the minimum
temperature.
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Figure 3. Time series of the observed and simulated 2-m temperatures from 2–4 July at 3 sites:
(a) Rongcheng: 54,503, (b) Xiongxian: 54,636, and (c) Anxin: 54,605.

As shown in Table 2, the IOA in the Xiongan New Area is greater than 0.95, suggesting
that the 2-m temperature simulated by these 8 combined schemes is in good agreement.
Except for Rongcheng’s SIM1 and SIM3, all other combined schemes result in a 0.01 ◦C
increase in simulated temperature. Among the three areas, Rongcheng has the lowest MB
and RMSE, and the simulation of the 2-m temperature is closest to the observed value.
From the standpoint of the total MB, the average temperature simulated by the eight
combined schemes is high (MB is all positive). Combined with Figure 3, it is evident
that the simulated daytime temperature is high, while the nighttime temperature is low.
Although the deviations of schemes SIM1-4 are larger than those of schemes SIM5-8 and the
temperature MB simulated by the Eta scheme is smaller, the RMSE indicates that the MM5
scheme is better than the Eta scheme under the same canopy parameterization scheme.
Comparing the sensible heat flux variation at each site (Figure 4), the sensible heat fluxes
of the eight combined schemes are not significantly different. SIM1-4 (MM5) is less than
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the simulated value of SIM5-8 (Eta), and the calculated heat flux value of the Eta scheme is
greater than that of the MM5 scheme, which also impacts the features of changes over time.
SIM5-8 has a greater simulated temperature than SIM1-4; hence, the MB is larger. This is
consistent with Xie’s [49] finding that the surface heat exchange coefficient Ch calculated by
the Eta scheme and MM5 scheme influences the simulated results for the 2 m temperature.

Table 2. The 2-m temperature in the Xiongan New Area from observations and eight combined
scheme simulations.

Station Measure SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8

54,503

IOA 0.98 0.97 0.98 0.97 0.98 0.98 0.97 0.98
MB/◦C −0.01 0.45 −0.01 0.58 0.02 0.17 0.00 0.03

R 0.96 0.95 0.96 0.95 0.97 0.97 0.95 0.97
STDE 1.07 1.00 1.08 1.02 1.13 1.11 1.11 1.13
RMSE 0.28 0.31 0.31 0.32 0.30 0.30 0.34 0.29

54,605

IOA 0.97 0.96 0.97 0.97 0.97 0.97 0.96 0.97
MB/◦C 0.71 0.99 0.68 1.04 0.63 0.58 0.61 0.63

R 0.95 0.95 0.95 0.95 0.95 0.95 0.94 0.95
STDE 1.06 0.99 1.05 1.04 1.12 1.11 1.12 1.12
RMSE 0.32 0.32 0.32 0.31 0.35 0.36 0.38 0.35

54,636

IOA 0.96 0.95 0.97 0.96 0.96 0.96 0.95 0.96
MB/◦C 0.60 1.19 0.40 1.18 0.49 0.46 0.37 0.47

R 0.93 0.93 0.94 0.95 0.93 0.93 0.91 0.92
STDE 0.97 0.91 0.99 0.93 1.06 1.06 1.04 1.04
RMSE 0.37 0.36 0.35 0.31 0.39 0.39 0.43 0.40

