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Performance of the Weather Research and Forecasting (WRF) model in simulating seasonal snowfall over Northeast China was 
examined. The influences of horizontal resolution and physics parameterization schemes were also investigated. The results indi-
cate that WRF can reasonably reproduce the main features of temperature and precipitation. The simulated spatial and temporal 
distribution of snowfall compared well with observations. Higher resolution simulations achieved better results, and WRF was 
found to be more sensitive to the choice of land surface and microphysics scheme than convective cumulus parameterization 
scheme. 
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Recent global climate change and the subsequent impacts in 
terms of human adaptions are among the greatest challenges 
in modern times. While the warming trend is global, im-
pacts of climate change are mainly experienced at the re-
gional scale. Therefore, climate impact assessments, for 
both the present and future, primarily require regional- to 
local-scale climate data. However, most current operational 
weather forecasts systems cannot accurately simulate sea-
sonal snowfall or snowpack, owing to their inability to re-
solve the necessary details of complex precipitation struc-
tures forced by mesoscale orography, land surface hetero-
geneities, and land-water contrasts. There are two ways to 
add value to global climate models (GCMs): statistical 
downscaling [1–5] and dynamical downscaling [6–9]. Re-
gional climate models (RCMs) collectively represent one of 
the most effective approaches for adding fine-scale details 
to simulated climate change. For example, previous studies 
have indicated that RCMs could greatly improve simula-
tions of monsoon precipitation compared to GCMs, mainly 
due to their higher resolution and more complex physical 
processes [10–12]. 

Intense snowfall events, which can bring heavy social 

and economic losses, represent the main type of meteoro-
logical disaster experienced in northeastern China (NEC) in 
winter, and the frequency and intensity of such events have 
increased markedly since the 1950s [13,14]. Under the sce-
nario of a warmer climate, intense snowfall events will still 
increase, mainly because of the acceleration of snowpack 
melting processes and evaporation, thus leading to enhanced 
water availability [15,16]. Therefore, research on snowfall 
events constitutes a major concern for meteorological sci-
ence and policymakers, especially that involving high-res- 
olution simulations. 

Many previous studies have focused on intense snowfall, 
and their findings have provided us with a broad knowled- 
gebase of the snowfall background circulation, formation 
and intensification processes [17–28]. However, most of 
this work has concentrated upon the background and synop-
tic analysis of special intense snowfall events; there is an 
absence in the literature of numerical simulations, and most 
studies have focused on the weather scale. Simulation of 
intense snowfall on the seasonal scale, although important 
and necessary, have been few, which is partly due to the 
coarse resolution and incompetence of existing numerical 
models. 

Besides their horizontal resolution, many studies have 
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revealed that current models are also quite sensitive to 
physics parameterization schemes, especially convective 
cumulus schemes [29–32]. Recent work has shown that land 
surface processes and microphysical schemes also play a 
comparatively important role [33]. Nevertheless, most 
physics parameterization studies have focused on rainfall, 
and less attention has been paid to snowfall.  

This paper examines the performance of the Weather 
Research and Forecasting (WRF) model in simulating sea-
sonal snowfall over NEC, and the associated influence of 
the model’s configuration; namely, its horizontal resolution, 
as well as its land surface, microphysics and convective 
cumulus parameterization schemes. We attempt to address 
the following questions: 

(1) How well does WRF perform in simulating seasonal 
snowfall event over NEC? Can this state-of-the-art numeri-
cal model reproduce the spatial and temporal distribution of 
seasonal snowfall over this region? 

(2) What is the influence of horizontal resolution on 
snowfall simulation, and does a higher resolution mean bet-
ter model performance? 

(3) What influences does the physical parameterization 
scheme have on simulation ability?  

1  Model, data and experimental design 

Version 3.3.1 of the WRF model was used for the simula-
tions carried out in the present study. The development of 
WRF is overseen by a collaborative effort among U.S. re-
search groups, including the National Center for Atmos-
pheric Research (NCAR), the National Centers for Envi-
ronmental Prediction (NCEP), the Forecast Systems Labor-

atory (FSL), the Air Force Weather Agency (AFWA), the 
Naval Research Laboratory, the University of Oklahoma, 
and the Federal Aviation Administration (FAA). It is widely 
used by weather forecasters and meteorological scientists 
for both weather and climate applications. 

