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Abstract: Based on morphological methods, MODIS satellite remote sensing data were used to
establish a dataset of the local roughness length (Z) of vegetation-covered surfaces in Guangdong
Province. The local Zy was used to update the mesoscale Weather Research and Forecasting (WRF)
model in order to quantitatively evaluate its impact on the thermodynamic environment of vegetation-
covered surfaces. The specific results are as follows: evergreen broad-leaved forests showed the largest
average Zg values at 1.27 m (spring), 1.15 m (summer), 1.03 m (autumn), and 1.15 m (winter); the
average Z values of mixed forests ranged from 0.90 to 1.20 m; and those for cropland-covered surfaces

ranged from 0.17 to 0.20 m. The Z; values of individual vegetation coverage types all exhibited
check for

updates relatively high values in spring and low values in autumn, and the default Zj corresponding to

Citation: Liu, Y; Shen, C.; Chen, X. specific vegetation-covered surfaces was significantly underestimated in the WRF model. Modifying

Hong, Y.; Fan, Q.; Chan, P; Wang, C.;

Lan, J. Satellite-Based Estimation of

the default Zy of surfaces underlying evergreen broad-leaved forests, mixed forests, and croplands in
the model induced only relatively small changes (<1%) in their 2 m temperature, relative humidity,

Roughness Length over Vegetated skin surface temperature, and the planetary boundary layer height. However, the average daily
Surfaces and Its Utilization in WRF wind speed of surfaces covered by evergreen broad-leaved forests, mixed forests, and croplands was
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1. Introduction

Roughness length (Z) refers to the height above the zero-plane displacement in the

surface boundary layer at which the surface layer wind speed decreases to zero. It not
By only characterizes the aerodynamic features of the underlying surface, but also becomes an
Copyright: © 2023 by the authors. important parameter in the parameterization of atmospheric boundary layer turbulence.
Licensee MDPI, Basel, Switzerland. ~ The size of Zg reflects the land—atmosphere energy and material exchange, transmission
This article is an open access artile  intensity, and interactions to a certain extent [1]. In atmospheric numerical models, the
distributed under the terms and  magnitude of Zj directly affects the calculation of momentum, heat, and mass exchange
conditions of the Creative Commons  between the land surface and the lower atmosphere, and thus impacts the meteorological
Attribution (CC BY) license (https://  simulation results of the boundary layer [2]. At present, the Z; of various vegetation-

creativecommons.org/licenses/by / covered surfaces in different areas varies, ranging from 0 m to 4 m (Table 1). It has become
40/).
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a key issue in numerical models to consider the comprehensive impact of the Zj on various
vegetation-covered surfaces [3-5].

In recent years, a series of studies have been conducted worldwide to determine the
Z, of different areas and various types of underlying surfaces. Many methods have been
developed to determine Zj, which can be mainly divided into two categories: meteorologi-
cal and morphological methods. In meteorological methods, based on the Monin-Obukhov
similarity theory, an iterative fitting method is used to find the best fit solution according to
wind temperature observations at different heights [6]. With the development of vorticity-
related observation techniques, single-layer ultrasonic wind temperature fluctuation data
can be used to determine Z; based on the relationship between surface turbulence char-
acteristics and Zj. For example, Rotach [7] proposed the temperature variance method
(TVM) to solve Zy by measuring temperature fluctuation variance. Martano [8] presented
a method using single-layer ultrasonic anemometer data to determine Zj. Chen et al. [9]
estimated Z based only on the average wind speed and turbulence flux of a single ultra-
sonic anemometer. In morphological methods, Z is calculated according to the geometric
shape and distribution characteristics of roughness elements on the surface [10]. Many
previous observations have shown that Zj is related to factors such as height, density, shape,
and arrangement of roughness elements. Some researchers applied the aforementioned
methods to estimate the Z of different areas and surfaces covered by various vegetation
types, as shown in Table 1. Worldwide, researchers mostly used meteorological methods
based on the Monin—Obukhov similarity theory to estimate the Z of vegetation-covered
surfaces. Among them, Lo [11] and Yang and Friedl [12] estimated the Zj of underlying
surfaces of broad-leaved forests in Canada, as well as broad-leaved forests and coniferous
forests in North America, at 0.97 m, 1.81 m, and 1.65 m, respectively. Mikami et al. [13]
estimated the Z of surfaces underlying mixed forests in the Kanto Plain of Japan as 1.16 m.
Patil [14] evaluated the Z; of cropland-covered surfaces in western India to be 0.001-0.45 m.
Regarding the estimation of the Z of various types of vegetation-covered surfaces in China,
Zhou et al. [15] compared the Z of broad-leaved-forest-covered surfaces in the Changbai
Mountains region obtained using various meteorological methods, such as least squares
iterative fitting, Newton's iterative method, TVM, and the method proposed by Martano.
Their results showed that except for the Martano method, which underestimated Z, the
other three methods produced the same results with values at 1.0-2.0 m. Zhang et al. [16]
applied meteorological methods to estimate the Zj of surfaces covered by various vegeta-
tion types, including forests, croplands, and grasslands in northern China, and obtained
values of 0.58 m, 0.23 m, and 0.06 m, respectively. Xing [17] evaluated the Z; of different
types of vegetation-covered surfaces, including evergreen coniferous forests, evergreen
broad-leaved forests, deciduous coniferous forests, deciduous broad-leaved forests, and
mixed forests, in China with morphological methods, and obtained values of 1.43-1.53 m,
1.1-1.2m, 0.5-0.8 m, 0.51-0.77 m, and 1.1-1.35 m, respectively. Liu et al. [18] determined the
Z of subtropical evergreen broad-leaved forests in southern China using meteorological
methods, and found that it ranges from 1.26 to 2.96 m in winter and from 1.51 to 3.90 m
in spring and summer seasons, with slight seasonal variations. In different countries and
regions and across various types of vegetation-covered surfaces, significant heterogeneity
has been observed in the estimation of Z.

