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The default fractional vegetation cover and terrain height were replaced by the estimated fractional vegetation cover, which
was calculated by the Normalized Difference Vegetation Index (NDVI) of Earth Observing System Moderate-Resolution Im-
aging Spectroradiometer (EOS-MODIS) and the Digital Elevation Model of the Shuttle Radar Topography Mission (SRTM)
system. The near-surface meteorological elements over northeastern China were assimilated into the three-dimensional varia-
tional data assimilation system (3DVar) module in the Weather Research and Forecasting (WRF) model. The structure and
daily variations of air temperature, humidity, wind and energy fields over northeastern China were simulated using the WRF
model. Four groups of numerical experiments were performed, and the simulation results were analyzed of latent heat flux,
sensible heat flux, and their relationships with changes in the surface energy flux due to soil moisture and precipitation over
different surfaces. The simulations were compared with observations of the stations Tongyu, Naiman, Jinzhou, and Miyun
from June to August, 2009. The results showed that the WRF model achieves high-quality simulations of the diurnal charac-
teristics of the surface layer temperature, wind direction, net radiation, sensible heat flux, and latent heat flux over semiarid
northeastern China in the summer. The simulated near-surface temperature, relative humidity, and wind speed were improved
in the data assimilation case (Case 2) compared with control case (Case 1). The simulated sensible heat fluxes and surface heat
fluxes were improved by the land surface parameterization case (Case 3) and the combined case (Case 4). The simulated tem-
poral variations in soil moisture over the northeastern arid areas agree well with observations in Case 4, but the simulated pre-
cipitation should be improved in the WRF model. This study could improve the land surface parameters by utilizing remote
sensing data and could further improve atmospheric elements with a data assimilation system. This work provides an effective
attempt at combining multi-source data with different spatial and temporal scales into numerical simulations. The assimilation
datasets generated by this work can be applied to research on climate change and environmental monitoring of arid lands, as
well as research on the formation and stability of climate over semiarid areas.
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The impacts of human activities and global climate changes
over semiarid northern China are important in the research
of global change and regional climate feedbacks (Tu et al.,
2006). Research has shown that the aridification of northern
China may be due largely to human activities, which may
have accelerated aridification (Fu et al., 2002). Living con-
ditions have been seriously threatened by lack of water re-
sources, eco-environmental degradation, and desertification
during the last 30 years in northern China (Fu et al., 2008).
Therefore, it is important to study the drying trends and
their causes in northern China. Many field experiments have
been done over northern China to study land-atmosphere
interactions during the entire year, rather than only observ-
ing turbulence flux during the Intensive Observation Period
in the summer (Cheng et al., 2010; Huang et al., 2008).
Numerical modeling has become an important tool and
integrates land surface observation experiments, remote
sensing technology, and data assimilation methods to study
land-atmosphere interactions over complex surfaces (Chu et
al., 2005; Li et al., 2007; Liu et al., 2004; Liu et al., 2006;
Wen et al.,, 2012). Numerical modeling, such as the Ad-
vanced Regional Prediction System (ARPS) (Xue et al.,
2000), Pennsylvania State University’s fifth-generation Na-
tional Center for Atmospheric Research Mesoscale Model
(MMS) (Grell et al., 1994) and the Weather Research and
Forecasting (WRF) model (Janjic et al., 1998), can already
be used to simulate local-scale land surface processes and
large eddy simulations with high spatial resolution (Meng et
al., 2009). Many researchers have used the data assimilation
method to assimilate land surface observations, satellite data,
and Doppler radar data to improve the simulations with re-
spect to soil moisture, soil temperature, and surface energy
flux (Li et al., 2007; Pan et al., 2012b; Wen et al., 2012).
The data assimilation method is used to integrate observa-
tions with numerical simulations. The observations can be
both direct and indirect data from different sources with
variable temporal and spatial resolutions. The output from
assimilation datasets includes land surface variables with
spatiotemporal and physical consistency (Li et al., 2007).
The Three or Four Dimensional Variational Assimilation
(3/4 D-Var), Optimal Interpolation (OI) method and En-
semble Kalman Filter (EnKF) algorithm are used in the data
assimilation program, and great improvements have been
made in assimilation theory research and the assimilation
system in recent years (Barrett et al., 2009; Chen et al.,
2007; Irmak et al., 2009; Kumar et al., 2009; Li et al., 2010;
Yang et al., 2009). The Doppler radar radial velocity data
and reflectance data were assimilated in the WRF model
using the Proper Orthogonal Decomposition (POD)-based
Ensemble Three-Dimensional Variational data assimilation
method (PODEn-3DVar) to improve the modeling of pre-
cipitation (Pan et al., 2012b). The Land Data Assimilation
System (LDAS) of west China (Li et al., 2007) uses the
Common Land Model (CoLM) coupled with a microwave
radiation transfer model, which includes the soil freeze-

thaw process, snow cover, and different land-surface char-
acteristics. Microwave observations, such as the Special
Sensor Microwave/Image (SSM/I), and the brightness tem-
perature data from the Advanced Microwave Scanning Ra-
diometer-Earth Observing System (AMSR-E) were assimi-
lated into the LDAS systems. Finally, the high temporal-
spatial resolution data, such as soil moisture, soil tempera-
ture, snow, frozen soil, sensible heat flux, latent heat flux,
and evapotranspiration data, over northwestern China were
generated in these systems. The Jinta high-resolution data
assimilation reanalysis dataset was produced by WREF-
3DVar system, which includes pressure, wind, temperature,
and humidity at 19 levels, soil temperature and moisture at
4 levels, and radiation and heat fluxes at ground level from
June to August 2008 with 1-km horizontal resolution over
the Heihe River Basin near the Jinta Oasis (Wen, 2011).
This reanalysis dataset could be used in further research on
the long-period climate effects and characteristics of the
atmospheric boundary layer over the Oasis-Gobi system.

