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In January 2008, South China experienced extremely low temperatures, heavy snowstorms, and severe frosts (2008 Frost Dis-
aster, for short), which led to (partial) failures of observations from ground stations and ground radars resulting in a lack of 
necessary emergency information. To compensate for the failure of ground observations and to provide timely disaster infor-
mation, the National Satellite Meteorological Center of China (NSMC) established a snow storm monitoring system for the 
2008 Frost Disaster, which was based on the WRF Three Dimension Variational Assimilation and Forecast system (with 
NOAH as the land surface sub-process model) cooperatively developed by NSMC and the National Center for Atmospheric 
Research (NCAR), US. This system made full use of ATOVS and NCEP data to provide estimates of snow water equivalent 
every 6 hours during the storm. In this study, the ATOVS assimilation based snowstorm monitoring scheme was explored in 
detail, while the modeled results with and without ATOVS assimilation were compared against related observations. Results 
showed that the coupling of ATOVS assimilation into the proposed monitoring system evidently delineates weather character-
istics of the snowstorm process more accurately, and demonstrated the feasibility of the system for snowstorm monitoring and 
forecasting. Through theoretical analyses and case discussion, this study proposes a reliable and practicable scheme to provide 
timely and accurate information on snow spatial distribution and temporal development for disaster mitigation, and illustrates a 
new application of ATOVS data. 
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In China, snowstorms occur mostly in its Northeast and 
Northwest regions and in its Tibetan Plateau [1], where 
many studies [2–5] have been carried out to understand 
more completely the synoptic mechanisms triggering snow 
storms. Such studies have improved monitoring, early 
warning, and handling of such disasters in these regions. In 

middle and late January of 2008, South China experienced a 
rare and severe cold surge that produced extremely damag-
ing frosts, snow, and ice storms. Prolonged, heavy precipi-
tation occurred over an extensive area of South China. Be-
cause of the lack of experience in this region in the moni-
toring, early-warning, and quick response to such disasters, 
the event severely impacted daily life and productivity, by 
seriously damaging transportation, communication, electric-
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ity, and other essential services [6]. In such events, spatial 
distribution and, especially, snow depth are the most critical 
characteristics directly affecting daily life. When snow 
depth reaches a certain threshold, it is likely to threaten 
transportation, communication, electricity, structures, agri-
culture, forests, etc. Accurate snow information in real-time 
is therefore required to correctly evaluate such a disaster, 
and allow efficient, effective, and rapid response. 

Conventional ground observations, radar echo observa-
tions, and satellite remote observations have been widely 
used to monitor major snowstorms. Ground observations are 
the most accurate and direct way to measure and provide 
snow depth information [7]. Echo-related data from Doppler 
radar provides detailed snowfall information on features 
such as water vapor, low level jet and cloud structure. More 
accurate snow information could be retrieved by determin-
ing the mathematical and physical relationship between 
snow parameters and radar echo [8–10]. For periods with 
clear sky, snow depth information could be retrieved by 
empirical models derived from remote observations using 
satellites’ visible and infrared channels [11, 12]. Microwave 
imagers can generate quantitative snow depth information 
[13–17]. Retrieval of snow depth and snow water equiva-
lents by the U.S. is based on SMMR (Scanning Microwave 
Multi-band Radiometer) and SSMI (Special Sensor Micro-
wave/Imager) observations. 

In January of 2008, however, available observations were 
insufficient to monitor the snowstorm, due to the partial 
failure of surface instruments caused by the extremely low 
temperatures over a prolonged period coupled with persis-
tent cloud cover. No sufficiently comprehensive and effi-
cient observational data could be collected in time. Some 
radar receiver antennas were covered by snow, causing 
some emitters to fail and forcing data outages. Satellite 
visible and infrared observations failed to provide snow 
depth information due to heavy cloud contamination, while 
the U.S. SMMR and SSM/I data, capable of penetrating 
clouds, were not available in time during the disaster period. 

