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Abstract: Frequent heavy snowfall in Xinjiang plays an important role in the land water cycle. In this
study, 18 groups of simulation experiments are conducted on the heavy snowfall event in Xinjiang
during 9–13 December of 2015 using the Weather Research and Forecasting (WRF) model. In these
experiments, the combination of six land surface parameterization schemes (the Noah scheme, Noah-
MP scheme, RUC scheme, CLM4 scheme, PX scheme, and TD scheme) with three microphysical
parameterization schemes (the WSM6 scheme, Thompson scheme, and Lin scheme) are adopted,
where the observed snowfall data are used for performance evaluation. Results show that the
simulated snowfall intensity and snowfall range in different areas are very sensitive to the selection of
the land surface scheme. The snowfall in southern Xinjiang is overestimated by almost all six schemes,
where the Noah-MP scheme performs more reasonably than the others. The Noah scheme shows its
advantage in northwestern Xinjiang. The three different microphysical schemes vary significantly in
producing snowfall amount. The WSM6 scheme produced the largest snowfall amount, and the Lin
scheme resulted in the smallest snowfall amount. In addition, the accumulated snowfall amounts
above 10 mm are generally underestimated by all six land surface schemes, while the accumulated
snowfall amounts below 10 mm are overestimated by most of the schemes. The Noah-MP scheme
performs the best in the simulation of the snowfall amount in the whole region. However, the Noah
scheme shows an advantage in areas with a large snowfall amount.

Keywords: land surface process; WRF model; land surface parameterization scheme; heavy snowfall

1. Introduction

Land–atmosphere interaction is an important part of the climate system. It responds to
the external forces and adjusts to the internal changes, which has a profound impact on the
regional weather and climate. Hence, the land surface process is one of the key processes
affecting atmospheric circulation and precipitation [1–3]. As the land surface has special
physical properties, its force on the atmosphere is featured by obvious characteristics such as
strong diurnal variations and non-uniformity, which profoundly affects the spatio-temporal
distributions and evolutions of local weather [4–6]. However, the research on land surface
processes affecting weather is still facing great challenges due to the lack of high-resolution
observational data and uncertainties in land surface process descriptions [7,8].

The Xinjiang Uygur Autonomous Region is located in the hinterland of the Eurasian
continent in middle and high latitudes, where heavy snowfall events occur frequently in
winter due to the frequent southward movement of the polar front jet. It is one of the
four heavy snowfall prone areas in China [9,10]. Xinjiang is a vast region with complex
topography, which consists of a unique mountain-basin structure and a fragile mountain–
oasis–desert ecosystem [11]. Since the 21st century, both snowfall and extreme snowfall
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events in northern Xinjiang have shown a significant increasing trend [12,13]. Altay Prefec-
ture, Tacheng Basin, Ili Valley, and the northern slope of the Tianshan Mountain ranges have
witnessed significant increases in snowfall [14,15]. So far, many advances have been made
in the research concerning the formation mechanism and the causes of heavy snowfall in
Xinjiang [16–18].

Numerical simulation remains an important method for assessing the snowfall [19,20].
As a widely used mesoscale model, the Weather Research and Forecasting (WRF) model
can provide high-resolution meteorological variables to make up for the limitations of
uneven and sparse distribution of meteorological observation stations, and thus, it has
become an important tool for precipitation forecasting [21–23]. A large number of studies
have shown that the WRF model can well reproduce the mesoscale characteristics of
precipitation processes and the location of precipitation, which provides an important
reference for studying the development mechanism of weather processes [24,25]. It should
be noted that the simulation results obtained via the WRF model vary significantly under
the different parameterization schemes in terms of the amount and spatial distribution
of precipitation. Therefore, an appropriate parameterization scheme is crucial for the
simulation results of weather processes [26–33]. For example, Hu et al. conducted an
experimental evaluation of the different boundary layer schemes and found that the YSU
boundary layer scheme can well solve the overestimation problems for the near-surface
temperature and wind speeds [28]. In addition, among the many microphysics schemes, the
WSM6 scheme uses a six-class spectral method that can more accurately describe ice crystals
and snow particles of different sizes and types, which helps to simulate different snow
types [29]. The Thompson scheme considers the aerosol–cloud–precipitation interaction,
which is important for simulating the formation and development of snowfall [30]. The
Lin scheme is suitable for simulating the snowfall process for a long time because of
its high computational efficiency [31]. These three microphysical schemes have been
widely used in the numerical simulations of mesoscale weather processes and have good
representation, but the applicability of the different schemes in different regions still needs
further verification [32,33]. The above research results provide a reference for us to choose
the parameterization scheme.