total

IOA 0.97 0.96 0.97 0.97 0.97 0.97 0.96 0.97
MB/◦C 0.44 0.88 0.36 0.94 0.38 0.41 0.33 0.37

R 0.95 0.94 0.95 0.95 0.95 0.95 0.93 0.95
STDE 1.03 0.97 1.04 0.99 1.10 1.09 1.09 1.09
RMSE 0.33 0.34 0.33 0.32 0.35 0.35 0.39 0.36
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The correlation coefficients (R) of the temperature simulations (Table 2) in Rongcheng,
Xiongxian, and Anxin range from 0.91 to 0.98, and the overall correlation coefficient (R) is
greater than 0.93. A good positive correlation exists between the simulated temperature
values and the observed values. SIM1-4 has a lower overall RMSE than SIM5-8. The
MM5 scheme is more accurate than the Eta scheme for simulating temperature. Figure 5
demonstrates that SIM7 has the poorest simulation, both when comparing the three re-
gions independently and when comparing the three regions together. In addition to low
simulation accuracy in Rongcheng, SIM4 performs best in Xiongxian, Anxin and overall.
The BEP + BEM scheme provides a more detailed description of the process in the urban
canopy, which reflects the influence of urban turbulence at different levels. Moreover,
indoor human activities and the influence of home equipment on the mixing of indoor and
outside air would change the ambient temperature to some extent. The combination of the
BEP + BEM and MM5 schemes provides the most accurate temperature simulation.
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3.2. 2-m Relative Humidity

During the early stage of the model operation, the simulated relative humidity has a
large MB, with the value between 14 and 20 on 2–July being notably low (Figure 6). After
20:00 on 2–July, the model stabilized, and the simulated relative humidity closely matched
the observed value. The 8 combined schemes are capable of simulating the evolution of
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relative humidity, with superior performance for the daily relative humidity variations.
However, from 16:00 to 23:00 on 4–July, SIM4 shows a large deviation, and its performance
is poor.
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Figure 6. Time series of observed and simulated 2-m relative humidity at 3 sites from 2–4 July at
(a) Rongcheng: 54,503, (b) Xiongxian: 54,636, and (c) Anxin: 54,605.

Each scheme has a good capacity to simulate relative humidity in Xiongan New Area,
where the IOA is more than or equal to 0.85 (Table 3). The simulated relative humidity MB
is less than zero, but the observed value is greater. Similar to the temperature, Rongcheng
has the lowest MB and least simulated deviation among the three regions. The correlation
between the simulated value and the observed value is good (R: 0.82–0.96) but not as
good as the correlation of the 2-m temperature simulation, and these parameterization
schemes are preferable for the temperature simulation. SIM4 has the largest RMSE, and
SIM7 has the second-largest RMSE. The combination of BEP + BEM and MM5 has the best
performance in simulating temperature but the lowest performance in simulating relative
humidity. SIM2 and SIM6 have the closest simulated values to the observed values, while
SIM4 and SIM7 have the farthest simulated values from the observed values. Under the
same near-surface scheme, the UCM scheme is the best in simulating relative humidity
(Figure 7).

3.3. 10-m Wind Speed and Direction

From the hourly variation in wind speed (Figure 8), all eight combined schemes can
show fluctuations in wind speed, but the simulated wind speed peak is slightly ahead of
schedule, and the bias of the larger wind speed simulation is larger, with Anxin deviat-
ing the most from the simulated value of the daytime maximum wind speed on 2–July
(Figure 8b).
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Table 3. The 2-m relative humidity in the Xiongan New Area from observations and eight combined
scheme simulations.

Station Measure SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8

54,503

IOA 0.97 0.98 0.95 0.87 0.97 0.96 0.96 0.98
MB/% −2.16 −2.10 −2.64 −6.35 −1.46 −2.81 −1.30 −0.74

R 0.95 0.96 0.93 0.82 0.94 0.94 0.93 0.95
STDE 0.91 0.91 0.85 0.81 0.99 0.92 0.96 1.01
RMSE 0.32 0.27 0.38 0.58 0.33 0.33 0.36 0.30

54,605

IOA 0.93 0.93 0.92 0.88 0.95 0.94 0.93 0.95
MB/% −6.39 −6.67 −7.16 −8.86 −5.28 −6.10 −5.35 −4.60

R 0.92 0.93 0.92 0.89 0.93 0.94 0.91 0.93
STDE 0.94 0.93 0.85 0.83 0.98 0.93 0.99 1.03
RMSE 0.39 0.38 0.39 0.45 0.37 0.35 0.42 0.38