For the experiments in this study, we chose a large do-
main (d01) of 142×156 grids (W-E×N-S) with a horizontal 
resolution of 27 km (Figure 1), covering an area over cen-
tral and eastern China. One reason for choosing such a do-
main was that it is well established from previous studies 
that the main sources of vapor for snowfall events during 
winter in NEC come from Southwest China and Inner 
Mongolia [18,20]. Another reason was that a larger domain 
can give WRF more freedom to develop its own synoptic 
and mesoscale circulations; i.e. it would increase the inde-
pendence of the regional climate model from the driving 
data [34]. Nested inside d01, we chose a second domain 
(d02) with a resolution of 9 km. The grid-size of d02 was 
181×187 (W-E×N-S), and it covered an area over NEC. 

Four ensemble members were included in this study, and 
the main model configuration included the following pa-
rameterization schemes: WSM6 [35,36], LIN [37] and 
Thompson [38] (for microphysics); Kain-Fritsch [39,40] 
and Betts-Miller-Janjic [41,42] (for convective cumulus); 
Noah [43] and the RUC [44] (for land surface model); the 
CAM scheme for both short-wave and long-wave radiation 
[45]; and the YSU planet boundary layer scheme [46]. Ta-
ble 1 summarizes the model configurations of the members. 

Simulations over a 7-month period from 1 October 
through 1 May were conducted in the years 2009–2010. The 
first 5 days were considered as the spin-up period. The 6-h, 
1.0-degree-grid FNL (Final) operational global analysis data 
provided the initial and lateral boundaryconditions for the  

 

 

 

Figure 1  Model domain and location of observational sites (black dots) for (a) the full model domain and (b) a subdomain focused over NEC. Locations of 
some cities are indicated by stars in (b). 
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Table 1  List of ensemble members with physics parameterizations 

 
E1 E2 E3 E4 

Microphysics scheme WSM 6 LIN WSM6 Thompson 

Convective cumulus scheme Betts-Miller-Janjic Kain-Fritsch Kain-Fritsch Kain-Fritsch 

Land surface model NOAH NOAH NOAH RUC 
 

 
numerical experiments. SST data, deep soil temperature and 
green fraction data were updated every 12 h [7,20,47]. 
Comparisons were made using observational temperature, 
precipitation and snowfall data, with temperature and 
snowfall data derived from station observations and rainfall 
data being 0.5-degree-grid rain gauge data from the China 
Meteorological Administration (CMA). 

2  Results 

The focus of the present paper is to investigate the perfor-

mance of WRF in simulating snowfall over NEC. Thus, we 
mainly analyze simulation and observation results from the 
inner domain (d02). 

2.1  Temperature 

Figure 2(a) shows observed and simulated 7-month-aver- 
aged temperature distributions. From the observational data, 
we can see that temperature gradually decreased with lati-
tude and altitude. In the region of Liaoning Province, the 
temperature was relatively higher than over Inner Mongolia, 
a feature that can largely be attributed to the presence of the  

 
 

 
Figure 2  (a) Seven-month averaged temperature (°C) from observation (circles) and model runs (shading) and (b) their differences. The extents of the 
differences are indicated using colored circles, with the meaning of the color given in the legend underneath. (c) Seven-month accumulated precipitation 
(mm) from observation and (d) from WRF simulations. 
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nearby warm ocean. 
WRF was able to reasonably simulate the spatial distri-

bution of temperature; the correlation coefficient was 0.93, 
with confidence levels greater than 99%. From the differ-
ence (Figure 2(b)), we can see that overall the model un-
derestimated temperature, especially over high altitude re-
gions. Over the region of Sanjiang Plain, for example, the 
level of underestimation was especially obvious. 

2.2  Precipitation  

Seven-month accumulated precipitation results from the 
model run and observations together with their relative dif-
ferences are shown in Figure 2(c)–(d). The spatial pattern of 
cumulative precipitation from the model runs compares well 
with observations, with high values located over the south-
eastern part and mountainous areas of NEC. The spatial 
correlation coefficient was 0.77, with confidence levels 
greater than 99%. The model runs revealed more precipita-
tion detail than observational data, owing to the higher hor-
izontal resolution. The model-simulated precipitation results 
were higher than observed, especially over mountainous 
areas in northwestern NEC. The overestimation of the mod-
el was related to its inability to precisely catch the precipita-
tion processes, as well as uncertainties in the observational 
data [48,49]. Over mountainous areas, the shortage of ob-
servation stations and uncertainties related to snowfall ob-
servation equipment adversely affected model-observation 
comparisons, thus demonstrating the importance of accurate 
measurements and a proper setup at observation stations.  