It is widely agreed that the occurrence of snowstorms is 
always closely related to atmospheric circulation of large 
scale circulation [2, 18–22]. Numerical Weather Prediction 
models (NWP) can forecast spatially and temporally con-
tinuous circulation at a large scale, but their accuracy is 
dependent on initial conditions. Snow information could be 
further derived by NWP models through a coupled land 
surface sub-model (capable of delineating snow physics). 
Two key questions here therefore are: could more accurate 
atmospheric circulation information be simulated by using 
more accurate initial conditions; and could snow informa-
tion with increased accuracy be retrieved by the snow  

parameterization scheme in a land surface sub-model?  
A major goal of this study is to answer these two ques-

tions. To do this, two requirements must be met: to provide 
more accurate initialization information for the NWP mod-
els and to deduce snow information from accurate 
near-surface parameters and a reliable snow physical 
parameterization scheme. Initialization fields with higher 
accuracy could be obtained by assimilating more observa-
tions into an NWP model. In particular, the assimilation of 
ATOVS (Advanced TIROS Operational Vertical Sounder) 
data brings significant improvements in atmospheric circu-
lation prediction [23–25], which could further produce more 
accurate near-surface parameters. The snow-related proc-
esses of falling, accumulation, sublimation and thawing, and 
the heat exchange at both snow-atmosphere and snow-soil 
interfaces all could be simulated by coupling a snow physi-
cal model into the land surface sub-model [26, 27]. The 
snow information necessary for monitoring snowstorms 
could be further analyzed, which could provide information 
on snow depth and its spatial-temporal distribution with 
increased accuracy based on more reliable near-surface pa-
rameters and the snow parameterization procedure. 

The ATOVS data1) received and preprocessed by NSMC 
contain not only information on large scale atmospheric 
circulation but also local surface information available in 
real time [28]. NSMC has cooperated with NCAR to de-
velop the WRF (Weather Research and Forecast) assimila-
tion/forecast system into which the ATOVS data, received 
and preprocessed by NSMC, could be assimilated and the 
snow physics processes could be simulated better by the 
NWP model’s snow parameterization scheme. 

In order to provide high-spatial resolution snow informa-
tion for the 2008 Frost Disaster monitoring service, a snow-
storm monitoring system was established. It is based on 
regional ATOVS satellite observations, NCEP (National 
Center for Environmental Prediction) data and the WRF 
three dimensional variational (3D-Var, for short) assimila-
tion and forecast system. The NOAH land surface model 
was selected to accurately delineate the snow physics. The 
assimilation of ATOVS observations into the snowstorm 
monitoring system generated more accurate near-surface 
parameters, by which the parameterized snow physics 
scheme in the NOAH2) land surface model [29] could be 
driven to produce more accurate snow information for 
snowstorm monitoring. The evolution of snow water 
equivalent every 6 hours during the 2008 Frost Disaster was 
diagnosed, which helped monitor the disaster and supplied 
efficient and near real-time snow information for the 
weather diagnosis meetings.

                         
1) ATOVS data include the High-resolution Infrared Radiation Sounder (HIRS), the Advanced Microwave Sounding Unit-A (AMSU-A) and the Ad-

vanced Microwave Sounding Unit-B (AMSU-B) or Microwave Humidity Sounder (MHS) to detect vertical atmosphere structure. 
2) NOAH initially was composed of four participants; N, National Centers for Environmental Prediction; O, Oregon State University; A. U.S. Air Force; 

H, Hydrologic Research Lab-NWS. 



1218 LU QiFeng, et al.   Sci China Earth Sci   August (2010) Vol.53 No.8 

1  Designing the snowstorm monitoring scheme 
based on ATOVS data assimilation and assessing 
its feasibility 

The forecast and assimilation system adopted for the re-
gional satellite ATOVS data assimilation was jointly de-
veloped by NCAR and NSMC, based on the WRF 3D-Var 
assimilation/forecast systems. It contains two components: 
the forecast system and the satellite ATOVS data assimila-
tion system. The ability to assimilate regional satellite 
ATOVS data is a new feature of the WRF 3D-VAR devel-
oped by the authors’ group. 

1.1  Forecast system 

The forecast system used in this study is the Weather Re-
search and Forecasting (WRF) Model, jointly developed by 
the researchers [30, 31] from the U.S. government and uni-
versity institutes. Its software architecture permits parallel 
computation and system extendibility, which integrates all 
the newest achievements [32] in the field of meso-scale 
meteorology. It especially focuses on meso-scale weather 
forecasting from clouds to the weather scale of 1–10 km. It 
replaces the MM5 model. 

1.2  ATOVS data assimilation system 

The adopted assimilation system for the regional satellite 
ATOVS data was jointly developed by NCAR and NSMC 
based on the WRF 3DVAR scheme to assimilate the 
ATOVS data. The ATOVS data assimilation system in-
cludes four modules: assimilation frame, fast radiation 
transfer model, data quality control, and radiation bias cor-
rection. 