Table 1. Research on the roughness length of different land use types.

Vegetation Type Method Study Area Roughness Length (m) Literature
. Camp Borden
Evergreen Meteorological (Canada) 0.97 Lo [11]

broad-leaved forest

Meteorological North America 1.81 Yang and Friedl [12]
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Table 1. Cont.

Vegetation Type Method Study Area Roughness Length (m) Literature
2.103 + 0.366 (Fitting)
2.068 £+ 0.481 (Newton's
. Changbai iterative method)
Meteorological Mountains 1736 + 0.553 (TVM) Zhou et al. [15]
0.518 + 0.649 (Martano’s
method)
Meteorological Northern China 0.5826 Zhang et al. [16]
. . 1.51-3.90 (spring and summer) .
Meteorological Zhuhai 1.26-2.96 (winter) Liu et al. [18]
Morphological China 1.1-1.2 Xing [17]
Morphological Beijing 0.6-1.3 Liu et al. [19]
Evergreen needle- Meteorological North America 1.65 Yang and Friedl [12]
leaf forest Morphological China 1.43-1.53 Xing [17]
Deciduous . . .
broad-leaved forest Morphological China 0.51-0.77 Xing [17]
}Deaduous needleleaf Morphological China 0.5-0.8 Xing [17]
orest
Mixed f Meteorological Kanto Plain (Japan) 1.16 Mikami et al. [13]
Ixed forest Morphological China 1.1-1.35 Xing [17]
Meteorological Western India 0.001-0.45 Patil [14]
Meteorological Inner Mongolia 0.21 Mao et al. [20]
Cropland 0.017 (spring)
roplan . 0.062 (summer)
Meteorological The Loess Plateau 0.065 (autumn) Zhang et al. [21]
0.018 (winter)
Meteorological Northern China 0.2341 Zhang et al. [16]
Meteorological Hebei 0.17-0.41 Ju [22]
Meteorological Yuzhong 0.123 Yao et al. [23]
Magqu area in the
Meteorological upper reaches of 0.035 Liet al. [24]
Grassland the Yellow River
Meteorological Northern China 0.0641 Zhang et al. [16]
Meteorological Qinghai 0.014-0.046 Ju [22]
Meteorological Yuzhong 0.015 Yao et al. [23]
Morphological Northern Tibetan 57 0 043 Sun et al. [25]
orphologic Plateau . . etal.

Currently, in the default atmospheric numerical model, Weather Research and Fore-
casting (WRF), Z values are fixed for specific land-use types in the grid of simulated areas:
0.5 m for evergreen broad-leaved forests in summer and winter, 0.5 m and 0.2 m for mixed
forests in summer and winter, respectively, and 0.15 m and 0.05 m for croplands in summer
and winter, respectively. Compared with estimated Zj values reported in the literature
(Table 1), the default Z; values of major vegetation-covered surfaces in the WRF model
are underestimated, and do not accurately represent the Z; of the underlying surfaces
in various regions. In recent years, some researchers have attempted to apply the calcu-
lated Z; to land surface models in order to reflect the actual Z; values. Li et al. [24] and
Lu et al. [26] used turbulence observation data from the source regions of the Yellow River
and Inner Mongolia to estimate the Z; of grassland- and desert-covered surfaces. The data
were applied to the land surface model CoLM to improve parameters, through which model
simulations could be significantly improved in terms of sensible heat flux, latent heat flux,
soil temperature, and net surface radiation. Chen and Lv [27] substituted the calculated
Zy in the Noah land surface model and found that the simulated surface temperature and
sensible heat flux in Gobi and desert areas were more accurate that those based on the
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original Z, and it significantly improved the ability of the model in simulating the surfaces
of Gobi and other special areas. Zheng et al. [28] and Huang et al. [29] evaluated the
default and updated dynamic and thermal Z; parameterizations in the land surface model
Noah for alpine grasslands in the Tibetan Plateau and Yangtze River Delta, respectively.
The results show that the accuracy of the simulated sensible heat flux, latent heat flux,
surface temperature, and soil temperature could be substantially enhanced by the updated
scheme. Shen et al. [30] revised the default Z; value of the Pearl River Delta region in the
WRF-Chem model based on the actual calculated Z, value of various underlying surfaces
from the literature. They found that the simulation performance of the model over the
Pearl River Delta region could be improved by updating Zy, which resulted in the most
remarkable reduction in the wind speed over the urban underlying surface, accounting
for a reduction of about 26%. In summary, the Zj in a model has a significant impact on
the meteorological field simulation, and its accuracy is very important for improving the
performance of land surface models and mesoscale meteorological models.