2.3  Seasonal snowfall (snow water equivalent) 

(i) Spatial pattern.  The spatial distributions of 7-month 
accumulated snowfall from observation and model simula-
tions are shown in Figure 3. As can be seen from the ob-

served data, the pattern was quite similar to that of precipi-
tation, with high values in the southeastern part and moun-
tainous areas of NEC. The simulated snowfall followed the 
observed results well, with a spatial correlation coefficient 
of 0.73, at confidence levels greater than 99%. Meanwhile, 
greater detail relating to snowfall distribution could be 
found in the WRF simulation, especially for orographic 
snowfall in eastern NEC. The model-simulated snowfall 
was higher in northern NEC, but lower in southern NEC, 
compared to observations. In the central part of NEC, simu-
lated results compared well with observed data, with a rela-
tive error of less than 25%. The regions with higher snow-
fall in Figure 3(b) reflect closely the cooler areas in Figure 
2(b), indicating a significant relationship between snowfall 
and temperature. Lower temperatures are favorable for the 
formation and intensification of snowfall. 

(ii) Temporal distribution.  Figure 4(a) shows daily 
snowfall amounts from observation stations in d02 (i.e. ob-
served results), along with the average of four retrospective 
simulations. The daily snowfall amount is the sum of all the 
stations. The main temporal feature revealed from the ob-
served data is a bimodal distribution, with more snowfall in 
late autumn and early spring, and less in winter. The simu-
lated results reflect this feature well, with a spatial correla-
tion coefficient of 0.93, at confidence levels greater than 
99%. Furthermore, simulated extreme snowfall events 
compared well with observation, indicating WRF did a 
good job in this regard. 

2.4  Impacts of horizontal resolution 

To investigate the impacts of horizontal resolution on WRF- 
simulated snowfall accumulation, the daily time series of 
accumulated snowfall based on 9- and 27-km grid spacing 
simulations over the same domain (d02) is shown in Figure 5. 
As can be seen from these data, the 9- and 27-km simulations  

 
 

 

Figure 3  Same as in Figure 2(a) and (b), but for snow water equivalent (mm). 
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Figure 4  Daily time series of snowfall amount (mm) for (a) 9-km- and (b) 27-km-grid simulations. The daily amount is the sum of station snowfall inside 
each domain. 

 
Figure 5  Time series of accumulated snowfall amount (mm) for stations in the same domain (d02): observed (black line) and model simulations (red and 
blue lines). 

followed observed results well, with spatial correlation co-
efficients of 0.93 and 0.91 respectively, at confidence levels 
greater than 99%. However, the 27-km model run result was 
overall lower than observation; the underestimation was 
quite obvious during the 7-month period. The 9-km simula-
tion compared well with observation, except for an overes-
timation of intense snowfall in the middle of March (Figure 
4(a)). The comparison indicates that an increasing level of 
snowfall as the model resolution increases is evident in 
WRF simulations. 

The daily time series of snowfall amount based on 27-km 
grid spacing simulations over the outer domain (d01) was 
also investigated, and the results are shown in Figure 4(b). 
Simulated results were lower than observed, especially for 
extreme snowfall events. A comparison between Figure 4(a) 
and (b) indicates that better performance can be achieved 
with higher horizontal resolution. 

2.5  Impact of physics parameterizations 

In the simulations reported upon thus far, two land-surface, 

three microphysics, and two cumulus convection parame-
terization schemes were used. A series of experiments using 
different combinations of schemes were also conducted to 
investigate the impact of physics parameterizations on WRF 
simulation. Unlike the previous simulations, which were run 
under 9- and 27-km grid spacings, these simulations fo-
cused on the outer domain (d01). The results of each phys-
ics parameterization scheme were ensemble means of all the 
experiments that contained the scheme in question. For 
example, the result based on Noah was the ensemble mean 
of the LBN, TBN, WBN, LKN, TKN and WKN experi-
ments listed in Table 2. 