1.2.1  Assimilation system frame 

The assimilation system frame is the major component to 
optimally minimize the dynamic model and the observa-
tions provided. The WRF 3D-Var assimilation system [33] 
was developed based on the MM5 3D-Var assimilation sys-
tem [34], and the cost function is solved using the conjugate 
gradient and quasi-Newtonian descending methods follow-
ing Lorenc’s suggestion [35]. 

1.2.2  Observation operator 

The observation operator is a fast radiative transfer model 
(RTM), which converts model state variables into observa-
tion space. In contrast to data assimilation of conventional 
observations, the observation operator for satellite data as-
similation is a complex RTM. To assimilate TOVS/ATOVS 
data, the ECMWF (European Centre for Medium-range 
Weather Forecasts) first developed a fast RTM, RTTOV 
[36], which permits direct assimilation of satellite radiance 
data. With updates of ATOVS instruments, RTTOV was 

also updated periodically, and RTTOV version 8.7 was used 
in this study. With the cooperation of NSMC and NCAR, the 
regional ATOVS data were assimilated into the WRF 3D-Var 
system with RTTOV as the observation operator [37]. 

1.2.3  Data quality control 

A data quality control module determines which data go 
into the assimilation system, which has direct influence on 
the analysis. Therefore, the data quality control module is 
crucially important for satellite data assimilation systems. 
Data quality control was performed in two steps. First, a 
crude check was made based on the simulated and the ob-
served brightness temperature. The decision rule used was 
that the data will be used, if 150 < Tbobs

 < 350 and 
(Tbobs−Tbfg)

 < 15, and (Tbobs−Tbfg)²
 < (O²+B²), where Tbobs 

and Tbfg stand for observed and simulated brightness tem-
perature, respectively, and O and B for observation error 
and background field error. For the second step, a more 
careful check was done for different channels. To select the 
satellite data to use in the assimilation system, e.g., HIRS 
(20 channels), AMSUA (15 channels), and MHS (5 chan-
nels), channel composition information was used to check 
data quality. However, if the difference between simulated 
and observed brightness temperatures was large, then a fur-
ther determination of data quality was used: if |Tbobs−Tbfg| > 
3×|O|, the observed data were rejected. 

1.2.4  Radiation bias correction 

The bias correction module mainly corrects the systematic 
bias caused by the inaccuracy of the observation operator. 
The Harris and Kelly method [38] was used to correct the 
radiation bias in the assimilation system, and also followed 
Eyre’s method [39], i.e., by first calculating the scan-   
dependent correction and then an airmass-dependent correc-
tion for the residual. The scan-dependent correction is cal-
culated individually for 10° latitude bands. Northernmost 
and southernmost bands are broadened to give a reasonable 
capture of data and the correction is then smoothed between 
latitude bands to give a smooth transition across the band 
boundaries. The residual, i.e., the airmass-dependent bias, is 
modeled as a function of the following predictors taken 
from the NWP model background: 1000–300 hPa thickness, 
200–50 hPa thickness, surface skin temperature (SST), and 
total column water vapor. 

1.3  Feasibility analysis of snowstorm monitoring 
scheme based on ATOVS data assimilation 

Figure 1 shows the relationship of observed snow depth 
over the snowstorm region and the brightness temperature 
observed with channel 5 of the NOAA18/ATOVS MHS at 
06 UTC (06:00 UTC, the same below) of 28 January 2008, 
with a weighting function at 700 hPa indicating the water 
vapor transfer feature. Figure 1 also shows a cold zone 
ranging southwestwardly from the Yungui (Yunnan and
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Figure 1  Observed snow depth and brightness temperature at channel 5 of NOAA18/ATOVS MHS on 06 UTC 28 January 2008. Blue triangles and red 
dots are stations with snow depth more than or less than 12 cm, respectively. 

Guizhou) Region to the Yangtze-Huaihe Region, which 
corresponds to the water vapor transportation zone at 700 
hPa from the Indian Ocean to Bay of Bengal. The cold area 
in the background of observed brightness temperature 
agreed well with the observed area of heavy snowfall, while 
lower brightness temperature over the Yangtze-Huaihe Re-
gion corresponded to more heavy snowfall. Meanwhile, the 
brightness temperature decreased extensively over a large 
area, caused by cold air invasion current from Siberia into 
China, and coincides with the actually observed heavy 
snowfall over the region.   

Comparison of brightness temperature in channel 5 of 
NOAA18/ATOVS MHS and snow depth observation 
showed good agreement and therefore indicated that infor-
mation on temperature decrease and snowfall can be de-
duced from the satellite-observed ATOVS data. 