A variety of land surface parameterization schemes have been coupled to the newer
version of the WRF model and have been applied to the simulations of multiple rainfall
and snowfall events [34,35]. Many studies focused on the simulation of snowfall events in
northeast China [36–40]. Yu found that WRF was more sensitive to the choice of the land
surface and microphysics scheme than the convective cumulus parameterization scheme
when simulating snowfall in northeast China [38]. Furthermore, the simulations of snow
water and snow depth using the different land surface parameterization schemes also show
the large regional differences [31,39]. Wang and Sun found that in simulating the snow
water equivalent, the Noah and Noah-MP schemes were better than the SSIB scheme in
northeast China [40].

So far, there have been few studies on the numerical simulations of heavy snowfall
events in Xinjiang, especially those considering the impact of the land surface process on
heavy snowfall [41]. This study selects a typical heavy snowfall event in Xinjiang from
9 to 13 December 2015 as the study case. A total of 18 groups of experiments are designed
for numerical simulations, where the observed snowfall data are used for evaluation. In
these experiments, six land surface parameterization schemes and three microphysical
parameterization schemes are coupled into the WRF model. The simulation effects of the
different land surface parameterization schemes on this heavy snowfall event are compared
to determine which combination of the schemes has the best performance. It is expected to
provide a theoretical basis and important reference for improving the short-term prediction
accuracy of such events.



Atmosphere 2023, 14, 1376 3 of 17

The remainder of this paper is arranged as follows. In Section 2, the model and
experimental design are introduced. In Section 3, the simulation results of snowfall using
the different land surface parameterization schemes are compared with the observations.
Finally, the conclusions and discussion are provided in Section 4.

2. Experimental Design

The Advanced Research WRF (Version 4.2) model is used in this study. It is a fully
compressible non-hydrostatic numerical model which uses the terrain-following hydro-
static pressure coordinate in the vertical direction and the Arakawa C-grid coordinate in the
horizontal direction. The third-order Runge–Kutta algorithm and the acoustic integration
algorithm are used respectively for low- and high-frequency fluctuations in terms of time
integration [42].

We configure the WRF model with a two-way nesting double domain setup at 27 km
and 9 km horizontal resolutions. The nested domain and topography are shown in Figure 1.
The parent domain (d01) covers the entire Central Asia region with the grid number being
181 × 163. The nested domain (d02) focuses on the Xinjiang region with the grid number
being 271 × 241. The black dots in Figure 1 denote the locations of 105 meteorological
observation stations. The 1◦ × 1◦ Final Operational Global Analysis data from the National
Centers for Environmental Prediction (available at https://rda.ucar.edu/datasets/ds083.2/,
accessed on 15 February 2023) are used to provide the boundary and initial conditions,
with the temporal resolution being 6 h. The model adopts a Lambert projection; the vertical
direction is set to 35 layers, and the integral step is 150 s. The simulations in all experiments
start from 1200 UTC 8 December to 0000 UTC 13 December 2015, with the first 24 h as the
spin-up period.
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Figure 1. The two nested domains (d01 and d02) and topography (shaded). The black dots denote
the location of 105 meteorological observation stations.

The study of simulated snowfall events in northeast China shows that snowfall is very
sensitive to the choice of the land surface parameterization schemes, and the choice of the
microphysical schemes also affects snowfall. Although Xinjiang has a similar latitude to
northeast China, it has different land surface elements and weather systems. Therefore, the
impact of the land surface parameterization schemes on snowfall in Xinjiang still needs
further study. In this study, six common land surface parameterization schemes are adopted
to explore the differences among these schemes in the simulation of this heavy snowfall
event. The specific schemes are the Noah scheme [43], the Noah scheme with Multi Pa-
rameterization (Noah-MP) scheme [44], the Rapid Update Cycle (RUC) scheme [45], the
Community Land Model version 4 (CLM4) scheme [46], the Pleim–Xiu scheme [47] (PX),
and the Thermal Diffusion scheme [48] (TD). Additionally, three microphysics schemes