At present, most of the research on the Zj in land surface models or atmospheric
numerical models involves the estimation of Z( based on single-point observation data of
one or several types of underlying surfaces, which are then used to represent the Zg of the
corresponding underlying surface type in the area for the improvement and evaluation of
the models. However, studies on Z estimation and model improvement at regional scales
are relatively rare. As vegetation types and growth cycles vary across the globe, the spatial
and temporal distribution of Zy will show remarkable regional variations.

Taking Guangdong Province as an example, we estimated the Zj values over the
vegetated surfaces and incorporated these updated values into the WRF simulation. Mor-
phological methods that support the estimation and investigation of regional Z; were
selected. Satellite remote sensing data inversion was used to calculate the Z; of the main
types of vegetation-covered surfaces in Guangdong Province, and the estimated values
were applied to improve the WRF model and evaluate its impact on the thermodynamic
environment of the surface boundary layer of the vegetation-covered surfaces.

2. Methodology
2.1. Research Data

According to the Guangdong Climate Bulletin in 2017 issued by the Climate Center of
Guangdong Meteorological Bureau, the year 2017 was a normal year in Guangdong in terms
of climate, with slightly higher temperature and comparable precipitation and sunlight
duration compared with previous years. The data used here include the 2017 Moderate
Resolution Imaging Spectroradiometer (MODIS) combined Leaf Area Index (LAI) and
Fraction of Photosynthetically Active Radiation (FPAR) Version 6 product (MOD15A2H)
and the 2013 Terra and Aqua combined MODIS Land Cover Type (MCD12Q1) version
6 data product. The MOD15A2H data is the latest level 4 LAI product released by the
National Aeronautics and Space Administration (NASA) in 2015 and is available at https:
/ /search.earthdata.nasa.gov/search (accessed on 20 May 2023). Its spatial resolution is
500 m, and an 8-day composite data file in HDF format is formed every 8 days. There are
46 files per year, and each file specifically includes the LAl and FPAR data layers. MCD12Q1
is the Terra and Aqua combined MODIS land cover type version 6 data product. It provides
global land cover types every year with a spatial resolution of 500 m. There are 6 different
classification schemes in this product, among which the International Geosphere Biosphere
Programme (IGBP) was selected in this study. This scheme contains 17 types of specific
classifications (Figure 1).

2.2. Study Area

Guangdong Province is located in the southernmost part of Mainland China, with
an area of 179,725 km?. The geomorphological characteristics of Guangdong Province
are dominated by mountainous and hilly terrain, whereas the topography of the Pearl
River Delta region (the centre of Guangdong Province) is characterized by low-lying
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plains (Figure S1). It is surrounded by mountains to the north, west, and east. It en-
joys a subtropical monsoon climate with many types of vegetation covering in a broad
area, including evergreen broad-leaved forests, mixed forests, croplands, and grasslands.
Figure 1 shows the distribution map of IGBP land cover types in Guangdong. The area
proportions of various land cover types within the administrative boundary of Guang-
dong Province are shown in Table 2. Here, mixed forest refers to the forest composed
of two or more types of trees. In Guangdong Province, it is mainly the mixed needle
and broad-leaved forest. For the cropland, rice is the main crop that occupies the largest
proportion of cropland area in Guangdong Province in 2017, according to the Guangdong
Statistical Yearbook on Agriculture [31]. Table 2 shows that evergreen broad-leaved forests
occupy the highest proportion of area in Guangdong Province, accounting for more than
one-third (37.40%) of the area of Guangdong Province, followed by woody savanna
(16.51%), cropland/natural vegetation mosaic (16.18%), and croplands (12.53%), all of
which are above 10%. In addition, mixed forests and urban and built-up land have rela-
tively high ratios at 7.67% and 4.31%, respectively. In total, these types account for 90.29%
of the total area of Guangdong Province. In this study, we focus on three major vegetation
types which occupy a relatively high proportion of area in Guangdong Province, including
evergreen broad-leaved forests, mixed forests, and cropland.

Barren or sparsely vegetated
25°N Permanent snow and ice
Cropland/natural vegetation mosaic
Urban and built-up

24°N Croplands
Permanent wetlands
Grasslands

23°N Savannas
‘Woody savannas
Open shrublands
22°N Closed shrublands

Mixed forest

Deciduous broad leaf forest

Deciduous needle leaf forest

21°N
:.’) Evergreen broad leaf forest
@ Automatic surface weather station over evergreen broad leaf forest Evergreen needle leaf forest
o @ Automatic surface weather station over croplanfls Water bodies

20Nk oEN L I |
110°E 112°E 114°E 116°E

Figure 1. Spatial distribution of IGBP land cover types in Guangdong Province. The red and blue
dots are the locations of the automatic surface weather stations over evergreen broad-leaved forest
and croplands, respectively.

Table 2. Proportions of major IGBP land cover types in Guangdong Province.