1.4  Design and verification of the regional ATOVS 
data assimilation experiment 

Snowstorms are often closely related to large scale circula-
tion events, but surface atmospheric state parameters drive 
several important snow physics evolution processes, such as 
snow-atmosphere radiative transfer, the hydrological proc-
esses in the snow (snow freezing, melting, evaporation, sub-
limation, and snow water transfer intra soil) and the sensi-

ble/latent heat fluxes at snow-atmosphere and snow-soil 
interfaces, etc. Therefore, with the given snow parameteri-
zation scheme, the accuracy of these surface atmospheric 
parameters will directly determine the accuracy of modeled 
snow parameters. The ATOVS assimilation system absorbs 
the ATOVS brightness temperature information into state 
variables. After ATOVS assimilation, a more accurate at-
mospheric circulation can be expected, with improved 
simulation of variables in every atmospheric layer and near 
the surface. Furthermore, accurate snow depth and snow 
water equivalent information could be derived by selecting 
the NOAH land surface sub-model in the WRF forecast 
model to delineate snow accumulation, sublimation, melting, 
and heat exchange at the snow-atmosphere and snow-soil 
interfaces. 

1.4.1  Design of assimilation experiment 

The objective in this study was to obtain high-resolution 
snow information (30 km×30 km) for the emergency ser-
vices during the South China snowstorm disaster by assimi-
lating regional ATOVS data and using the snow monitoring 
scheme described above. To this end, the experiment’s re-
gional center is set at the location, 115°E, 30°N, in the area 
southeast to Wuhan, which is located in the southeastern 
China, with a 30 km horizontal resolution and a 28 layer 
vertical resolution. The experiment is driven by NCEP 
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forecast fields and uses the following physical procedures: 
Mellor-Yamada-Janjic TKE Boundary Layer scheme, 
NOAH land surface model, Monin-Obukhov similarity 
scheme, Betts-Miller-Janjic cloud convection scheme, 
NCEP micro-physics scheme, RRTM long-wave radiation 
scheme, and the Dudhia short wave radiation scheme. The 
assimilation experiment is performed with 6-hour assimila-
tion windows at 00, 06, 12, and 18 UTC (corresponding to 
21–03, 03–09, 09–15, and 15–21 UTC), and was post- 
processed by NCAR-GRADS software. 

1.4.2  Verification of the assimilation scheme 

To verify the feasibility of the regional ATOVS data as-
similation scheme, the geo-potential height at 500 hPa from 
ECMWF and meteorological elements of typical observa-
tion stations from CMA were used to examine the effects of 
ATOVS assimilation. 

1) Comparison of geo-potential height fields. Figure 2 
presents information on geo-potential height with and 
without ATOVS assimilation on 06 UTC 28 Jan 2008. Fig-
ure 2 shows that the 540 contour line over Barekashi Lake 
of Kazakhstan and over Xinjiang in northwestern China was 
simulated more accurately with ATOVS assimilation. Also, 
the region with rich snowfall is evident in the difference 

chart of the initial field with and without ATOVS assimila-
tion. This indicates that ATOVS data influences the data 
assimilation system. 

2) Verification based on single station observations. The 
joint interaction of the Ural blocking high, the cold airflow 
from the north to the south, and the trough forming a water 
vapor jet transport belt in South China caused the prolonged 
cold surge and the severe frost disaster in South China. The 
geo-potential height and temperature at 500 hPa could 
closely reflect the Ural blocking high feature and the cold 
airflow from north to south. The wind field and water vapor 
at 700 hPa are the key factors in forming and maintaining 
the water vapor jet transport belt. The accuracy of these four 
elements determines the ability to correctly simulate the 
circulation pattern that caused the snowstorm disaster. 
Consequently, the temperature and geo-potential height at 
500 hPa and humidity and the wind fields at 700 hPa were 
selected to verify the influence of the assimilation. 

Guizhou was one of the regions most heavily damaged 
by the Disaster, so the meteorological observations at Gui- 
yang station (106.73°E, 26.58°N) were selected for verifica-
tion. In Figure 3, the simulated temperature, humidity, 
geo-potential height, and wind vector field at Guiyang sta-
tion with and without ATOVS assimilation were compared 

 

 

Figure 2  Geo-potential height fields comparison of 500 hPa. (a) ECMWF observed on 06 UTC 28 January 2008; (b) initialization without ATOVS as-
similation; (c) initialization with ATOVS assimilation; (d) the difference with and without ATOVS assimilation. 
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with actual observation data. Observations were sampled at 
00 and 12 (GMT), so these four simulated elements also 
were sampled at 00 and 12 (GMT), and time series data 
were compared during 10–30 Jan 2008, when the Frost 
Disaster was most severe. 