https://rda.ucar.edu/datasets/ds083.2/
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are also adopted, which are the WRF single-moment 6-class (WSM6) scheme [49], the
Thompson scheme [30], and the Lin scheme [50]. As shown in Table 1, a total of 18 groups
of experiments using different combinations are designed for comparative analysis. Other
physical parameterization schemes include the Kain–Fritsch scheme for cumulus convec-
tion [51], the Dudhia and Rapid Radiative Transfer Model schemes for shortwave and
longwave radiation options [52,53], the Yonsei University scheme for the boundary layer
processes [28], and the Monin–Obukhov scheme for the near-surface layer processes [54].

Table 1. Different combinations of land surface parameterization schemes and microphysical param-
eterization schemes used for 18 groups of experiments.

Noah Noah-MP RUC CLM4 PX TD

Thompson EXP1 EXP2 EXP3 EXP4 EXP5 EXP6
WSM6 EXP7 EXP8 EXP9 EXP10 EXP11 EXP12

Lin EXP13 EXP14 EXP15 EXP16 EXP17 EXP18

The observational data are from the Meteorological Unified Service Interface Com-
munity developed by the China Meteorological Administration. The data contain hourly
snowfall from 105 national meteorological observation stations and are subject to strict
quality control.

The statistical measures of the root mean square error (RMSE) and the mean absolute
error (MAE) are calculated for evaluation, and the formulas are as follows:

RMSE =

√
1
n

n

∑
i=1

(xi − yi)
2 (1)

MAE =
1
n

n

∑
1
(|xi − yi|) (2)

where xi and yi are the predicted and observed values at time i, respectively, and n is the
number of meteorological observation stations.

3. Results
3.1. Overview of the Snowfall Event

From 9 to 13 December 2015, a rarely-seen heavy snowfall event occurred in Xin-
jiang. The favorable atmospheric circulation pattern during this extremely heavy snowfall
process has a typical backward-tilting trough structure, accompanied by the eastward-
moving Ural low-pressure trough and the southerly low-pressure trough. This heavy
snowfall process involves a wide range. A total of 18 observation stations experienced a
snowstorm (12.1–24.0 mm), and two observation stations experienced a heavy snowstorm
(24.1–48.0 mm). The accumulated snowfall amount at the observation stations is shown
in Figure 2. It can be seen that the largest snowfall amount during this heavy snowfall
process is centered in the Tianshan Mountains (43.0–45.5◦ N, 84.0–91.0◦ E), followed by
northwestern Xinjiang (43.0–45.5◦ N, 80.0–83.5◦ E), and southern Xinjiang (39.0–42.5◦ N,
80.0–90.0◦ E). The snowfall in these areas lasted for more than 20 h. The largest snowfall
amount is observed in Urumqi, with the accumulated snowfall amount reaching 46.3 mm.
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Figure 2. 85 h accumulated snowfall amount (unit: mm) observed at 105 stations in Xinjiang from
1200 UTC on 9 December to 0000 UTC on 13 December 2015. The snowfall amounts are marked in
different colors according to their magnitudes. The red boxes denote three regions with large snowfall
amounts, namely (a) northwestern Xinjiang, (b) the Tianshan Mountains, and (c) southern Xinjiang.

3.2. Impacts of the Different Land Surface Schemes on Snowfall

In this section, the effects of different combinations of the land surface parameteri-
zation schemes with the microphysical schemes on this snowfall event are discussed in
three parts according to the microphysical schemes. In addition, it is found that the d02 at
higher horizontal resolution achieves a better simulation performance. Therefore, only the
simulation results in d02 are analyzed in the following parts.