54,636

IOA 0.92 0.93 0.94 0.85 0.94 0.93 0.93 0.93
MB/% −6.86 −6.87 −6.17 −10.79 −5.16 −6.05 −5.06 −4.67

R 0.93 0.93 0.94 0.87 0.92 0.92 0.89 0.90
STDE 0.81 0.82 0.81 0.73 0.91 0.85 0.89 0.92
RMSE 0.39 0.39 0.36 0.51 0.40 0.39 0.46 0.44

total

IOA 0.94 0.94 0.93 0.86 0.95 0.95 0.94 0.95
MB/% −5.14 −5.21 −5.32 −8.67 −3.97 −4.98 −3.90 −3.34

R 0.93 0.93 0.93 0.85 0.93 0.93 0.90 0.92
STDE 0.88 0.88 0.83 0.79 0.95 0.89 0.94 0.98
RMSE 0.38 0.37 0.39 0.53 0.38 0.37 0.43 0.39

Each time the wind speed increases, the model needs several hours of adjustment to
get closer to the observed value, whereas when the wind speed is low, the simulated wind
speed is close to the observed value, thereby enhancing the simulation capability of the
8 combined schemes for low wind speeds.

Table 4 demonstrates that the wind speed simulation performance of the eight com-
bined schemes is low (IOA: 0.20–0.60), with Anxin having the worst performance (IOA:
0.20–0.47). The total R of the simulated wind speed in Xiongan is 0.16~0.32, and the correla-
tion is very weak, particularly for the Anxin schemes SIM6 and SIM7, which are close to 0,
and SIM5, which has a negative correlation. The MBs of the 8 combined schemes are all
positive, suggesting that the simulation of the 10-m wind speed is also high for each scheme.
In comparison to the simulation of relative humidity, the overall wind speed bias is less.
For the same urban canopy scheme but various surface layer schemes, the MB from the
UCM-MM5 scheme (0.83 m·s−1) is less than the MB from the UCM-Eta scheme (0.89 m·s−1),
although the MB after coupling SLAB, BEP, and BEP + BEM is smaller than that of the Eta
scheme. Anxin has the highest mean bias and RMSE, and the simulation accuracy of the
eight schemes in this region is relatively poor. The disparity between the simulated wind
speed of Anxin’s 8 schemes and the observed wind speed is the largest among the 3 regions
(Figure 8d), indicating that its simulation accuracy is the lowest. Yang et al. [50] analyzed
the 6-year observation data of Hengshui Lake and concluded that the distance between
each station and the lake was negatively correlated with the frequency and duration of the
lake-land breezes. Baiyang Lake, which is also in Hebei, is much larger than Hengshui
Lake, probably because Anxin Station is closer to Baiyang Lake than the other two stations,
and the model takes less account of the lake-land breeze, so the Anxin Station near the lake
is affected by the lake-land breeze. If the influence is significant, the correlation between
the simulated wind speed and the observed wind speed will be much worse, and the bias
of the simulated value will be relatively large.
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Table 4. The 10-m wind speed in the Xiongan New Area from observations and eight combined
scheme simulations.

Station Measure SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8

54,503

IOA 0.57 0.60 0.48 0.51 0.59 0.55 0.53 0.53
MB/(m·s−1) 0.67 0.62 0.49 0.65 0.46 0.71 0.54 0.35

R 0.41 0.43 0.25 0.23 0.37 0.35 0.31 0.29
STDE 1.66 1.48 1.48 1.32 1.42 1.57 1.41 1.26
RMSE 1.55 1.39 1.56 1.46 1.41 1.54 1.46 1.36

54,605

IOA 0.41 0.43 0.43 0.47 0.20 0.25 0.28 0.28
MB/(m·s−1) 0.92 0.95 1.10 1.11 0.95 1.07 0.87 0.96

R 0.14 0.18 0.22 0.25 −0.08 0.00 0.00 0.04
STDE 1.87 1.89 2.03 1.69 2.49 2.52 2.24 2.37
RMSE 1.99 1.97 2.05 1.74 2.76 2.71 2.45 2.53

54,636

IOA 0.55 0.53 0.58 0.44 0.52 0.48 0.45 0.52
MB/(m·s−1) 0.96 0.92 0.93 1.11 0.88 0.91 0.76 0.62