In this study, the Green Vegetation Fraction (GVF) data,
which are derived by satellite remote sensing from the Earth
Observing System (EOS) MODIS Normalized Differential
Vegetation Index (NDVI) (http://ladsweb.nascom.nasa.gov/
data/search.html) data from June to August 2009, and the
Digital Elevation Model (DEM) data from the Shuttle Radar
Topography Mission (SRTM) (http://datamirror.csdb.cn),
are used to replace the default data in the WRF model.
These factors improve the simulation of the land-atmos-
phere interactions and water-energy cycling processes over
semiarid northeastern China. Meanwhile, the near-surface
wind speed, wind direction, pressure, air temperature, rela-
tive humidity, and dew point temperature data, which were
obtained from 47 automatic weather stations, were also as-
similated into the WRF model. The heat flux data from
Tongyu, Naiman, Jingzhou, and Miyun stations are selected
for comparison with the simulations. The purpose of this
work is to provide a new way to better understand the land
surface processes of the northeastern semiarid region of
China, thereby promoting a sustainable development of ag-
riculture and forestry.

1 Brief description of data

1.1 Description of the WRF model and the numerical
experiment

The WRF model is a next-generation mesoscale forecast
model and data assimilation system that will advance the
understanding and prediction of mesoscale weather and
accelerate the transformation of research advances into
practical applications. It was developed collaboratively by
the National Center for Atmospheric Research (NCAR) and
the National Centers for Environmental Prediction (NCEP)
(Janjic et al., 1998). The nonhydrostatic WRF version 3.4.1
modeling system, released in August 2012, is used in this



study.

A double-nested grid system centered at 42.78°N,
120.41°E is used in this study. The model configurations of
the nested domains are listed in Table 1. The simulation
time began at 08:00 (Beijing Time) June 1 and ended at
23:00 (Beijing Time) August 31, 2009. The 6-h, 1°x1°
NCEP Final Analysis (FNL) from the Global Forecast Sys-
tem (GFS) provided initial and lateral boundary conditions
for the WRF model. In the vertical dimension, 27 unevenly
spaced full Eta levels were defined. Based on a series of
tests, a set of physical options within the WRF model were
selected. The planetary boundary layer processes were re-
solved with the Mellor-Yamada-Janjic scheme (Janjic, 1990;
1996; 2002). The microphysics were described with Lin’s
scheme (Lin et al., 1983), and the cumulus clouds were
simulated with the Kain-Fritsch convection scheme (Kain et
al., 1993) (only for domain 1 and no convection scheme for
domain 2). The Rapid Radiative Transfer Model (RRTM)
(Mlawer et al., 1997) and the Dudhia shortwave radiation
scheme (Dudhia, 1989) were used to calculate longwave
and shortwave radiation and their transfer within the at-
mosphere. The Noah land surface model with four soil lay-
ers was used to resolve land surface processes within the
WRF model (Chen et al., 2001a; 2001b). The schematic
diagram of the simulated nested domains and distribution of
observation sites is shown in Figure 1.

To discover the effects of changes in the underlying sur-
face conditions and assimilation effect of the water-energy
cycle over this area, four sets of simulations were per-
formed:

Case 1: Control experiment. A control experiment was
performed in which all parameters and land use categories
were the default values in the WRF model. The Land
use/Vegetation type data was derived from the MODIS data
in the simulated area, and the initial fields was obtained
from the NCEP-FNL 1°x1° gridded analysis data.

Case 2: Data assimilation experiment. The near-surface
wind speed (m s, wind direction (°), pressure (hPa), 2-m
air temperature (K), relative humidity (%), and dew-point
temperature (K) at 14:00 local time were obtained every
day by 47 local automatic weather stations and were assimi-
lated into the WRF model. With the WRF model running 24
h a day, the newly observed data were continually assimi-
lated and the boundary conditions were updated. The pur-
pose of this experiment is to provide global optimum values
for surface atmospheric conditions, and the simulated re-
sults were adjusted by observations. The assimilation pro-

Table 1 Model configuration of nesting structure of two grids

cess was as follows:

According to three-dimensional variational assimilation
theory, which minimizes the following cost function
(Courtier, 1997; Lorenc, 1986):

J=3[HE@ -y ] R [Hw-y"]
+(x—x”)T B“”(x—x”), ey

where x is the analysis vector (on model grid points), x” is
the background vector (on model grid points), y’is the ob-
servation vector (on observation sites), and H is the (non-
linear) observation operator that converts model variables to
observations. B is the background error covariance matrix,
which decides how the observation information can be dis-
tributed in the analysis domain. R is the observation error
covariance matrix that includes the effects of both instru-
ments and representativeness, ()" indicates transposition
and (-)”! indicates inversion. Further details about the com-
ponents and real-time applications of the 3DVAR system
have been reported in Barker et al. (2004) and Gu et al.
(2005). The schematic diagram of cycle assimilation is
shown in Figure 2.

Case 3: Land surface parameterization sensitivity ex-
periment. The default vegetation coverage was recalculated
and replaced by 1-km resolution MODIS NDVI data from
June to August 2009. The default terrain height data were
replaced by DEM data, which were produced by the SRTM
system and resampled using the fine domain. The pixel ag-
gregate method is used to resize and scale up the DEM data
to match the corresponding grid. The new terrain height
values are more accurate than the default (Figure 3). The
GVF data in the default model are derived from the monthly
global NDVI data, which use the dimidiate pixel method by
Gutman and Ignatov (1998), for the period from 1985 to
1990, but the spatial resolution of default GVF in the fine
domain is lower than the MODIS NDVI data. The new
GVF data are calculated by the Terra-MODIS vegetation
indices products (MOD13A3 Level 3 Monthly Vegetation
Indices) and interpolated to the corresponding model grid
using the pixel aggregate method. We used the 25-km spa-
tial resolution GVF data for domain 1 and the 5-km spatial
resolution GVF data for domain 2 (Figure 4). The purpose
of this experiment is to provide more accurate land surface
conditions in the WRF model and improve energy transfer
processes between the land and the atmosphere.