3.2.1. Thompson Scheme

Figure 3 shows the spatial distributions of the observations and the simulations of
the accumulated snowfall amount under the combinations of the different land surface
parameterization schemes with the Thompson scheme. The shaded area shows the sim-
ulated snowfall, and the marked numbers are the accumulated snowfall observed at the
meteorological stations. The results show that all six land surface parameterization schemes
can well simulate the large-scale snowfall, especially the heavy snowfall belt. However, the
simulation performance on the snowfall range and intensity varies significantly in different
regions, especially in the Tianshan Mountains, southern Xinjiang, and northwestern Xin-
jiang. For the Tianshan Mountains, all six schemes can well reproduce the heavy snowfall
process, except in its northern part where the models generally underestimate the snowfall.
Comparatively, the PX scheme and the CLM4 scheme simulate the most snowfall, while the
Noah-MP scheme and the TD scheme simulate the least snowfall. The CLM4, PX, and RUC
schemes seriously overestimate the snowfall in southern Xinjiang, especially the CLM4
scheme. In contrast, the simulation by the Noah-MP scheme is closer to the observation.
In northwestern Xinjiang, the simulated heavy snow belts exhibit a scattered distribution,
where the simulation by the Noah scheme is relatively closer to the observation. On the
whole, the more simulated snowfall by the PX and the CLM4 schemes may be related to
the larger soil moisture calculated in the two schemes [35].
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Figure 3. Spatial distributions of simulated (shading) and observed (marked with numbers, some
numbers are omitted to avoid overlapping) 85 h accumulated snowfall amount (unit: mm) under the
combinations of the Thompson scheme with the (a) Noah scheme, (b) Noah-MP scheme, (c) RUC
scheme, (d) TD scheme, (e) CLM4 scheme, and (f) PX scheme. The snowfall period is from 1200 UTC
on 9 December to 0000 UTC on 13 December 2015.

Both observations and simulations reveal that the snowfall generally covers the whole
of Xinjiang. To evaluate the simulation performance in areas with a relatively larger
snowfall amount, 45 meteorological observation stations with an accumulated snowfall
amount greater than 3 mm are selected for comparison. In addition, the simulated snowfall
data at the grid points closest to these observation stations are adopted as simulated values
at these stations. The observed values are further compared with the simulated values,
and the correlation coefficients between the observed values and the simulated values
at these stations are calculated, as shown in Figure 4. The comparison shows that for an
accumulated snowfall amount above 10 mm, all six schemes generally underestimate the
snowfall. Comparatively, the Noah scheme has more simulated values close to the observed
values. For an accumulated snowfall amount below 10 mm, most schemes overestimate the
snowfall. Among them, the Noah-MP scheme, with more simulated values concentrated
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around the black dotted line, is proved to be the closest to the observation. On the whole,
the Noah scheme performs the best as the simulated values are more concentrated in the
scatter plot, while the PX scheme has the most scatter-distributed simulated values. The
correlation coefficients reveal that the Noah schemes (the RUC and CLM4 schemes) achieve
the highest (lowest) correlations with the observations, reaching 0.72 (0.61).
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Figure 4. Scatter plots of the observed values at 45 meteorological observation stations with accu-
mulated snowfall amount greater than 3 mm (black solid circle, unit: mm) and the simulated values
at the grid points nearest to these stations under the combinations of the Thompson scheme with
the (a) Noah scheme, (b) Noah-MP scheme, (c) RUC scheme, (d) TD scheme, (e) CLM4 scheme, and
(f) PX scheme. The black dotted line is the line y = x. The red solid line is a linear fit to the black solid
circles. r is the correlation coefficient between the observed and simulated values.

3.2.2. WSM6 Scheme

The selection of the microphysical parameterization scheme is also important for
snowfall simulation. Figure 5 shows the spatial distributions of the accumulated snowfall
simulated under the combinations of the WSM6 scheme with the different land surface
parameterization schemes. Similar to the Thompson scheme, the WSM6 scheme also
produces heavy snowfall belts. However, larger snowfall amounts are simulated under
the combinations with the WSM6 scheme, especially for the Noah scheme and the CLM4
scheme. Compared with the Thompson scheme, the simulated snowfall intensity under
the combination of the WSM6 scheme with the RUC scheme increases significantly in
northwestern Xinjiang and southern Xinjiang, while the accumulated snowfall amounts
under the combination of the WSM6 scheme with the TD scheme are found more in
northwestern Xinjiang and the Tianshan Mountains. It is worth noting that the WSM6
scheme with the Noah-MP scheme has reduced the snowfall intensity in the Tacheng area
(45–48◦ N, 86.5–88.5◦ E) than in the Thompson scheme. Overall, the WSM6 scheme has
increased the snowfall intensity when compared with the Thompson scheme, which is
consistent with the conclusion of snowfall simulation over the Himalayas [55].
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Figure 5. Spatial distributions of simulated (shading) and observed (marked with numbers, some
numbers are omitted to avoid overlapping) 85 h accumulated snowfall amount (unit: mm) under
the combinations of the WSM6 scheme with the (a) Noah scheme, (b) Noah-MP scheme, (c) RUC
scheme, (d) TD scheme, (e) CLM4 scheme, and (f) PX scheme. The snowfall period is from 1200 UTC
on 9 December to 0000 UTC on 13 December 2015.