R 0.37 0.37 0.44 0.12 0.34 0.25 0.23 0.29
STDE 1.60 1.75 1.76 1.57 1.56 1.57 1.74 1.52
RMSE 1.54 1.66 1.60 1.76 1.55 1.64 1.80 1.55

total

IOA 0.51 0.52 0.49 0.47 0.40 0.41 0.41 0.41
MB/(m·s−1) 0.85 0.83 0.84 0.96 0.76 0.89 0.72 0.65

R 0.31 0.32 0.29 0.19 0.16 0.18 0.16 0.17
STDE 1.69 1.68 1.73 1.51 1.83 1.88 1.78 1.72
RMSE 1.67 1.66 1.73 1.64 1.94 1.97 1.89 1.84

Anxin’s contribution to the overall RMSE is greater than those of Rongcheng and
Xiongxian due to its large RMSE. Therefore, the model with the lowest RMSE is still SIM4
(MM5 and BEP + BEM).

Figure 9 graphically depicts the simulated effect of various schemes on the wind
direction. The observations of Rongcheng, Xiongxian, and Anxin indicate that their dom-
inant wind directions are south, southwest, and north, respectively. At these three sites,
the total frequencies of the S, SSW, and N wind directions are 47.5%, 55.5%, and 50%,
respectively. The wind direction frequencies are SSW (21%), S (27.5%), and SSW (25%),
with the northerly component being rather insignificant. The maximum values of the simu-
lated wind direction frequencies are 21%, 19%, and 17% for each model of the three sites,
respectively. In general, the simulated maximum wind direction frequency is lower than
the observed value, and the simulated easterly component frequency changes to variable
degrees. The westerly wind volume of the simulated wind direction is insufficient if it
exceeds the observed value. At Rongcheng, the simulated frequency of the wind direction
is the closest to the observed value overall.

Table 5 demonstrates that the simulated situation of the wind direction is comparable
to the wind speed. The consistency (IOA: 0.28–0.56) and correlation (R < 0.29) of various
schemes between the simulated wind direction and the observed wind direction are very
low, with Anxin’s correlation being the poorest. Moreover, the RMSE of the eight combined
schemes in this region is often larger than that in the other two regions, and the lake-land
breeze has a significant impact on the simulation capability of wind direction. Under
the same surface layer scheme, the performance of BEP + BEM and BEP ranked top and
second, respectively. Under the influence of complex buildings, indoor human activities
and domestic appliances, the simulation ability performs more effectively. Under the same
urban canopy scheme, the capability of various surface layer schemes to simulate wind
direction is exactly the opposite of that of wind speed. Eta is better than MM5 for simulating
wind direction (with the exception of BEP + BEM).
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Table 5. The 10-m wind direction in the Xiongan New Area from observations and eight combined
scheme simulations.

Station Measure SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8

54,503

IOA 0.41 0.31 0.48 0.43 0.42 0.38 0.43 0.46
MB/(◦) −34.46 −23.26 −21.69 −17.65 −24.11 −23.40 −13.14 −7.35

R 0.01 −0.16 0.13 0.02 0.02 −0.03 0.04 0.09
STDE 1.04 1.06 1.09 0.93 1.07 1.10 1.10 1.08
RMSE 1.43 1.57 1.38 1.35 1.45 1.51 1.46 1.41

54,605

IOA 0.28 0.35 0.36 0.41 0.44 0.43 0.42 0.48
MB/(◦) −13.35 −6.11 −15.26 −0.04 −12.18 −10.88 −12.83 −0.76

R −0.19 −0.04 −0.03 0.03 0.10 0.10 0.07 0.19
STDE 1.15 1.19 1.15 1.07 1.19 1.20 1.21 1.15
RMSE 1.66 1.59 1.55 1.44 1.48 1.49 1.51 1.37