Because the near-surface atmospheric elements, such as
2-m temperature and pressure, are affected by terrain height,

Grid ID Center lon-lat Domain dimension Model resolution (km) Time step (s) Data resolution
1 103°E, 38°N 230x160 25 120 10 min
2 120.41°E, 42.78°N 136x136 5 24 30s
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Figure 2 The schematic diagram of assimilate observation data.

it is necessary to use the more accurate terrain height infor-
mation in the WRF model. Liu et al. (2007) and Pan et al.
(2012a) used the mesoscale atmospheric model to research
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40°N
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the local climate over the Heihe area in northwestern China.
They showed that the simulation is improved by using more
accurate land surface conditions, including GVF data and
terrain height.
The GVF is obtained using the relationship by Gutman
and Ignatov (1998):
NDVI-NDVI .

GVF= ——————mn | ()
NDVI,_ —~NDVI

where GVF is Green Vegetation Fraction (%), NDVI,;, and
NDVI,,.,x are the signals from bare soil (Leaf Area Index
(LAI)—0) and dense green vegetation (LAI— o), respec-
tively, which are the minimum and maximum values over
the research area.

The default GVF is clearly different from the new GVF,
which is derived from MODIS NDVI data in domain 2 from
June to August 2009. The new GVF not only is more accu-
rate than the default value, but also can reflect variation
trends over a simulated area. The GVF was lower than de-
fault value by 10%—20% over the northwestern area of the
Inner Mongolian Plateau and higher by 10%-20% in the
central and northeastern areas (Liu et al.,, 2012). These
changes indicate that the default GVF uses outdated monthly
surface vegetation coverage from over 20 years ago. How-
ever, the GVF has changed rapidly in recent years, and the-
se changes may reflect the effects of human activity in
northeastern China. The new research has also indicated
that the LAI has decreased by approximately 1 m* m™
compared with the averaged value of the past 30 years
across the eastern area of Inner Mongolian Plateau (http://
www.csi.gov.cn/).

Case 4: Integration experiment. Case 2 and Case 3 are
integrated in this experiment. The default terrain height and
GVF has been replaced by the new data in the initial fields
and the observations from auto weather stations have been
assimilated every day. The purpose of this experiment is to
provide more accurate land surface conditions and global
optimum values of atmospheric fields, and the simulation
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Figure 3 The elevation maps for the default data Case 1 (a) and the SRTM system data Case 3 and Case 4 (b).
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Figure 4 Green Vegetation Fraction (%) maps for the domain 2 from the default data. Interpolated from AVHRR data (a)—(c), and MODIS data (d)—(f).

(a), (d) for June; (b), (e) for July; (c), (f) for August 2009.

results could be improved conspicuously.

1.2 Description of automatic weather station data and
flux data

The 6-h near-surface meteorological data of 47 automatic
weather stations were collected from the National Meteoro-
logical Information Center (NMIC) of the China Meteoro-
logical Administration (CMA). The data include the near-
surface temperature, pressure, relative humidity, wind speed,
and wind direction data from June to August 2009, and the
locations of these stations are shown in Figure 1. These data
are subjected to quality control and inspection by the NMIC
prior to use.

Currently, flux data have been collected at the Tongyu,
Naiman, Jinzhou, and Miyun flux stations from June to
August 2009 as a part of the “Northern China Observation
Cooperation and Interaction Research in Semiarid and Arid
Regions Project”. The observation data include wind speed
and direction at 10 m, air temperature and humidity at 2 m,
surface pressure, net radiation, sensible heat flux, latent heat
flux, and soil moisture, temperature and soil heat flux at
0.05 m. The instruments of these stations are similar and set
at a uniform height. These instruments include a CO,/H,0
open-path gas analyzer (Li-Cor, Li-7500), a three-dimen-
sional sonic anemometer (Campbell, CSAT3), a tempera-
ture and relative humidity probe (Campbell, HMP45C), a

solar radiation instrument (Kipp & Zonen, CNR-1 or Ep-
pley, PSP and PIR), a rain gauge (Campbell, TE525 or
RMYoung 52202/52203), a soil heat flux plate (REBS,
HFT-3, HFPO1 probe), and a water content reflectometer
(Campbell, CS616). The sensors are set horizontally. The
terrains surrounding the stations are open and level, within a
radius of several hundred meters. The instruments are ad-
vanced and precise. All instruments are under the same cal-
ibration and maintenance. The observation data are sub-
jected to uniform quality control: the flux data are moni-
tored via remote control and the regulated check method.
The EdiRe tool is used to remove the outliers, rotate coor-
dinates, and calculate turbulent flow stabilities and lag cor-
relations of CO, and H,O, which allows the final, more ac-
curate flux data to be generated (Zeng et al., 2012a).

Parallel comparison tests for some instruments indicate
that the differences between stations in sensible heat data,
latent heat data, and momentum fluxes measured by the
eddy correlation method do not exceed 8§ W m"z, 8 W m?>,
and 0.02 kg m™ s, respectively. The differences in soil
heat fluxes do not exceed 11 W m™, and the differences in
the surface net radiation data and the radiation components
are smaller than 10 W m™. These instruments have high
consistency and their comparative errors are small, which
meet the technical requirements (Zhang et al., 2012). The
geographic information on the four flux stations is shown in
Table 2.
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Table 2 Information about four flux stations over northeast semiarid region *

)

Number Stations Latitude & longitude Elevation (m) Area (km?) Observation height (m) Underlying surface
1 Tongyu 44.56°N, 122.88°E 184 >0.5 3 Cropland/grassland
2 Naiman 42 .92°N, 120.70°E 361 0.003 2 Desert/oasis
3 Jinzhou 41.14°N, 121.20°E 22 0.5 3.3 Cropland
4 Miyun 40.63°N, 117.32°E 350 >1.2 26.7 Cropland

a) The observation heigh indicate the height of eddy correlation system, and the area include observation site-centred, flat and open terrain area (Zeng et

al., 2012a).