Similar to the Thompson scheme, the observed and simulated snowfall under the com-
binations of the WSM6 scheme with the different land surface parameterization schemes
are compared, as shown in the scatter plot (Figure 6). Compared with Figure 4, it can be
found that the correlation coefficients between the observed and simulated values in the
Noah scheme and the RUC scheme decreased significantly, from 0.7 and 0.61 to 0.64 and
0.52, respectively. For an accumulated snowfall amount above 10 mm, the Noah scheme
and the CLM4 scheme have improved the underestimation of snowfall.
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3.2.3. Lin Scheme

Figure 7 shows the spatial distributions of the accumulated snowfall amount simu-
lated under the combinations of the six land surface parameterization schemes with the Lin
scheme. Among the three microphysical schemes, the Lin scheme simulates the least snow-
fall amount. The six sets of experiments exhibit the most significant reduction in snowfall
in the Tianshan Mountains, but all of them can simulate the strongest snowfall around
Urumqi. Compared with the Thompson scheme, the PX scheme produces less snowfall
in southern Xinjiang, while the Noah scheme simulates more snowfall in northwestern
Xinjiang. The underestimation of snowfall by the Lin scheme also appears in northeast
China [40], indicating that it may not be sensitive to the selection of region.

Figure 8 shows the scatter plot of the observed and simulated snowfall using the
Lin scheme. Compared with the Thompson scheme, although the Lin scheme generally
produces less snowfall, there is no significant reduction in the snowfall amount at stations
with a heavy snowfall. That is to say, the reduction in snowfall simulated by the Lin
scheme is more significant for stations with a smaller snowfall amount. The linear fitting
effect shows that the Lin scheme is inferior to the Thompson scheme. Compared with
the Thompson scheme, the linear fitting effect for the PX scheme decreases significantly,
but no significant reduction is found for the linear fitting effect by the Noah-MP scheme.
Comparatively, the linear fitting effects for the Noah scheme, the Noah-MP scheme, and
the TD scheme are relatively better, as these three land surface schemes are relatively
less affected by the microphysics scheme. The PX scheme performs the worst, with the
correlation coefficient being 0.58.
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In general, all six land surface parameterization schemes can well simulate this snow-
fall process and reproduce the strongest snowfall center, among which the Noah and the
Noah-MP schemes perform better. The difference of the microphysical schemes is mainly
reflected in the snowfall grade, where the largest snowfall amount is found in the WSM6
scheme and the smallest in the Lin scheme. The snowfall intensity and snowfall range vary
significantly in different regions, which are very sensitive to the selection of the land surface
parameterization scheme, especially for snowfall in the Tianshan Mountains, southern Xin-
jiang, and northwestern Xinjiang. In this study, all experiments underestimate the snowfall
in the northern Tianshan Mountains, whereas the PX scheme and the CLM4 scheme are
relatively better. In southern Xinjiang, all experiments seriously overestimate the snowfall,
whereas the Noah-MP scheme performs relatively better, and the Noah scheme shows its
advantage in northwestern Xinjiang. No scheme can well simulate all the areas with heavy
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snowfall. For snowfall above 10 mm, all six land surface schemes generally underestimate
the snowfall. The Noah scheme gives the most snowfall values that are close to the observed
values among the six schemes. For snowfall below 10 mm, most schemes overestimate the
snowfall, while the Noah-MP scheme has the least overestimation.
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The black dotted line is the line y = x. The red solid line is a linear fit to the black solid circles. r is the
correlation coefficient between the observed and simulated values.

3.3. Comparison and Evaluation

In this section, the RMSE and MAE of the accumulated snowfall amount between the
observations and the simulations are calculated, which helps to evaluate which combination
of parameterization schemes performs the best in this snowfall event.