Rank Land Cover Type Proportion (%)
1 Evergreen broad-leaved forest 37.40

2 Woody savannas 16.51

3 Cropland/natural vegetation mosaic 16.18

4 Croplands 12.53

5 Mixed forest 7.67

6 Urban and built-up 4.31

7 Permanent wetlands 2.27

8 Water bodies 1.76

9 Others 1.37

2.3. Introduction of Morphological Estimation Methods

As vegetation is an important component of the ecosystem and the vegetation coverage
of Guangdong Province accounts for more than half of the province, it is very important to
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accurately describe the Zy of the vegetation-covered surfaces. Raupach [32,33] proposed a
semi-empirical model to estimate the vegetation Z through a wind tunnel experimental
study of a cylindrical array. The calculation equations are as follows:

Zo _(10_% Y

o (1.0 h > exp( ku* + (ph) D
Zy Lo 1.0 — exp(—(Cd1 X 2?\f)0.5> - ( BA ) (1 B cxr’lA’O'E’) @
ho o (Car x 22" 2+BA

uE =r=(Cs+ CR)\f)O'S X exp (C)\;I‘) (3)

where % is the normalized roughness length; Z is the height of the zero-plane displace-

ment; %4 is the normalized height of the zero-plane displacement; h is the height of the
vegetation; @y, is the influence function of the rough layer, with a value of 0.193; Cy; is
the empirical coefficient, with a value of 7.5; k is the Von Karman constant, with a value
of 0.4; C; is the surface resistance coefficient, with a value of 0.003; Cy is the resistance
coefficient of roughness elements; U is the wind speed; u- is the friction speed; At is the
frontal area index of vegetation, Af = A/2; A is the vegetation canopy area index; c is the
shading coefficient of roughness elements; x = Cq; (%) and B = %1:

When A is greater than Amax, the airflow starts to pass through the vegetation surface
instead of through the vegetation, so 7 will no longer increase with the increase of A or Ay,
with the fixed value of () .

Through the above equations, when estimating Z, the vegetation height and vegeta-
tion canopy area index are input variables, while Cg, Cs, «, c, (%)max, ©n, and Ay, are the
required parameters. Based on the Raupach [32,33] method, Jasinski et al. [34] used field
observation data to establish the aforementioned parameters of each vegetation-covered
surface according to the IGBP surface-coverage types, among which ¢y, = 0.193, Cs = 0.003,
and the remaining 5 parameters are assigned according to different vegetation types, as
shown in Table S1.

For the vegetation canopy area index A, the equations defined by Zeng et al. [35] were
used in this study, which are as follows:

AL +]1, 4

I = max ( (odg‘f1 + max (Ig*1 — Ig, 0) ), Is,min) (5)

In the above equations, Iy is the LAI, Is is the dry LAI, Is" is the dead LAI of the
nth month, Ig nin is the monthly minimum dead LAI of different vegetation types, and
1-oc is the removal rate of dead leaves. Different values are assigned to I min, and « for
various vegetation types. According to the values of these two items for different IGBP
surface cover types given by Zeng et al. [35], as shown in Table S2, I; i and « of different
vegetation types in the study area can be obtained. The LAI I can be directly acquired
from the LAI data of the MOD15A2H product.

Regarding vegetation height, in this study, the heights of different vegetation types
were mainly obtained from the literature [17,19,36]. The heights obtained were 18 m for
evergreen broad-leaved forests, 15 m for mixed forests, 6.6 m for woody savannas, 1.5 m
for croplands, and 4.1 m for cropland /natural vegetation mosaic.

The method for estimating the Z of vegetation-covered surfaces involves pre-treatment
processes such as reprojection and data stitching of the 2017 MOD15A2H data and 2013
MCD12Q1 data to determine the LAI and IGBP land cover types with a 500 m horizontal
resolution using the MODIS data-processing software MRT (MODIS Reprojection Tools).
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The normalized Z; was obtained according to the above-mentioned method, different
vegetation heights were acquired from the literature, and, finally, the Z; of the main
vegetation-covered surfaces was obtained.

3. Result and Discussion
3.1. Temporal and Spatial Analysis of Roughness Length

Based on the IGBP land cover types, the 2017 MOD15A2H data were processed to
obtain the spatial distribution of the average vegetation canopy area index for representative
months of different seasons in Guangdong Province with 500 m horizontal resolution, as
shown in Figure 2. It indicates that the vegetation canopy area index of the central area of
the Pearl River Delta (Southern Guangzhou, Foshan, Zhongshan, Dongguan, Shenzhen,
and Zhuhai) was the lowest compared with other areas in each month, and the main
vegetation type in this area is cropland. Croplands and natural vegetation mosaic are
the main types in southern Guangdong (Zhanjiang and Maoming), where the vegetation
canopy area index of each month is also significantly lower than that of areas in northern
and western Guangdong, with the lowest in spring (April) and the highest in autumn
(October). The vegetation canopy area index of the widely distributed evergreen broad-
leaved forest was significantly higher than that of other land cover types. It was generally
above 48 in October, and the lowest value occurred in April, ranging from 30 to 40. It
was significantly different from that of the broad-leaved forest in the north. Liu et al. [19]
applied the same method to estimate the vegetation canopy area index of broad-leaved
forests in Beijing and found that the vegetation canopy area index in winter was relatively
low and the highest value was in summer.

: 20°N"
110°E 112°E 114°E 116°E 110°E 112°E 114°E 116°E

(d) October

| 20°N -
110°E 112°E 114°E 116°E 110°E 112°E 114°E 116°E

Figure 2. Spatial distribution of vegetation canopy area index (dimensionless) in different months in
Guangdong Province in 2017.