2 Model results
2.1 Near surface temperature and relative humidity

The observations and simulations are collected and com-
pared from Tongyu, Naiman, Jinzhou, and Miyun flux sta-
tions from June 20 to 30, 2009. Figure 5 is the time series
comparison of 2-m temperature and relative humidity.
Clearly, the characteristics of the diurnal variations in the
temperature and the relative humidity can be simulated well
in all cases. The simulated temperature values are higher
than the observations at Tongyu and Naiman from June 28
to 30, and lower than the observations at Jinzhou in Case 1
and Case 3 from June 20 to 22. The simulated temperatures
in Case 2 and Case 4 are closer to the observations. The
simulations of the relative humidity are lower than observa-
tions in all cases at night, but the simulated values in Case 2

® Observation

7 (a) Tongyu /

Temperature (°C)

Jun 22 Jun 24 Jun 26 Jun28  Jun 30

0
Jun 20

and Case 4 are higher than those in Case 1 and Case 3 at
night and are closer to the observations. The averaged tem-
perature is 21.3°C at Tongyu from June to August, and the
simulated average temperature of the simulations is 22.9°C,
22.8°C, 22.8°C, and 22.7°C in each of the four cases, re-
spectively. The simulated average temperatures in Case 2
and Case 4 are also close to the observations of the other
flux stations (table omitted).

The root mean square error (RMSE) represents the sys-
tematic and non-systematic (random) error and consists of
the general error of the model. The bias error is the mean
variation between the observations and simulations, which
represents the systematic error portion (Case et al., 2008).
This error is usually related to the physical processes, pa-
rameterization schemes, and numerical calculations in the
model. The error statistics (Table 3) show that the RMSE is

——Case 1 —— Case 2 —— Case 3 ——Case 4

Relative humidity (%)

Jun 20 Jun 22 Jun 24 Jun 26 Jun 28 Jun 30

Figure 5 Comparison of observations and simulations of near surface temperature (°C) and relative humidity (%) at Tongyu, Naiman, Jinzhou, and Miyun.



Table 3 RMSE, bias and correlation coefficient (R) of air temperature, relative humidity, and wind speed in all cases®

)

Temperature (°C)

Relative humidity (%)

Wind speed (m s

Tongyu Naiman Jinzhou Miyun Tongyu Naiman Jinzhou Miyun Tongyu Naiman Jinzhou  Miyun
Case 1 3.46 3.14 2.90 3.75 21.56 - 20.32 20.53 2.36 3.12 3.03 2.58
Case 2 2.83 2.77 2.94 3.77 19.18 - 21.94 21.78 2.08 2.81 2.99 252
RMSE Case 3 3.27 2.95 3.36 3.79 19.85 19.58 21.72 2.30 3.08 297 252
Case 4 2.96 2.69 3.19 3.72 18.12 19.84 20.09 2.23 2.73 272 2.38
Case 1 1.06 -0.12 0.32 —-1.83 -9.51 - -11.32 -4.96 -0.20 1.63 1.92 1.62
) Case 2 1.08 0.15 0.73 -1.17 -9.04 - -11.19 -5.02 -0.25 1.36 1.85 1.79
Bias Case 3 1.16 -0.52 -0.28 -1.26 -10.0 -7.26 =5.71 -0.33 1.52 1.57 1.63
Case 4 0.65 0.00 0.53 -0.97 —6.69 -8.92 —4.64 -0.13 1.13 1.31 1.54
Case 1 0.81 0.83 0.81 0.73 0.55 - 0.64 0.62 0.52 0.07 0.14 0.14
Case 2 0.87 0.86 0.81 0.70 0.65 - 0.59 0.57 0.58 0.21 0.21 0.31
K Case 3 0.84 0.85 0.76 0.70 0.64 0.57 0.56 0.44 0.07 0.05 0.20
Case 4 0.85 0.88 0.81 0.70 0.66 0.60 0.62 0.53 0.15 0.13 0.27

a) The gray values indicate the lowest values of RMSE and bias, and the highest values of R in all cases.

lower at Jinzhou in Case 1, and lower at Tongyu in Case 2,
and has the lowest values at Miyun and Naiman in Case 4.
Although the bias of Case 3 is lower than that of other cases
at Jinzhou, the bias errors of the other stations are at the
lowest values in Case 4, which shows that the deviation
value between the observations and simulations is at a
minimum in Case 4.

Though the default GVFs at Tongyu station grid are
16.5%, 30.3% and 49.7% from June to August, the GVFs
calculated by MODIS-ENVI data are 27.6%, 40.8%, and
47.1% in Case 3 and Case 4. The GVF is higher than the
default value in June and July, and therefore the simulated
value of relative humidity is higher than that in Case 1 and
is closer to observations in June and July (figure omitted).
The observed values of relative humidity are almost 100%
at night from June to July, (the maximum value of relative
humidity in the near-surface) due to evaporation from veg-
etation. The simulated values of relative humidity are much
closer to the observations in Case 3 and Case 4. The error
statistics and correlation coefficients between the simula-
tions and observations from the four flux stations are listed
in Table 3. There is a great improvement in the near-surface
relative humidity simulations in Case 4, and the RMSE and
bias errors are the lowest and the correlation coefficients (R)
the highest at Tongyu and Miyun.