Specifically, the RMSE and MAE between the observed and simulated values at
45 meteorological observation stations are used to evaluate the simulation effect of the
model on snowfall above 3 mm. In addition, the RMSE and MAE for the accumulated
snowfall amount between the observations and simulations at 105 stations in the Thompson
scheme are also calculated to evaluate the simulation effect of the model on the entire area
(Figure 9). For an accumulated snowfall amount above 3 mm, the RMSE and MAE using
the Thompson scheme are the smallest among the three microphysical schemes, followed
by the Lin scheme, and the WSM6 scheme produces the largest error. Among the six land
surface parameterization schemes, the Noah scheme and the Noah-MP scheme exhibit
the smallest errors. The average values of the RMSE and MAE are 6.99 mm and 7.24 mm,
respectively, in the Noah scheme, and 5.30 mm and 5.41 mm, respectively, in the Noah-MP
scheme. The RUC scheme produces the largest error, whose RMSE and MAE reach 7.84 mm
and 5.89 mm, respectively. On the whole, the combination of the Noah scheme with the
Thompson scheme has the best simulation effect with the smallest error, with the RMSE and
MAE being 6.43 mm and 4.9 mm, respectively. The next successful one is followed by the
combination of the Noah-MP scheme with the Thompson scheme, with the RMSE and MAE
being 6.96 mm and 5.23 mm, respectively. It should be pointed out that when all stations are
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considered, the combination of the Noah-MP scheme with the Thompson scheme produces
the smallest RMSE and MAE among the 18 groups of experiments, with the RMSE and
MAE being 5.20 mm and 3.23 mm, respectively. This indicates that the Noah-MP scheme
has the best simulation effect when the snowfall at all stations is considered, while the
Noah scheme shows its advantage for the snowfall with larger grades.
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Figure 9. (a) RMSE and (b) MAE between the observed and simulated values of the accumulated
snowfall in Xinjiang from 1200 UTC on 9 December to 0000 UTC on 13 December 2015. Red denotes
the results using the Thompson scheme, blue denotes the WSM6 scheme, and green denotes the Lin
scheme for an accumulated snowfall amount above 3 mm at 45 stations. The abscissa is the six land
surface parameterization schemes. Purple denotes the results for the accumulated snowfall amount
at 105 stations using the Thompson scheme.

In this heavy snowfall event, Urumqi station (43.79◦ N, 87.65◦ E) has recorded the
largest snowfall amount, which reaches 46.3 mm. Hence, it is taken as a representative to
evaluate the simulation effects of different combinations on the heavy snowfall centers.
Figure 10 shows the temporal variations in the observed and simulated hourly snowfall
intensity. The heavy snowfall process in Urumqi started at 0600 UTC on 10 December and
ended at 0200 UTC on 12 December. All 18 groups of experiments can well simulate the
starting and ending of the snowfall process in Urumqi. However, all 18 groups overesti-
mated the snowfall intensity in the early stage but underestimated the snowfall intensity
in the peak period. The simulation results using the six land surface parameterization
schemes vary greatly in combination with the different microphysical schemes. Specifically,
the Noah and TD schemes have the best simulation effects in combinations with the WSM6
scheme; the RUC and CLM4 schemes are closer to the observations in combinations with
the Thompson scheme; and the PX and TD schemes have the best simulation effects in
combinations with the Lin scheme. Figure 10 displays that the strongest snowfall period in
Urumqi is from 1400 UTC on 10 December to 0400 UTC on 11 December, and the simulated
snowfall intensity shows the greatest difference among different experiments in this pe-
riod. In combination with the Lin scheme, the difference among the different land surface
parameterization schemes can be up to 2 mm h−1.



Atmosphere 2023, 14, 1376 13 of 17

Atmosphere 2023, 14, x FOR PEER REVIEW 13 of 17 
 

 

starting and ending of the snowfall process in Urumqi. However, all 18 groups overesti-
mated the snowfall intensity in the early stage but underestimated the snowfall intensity 
in the peak period. The simulation results using the six land surface parameterization 
schemes vary greatly in combination with the different microphysical schemes. Specifi-
cally, the Noah and TD schemes have the best simulation effects in combinations with the 
WSM6 scheme; the RUC and CLM4 schemes are closer to the observations in combina-
tions with the Thompson scheme; and the PX and TD schemes have the best simulation 
effects in combinations with the Lin scheme. Figure 10 displays that the strongest snowfall 
period in Urumqi is from 1400 UTC on 10 December to 0400 UTC on 11 December, and 
the simulated snowfall intensity shows the greatest difference among different experi-
ments in this period. In combination with the Lin scheme, the difference among the dif-
ferent land surface parameterization schemes can be up to 2 mm h−1. 