54,636

IOA 0.41 0.42 0.42 0.45 0.33 0.42 0.56 0.41
MB/(◦) −12.24 −13.31 −15.89 −9.78 −9.33 −13.46 −11.19 −19.17

R 0.06 0.07 0.10 0.10 −0.07 0.08 0.29 0.06
STDE 1.14 1.12 1.11 0.91 1.11 1.09 1.16 1.08
RMSE 1.47 1.45 1.42 1.29 1.55 1.42 1.30 1.43

total

IOA 0.37 0.36 0.42 0.43 0.40 0.41 0.47 0.45
MB/(◦) −20.01 −14.23 −17.62 −9.16 −15.21 −15.91 −12.39 −9.09

R −0.04 −0.05 0.07 0.05 0.01 0.05 0.13 0.11
STDE 1.11 1.12 1.12 0.97 1.12 1.13 1.16 1.11
RMSE 1.52 1.54 1.45 1.36 1.49 1.47 1.42 1.41

4. Discussion

The WRF model was used to simulate one heat wave by combining two surface layer
schemes and four urban canopy schemes. The simulation effects of various schemes are
not identical, and the simulation performance of various meteorological elements has both
advantages and limitations. In the simulation of 2-m temperature, 2-m relative humidity,
10-m wind speed and 10-m wind direction, the simulation of 2-m temperature has the
best simulation effect, followed by 2-m relative humidity, 10-m wind direction and 10-m
wind speed in that order. This is consistent with the analysis results of Ribeiro et al. [51].
From the perspective of the simulation performance, Xie et al. [49] and Jia et al. [52] finds
that the heat flux calculated by the Eta scheme is generally larger than that calculated by
the MM5 scheme, causing the temperature simulated by the Eta scheme to be higher than
that simulated by the MM5 scheme. The same results were also found in this study. MM5
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is also better in the near-surface wind simulation. Under the same surface layer scheme,
the BEP + BEM scheme describes the urban canopy process in more detail, while MM5
provides the best simulation performance. Huang et al. [53] introduced more errors in the
parameter setting of BEP + BEM, resulting in a higher performance of BEP than BEP + BEM,
while Ribeiro et al. [51] improved the simulation of urban canopy in terms of high-quality
data input and canopy parameter configuration, Therefore, the simulation accuracy of
BEP + BEM is higher than that of BEP, which is more accurate for the description of wind
and heat. The combination of MM5 and BEP + BEM offers the highest performance for
simulating temperature but the lowest performance for simulating relative humidity. In a
numerical simulation of Urbi, the RMSE of temperature simulated by parameter BEP + BEM
is very small, while the RMSE of relative humidity is very large [54]. For the simulation of
relative humidity, the UCM scheme is best under the same surface layer scheme. The RMSE
of the simulated 10-m wind speed and wind direction is high, and the simulation capability
of the eight combination schemes for 10-m wind are inadequate. Some studies have made
great progress in wind simulation by improving numerical models, but more efforts are
needed to simulate local wind fields and wind directions [55,56]. Combining MM5 with
BEP + BEM produces the best simulation performance. In the simulation of 10-m wind,
Anxin has the worst simulation performance. This may be because Anxin station is closer
to Baiyang Lake than the other two stations, and the model does not adequately account for
lake-land breezes. The lake-land breezes circulation and the urban heat island circulation
will interact and influence each other [57,58], and the model does not adequately account
for lake-land breezes, which will lead to an increase in the deviation of the simulation.
Obviously, this requires additional investigation.

In order to verify the applicability of the above conclusions in other regions, two
stations (Jizhou Station and Hengshui Station) with similar conditions to the underlying
surface of Xiongan New Area were selected, of which both Jizhou Station and Hengshui
Station are relatively close to Hengshui Lake. It can be seen from Table 6 that the correlation
between wind direction and wind speed simulation is very small, and the RMSE of wind
simulation is much larger than that of temperature and humidity. The influence of lake
and land breezes is also reflected here, and the model’s ability to simulate wind needs to
be improved. The simulation accuracy of humidity and temperature is higher than that of
wind simulation. At the same time, the simulation performance of MM5 and BEP + BEM is
the best among the eight combination parameters, and the Eta scheme is better than MM5
in the simulation of wind direction, which is consistent with the research conclusion of
Xiong’an New Area. However, the simulation ability of relative humidity is better than
that of temperature, and in the simulation of wind speed, the parameter Eta is also better
than MM5, which is different from the simulation of Xiongan New Area.