Comparisons between observations and simulations of
near-surface wind speed and direction of the four flux sta-
tions from June 20 to 30, 2009 are shown in Figure 6. Be-
cause of uncertainty and randomness in atmospheric turbu-
lence, the simulated wind speed value is currently not very
good in all mesoscale models (Hanna et al., 2001; Wen et
al., 2012). However, the trends of the wind direction can be
simulated well, especially the strong background wind con-
ditions. The simulated values of wind speed are larger than

the observations in all cases, except at Tongyu. The correla-
tion coefficients of simulated and observed wind speeds are
between 0.44 and 0.58 at Tongyu, and the bias error is neg-
ative, which indicates that the simulated values are lower
than the observed values. However, the correlation coeffi-
cients are between 0.05 and 0.31 at the other stations, and
the bias errors are between 1.36 and 1.92. The model may
underestimate the surface roughness length of the underly-
ing surface, which may therefore lead to higher wind speeds
in the simulations.

The error statistics are listed in Table 3. The RMSE of
the wind speed simulations in Case 4 is the lowest of all the
cases, with the exception of Tongyu, but the bias error is the
lowest of all, including Tongyu. These errors indicate that
there is a great improvement in the simulation of surface
wind speeds in Case 4. The correlation coefficient in Case 2
is the highest of all the cases, which indicates that the varia-
tion trends are closer between observations and simulations
in the data assimilation case (Case 2). The bias error of the
wind speed simulation in Case 2 is lower than Dong’s result
(2011) from the summer of 2006, and the correlation coeffi-
cient increases from 0.26 to 0.58.

In general, due to the near-surface meteorological ele-
ments assimilated into the WRF model and the higher GVF
in the flux site grids, the simulated peak value of air tem-
perature is lower and the peak value of relative humidity is
higher at night. Therefore, the simulation results in Case 2
and Case 4 are better than those in Case 1. Observations and
simulations of near-surface temperature are in good agree-
ment in Case 4. The simulated relative humidities in Case 3
and Case 4 are better than those in Case 1. Because the sat-
ellite data are integrated into the initial field of the WRF
model, the GVF of the underlying surface is closer to the
true situation, and there is a significant improvement in the
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Figure 6 Comparison of observations and simulations of near surface wind speed (m s™') and wind direction (°) at Tongyu, Naiman, Jinzhou, and Miyun.

simulations of relative humidity, which agree much better
with the observations. The simulated relative humidity is
closer to the peak value at night than that in Case 1. How-
ever, the current simulations of wind speed in mesoscale
model are generally too large, which may be due to the
lower roughness length value of the land surface model.
Despite this, wind direction trends and wind speeds can be
simulated well (Figure 6).

2.2 Surface-energy fluxes

The radiative transfer and energy exchange processes be-
tween the near-surface soil-vegetation-atmosphere impact
the climate, environment, and atmospheric circulation. En-
ergy in the soil is received from solar shortwave radiation
and atmospheric longwave radiation. At the same time,
shortwave radiation and longwave radiation are reflected by
the ground and atmosphere. Therefore, the surface energy
balance is affected by the simulated radiation flux and af-
fects the distribution of the sensible and latent heat fluxes.
Because the ground surface heat flux is very difficult to
measure directly, the ground heat flux is calculated by using
the soil heat flux data, soil temperature, and soil volumetric
water content at 5 cm. The equation is as follows (Tanaka et
al., 2001; Yang et al., 2008):

Gsfc = GZ +J‘ZCS a_TdZ’ (3)
o Ot
C‘s = (1 - ﬂsat )pdcd + ﬂwpwcw b4 (4)

where G is the soil heat flux at 0 cm, G, is the soil heat
flux at 5 cm, z is 5 cm depth, C; is the soil volumetric heat
capacity, T is the averaged temperature between O to 5 cm,
and (1—-77s)paCq represents the volumetric heat capacity of
dry soil. Due to the lack of the soil texture classification
data, soil textures are classified according to United States
Department of Agriculture (USDA), and the soil types used
in the model grid are CLAY LOAM, SANDY LOAM,
CLAY LOAM, and LOAM at Tongyu, Naiman, Jinzhou,
and Miyun stations, respectively. The volumetric heat ca-
pacity value is 1.23, 1.34, 1.23, and 1.21 MJ m™ K", re-
spectively (Tanaka et al., 2001). The variables 7, p,, and
C, represent soil volumetric water content, liquid water
density (1.00x10° kg m™), and the specific heat capacity of
liquid water (4.18x10” J kg™ K™), respectively.

Figure 7 shows the comparison between observations and
simulations of net radiation, latent heat flux, sensible heat
flux, and ground heat flux from June 20 to 30, 2009 at the
Tongyu station. It can be observed that the net radiation
peak value can reach 600 W m™ at Tongyu. This result is
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Figure 7 Comparison of observations and simulations of net radiation, latent heat flux, sensible heat flux, and ground heat flux from June to August 2009

at Tongyu.