According to the estimation method, the distribution of the average normalized Z in
the representative months of each season in 2017 in Guangdong Province was obtained, as
shown in Figure 3. The figure shows that croplands had a relatively high normalized Z,
in the central area of the Pearl River Delta, which was above 0.12 in every month. It was
followed by cropland and natural vegetation mosaics in southern Guangdong (Zhanjiang
and Maoming), with the highest normalized Z; of above 0.11 in April. Evergreen broad-
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leaved forests showed the lowest normalized Z; in Guangdong Province, especially in
October, at about 0.06. From the distribution maps of the average Z; of the main underlying
surfaces for representative months in different seasons of 2017 in Guangdong Province
(Figure 4), it can be observed that evergreen broad-leaved forests and mixed forests in
northern and western Guangdong had higher Z, reaching the highest in April (over 1 m) and
lowest in October. The Z; of croplands in the central area of the Pearl River Delta was low.

(b) April
5% 018 50 0.16
0.14 0.14
24°N P 0.12 24°N P 0.12
0.1 0.1
23°N T 23°N|
0.08 0.08
22°N ¢ 008 22°Nf 0.06
0.04 0.04
21°N G 2I°NF
0.02 0.02
20°N = . , 0 20°N b moai . . . 0
112°E 114°E 110°E 112°E 114°E 116°E
(d) October
25°N 016 oy
0.14
24DN I 0.12 240N [
0.1
23°Nr 23°NF
0.08
22°NE 0.06 22°Nf
0.04
21°N 21°N |
0.02 )
20°N b . . . 0 20°N b nmmai . . .
110°E 112°E 114°E 116°E 110°E 112°E 114°E 116°E

Figure 3. Distribution of average normalized roughness length (dimensionless) in different months
in Guangdong Province in 2017.

Figure 5 shows the monthly changes of vegetation canopy area index, normalized Z,
and 7 of major single vegetation types in Guangdong Province in 2017, including evergreen
broad-leaved forests, mixed forests, and cropland. The vegetation canopy area index of
evergreen broad-leaved forests was the highest in all months, with values exceeding 30.
For this vegetation type, the lowest vegetation canopy area index was observed in March
and April (about 34-35), and the highest in September and October (above 50). Mixed
forests showed the second highest values, and croplands showed the lowest values with a
substantially lower magnitude of monthly change compared to that of evergreen broad-
leaved forests and mixed forests. Regarding the normalized Z, croplands showed the
highest values, reaching above 0.1 in all months. The highest value (0.14) appeared from
February to April, after which it dropped to the lowest level (0.11) from September to
October. This vegetation cover type exhibited remarkable monthly differences. Evergreen
broad-leaved forests and mixed forests exhibited low normalized Z;, with the highest
values in March and April and a small range of monthly variations between 0.05 and 0.08.
In terms of Z, evergreen broad-leaved forests showed the highest values, followed by
mixed forests at above 0.9 m in all months. The main reason is that the vegetation height of
these two types is significantly higher than that of other types. Croplands had the lowest
roughness length, ranging between 0.16 and 0.2 m, with a small magnitude of changes.



Remote Sens. 2023, 15, 2686

90f17

25°N

24°N

23°N

22°N

21°NF

20°N

25°N

24°N

23°N

22°N

21°N|:

20°N

70
60
50
40
30
20
10

25N 1.28

1.12
24°N P 0.96

0.8
230N F

0.64
22°Nt 0.48

0.32
21°N |

0.16
20°N £ o L L | 4 0

110°E 112°E 114°E 116°E (m)
(d) October

25°N

24°N P

23°Nrt

22°Nt

21°N |-

Oy L

112°E 114°E

110°E 112°E

16°E ( 3
m

114°E 116°E

Figure 4. Distribution of average roughness length (of main underlying surface types) in different
months in Guangdong Province in 2017.

(a)

(b)
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%
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Month

Figure 5. Monthly variation of vegetation canopy area index (a), normalized roughness length (b),

and roughness length (c) of main vegetation types in 2017.

According to Z values of the major single vegetation types in different seasons of 2017
in Guangdong Province (Table 3), the vegetation types can be arranged in the following
order with Zj from high to low: evergreen broad-leaved forests, mixed forests, and cropland.
The seasonal average Zy values of evergreen broad-leaved forests were 1.27 m (spring),
1.15 m (summer), 1.03 m (autumn), and 1.15 m (winter), which are all above 1 m. The
seasonal average Z values of mixed forests were slightly lower than those of evergreen
broad-leaved forests, ranging from 0.9 to 1.2 m. Croplands in the central region of the Pearl



Remote Sens. 2023, 15, 2686

10 of 17

River Delta showed the lowest Z; values, and their seasonal averages ranged between
0.17 and 0.2 m, with small variations. The Z; of all individual vegetation cover types
showed relatively high values in spring and low values in autumn.

Table 3. Roughness length values of main vegetation types in different seasons in Guangdong
Province in 2017.