 
Figure 10. Temporal variation in hourly snowfall intensity in Urumqi (unit: mm h−1) using the (a) 
WSM6 scheme, (b) Thompson scheme and (c) Lin scheme. The lines are the observed and simulated 
values using different land surface parameterization schemes. 

  

Figure 10. Temporal variation in hourly snowfall intensity in Urumqi (unit: mm h−1) using the
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4. Conclusions and Discussion

Previous studies have paid little attention to the influence of the land surface processes
on heavy snowfall in Xinjiang. In this study, a heavy snowfall event that occurred in
Xinjiang during 9–13 December 2015 is taken as the study case. The simulation effects of
snowfall using the WRF model that adopts different combinations of the six land surface
parameterization schemes with three microphysical schemes are evaluated. Meanwhile,
the model outputs are also compared with the observations. The conclusions are as follows.

The simulations of this heavy snowfall event show regional differences, where the
snowfall intensity and snowfall range are very sensitive to the selection of the land surface
parameterization schemes. In the Tianshan Mountains, the snowfall is generally underesti-
mated, where the PX scheme and the CLM4 scheme perform relatively better. In southern
Xinjiang, the snowfall is overestimated by almost all six schemes, while the Noah-MP
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scheme performs relatively more reasonable than the others. In northwestern Xinjiang, the
Noah scheme is superior to the other schemes.

The difference of the microphysical schemes is mainly reflected in the snowfall mag-
nitudes. The simulation of the accumulated snowfall amount is the largest (smallest) in
the WSM6 (Lin) scheme. The accumulated snowfall amounts above 10 mm are generally
underestimated by all six land surface schemes, and the Noah scheme gives more snowfall
values that are close to the observation than the other schemes. However, the accumulated
snowfall amounts below 10 mm are overestimated by most schemes, where the Noah-MP
scheme has the least overestimation.

For stations with the observed snowfall amount above 3 mm, the combination of the
Noah scheme with the Thompson scheme produces the smallest error and thus performs
the best, with the RMSE and MAE being 6.96 mm and 5.23 mm, respectively. When the
observations at all stations are considered, the RMSE and MAE are the smallest using the
combination of the Noah-MP scheme with the Thompson scheme. It indicates that the
Noah-MP scheme has the best simulation effect for snowfall in the whole region, while the
Noah scheme shows its advantage for snowfall with larger grades. It also confirms that the
performance of the WRF model in snowfall simulation depends on the snowfall grades to a
certain extent [31].

This study evaluates the effects of the different land surface parameterization schemes
on a heavy snowfall event in Xinjiang and further confirms that the snowfall intensity
and snowfall range are very sensitive to the selection of the land surface parameterization
schemes [38,40]. Meanwhile, obvious regional differences are found in the performance of
the different land surface parameterization schemes for snowfall simulations in Xinjiang.
The results coincide well with the snowfall underestimation in the Tianshan Mountains by
the WRF model [14]. In addition, overestimations and uncertainties in snowfall simulations
are newly found in southern and northwestern Xinjiang. This also shows the complexity
of the impact of land surface processes on the snowfall in Xinjiang. Hence, this study
may provide theoretical and empirical reference for numerical simulation experiments
on snowfall events in regions with similar terrain conditions. It also helps determine
the impacts of the different physical parameterization schemes on snowfall simulation in
Xinjiang, aiming to provide better snowfall forecasts.

Although the Noah-MP scheme has been proven to perform the best in snow simu-
lation for the entire region, it underestimates the snowfall in areas with larger snowfall
amounts. This may be related to the snow albedo calculation formula adopted in the Noah-
MP scheme [39,56]. The snow albedo is often overestimated when the Noah-MP scheme
uses the default calculation formula [57]. The increase in albedo reduces the short-wave
solar radiation received by the surface, and then acts to reduce the local surface temperature
and inhibit the sensible heat flux. It further affects the atmospheric circulation, which is
not conducive to the enhancement of snowfall. This may be one reason for the snowfall
underestimation by the Noah-MP scheme. Therefore, we will focus on improving the
Noah-MP scheme in the following research to obtain better evaluation results based on
more snowfall cases.
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