consistent with Zeng and Zhang (2012b) and Tu et al.
(2006), but the peak value is less than that on crop land in
the Heihe River Basin (Ma et al., 1997; Meng et al., 2009;
Wen et al., 2012; Yan et al., 2001). The diurnal variation
characteristics of net radiation can be simulated well in all
cases. The simulated latent heat flux is obviously less than
the observed values in Case 1 because the GVF at Tongyu
station is 16.5% in the default model, but 27.6% in Cases 3
and 4 in June. Thus, the increase in the GVF leads to an
increase in latent heat flux. The error statistics (Table 4)
clearly show that the simulations of latent heat flux have
obviously improved at Tongyu and Naiman, but the Bias
error has increased at Jinzhou and Miyun. One possible
reason may be that variations in the latent heat flux are
closely related to the soil water content over arid regions in
summer. The summer precipitation has clearly shown local
climate characteristics. Therefore, the bias error appears due
to the limitation of the model’s horizontal resolution in simu-
lating latent heat flux. Another reason may be that the bias
error is caused by the coarse grids in model due to the lim-
ited representation of the stations. The simulated sensible
flux values are higher than observed values in all cases. The
bias error is the lowest at Naiman, and RSMEs and Bias
errors in Cases 3 and 4 are less than those in Case 1. Be-
cause the GVF at the Naiman and Tongyu stations are less

than those at Miyun and Jinzhou, the surface temperatures
of the former two are higher than the latter two, which leads
to strong sensible heating over the ground surface. The simu-
lated peak value of sensible heat flux at Tongyu is larger
than the observed peak from June to July, but smaller in
August. The characteristics of the diurnal variation of sensi-
ble heat flux have been simulated well in all cases (figure
omitted). The ground heat flux can be simulated well in all
cases, and the peak values of ground heat flux can reach 100
W m™? during the daytime, when energy is transferred from
the atmosphere to the soil and retained in the soil. The
minimum values of ground heat flux are approximately —50
to =70 W m* at night, when energy is transferred from the
soil to the atmosphere. Simulated ground heat flux values at
Tongyu are higher than the calculated values during the day
because lush crops surround the Tongyu station. This vege-
tation makes the GVF greater than 80% in actuality, but the
GVF value in corresponding model grid is lower than the
true value. Solar radiation reaches the ground surface during
day and a part of this is absorbed by vegetation, which re-
duces the energy transferred from the surface into the deep
soil layer. This, in turn, can lead to simulated ground heat
flux values higher than those observed during daytime and
lower than observed during nighttime. In addition, the lack
of the actual soil type data for the observation sites could
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also affect the soil heat capacity, which leads to errors in
calculating the soil heat flux at 5 cm. The daily averaged
integral values of ground heat flux are 0.43, 0.74, 0.55, and
0.5 MJ m™? at Tongyu, Naiman, Jinzhou, and Miyun, re-
spectively. The portion of ground heat flux in the net radia-
tion is 4.3%, 6.8%, 3.8%, and 4.2% for each site, respectively.
The daily averaged integral values of ground heat flux
across the Jinta oasis in the Heihe River Basin range from
0.7 to 0.9 MJ m™>, slightly higher than the values of the
semiarid northeastern region (Wen, 2011). The reason may
be that there are fewer rainy and cloudy days and more sunny
days in the northwestern region during summer, and therefore
more solar radiation is received compared with the northeast-
ern region, leading to more energy heat reserved in the soil.

In general, the characteristics of diurnal variation of the
net radiation and surface energy flux over the semiarid re-
gions can be simulated well in Cases 2—4. The GVF and the
terrain height accuracy have been improved in Case 3 and
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Case 4, which led to improvement in the simulations of la-
tent heat flux, sensible heat flux, and ground heat flux at
Tongyu and improvement in the simulated ground heat flux
at Miyun. However, the simulation error increased slightly
at Jinzhou. Because local rainfall will lead to increased soil
moisture in summer and rapid, abrupt changes in surface
energy, the accuracy of the rainfall simulations will affect the
simulations of energy budgets over the underlying surface.
The scatter diagram and error statistics (Figure 8) clearly
show that the correlation coefficients of net radiation be-
tween simulations and observations are all above 0.81 in
The correlation coefficient of the ground heat flux is 0.84 at
Naiman, which is the highest value, and only 0.50 at Miyun,
which is the lowest. This is due to the underlying surface
land use type, oasis, at Naiman. There is desert around the
Naiman station, and the vegetation cover is low, so the en-
ergy transfer in summer depends mainly on sensible heat
transmission. The GVF is lower in the model grid at the
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Figure 8 The scatter diagram and error statistics between observations and Case 4 results of net radiation and surface energy fluxes.
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Naiman station, which is in good agreement with the true
situation. The GVF is higher at Jinzhou and Miyun and the
sensible heat transmission is lower, but the simulated value
is higher. Because the surface temperature decreases at

night from 20:00 to 05:00 and atmosphere temperature
rises relatively, sensible heat flows from the atmosphere to
the ground. The sensible heat flux is generally negative and
more than =50 W m™ at night and can even reach —150
W m™ sometimes. This phenomenon appears mostly in
cloudy situations. The model can simulate this phenomenon
with smaller values, due to simulation error.

The correlation coefficients between the simulations and
the observations for the surface heat flux of each station are
all above 0.64. The lowest RMSE value is 21.9 W m™ at
Jinzhou, and the highest is 44.1 W m~2 at Naiman. The bias
errors are positive at Tongyu and Jinzhou, but negative at
Naiman and Miyun. The transmission of sensible heat de-
pends mainly on the vegetation’s foliar heat transport and,
to a lesser degree, on soil heat transport during the day. The
transmission of latent heat depends mainly on soil evapora-
tion, but if there is an inadequate water supply, the trans-
mission of latent heat is affected by increases in stoma
damping (Zhang et al., 1998). In low GVF areas, where
there is insufficient rainfall and low soil moisture levels, the
energy exchange from the land surface to the atmosphere is
mainly dependent on the sensible heat flux during daytime
when the solar energy is absorbed by the soil. Thus, the
amount of soil moisture is the key factor in the energy bal-
ance process.

In general, the errors are caused by the followings. First,
both observation errors and the systematic errors in model
can cause the Bias error. For example, a thin layer water or
water drop adhered to observation instrument on rainy days
may affect the observations in some way, but how great the
effect of this is in detail needs to be investigated further.
Second, the accuracy of the initial field and boundary con-
ditions can also cause systematic bias (Hanna et al., 2001),
which will affect simulation results. Third, the spatial dis-
tribution of the flux stations is limited and can only repre-
sent approximately 300 m” to 1 km? but the spatial resolu-
tion of the model grid is 5 km. The mismatch of spatial res-
olutions can cause errors. However, if the model resolution
is too small, it will cause problems, such as slow operation
speeds and unstable calculations. Thus, the 5-km resolution
minimizes the trade-offs and is selected for our research.