Figure 3 provides the following results: 1) For tempera-
ture, the simulations without and with ATOVS assimilation 
are both in good agreement with the observations, but with 
slightly better simulation with ATOVS assimilation. 2) For 
geo-potential height, the evolution with and without 
ATOVS assimilation is in accordance with the measure-
ments, but the modeled Geo-potential height after assimila-
tion shows better agreement with the observation than 
without assimilation. 3) For humidity, the evolution is in 
accordance with the measurements, with relatively larger 
absolute error, but with slightly better simulation after as-
similation than without assimilation. 4) For the wind vector 
field, the wind fields without and with ATOVS assimilation 
agree with each other, but with some improvement after 
assimilation. 

Figure 3 also indicates that there were five decreasing 
temperature processes, having occurred on January 12, 16, 
19, 25 and 28 respectively. The geo-potential height takes  
on the reverse phase compared to the temperature. The hu-
midity changes greatly with time, which correlates posi- 

tively with temperature changes, with 0.532 of correlation 
coefficient at 90% confidence level. The daytime tempera-
ture during days 19–24 is high and is stably maintained, 
while humidity fluctuates greatly between day and night. 
The RMSE (Root Mean Square Errors) and relative error 
showed that the simulation with ATOVS assimilation (i.e., 
after ATOVS assimilation) is improved, compared to that 
without assimilation (i.e., before assimilation, shorten as 
before hereinafter). Geo-potential height at 500 hPa, had a 
RMSE of 4.723 and 2.690 before ATOVS assimilation and 
after, with relative error of 0.078% and 0.043% before and 
after. Temperature at 500 hPa had a RMSE of 1.325 and 
1.047 K before and after, with relative error of 0.036% and 
0.029% before and after. Absolute humidity at 700 hPa, had 
a RMSE of 1.433×10−3 and 1.165×10−3 kg/kg before and 
after, with relative error of 17.568% and 14.591% before 
and after. 

Comparison of results with and without ATOVS assimi-
lation for the 500 hPa Geo-potential height with ECMWF 
analysis, four meteorological elements with observation and 
the RMSE scores indicate that simulation incorporating 
ATOVS improved the results, showing the practicability 
and reliability of the proposed regional ATOVS data as-
similation scheme. 

 

 

Figure 3  Comparison of observation and model results without and with ATOVS assimilation at Guizhou Station during January 10–30 of 2008 for air 
temperature (a), geo-potential (b), absolute humidity (c) and wind vector (d). 
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2  Calculation and validation of snow depth and 
snow water equivalent estimates based on 
ATOVS assimilation 

2.1  Calculation of snow depth and snow water equiva-
lent based on ATOVS assimilation 

In snow disaster monitoring, snow depth is among the most 
important parameters, but it is currently difficult to derive 
from remotely sensed data. Therefore, the WRF system was 
adopted to calculate and forecast snow information based on 
the NOAH land surface sub-model, which can accurately 
simulate the snow processes of snowfall, sublimation and 
thawing, and the snow-soil thermal interchange. With the 
proposed scheme, snow depth and equivalent water can be 
calculated using the following procedures [29]. 

When the air temperature near the land surface is below 
0°C, rain was converted into snow. The conversion from 
snow water equivalent to snow depth uses the formula 
Dsnow=Wsnow/ρsnow (where Wsnow and ρsnow are snow equiva-
lent water and snow density, respectively). These are added 
onto the original surface snow to give the primary estima-
tion of snow depth. Snow evaporation/sublimation and 
thawing are computed using iterative procedures: 

1) Calculate the potential evaporation based on first ini-
tialization of snow depth by 0 h s s a[ ( ) ].pE C V q T qρ= −  

Given the heat exchange, G, at the snow-atmosphere inter-
face, potential evaporation, Ep, can be calculated by solving 
the surface energy balance equation: 

 
0 h s s a

4
0 p h s a

  [ ( ) ]

(1 ) ( ),s

LC V q T q

S L T G C C V T T

ρ

α σ ρ↓ ↓

−

= − + − − − −
 

(1)
 

where ρ0 is air density, L latent heat coefficient, Ch water 
vapor drag coefficient, Cp the thermal capacity of the air, Ts 
surface skin temperature (surface snow temperature at the 
time of the previous iterative step), and other near surface 
parameters in the model, such as wind speed (|V|), air tem-
perature (Ta), and relative humidity (qa). The expression on 
the left-hand side of the equation represents the latent heat 
flux. The five terms on the right-hand side of equation stand 
respectively for downward short- and long-wave surface 
radiation, upward long-wave radiation, the sensible and 
latent heat fluxes at the snow-soil interface. Given the snow 
depth, the heat flux at the snow-soil interface is obtained by 
the formula G=Ksnow(Ts−Tsoil)/Dsnow, where, Tsoil is the soil 
temperature at the first layer, Ksnow is the thermal diffusivity 
for snow. Ksnow is set as 0.35 Wm/K. 

