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ABSTRACT

The research of coupling WRF (Weather Research and Forecasting Model) with a land surface model is enhanced to explore the
interaction of the atmosphere and land surface; however, regional applicability of WRF model is questioned. In order to do the
validation of WRF model on simulating forcing data for the Heihe River Basin, daily meteorological observation data from 15 sta-
tions of CMA (China Meteorological Administration) and hourly meteorological observation data from seven sites of WATER
(Watershed Airborne Telemetry Experimental Research) are used to compare with WRF simulations, with a time range of a whole
year for 2008. Results show that the average MBE (Mean Bias Error) of daily 2-m surface temperature, surface pressure, 2-m rela-
tive humidity and 10-m wind speed were —0.19 °C, —4.49 hPa, 4.08% and 0.92 m/s, the average RMSE (Root Mean Square Error)
of them were 2.11 °C, 5.37 hPa, 9.55% and 1.73 m/s, and the average R (correlation coefficient) of them were 0.99, 0.98, 0.80 and
0.55, respectively. The average MBE of hourly 2-m surface temperature, surface pressure, 2-m relative humidity, 10-m wind speed,
downward shortwave radiation and downward longwave were —0.16 °C, —6.62 hPa, —5.14%, 0.26 m/s, 33.0 W/m? and —6.44
W/m?, the average RMSE of them were 2.62 °C, 17.10 hPa, 20.71%, 2.46 m/s, 152.9 W/m? and 53.5 W/m?, and the average R of
them were 0.96, 0.97, 0.70, 0.26, 0.91 and 0.60, respectively. Thus, the following conclusions were obtained: (1) regardless of
daily or hourly validation, WRF model simulations of 2-m surface temperature, surface pressure and relative humidity are more
reliable, especially for 2-m surface air temperature and surface pressure, the values of MBE were small and R were more than 0.96;
(2) the WRF simulating downward shortwave radiation was relatively good, the average R between WRF simulation and hourly
observation data was above 0.9, and the average R of downward longwave radiation was 0.6; (3) both wind speed and rainfall

simulated from WRF model did not agree well with observation data.
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1. Introduction ily on these data to predict the land surface state when he
introduced the North American land surface data assimila-

The near-surface atmospheric elements including air tion system. Coupling or use of the General Circulation

temperature, pressure, relative humility, wind, precipitation
and radiation are called forcing data to drive hydrological,
land surface, and ecological models (Li et al., 2007). Cos-
grove et al. (2003) emphasized the importance of forcing
data, and pointed out that the land surface model relies heav-

Model (GCM) output to drive the land surface model is an
important source of forcing data for large-scale land surface
models (Miller et al., 1994; Amel, 1999; Nijssen et al.,
2001), however the spatial and temporal resolution can not
meet the requirements of a regional scale land surface model
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and its coarse resolution ignored regional environmental
impact assessment (Wilby et al., 1999). Thus, a regional
scale land surface model or land surface data assimilation
system needs forcing data with a higher temporal-spatial
resolution. Therefore, downscaling GCM output is necessary
in order to prepare for a long series of high spatial and tem-
poral resolution forcing data for regional scale or basin-scale
land surface, hydrological and ecological simulation and
assimilation.

Downscaling is a method of obtaining high-resolution
climate or climate change information from relatively
coarse-resolution GCMs (Wilby and Wigley, 2000). There
are two main approaches for deriving information on local
or regional scales from the global climate scenarios gener-
ated by GCMs (Wilby and Wigley, 1997, 2000; Wilby et
al., 2002): (1) numerical downscaling (also known as "dy-
namical downscaling") involving a nested Regional Cli-
mate Model (RCM) or (2) empirical statistical down-
scaling employing statistical relationships between the
large-scale climatic state and local variations derived from
historical data records. The major advantage of statistical
downscaling is saving computation resources (von Storch
et al., 2000; Fan et al., 2005, 2007). However, statistical
downscaling requires considerable amount of observation
data to derive the transfer function between the observed
small-scale variables and the larger scale variables, and it
is difficult to apply statistical downscaling for mountain
areas such as much of western China. Also, there is no
theoretical basis for its application when there is no sig-
nificant correlation between large scale climatic factors
and regional scale factors (Mearns et al., 1999). Dynamic
downscaling uses large scale climatic background infor-
mation to establish higher resolution meteorological dis-
tribution fields by GCMs (Giorgi and Mearns, 1999). Re-
gional climate model is considered to be an effective dy-
namic downscaling method to derive high-resolution local
climate information (Li et al., 2009). The model’s physical
meaning is clear, it is built on the nonlinear interaction
between large scale and regional scale, and can distinguish
local features characterized by local topography, vegetation
cover and soil hydrological processes (Giorgi and Bates,
1989; Hong et al., 1999), and can be used anywhere inde-
pendent of observation data with an improved description
of local features. With the rapid development of computer
hardware and software, regional climate models have been
widely promoted.