2.3 Precipitation and soil moisture

The soil moisture of the surface is the most critical factor in
the surface energy-water cycle. The main factors in the
model that affect soil moisture are permeability, surface and
sub-surface runoff, gradient diffusion, gravity, and water
absorption by plant roots. Soil moisture is balanced by two
processes: soil moisture is lost by evaporation at the ground
surface and is supplied by deeper soil moisture. Generally,

evaporation begins to be greater than the deeper soil mois-
ture supplement 2 h after sunrise, at which time the surface
layer soil moisture has reached its peak value. As the evapo-
ration begins to be smaller than deep soil water supplement
about 2 h before sunset, the surface layer soil moisture
reaches its minimum value. The loss of soil moisture is due
primarily to evaporation. However, the moisture supplied
by the deep soil is much less than the surface layer soil wa-
ter evaporation.

Figure 9 is the comparison of precipitation and soil
moisture between simulations and observations at all flux
stations in Case 4 from June to August 2009. There is a
clear trend of diurnal variation in the soil moisture at 10 cm
depth. Because of the evaporation of surface layer soil water,
the soil water content decreases during the daytime and
slightly increases at nighttime. Soil moisture increases rap-
idly when precipitation occurs and subsequently decreases
slowly. During the observation period, the averaged 10 cm
depth observed soil moisture is 0.157 cm® cm™ at Tongyu,
and the soil moisture reaches values of 0.3 cm’ cm™ or
higher with heavy precipitation events on June 11 and July
1, and slowly decreased following these events. There is
almost no heavy precipitation from July to August in 2009,
so the observed soil moisture remains at 0.15 cm® cm™ or
less. The simulations are slightly higher than the observa-
tions; the averaged simulated soil moisture is 0.21 cm® cm™.
Several precipitation events occurred and can be simulated
by the WRF model. The variation of simulated soil moisture
is almost consistent with the observations at Jinzhou, but the
rate of soil moisture decrease is greater than the observed.
The observed averaged soil moisture value is 0.33 cm® cm™
at Miyun, and there is little change after precipitation. The
simulation, having an averaged value of 0.22 cm’ cm™, is
lower than the observed.

We can conclude from the above analysis that the main
factor that affects soil moisture is precipitation. Although
the energy exchanges caused by soil water phase changes
are considered by Noah Land Surface Model, the soil types
can also effect the water-energy cycle between the ground
surface and the atmosphere. Difference in soil textures and
soil types can also determine other soil parameters, such as
the maximum water content, soil permeability, and diffu-
sion coefficients, among others (Wen, 2011). At present,
true soil type data are hard to acquire for the correction of
the model in the simulation area, which may introduce bias
errors in the soil moisture simulations. Because soil mois-
ture is very sensitive to precipitation, the large discontinui-
ties in precipitation both spatially and temporally over sim-
ulation area will lead to greater errors and further affect the
simulated surface energy balance.

2.4 Differences in the distribution of surface meteoro-
logical elements

To investigate the differences resulting from changes in the
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Figure 9 The variation tendency of observations and Case 4 results of precipitation and 10 cm soil moisture from June to August 2009 at Tongyu, Naiman,

Jingzhou, and Miyun.

GVF, terrain height and data assimilation of near-surface
meteorological parameters between Cases 1-4, the compar-
ison diagrams for all cases are as follows. The distribution
of the 2-m temperatures (Figure 10(a)) shows that the tem-
perature ranges from 14°C to 20°C over the northwestern
area of Inner Mongolian Plateau, while the temperature is
higher than 20°C over the central and northeastern areas due
to low elevations. The air temperature in Case 4 is higher by
approximately 0.5-1.0°C compared to Case 1 over the
northwestern area. Figure 10(b) shows the distribution of
surface temperature. The spatial distribution pattern of sur-
face temperature is similar to the distribution of 2-m tem-
perature, which forms inhomogeneous “patches” in Case 3
and Case 4. The SRTM terrain height data, which are more
accurate and complex than those in default model, used in
Case 3 and Case 4 eventually lead to the appearance of
“patches” of surface temperatures over the simulation area,
which corresponds to Figure 3(b). The surface temperature
over the northwest Inner Mongolian Plateau is higher by