Roughness Length (m)  Evergreen Broad-Leaved Forest = Mixed Forest Cropland

Spring 1.27 1.15 0.20
Summer 1.15 0.99 0.18
Autumn 1.03 0.92 0.17

Winter 1.15 1.10 0.20

3.2. Improvement of Roughness Length in Models

Surfaces underlying different land-use types in the WRF model have fixed Z; values
for the summer and winter settings. The default and estimated Z; values of the three
vegetation cover types in summer and winter were compared, and details are presented in
Table 4. The default Z of evergreen broad-leaved forests is 0.5 m for both seasons, while
the estimated value for Guangdong Province was 1.15 m in summer and winter, which is
significantly higher than the default value. The default Z; values of the mixed forest are
0.5 m and 0.2 m in summer and winter, respectively, showing a remarkable difference,
while the estimated values for Guangdong Province were 0.99 m and 1.10 m in summer and
winter, respectively, which are higher than the default values and exhibit a relatively small
difference. This can be attributed to the relatively warm winter in Guangdong Province,
which allows vegetation to flourish. Therefore, the vegetation canopy area index in winter
varies only slightly from that in summer, resulting in a relatively small difference in the
corresponding Z. For croplands, the default Z; values are 0.15 m and 0.05 m in summer
and winter, respectively, while the estimated values for Guangdong were 0.18 m and 0.20 m
in summer and winter, respectively, which are significantly higher than the default values.
This comparison shows that the default values of individual vegetation types significantly
differ from the estimated Z; values for Guangdong Province based on MODIS data, with
the estimated values being substantially higher than the default values, especially in winter.
In general, the default roughness lengths of the models in summer are higher than those
in winter. However, owing to Guangdong’s unique geographical location where distinct
seasons are not observed, there is no noticeable difference in vegetation growth and the
estimated Z( does not significantly change between summer and winter. In addition, as
shown in Table 1, the estimated Z, for evergreen broad-leaved forests, mixed forests, and
croplands in China from the literature ranged from 0.52 to 3.90 m, from 1.10 to 1.35 m, and
from 0.21 to 0.23 m, respectively. The estimated Z values for these three vegetation types
in this study are comparable with these values, while the default settings in the WRF model
are underestimated obviously. We thus consider that the Zj values we estimated are more
reliable than the model-default ones. This suggests that it is necessary to incorporate these
updated Z values into the WRF model.

Table 4. Comparison between the default and estimated values of roughness length in the main
underlying surface types. The estimated Z; values in China from the literature (Table 1) are also
provided for comparison.

Estimated Value in

Type of Vegetation Cover Default Model Value Guangdong Province Valu'es in China from the
. : Literature (Table 1)
Summer Winter Summer Winter
Evergreen broad-leaved forest 0.5 0.5 1.15 1.15 0.52-3.90
Mixed forest 0.5 0.2 0.99 1.10 1.10-1.35
Cropland 0.15 0.05 0.18 0.20 0.21-0.23
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3.3. Assessment of the Impact of Roughness Length Improvement on the Near-Surface
Thermodynamic Field

3.3.1. Simulation Scheme Settings

The WRF model version 3.8.1 [37] used in this study applied a triple-domain config-
uration with the centre point set in Guangzhou (23.3°N, 113.5°E), using the LAMBERT
projection method. A total of 30 layers were set up vertically, and the air pressure at
the top of the model was 50 hPa. The domain used grids of 160 x 181, 181 x 190, and
301 x 283, with grid intervals of 27 km, 9 km, and 3 km, respectively, covering the entire
Guangdong Province. The simulated area is shown in Figure 6, with initial meteorological
and boundary conditions from the 1° x 1° NCEP FNL global reanalysis data, which were
extrapolated into the simulation area. The land-use data for the study area were obtained
from GLC2009 [38], which are more applicable to the Guangdong area. The physical param-
eterization schemes used in the simulation included the new Goddard shortwave radiation
scheme, RRTM longwave radiation scheme, Lin microphysics scheme, YSU boundary layer
parameterization scheme, Noah land surface process scheme, and Kain—Fritsch cumulus
scheme, among which the cumulus scheme was used only for the first two grids.

90°E  100°E  110°E  120°E  130°E  140°E
40°N 40°N
35°N 35°N
30°N 30°N
25°N 25°N
20°N 20°N

15°N 15°N

10°N 10°N

5°N 5°N

100°E  105°E  110°E  115°E  120°E 125°E
Terrain Height (m)

10 50 100 200 500 1000 1500 2000 3000

Figure 6. Three nested domains in the WRF simulation.

The simulation time was from 00:00 on 30 October 2017 to 00:00 on 1 December
(Universal Time). Considering the spin-up time, the research period was set from 00:00 on
1 November 2017 to 23:00 on 30 November (local standard time). November is a typical dry
and cold month in Guangdong Province. As shown in Figure 5a, the vegetation canopy
area index in this month is relatively higher than in other months. In this study, two
modelling experiments were designed regarding different Zy values. The base scheme uses
the model-default Zj values for surfaces underlying three types of vegetation (evergreen
broad-leaved forests, mixed forests, and croplands), while the case scheme substitutes it
with the estimated one for Guangdong Province (Table 4). Quantitative analysis of the Z,
between the case and base was used to evaluate the impact on the thermal and dynamic
environment of vegetation-covered surfaces.