Kunstmann and Stadler (2005) and Kunstmann et al.
(2008) coupled Mesoscale Model 5 (MM5) into a distrib-
uted hydrological model called Water Balance Simulation
Model (WaSIM) for high resolution runoff simulation in the
catchment of the Mangfall River and developed a decision
support system in the Volta Basin, respectively. Jasper et al.
(2002) compared the performance of five different
high-resolution numerical weather prediction models (with
resolutions between 2x2 km? and 14x14 km?) for the pre-
diction of peak flows in the alpine Ticino-Toce watershed.
Yu et al. (2002) linked a Hydrologic Model System (HMS)

to RCM, which was designed to provide fine spatiotemporal
output for hydrologic and other applications, to simulate a
series of storm events passing over the Susquehanna River
Basin, and to simulate various hydrologic processes in soil,
land surface, and ground-water hydrology using observed
and modeled storm events.

It was convenient to couple RCM into a land surface
model, and the results from the coupled model were vali-
dated by observed land surface states, however, the valida-
tion of forcing data was not sufficient enough, especially
for high temporal resolution observed data (Bao et al.,
2006). Thus, the validation accuracy of forcing data from
RCM is important before input to drive the land surface
model. Due to the hourly observed data from WATER
Project (detail introduction about WATER see Li et al.,
2009), the forcing data from Weather Research and Fore-
casting Model (WRF) is validated by daily and hourly ob-
served data in our study.

2. Data and WRF model
2.1. Study area

This research was carried out in the Heihe River Basin,
China’s second largest inland river basin, which is located
between 97°24’'E-102°10'E and 37°41'N-42°42'N, and co-
vers an area of approximately 140,000 km? (Figure 1).
Landscapes are diverse, distributed from upper stream to
down stream: glacier, frozen soil, alpine meadow, forest,
irrigated crops, riparian ecosystem, desert, and gobi. The
Heihe River Basin is located in the central Eurasian conti-
nent, far from the sea, surrounded by high mountains; its
climate is mainly affected by the middle-high latitude west-
erlies and polar cold air mass circulation. Main climate
characters are dry, scarce and concentrated precipitation,
strong winds, abundant sunshine, strong solar radiation, and
a large temperature difference between day and night.

2.2. Data

The model was validated at 15 surface meteorological
stations maintained by the China Meteorological Admini-
stration (CMA) and seven observation-strengthened stations
setup by WATER project. Table 1 lists the geographical
characters at these stations. Data from CMA stations are
used for daily validation; the WATER’s are for hourly vali-
dation. All CMA data in 2008 are used for comparison, the
time span of WATER’s are listed in Table 2.

2.3. WRF model and its configuration and initialization

The WRF (Michalakes et al., 1998, 2001) model is a
next-generation mesoscale numerical weather prediction
system that serves both operational and research communi-
ties. This system consists of multiple dynamical cores,
preprocessors for producing initial and lateral boundary
conditions for simulations. WRF is built using software
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tools to enable extensibility and efficient computational air-quality modeling, wildfire, hurricane, tropical storm
parallelism. The use of WRF system has been reported in a prediction, and regional climate and weather prediction
variety of areas including storm prediction and research, (Michalakes et al., 2005).
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Figure 1 Heihe River Basin
Table 1 Geographic features at validation stations
Station type Station name Station 1D Altitude (m) Latitude (°N) Longitude (°E)
Ejin 52267 940.5 41.95 101.07
Mazongshan 52323 1,770.1 41.80 97.03
Guaizihu 52378 960.0 41.37 102.37
Yumenzhen 52436 1,526.0 40.27 97.03
Jinta 52447 1,270.2 40.00 98.90
Jiuquan 52533 1,477.2 39.75 98.55
Gaotai 52546 1,332.2 39.37 99.83
CMA Alashan 52576 1,510.1 39.22 101.68
Tuole 52633 3,367.0 38.80 98.42
Yeniugou 52645 3,320.0 38.42 99.58
Zhangye 52652 1,482.7 38.93 100.62
Qilian 52657 2,71874 38.18 100.25
Shandan 52661 1,764.6 38.80 101.08
‘Yongchang 52674 1,976.1 38.23 101.97
Gangcha 52754 3,301.5 37.33 100.13
ARou AR 3,032.8 38.04 100.46
Binggou BG 3,449.0 38.07 100.22
Guantan GT 2,835.2 38.53 100.25
WATER Huazhaizi Hzz 1,726.0 38.46 100.25
Maliantan ML 2,817.0 38.55 100.30
Yakou YK 4,146.8 38.01 100.24