2) Next compute the snow evaporation/sublimation E 
from the above estimated Ep. If Dsnow≥Epδt, E equals Ep; if 
Dsnow<Epδt, E is estimated by E=Dsnow/δt, where δt is time 
step to invoke the land surface sub-model.  

3) Finally, simulate the snow melting process, given the 
snow evaporation/sublimation E. If Ts is below 0, snow will 

not melt and if Ts>0, evaporation/sublimation and melting 
will occur simultaneously. The snow melting process is 
derived iteratively by eq. (2): 

 
4

s

0 p h s a

  (1 )

( ) ,

S L T

G C C V T T Q

α σ

ρ

↓ ↓− + −

= + − +
 

(2)
 

where Q is the potential evaporation. To retrieve accurate 
snow melting parameters and the accumulated snow depth, 
the estimation process is iterated in three steps. First, Q 
(potential evaporation) is assumed to equal LE (actual 
evaporation/sublimation), and the effective surface skin Ts is 
iteratively estimated with eq. (2). Next, with the newly es-
timated Ts and the assumption that potential evaporation 
equals the sum of actual evaporation/sublimation and thaw-
ing (Q=LE+Lihm), eq. (2) can further be used to iteratively 
compute the thawing snow amount (hm). Finally, if the es-
timated thawing snow amount is larger than the residual 
snow h′m (defined as the residual land surface snow with 
evaporated/sublimated components deducted), then the re-
sidual snow will thaw completely and the land surface snow 
depth is 0. However, if hm is smaller than h′m, Ts is itera-
tively computed with eq. (2) with the assumption of 
Q=LE+Lih′m (where Li is the latent heat coefficient in terms 
of snow depth). The heat exchange G at snow-soil interfaces 
then can be estimated with the updated Ts, which is further 
used to calculate the final land surface snow depth, Dsnow. In 
addition, snow water equivalent can be computed using the 
formula Dsnow=Wsnow/ρsnow. It should be noted that snow 
density might vary spatially across the extensive China 
snow cover region, which influences the relation of snow 
depth and snow equivalent water. This aspect of snow den-
sity difference is not explored in this study. 

2.2  Validation of the modeled snow depth based on 
ATOVS assimilation 

WRF snow depth results both with and without ATOVS 
assimilation (during 2008.1.18–2008.1.30) were compared 
with ground observations at six typical ground stations as 
shown in Figure 4 (i.e., Yaoxian of Shanxi Province, 
Lushan of Jiangxi, Nanyue and Anhua of Hunan, Wuhan of 
Hubei, and Chuzhou of Anhui). The WRF modeled results 
with or without ATOVS assimilation both underestimated 
actual land surface snow depth, although the ATOVS as-
similation reduced this bias to a degree, especially during 
some time periods. 

The temporal consistency of model results with observed 
snow depth was examined with six typical stations of snow 
cover in Figure 4, whereas Figure 5 provides a spatial con-
sistency validation with 50 stations (randomly selected from 
320 snow observation stations). In Figure 5, the develop-
ment trend and process of NOAH-modeled snow depth 
agreed well with those from ground observations, which 
indicated that the WRF-coupled land surface model of 
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Figure 4  Snow depth comparisons of ground observations and WRF results with/without ATOVS assimilation. Six stations, on 10–30 January, 2008. 

 

Figure 5  Snow depth comparison of ground observations and WRF 
results with/without assimilation. 50 stations, on 28 January, 2008. 

NOAH could depict and model the snow processes in 
southern China during the 2008 Snowstorm. Both Figures 4 
and 5 indicated the improvement achieved by ATOVS as-
similation on the accuracy of WRF modeling results. The 
“underestimation” of the WRF may lie in the relatively 
coarse model spatial resolution of 30 km, as it is inconsis-
tent in the spatial scale to validate modeled results of 30 km × 
30 km region with the observation of a single ground point. 
In addition, systematic error of the WRF model may also 

lead to the “underestimation” since the result is biased 
whether ATOVS was assimilated (with RMSE of 4.819 cm) 
or not (with RMSE of 3.087 cm). 