3.3.2. Assessment of Impact on the Thermodynamic Field

The impact of Zy improvement on relative changes in the daytime (8:00-16:00) and
nighttime (17:00-7:00) meteorological elements was evaluated for all surfaces underlying
evergreen broad-leaved forests, mixed forests, and croplands in Guangdong Province con-



Remote Sens. 2023, 15, 2686 12 of 17

sidering thermodynamic and dynamic meteorological elements, such as 2 m temperature
(T2), relative humidity (RH), skin surface temperature (TSK), ground heat flux (GRD),
sensible heat flux (HFX), planetary boundary layer height (PBLH), and 10 m wind speed
(WS), as shown in Figure 7. The effects of Zy change on T2, RH, TSK, and PBLH were
relatively small, with change rates of less than 1% for both daytime and nighttime values.
Meteorological elements that are more sensitive to the updated Z; values of vegetation-
covered surfaces include WS, followed by GRD and HFX. WS of the surface underlying
evergreen broad-leaved forests and mixed forests decreased by more than 10%, and that
of croplands decreased by about 5-7%, mainly attributable to the different degrees of 7
change. After redefining Z; based on the vegetation coverage in the land surface model,
the Zg values of vegetation-covered surfaces changed from the model defaults of 0.33 m,
0.30 m, and 0.18 m to the estimated values of 0.67 m, 0.58 m, and 0.25 m, respectively.
The extent of Zj increase was significantly greater for evergreen broad-leaved-forest- and
mixed-forest-covered surfaces than for cropland-covered surfaces. The updated Zg also
resulted in a 1-2% reduction in the daytime and nighttime GRD of surfaces underlying
evergreen broad-leaved forests and mixed forests during the day and night, while HEX
increased by less than 1% during the day and decreased by 2—4% at night.

(a) Daytime (08:00 —16:00 LST)

8.0
H Evergreen broadleaf forest Mixed forest Cropland
4.0
03 03 04 02 02 0.0 1007 0.6
0.0 o
—0.5-0.6-0.5 -0.5-04 - 0.2 0.1
® 4.0 21717
—8.0 -7.0
—-12.0
134!
-16.0 -
T2 RH WS TSK GRD HFX PBLH
(b) Nighttime (17:00 — 07:00 LST)
8.0
m Evergreen broadleaf forest Mixed forest Cropland
4.0
03 03 05 03 03 05
0.0 —
-02-02-0.3 || 07 - —0.1-0.2-0.1
® 40 -19716 21,5
-39
~8.0 6.0
— —10.2
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-16.0
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Figure 7. Effects of updated Zy on meteorological elements in evergreen broad-leaved forest, mixed
forest, and cropland land-use types during the daytime and nighttime in November; daytime:
8:00-16:00; night-time: 17:00-7:00; change rate: (case-base)/basex100. LST is the local standard time.

The effect of changes in Zj on the relatively sensitive meteorological elements of
evergreen broad-leaved-forest-, mixed-forest-, and cropland-covered surfaces was further
analysed. Figure 8 shows the daily variation of the average thermodynamic meteorological
elements in November of the case scheme compared with the base scheme. The effect of
the Zy change on TSK, GRD, and HFX was significantly greater for evergreen broad-leaved-
forest- and mixed-forest-covered surfaces than for cropland-covered surfaces. In addition,
the impact of Zj change on the thermal field during the day was slightly greater than that at
night. TSK of evergreen-broad-leaved-forest- and mixed-forest-covered surfaces decreased
by 0.12 °C and 0.10 °C during the day, respectively, and increased by 0.06 °C and 0.05 °C at
night, respectively. Because heat is transferred from the land surface to the soil during the
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day, GRD was negative. At night, heat is transferred from the soil to the surface, and thus,
GRD is positive. During the day, the average GRD of evergreen-broad-leaved-forest- and
mixed-forest-covered surfaces decreased by 0.76 W/m? and 0.62 W/m?, respectively. The
most substantial decrease occurred at noon (about 2 W/m?), and GRD was also slightly
decreased at night. HFX was positive during the day, when heat is transferred from the
land surface to the atmosphere. In surfaces underlying evergreen broad-leaved forests
and mixed forests, HFX increased significantly by about 2-3 W/m? and 2 W/m? in the
afternoon (12:00-14:00 LST), respectively, while night heat flux decreased by 0.28 W /m?
and 0.33 W/m?, respectively. The above phenomenon can be attributed to the increase
of Zy causing more remarkable heat turbulence exchange near the surface layer, which is
conducive to vertical heat flux transportation, such that more heat is transferred from the
land surface to the atmosphere. HFX increases during the day, and the surface temperature
decreases. The amount of heat transferred to the soil is reduced, and GRD declines. As
the amount of stored heat during the day is reduced, the heat released at night is reduced
accordingly, and so is the surface temperature at night.
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Figure 8. Effects of updated Zj; on the daily variation of (a) skin surface temperature (TSK),
(b) ground heat flux (GRD), and (c) sensible heat flux (HFX) in evergreen broad-leaved forest,
mixed forest, and cropland land-use types in November.