Yingke Liizhou YL 1,519.1 38.86 100.41
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In this study, WRF is used for downscaling of weather
and climate ranging from one kilometer to thousands of
kilometers and used for deriving meteorological parameters
required for hydrological models. The model uses ter-
rain-following hydrostatic pressure coordinate system with
permitted vertical grid stretching (Laprise, 1992). Ara-
kawa-C grid staggering is used for horizontal discretization.
The model equations are conservative for scalar variables.
The detailed description of WRF is presented in Skamarock
et al. (2008). For this study, two way nested computational
domains of 41x55x28 and 101x121x28 grid points and
horizontal resolutions of 25 km and 5 km, respectively, have

been set. The first domain covers most of the Gansu Prov-
ince, ranging from 32.6°N to 47.4°N in latitude and
92.4°E-107.6°E in longitude (Figure 2). The second domain
covers the Heihe River Basin ranging from 37°N to 43°N in
latitude and 96.6°E-103.4°E in longitude. The model is ini-
tialized by real boundary conditions using NCAR-NCEP’s
Final Analysis (FNL) data (NCEP-DSS083.2, 2009) having
a resolution of 1°x1° (111 kmx111 km). A ratio of 1:5 is
maintained between resolutions of the outer domain and
FNL data to ensure reliable boundary conditions for the
model. The WRF simulations have been carried out on the
Dell R900, Ubuntu 9.10, g95 compiler with gcc.

Table 2 Time span of WATER station (whole year means year 2008)

Station ID Temperature Pressure Relative humidity Radiation Wind
AR Whole year Whole year Whole year Whole year Whole year
BG Apr.—-Dec. Apr.—Dec. Apr.—-Dec. Apr.-Dec. Apr.—-Dec.
GT Exclude Apr. Exclude Apr Exclude Apr. Nov. Nov.

HzzZ Jun.—Dec. Jun.—Dec. Jun.—Dec. Jun.—Dec. Jun.—Dec.
ML Jan~Jun.; Jan.—Jun. Jan.~Jun. Jan.=Jun. Jan.—Jun.
Nov.—Dec.
YK Whole year Whole year Whole year Whole year Whole year
Exclude May; Exclude May; i
YL Exclude Jul.-Sep. Exclude Jul.-Sep. Jan—Apr. Jan—Apr. Jan.; Oct-Dec.
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Figure 2 Nesting domain configuration for numerical experiment (blue cross means CMA stations, red dot means WATER stations)
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3. Results

temperature validation for WRF model in the Heihe Riv-
er Basin. Results show that WRF simulation agrees well

WRF model simulation was validated with daily CMA with observation data. R value of daily validation be-
and hourly WATER observation data for 2-m surface tem- tween WRF simulation and each CMA station is more than
perature, surface pressure, 2-m relative humidity and 10-m 0.97, the absolute of MBE for every station is less than 2 °C,
wind speed, were validated with hourly WATER observation and MBE of Ejin, Mazongshan and Alashan are near zero
data only for downward shortwave radiation and downward with R more than 0.98. R value of hourly validation be-
longwave radiation.
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Figures 3, 4, and 5 indicate the daily and hourly 2-m than 0.96.
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Figure 3 Daily validation of WRF 2-m air temperature
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Figure 5 Comparison of daily surface air temperature between WRF simulating and observed data in 2008 in Ejin station

Figures 6 and 7, with the same 2-m temperature, show
that surface pressure from WRF model agrees well with
observation data not only for daily but also for hourly vali-
dation. R value between WRF simulation and each CMA
station is more than 0.95, the absolute of MBE for every
station is less than 20 hPa, and there are 6 stations (total is
15) whose MBE are less than 2 hPa. Also, R value between
WRF simulation and WATER sites are more than 0.95.
There is an interval in the X-axis of hourly validation for AR
site, where the observation data was checked, and found that
when the pressure value is more than 700 hPa, the value
type is "integer"”, though others are "float". Thus, the data in
AR is not wrong but recorded in a coarse way.