The impacts of physics parameterizations were more 
readily discerned by listing the model averages, biases and 
spatial correlation coefficients of all stations, as shown in 
Table 3. To calculate the average amount simulated by 
WRF, the result of the nearest grid to the observation station 
was selected as the model result. Obvious model depend-
ence on physics parameterization schemes can be seen from 
Table 3; however, we cannot find one experiment that was 
best among all the experiments in all aspects. WBN, WKN  
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Table 2  List of numerical experiments with various physics parameteri-
zations 

Expt Land surface Microphysics Cumulus convective 

LBN Noah Lin Betts-Miller-Janjic 

TBN Noah Thompson Betts-Miller-Janjic 

WBN Noah WSM6 Betts-Miller-Janjic 

LKN Noah Lin Kain-Fritsch 

TKN Noah Thompson Kain-Fritsch 

WKN Noah WSM6 Kain-Fritsch 

LBR RUC Lin Betts-Miller-Janjic 

TBR RUC Thompson Betts-Miller-Janjic 

WBR RUC WSM6 Betts-Miller-Janjic 

LKR RUC Lin Kain-Fritsch 

TKR RUC Thompson Kain-Fritsch 

WKR RUC WSM6 Kain-Fritsch 

Table 3  Comparison of model averages, biases and spatial correlation 
coefficients of the experimentsa) 

Expt 
Average 

(mm) 
Bias 
(mm) 

Relative bias 
(%) 

Correlation  
coefficient 

OBS 26.18 − − − 

LBN 24.8 −1.37 −5.25 0.89** 

TBN 13.03 −13.14 −50.22 0.72* 

WBN 32.73 6.55 25.04 0.91* 

LKN 25.41 −0.76 −2.92 0.89** 

TKN 20.44 −5.74 −21.92 0.84** 

WKN 31.8 5.62 21.49 0.9** 

LBR 22.12 −4.05 −15.48 0.88** 

TBR 14.55 −11.63 −44.43 0.82** 

WBR 59.55 33.37 127.49 0.9** 

LKR 22.3 −3.88 −14.82 0.88** 

TKR 18.41 −7.76 −29.66 0.8** 

WKR 53.09 26.91 102.82 0.89** 

a) *, >95% confidence level; **, >99% confidence level. 

 
 

and WBR showed better performance in terms of their spa-
tial correlation coefficients; LBN and LKN were better in 
terms of relative bias; while for snowfall accumulation LBN 
and LKN were relatively better, and TBN, WBR and WKR 
were relatively worse. 

A comparison of time series of accumulated snowfall 
amounts for different physics parameterization schemes is 
shown in Figure 6. From the land surface model series ex-
periments (Figure 6(a)), we can see that Noah reflected ob-
servations very well, while RUC greatly overestimated 
snowfall amounts. From Figure 6(b) we can see that the 
simulation from Lin followed the observed data well, that 
WSM6 showed an obvious overestimation, and that 
Thompson underestimated compared to observations. Betts- 
Miller-Janjic and Kain-Fritsch were quite similar to each 
other, with little overestimation. The WRF model showed 
an obvious dependence on physics parameterization schemes, 
and is more sensitive to microphysics and land surface 
schemes compared to the choice of convective cumulus pa-
rameterization scheme. The strong sensitivity to micro- 

 
Figure 6  Comparison of time series of accumulated snowfall amount 
(mm) for stations over the same domain (d01): observed (black line) and 
simulated (red and blue lines). 

physics and land surface schemes largely results from land 
surface coupling and ice-phase microphysical processes 
[33,50], all of which, in turn, influence snowfall simulation. 

3  Conclusions 

This study examined the performance of the WRF model in 
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simulating seasonal snowfall over NEC. The influences of 
horizontal resolution and parameterization schemes were 
investigated. The results indicate that WRF can reasonably 
reproduce the main features of temperature and precipita-
tion. The spatial and temporal distribution of snowfall can 
also be well reproduced. However, an underestimation of 
temperature and an overestimation of precipitation were 
found, and these uncertainties in simulation indicate the 
importance of high-resolution observation data [51]. A 
higher resolution can achieve better model performance, 
and WRF was found to be more sensitive to the choice of 
microphysics parameterization scheme and land surface 
model compared to the convective cumulus parameteriza-
tion scheme used when simulating seasonal snowfall. Noah 
and Lin showed better performance among the physics 
schemes. 
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