In summary, the above analyses of spatial and temporal 
consistencies between WRF results and observed snow 
depth indicate that although the coupled ATOVS assimila-
tion is unable to completely remove the underestimation of 
the model results, it effectively depicts the development 
processes and snow depth trend, albeit with limited accu-
racy. This promises to be a practical and useful scheme for 
snow monitoring and analysis. 

3  Monitoring the 2008 Snowstorm in South 
China 

The regional ATOVS assimilation-based monitoring 
scheme for snowstorms described in the previous section 
can provide accurate and reliable information about snow 
depth and distribution, which has enabled us to analyze the 
spatial-temporal development processes of the 2008 Snow-
storm in South China. 

In general, snow cover characteristics in China vary dis-
tinctly with the region, so it is helpful to explore snow bal-
ance on the basis of snow cover zones for addressing spatial 
distribution characteristics of this snowstorm. The snow 
zone in the study takes into account both the conventional 
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Figure 6  ATOVS assimilation-based modeling results of snowfall ((a), (b)) and thawing (c). Unit: 1×107 m3. 

district-based scheme (i.e., eight regions, Northwest, 
Northeast, North China, Central China, East China, South 
China, Yungui Plateau, and Tibetan Region) and the 
snow-related characteristics in geomorphology and clima-
tology. Differing from the traditional scheme, the new zone 
divides the eastern, central, and western parts of Inner 
Mongolia respectively into the regions of Northeast, North 
China, and Northwest, and adjusts the Western Sichuan 
Plateau into the Tibetan Region, to make each snow region 
as geomorphologically and climatologically homogeneous 
as possible. The proposed snow forecast scheme can model 
snow depth variations of the land surface for certain periods 
(e.g., 00–06 Z), which can produce the variation of regional 
total snow volume by integrating depth with area informa-
tion. Figure 6 shows the modeled snow fall (a, b) and thaw-
ing (c) every 6 hours during 10 to 30 January, 2008, where 
the horizontal/vertical axes were time and snow volume 
variation every 6 hours (unit: 1×107 m3, referred as Unit 
later). Figure 6(a) indicates that the regions of Yungui, Cen-
tral China, and East China, where it rarely snows heavily, 
experienced an obvious snowstorm process during this pe-
riod. On 24 January, 2008, Yungui Region had a snow 
volume of about 1500 Unit, while the volume reached 
around the 1000 Unit level in the above three regions the 

same day. As the three regions are geographically located 
towards the east, this snow process showed a clear temporal 
sequence in its path, which agreed with those of related at-
mospheric processes. Figure 6(b) shows that the regions of 
Northwest and Tibetan Plateau had heavy snow from 17 to 
18 January 2008. Though the snowstorm mainly took place 
in South China, the traditional snow cover regions (i.e., 
Northwest and Northeast China) experienced even more 
heavy snowfall during this period due to their higher lati-
tude cold climates. Figure 6c shows the clear snow thawing 
processes on 13 and 15 January, 2008, (especially on 13 
January, with a thawing volume of over 400 Units), which 
agreed with meteorological conditions of that time. 

Based on meteorological observations, 10 January 
through 2 February 2008 saw four series of spatially exten-
sive snow and freezing weather events in South China. The 
regions of Anhui, Jiangsu, Hunan, southeastern Henan, 
northern Jiangxi, and northern Zhejiang had heavy snow 
and even snowstorms in some regions. In the regions further 
south, i.e., eastern Hubei, Guizhou, southern Anhui, and the 
region south to the Yangtze River, freezing rain and freez-
ing weather prevailed during that period. Among the four 
snow and freezing weather events, those of January 25–29 
(Storm C), and January 31–February 2 (Storm D) were 
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Figure 7  Spatial-temporal development of snow processes based on ATOVS assimilation. January 24–February 2, 2008. Snow water equivalent, in kg/m2. 

more heavy. Figure 7 shows the variation in simulated snow 
water equivalent (in kg/m2) based on ATOVS assimilation 
every 6 hours during January 24 to February 2 of 2008. 
Figure 7 ignores those periods with little variation in snow 
thawing and snow fall. The positive and negative values 