Table 6. The meteorological variable from observations and eight combined scheme simulations
(Hengshui: 54,702, Jizhou: 54,704).

Measure Meteorological
Variable Station SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8

R

T

54,702

0.80 0.78 0.77 0.84 0.81 0.79 0.78 0.80
RH 0.80 0.77 0.77 0.82 0.71 0.70 0.67 0.71

Wind speed −0.06 −0.18 −0.11 −0.03 0.02 −0.02 −0.02 −0.07
Wind direction −0.13 0.00 −0.16 0.02 0.04 0.02 −0.06 −0.09

T

54,704

0.81 0.81 0.80 0.87 0.80 0.80 0.79 0.80
RH 0.79 0.79 0.77 0.87 0.74 0.76 0.71 0.78

Wind speed 0.40 0.38 0.37 0.40 0.37 0.36 0.38 0.40
Wind direction 0.10 −0.05 −0.06 0.09 0.02 0.10 0.07 0.04
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Table 6. Cont.

Measure Meteorological
Variable Station SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8

STDE

T

54,702

0.90 0.90 0.89 0.87 0.92 0.92 0.90 0.90
RH 0.98 1.02 0.97 0.98 1.04 1.01 1.02 0.97

Wind speed 3.15 3.10 3.18 3.34 3.09 3.13 3.00 3.15
Wind direction 1.19 1.19 1.23 1.12 1.15 1.19 1.19 1.20

T

54,704

0.94 0.94 0.95 0.93 0.98 0.96 0.99 0.96
RH 0.89 0.92 0.90 0.88 0.93 0.87 0.93 0.85

Wind speed 1.65 1.96 1.65 1.39 1.93 1.62 1.76 1.54
Wind direction 1.62 1.57 1.63 1.42 1.54 1.59 1.54 1.57

RMSE

T

54,702

0.61 0.64 0.65 0.55 0.59 0.62 0.64 0.61
RH 0.37 0.36 0.35 0.31 0.39 0.39 0.43 0.40

Wind speed 3.36 3.42 3.44 3.52 3.23 3.30 3.18 3.37
Wind direction 1.65 1.56 1.71 1.48 1.49 1.53 1.60 1.62

T

54,704

0.61 0.59 0.61 0.49 0.63 0.62 0.65 0.62
RH 0.37 0.36 0.35 0.31 0.39 0.39 0.43 0.40

Wind speed 1.55 1.83 1.58 1.35 1.82 1.57 1.67 1.46
Wind direction 1.82 1.91 1.97 1.66 1.82 1.79 1.78 1.83

5. Conclusions

In the study, the WRF model was used to simulate 2-m temperature and relative
humidity and 10-m wind during a heat wave in July in the Xiongan New Area, as well as
to evaluate the performance of eight schemes comprising MM5, Eta and SLAB, UCM, BEP
and BEP + BEM. The combination of MM5 and BEP + BEM achieves the best performance
in simulating temperature, wind speed and direction, whereas the combination of Eta and
BEP + BEM achieves the best performance in simulating relative humidity. The correlation
between wind speed and wind direction is relatively poor, resulting in a higher RMSE
for the simulation results, although the simulation performance is worse than that of 2-m
temperature and relative humidity. Baiyang Lake is located in the southeastern Xiongan
New Area. It is the largest freshwater lake in the North China Plain. The lake-land breeze
is a physical quantity that needs to be considered. Therefore, the WRF physical parameters
and grid spacing should be selected with care. Through the numerical simulation of
Hengshui and Jizhou, it can be seen that the above conclusions are basically applicable.Since
the Xiongan New Area is in the stage of rapid construction and the underlying surface is
changing all the time, the next step is to study the impact of the latest refined underlying
surface on the simulation results. At the same time, the case studied in this paper is sunny
weather in summer. The parameterization scheme has a good effect in the study of this
weather. However, the parameterization scheme for specific weather processes should
be adjusted. Therefore, future work or research should focus on Simulation analysis of
multiple cases.
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