Figure 8 shows that 2-m relative humidity of WRF
simulation is higher than most of CMA stations’ observa-
tion data, but Figure 9 does not show the same pattern at
all, the R values for daily validation are around 0.80, and
are around 0.68 for hourly validation.

WRF simulation of 10-m wind speed vyields better re-
sults in daily timescale than hourly ones (Figures 10 and 11),
the average RMSE of daily 10-m wind speed is around 1.73
m/s, which is better than hourly’s (around 2.46 m/s).

There is no daily observation data for downward short-
wave radiation and downward longwave radiation. Scatter-
plots of downward shortwave radiation show a better con-
vergence than downward longwave radiation, especially for
GT, ML and YK stations (Figures 12 and 13).

4, Discussion

Daily and hourly validation is summarized in Tables 3
and 4. The average MBE of daily 2-m surface temperature,
surface pressure, 2-m relative humidity and 10-m wind
speed were —0.19 °C, —4.49 hPa, 4.08% and 0.92 m/s; the
average RMSE were 0.11 °C, 5.37 hPa, 9.55 % and 1.73 m/s,
and the average R were 0.99, 0.98, 0.80 and 0.55, respectively.
The average MBE (not including HZZ station, it is discussed
later) of hourly 2-m temperature, surface pressure, 2-m rela-
tive humidity, 10-m wind speed, downward shortwave ra-
diation and downward longwave radiation were —0.16 °C,
—6.62 hPa, —5.14%, 0.26 m/s, 32.98 W/m’ and —6.44 W/m?;
the average RMSE were 2.62 °C, 17.10 hPa, 20.71%, 2.46
m/s, 152.911 W/m? and 53.53 W/m? and the average R
were 0.96, 0.97, 0.70, 0.26, 0.91 and 0.60, respectively.
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4.1. Error discussion

HZZ station is excluded in the hourly validation scatter
plots because of its larger error than others (Table 4). A rea-
sonable explanation is that the large error is mainly caused
by imprecise terrain information description in WRF mode,
so more precise terrain data was used instead of WRF’s.
Results show that WRF simulation with better terrain de-
scription agrees well with observation in HZZ (Figure 14).
Enhanced detail about the terrain replacing procession will
be discussed in another paper.

4.2. WRF simulation via reanalysis

NCEP Il and Princeton data were used to compare with
WREF simulation. NCEP Il and Princeton date were statisti-
cally downscaled by assuming a constant temperature lapse
rate (—0.65 °C/100 m) and a constant pressure lapse rate
(—10 Pa/100 m), and assuming relative humidity does not
change with elevation. Results (Figures 15 and 16) show
that WRF simulation of 2-m temperature and surface pres-
sure agree better with observation than NCEP 11 and Prince-
ton data, but it is not obvious for 2-m relative humidity.
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Figure 6 Daily validation of WRF air Pressure
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Figure 16 MBE, RMSE and R between observed data and NCEP reanalysis, Princeton reanalysis, WRF simulating in WATER stations
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5. Conclusions

Based on the WRF simulation daily and hourly valida-
tion from 15 CMA stations and 7 WATER stations observa-
tion, the following conclusions were obtained: (1) regardless
of daily or hourly validation, WRF model simulations of
2-m surface temperature, surface pressure and relative hu-
midity are more reliable, especially for 2-m surface air tem-
perature and surface pressure, the MBE were small and the
Rs were more than 0.96; (2) the WRF simulating downward
shortwave radiation was relatively good, the average R be-
tween WRF simulation and hourly observation data was
above 0.9, the average R of downward longwave radiation
was 0.6; (3) both wind speed and rainfall simulated from
WRF model did not agree well with observation data.
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