represent net snowfall increase and snow thawing during the 
6-hour period under discussion, respectively. The spa-
tial-temporal development of the two snow processes was 
presented in Figure 7. Temporally, two snow processes 
(Storms C and D) existed during January 25–29 and January 
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31 to February 2, during which the latter led to serious and 
extensive freezing and a snow disaster in South China 
(which agrees with related report [40]). Spatially, Storm C 
originated north of southern Gansu Province on January 24, 
and moved into Shanxi and Central China; on January 26, 
this storm basically was in the thawing stage, whereas on 
January 27, its region of influence continued to move east-
wardly into Hubei, Anhui, and northern Guizhou provinces. 
Storm D mainly affected the eastern region south to the 
Yangtze River, i.e., Jiangxi, Zhejiang, Hunan, Guangxi, 
Guangdong, and Guizhou. The storm was characterized by 
high intensity and high rate of development, reaching a 
snow water equivalent maximum of over 5 kg/m2 for a time. 
This storm ran southwardly down over Guangdong and 
Guangxi on February 1, and then began to thaw quickly on 
February 2. Generally, the temporal change in snow water 
equivalent every six hours corresponded closely with spatial 
movement patterns of related weather processes. The spa-
tial-temporal distribution of snowfall in Figure 7 also agreed 
closely with the statistical results of Figure 6 for snowfall 
and thawing. 

4  Discussion and conclusions 

4.1  Discussion 

During January of 2008, serious snow and freezing weather 
occurred in South China. NSMC adopted ATOVS and 
NCEP data to drive the 3D-Var assimilation-coupled WRF 
system to establish a monitoring scheme for this snowstorm. 
The monitoring scheme produced snow information at 
resolutions of 1 hour temporally and 30 km spatially. These 
results were further used to model snow development proc-
esses using equivalent water every 6 hours. The model’s 
results provided timely and valuable information for deci-
sion making related to the snow disaster. However, the 
modeled snow depth underestimated actual ground observa-
tions, which may result from systematic errors in the 
scheme. 

The snow monitoring scheme in this study was designed 
and implemented due to the urgent need for a snowstorm 
emergency service, so other sources of remotely sensed data 
or products were not considered in the scheme. Therefore, 
the suggested scheme requires further development and 
improvement with respect to these related issues to make 
snow event forecast information even more accurate. We 
recommend, firstly, that further use of satellite VIS/IR im-
ages and microwave imager data be explored as soon as 
possible. Secondly, the introduction of additional data 
sources requires further discussion and evaluation. The 
ATOVS data assimilated in the proposed scheme was ac-
quired by the NOAA-18 satellite. Three similar atmospheric 
vertical sounders onboard China’s new generation FY-3 
meteorological satellite, i.e., its Infrared Atmospheric 
Sounder (IRAS), Microwave Temperature Sounder (MWTS) 

and Microwave Humidity Sounder (MWHS), promise a 
new and reliable data source for storm monitoring in China. 
Therefore, future work on scheme improvements and data 
source extension can provide timely snow information with 
even higher accuracy for decision making for future snow-
storm emergencies. 

4.2  Conclusions 

This study analyzed the relationship between snowfall and 
satellite-observed brightness temperatures, and proposed an 
ATOVS assimilation-based scheme for snowstorm moni-
toring. Results were compared with ground observations to 
examine the forecasting improvements contributed by a 
coupled assimilation sub-model. Successfully modeling and 
analyzing the spatial-temporal processes of this snow and 
freezing weather demonstrated the practicability and reli-
ability of the proposed scheme. Through theoretical analy-
ses and case studies, the following conclusions can be 
drawn. 

1) Comparison of atmospheric circulation and snow 
depth before and after ATVOS assimilation validated the 
practicability and reliability of the proposed snowstorm 
monitoring scheme. 

2) The coupling of ATOVS assimilation can effectively 
model the development trends of weather-related elements, 
e.g., the RMSEs of the 500 hPa altitude field before and 
after assimilation were 4.723/2.690 m respectively; the 
RMSEs of the 500 hPa temperature field before and after 
assimilation were 1.325/1.047 K respectively; and the 
RMSEs of the 500 hPa absolute humidity fields before and 
after assimilation were 1.33×410−3/1.165×10−3 kg/kg re-
spectively. 

3) Though both the modeled results before and after as-
similation underestimated the actual snow depth, the 
ATOVS assimilation reduced the RMSE of snow depth 
from 4.816 cm to 3.087 cm, and the snow depth develop-
ment processes modeled by the data assimilation-based sys-
tem better agreed with ground observations. Thus, snow 
information can be used effectively to analyze the develop-
ment mechanisms and spatial-temporal processes of re-
gional snowstorms. 

4) The proposed scheme provided near-real time and 
valuable snow information for the 2008 Snow Storm in 
South China, which not only supported decision-making 
during the snow disaster emergency but also successfully 
developed a new field for the application of regional 
ATOVS data. 
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