WS is the most important meteorological factor affected by the updated Z, values in
the WRF model. We compared the observed WS with the observations from six automatic
surface weather stations in Guangdong. The locations of these sites are shown in Figure 1.
Three sites are located over the underlying surface of evergreen broad-leaved forest, and
the other three sites are located over those of cropland. We then averaged the results
of these sites to represent the model performance at these two vegetation covers. Four
statistical parameters were used to evaluate the simulated value against the observation,
including mean bias (MB), mean absolute error (MAE), root mean square error (RMSE),
and correlation coefficient (R). Their calculation equations can be found in the study by
Shen et al. [39]. Table 5 presents these statistical results. It shows that the base experiment
with the default Zj setting overestimates the wind speed. After the update of the Z, the
case experiment lowers the MBs of wind speed both for the evergreen broad-leaved forest
and croplands, which suggests that the updated Zj in the case scheme can yield better
WS simulations.

Table 5. Statistical comparison of the simulated and observed 10 m wind speed (WS, m/s) at the
main underlying surfaces.

Land Cover Type

MB MAE RMSE R

Sites
Base Case Base Case Base Case Base Case

Evergreen broad-leaved forest
Croplands

3 1.51 1.04 1.80 1.43 221 1.75 0.29 0.27
3 1.64 1.47 1.82 1.69 224 2.06 0.37 0.36
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Figure 9 shows the daily variation of the average WS in November after the Zy update.
For the evergreen-broad-leaved-forest-, mixed-forest-, and cropland-covered surfaces, the
simulated WS values reduced from 3.99 m/s (base) to 3.51 m/s (case), from 3.89 m/s (base)
to 3.46 m/s (case), and from 3.99 m/s (base) to 3.73 m/s (case), respectively. This shows
that the increase in Z( decreased the daily average WS of these three vegetated surfaces
by 0.48 m/s, 0.43 m/s, and 0.26 m/s, respectively, accounting for 12.0%, 11.1%, and 6.5%,
respectively. These changes can be attributed to the update of Z; values from 0.33 m,
0.30 m, and 0.18 m to 0.67 m, 0.58 m, and 0.25 m, respectively. The increased surface friction
resulted in a significant reduction in wind speed. The reduction of the average daily WS
was higher for evergreen-broad-leaved-forest- and mixed-forest-covered surfaces than for
cropland-covered surfaces.

| —o—Evergreen Broadleaf Forest -e—Mixed Forest —e—Croplandl
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Figure 9. Effects of updated Zj on the daily variation of the 10 m wind speed (WS) in evergreen
broad-leaved forest, mixed forest, and cropland land-use types in November.

4. Conclusions

Based on morphological methods, MODIS satellite data were used to estimate the
Zy of the vegetation-covered surfaces in Guangdong Province in 2017, and its spatial and
temporal distribution characteristics were examined. The default Z; values of the major
individual vegetation types in the WRF model were updated to quantitatively analyse
their impact on the atmospheric thermodynamic environment of the vegetation-covered
surfaces. The specific conclusions are as follows:

1.  Vegetation-covered surfaces in Guangdong Province can be listed in the descending
order of Z as evergreen broad-leaved forest, mixed forest, and cropland. The average
Z values of evergreen broad-leaved forests in each season were 1.27 m, 1.15m, 1.03 m,
and 1.15 m, which are all above 1 m. The average Zy of mixed forests in each season
ranged between 0.9 and 1.2 m. The Zj of croplands was the lowest, with average
values between 0.17 and 0.2 m. The roughness length was higher in spring and lower
in autumn for all individual vegetation cover types.

2. The estimated values of Z for each vegetation type in Guangdong Province were
quite different from the default values of the model, with the estimated values being
significantly higher than the default values, especially in winter. The default Z of
evergreen broad-leaved forests in the model is 0.5 m for all seasons, but the estimated
value for Guangdong was 1.15 m for both the summer and winter seasons. The
default Z; values of mixed forests in the model are 0.5 m in summer and 0.2 m in
winter, but the estimated values for Guangdong were 0.99 m and 1.10 m, respectively,
showing a slight seasonal difference. The default Zj values of croplands in the model
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are 0.15 m and 0.05 m for summer and winter, respectively, but the estimated values
for Guangdong were 0.18 m for summer and 0.20 m for winter.

3. The default Z; values in the model were revised for the surfaces underlying evergreen
broad-leaved forests, mixed forests, and croplands. The updated Zy was found to
have a slightly greater impact on meteorological elements during the day than at
night. The change of Z( has a relatively small effect on T2, RH, TSK, and PBLH of
each underlying surface, with all changes below 1%. The updated (increased) Z
resulted in a decrease in daily average WS by 0.48 m/s, 0.43 m/s, and 0.26 m/s for
surfaces underlying evergreen broad-leaved forests, mixed forests, and croplands,
respectively, accounting for changes of 12.0%, 11.1%, and 6.5%, respectively. The
updated Zg also resulted in a 1-2% reduction in the daytime and nighttime GRD
of surfaces underlying evergreen broad-leaved forests and mixed forests, and a 1%
increase and 2-4% decrease in HFX during the day and night, respectively.

4. The overestimation of wind speed has long been a concern in atmospheric mod-
elling [40—43]. The increase in Zj over vegetated surfaces that is parametrized in the
land surface model can partly reduce the overestimation of wind speed. The approach
of this study can be extended to other regions to improve the simulations and fore-
casts using the atmospheric numerical model. Such improvement can further yield
better simulation results in the modelling of air quality and climate. The weakness of
this study is that the current vegetation height to derive Zj over vegetated surfaces
is based on the literature values. We expect to collect actual vegetation heights for
further estimation in the future.
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