approximately 1-2°C than in Case 1. The distribution of 10-
cm soil temperature is similar to the 2-m air temperature
and surface temperature (Figure 10(c)). The averaged soil
temperature is lower by approximately 1-2°C than the av-
erage surface temperature, but is 2°C higher than the aver-
aged 2 m temperature. The average soil temperature de-
creases by approximately 1-2°C over northeastern region in
Case 4, but increases by approximately 2°C over north-
western region compared to Case 1. It is clear that the GVF
can affect the soil temperature. The net shortwave radiation
absorbed by vegetation canopy increases, while the energy
received by soil is reduced, resulting in reduced surface
layer soil temperature. Figure 10(d) shows the distribution
of 2-m relative humidity. The simulated relative humidity is
reduced by 5%-10% over the western region in Case 4
compared with in Case 1, but is increased by 10% over the
southeastern region, which corresponds with the distribution
of GVF in Figure 4. The relative humidity will increase
with increased GVF.
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Figure 10(e) shows the regional distribution of the daily
averaged integral values of net radiation. Compared with
Case 1, the net radiation is approximately 3 MJ m™> d™'
higher in Case 4 in most parts of the simulation area. This is
similar to the radiation budget characteristics of the Oasis-
Gobi system in northwest China. The peak value of net ra-
diation is approximately 150 W m™ higher over oases than
over the surrounding Gobi (Meng et al., 2009; Wen et al.,
2012), which indicates that when the GVF is higher, the
surface albedo is lower, resulting in higher surface energy
and a surplus of energy. When the GVF is decreased, the
albedo is increased, which leads to a reduction and loss of
surface energy in this area. Compared to Case 1 and Case 2,
the simulated values of latent heat flux in Case 3 and Case 4
are higher by approximately 2—4 MJ m™> d™' over the central
and southern areas (Figure 10(f)). The “patches™ pattern ap-
pears in Case 3 and Case 4 over the central areas. The sensi-
ble heat flux is increased by approximately 1-2 MJ m™ d”"
over the north, while reduced by approximately 1-2 MJ m ™~ d™"
over the central and eastern areas (Figure 10(g)). The dis-
tribution characteristics of ground heat flux are shown in
Figure 10(h). The ground heat flux simulation of Case 4 is
higher by 0.3-0.5 MJ m™ d”' over the whole northeastern
region, indicating that the reduction of the GVF over the
central and northern regions will lead to reduced vegetation
evaporation and the weakening of latent heat transportation.
The increasing surface temperatures will lead to increasing
sensible heat flux and enhanced energy transmission from
the soil to the atmosphere. Finally, GVF changes can
change the distribution ratio of the energy transfer between
the ground and the atmosphere (Chu et al., 2005; Pan et al.,
2012a).

In general, soil moisture is the most critical factor in the
surface energy-water cycle over arid and semiarid areas.
Due to the lack of irrigation, soil moisture is very sensitive
to precipitation, but precipitation has significant discontinu-
ities both in space and time, which will cause errors in the
simulation. Vegetation indices also significantly affect the
sensible and latent heat fluxes between the land surface and
the atmosphere. During the growing season, vegetation
grows rapidly. The NDVI and LAI values are higher, the
vegetation has vitality, and there is more evaporation with
little impedance, so the proportion of latent heat transport
increases across the surface and soil temperature decreases.
The surface energy should be balanced according to the
energy budget principle, which will lead to decreases in the
sensible heat and surface heat fluxes. As an integrated ex-
periment in Case 4, not only have the atmospheric fields
been improved by the data assimilation system in the WRF
model but also the vegetation coverage and terrain height
have been improved in the initial fields, which can now
reflect more realistic conditions during simulations. There-
fore, the WRF model can simulate the partitioning of sur-
face energy transmission, such as sensible heat flux, latent
heat flux, and ground heat flux, more accurately and can
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reflect the surface phenomena that affect the atmosphere
semiarid areas. The simulations in Case 4 are better than
those in Case 1 on the whole.

3 Discussion and conclusions

In this paper, the near-surface meteorological elements and
the processes of the energy water cycle have been simulated
with the WRF model and its three-dimensional variational
system from June to July 2009 over semiarid areas of
northeastern China. The improvement of the simulations by
using the data assimilation method and updating the land
surface characteristics has been discussed and analyzed in
four experiments. Realistic high spatial resolution land sur-
face information has been incorporated into model’s initial
fields to improve the simulation of land surface processes.
Near-surface meteorological elements have been assimilat-
ed into the model to reflect more realistic atmospheric fields
in the simulations. The meso-scale characteristics of the
water-energy cycle can be simulated well. The high-quality
near-surface meteorological assimilation data and surface
energy flux data generated by Case 4 are important basic
data for monitoring climate change and droughts. The main
conclusions are as follows:

(1) The surface terrain height and surface GVF data in
initial fields cannot fully reflect the inhomogeneous surface
conditions in high-resolution simulations in the WRF model.
Higher temporal and spatial resolution remote sensing data
of GVFs and DEMs are used to replace the default data in
the WRF model, and the near-surface temperature, relative
humidity, wind speed, and wind direction are assimilated
using WRF-3DVar. The model results show that the simula-
tions, such as surface meteorological elements and surface
energy flux, are in good agreement with the observations,
and the bias error is low compared with control experiment
in Case 1. The simulation of near-surface temperature, wind,
and humidity is improved by the data assimilation experi-
ment (Case 2), and the simulation of the land surface energy
budget components is improved by the land surface param-
eterization sensitivity experiment (Case 3) and integrated
experiment (Case 4).

(2) The simulations of the near-surface temperature, rela-
tive humidity, and wind speed and direction in Case 4 are in
good agreement with the observations at Tongyu, Naiman,
Jinzhou, and Miyun. The bias errors of the near-surface
temperature are lower than the control experiment (Case 1)
by 0.41, 0.12, and 0.86°C at Tongyu, Naiman, and Miyun,
respectively. The correlation coefficients between the simu-
lations and the observations of temperatures are 0.85, 0.88,
0.81, and 0.70 at the four sites, respectively. The simulated
wind speed is too large in the WRF model, which may be
caused by the low value of surface roughness length in the
land surface scheme. However, the simulated wind speeds
have also improved significantly in Case 4, and the wind
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direction and wind speed trend is still simulated well.

(3) The peak value of net radiation can reach 600 W m™?
in cropland over semiarid northeastern China during the
summer. The surface energy transmission depends mainly
on the latent heat flux in June and July. Energy transmission
due to sensible heat flux is the second most important factor.
The peak value of latent heat flux can reach 400 W m~2, but
this drops to 200 W m™ in August. The bias error of the
sensible heat flux is lower in Case 4 than in Case 1. Because
the GVF over the simulation region is higher compared with
Case 1, the simulated values of net radiation and latent heat
flux are increased, and the sensible heat flux and ground
heat flux are decreased over cropland. The altered portions
of the water-energy transmission between the ground sur-
face and the atmosphere have been simulated well over the
semiarid northeastern area in summer and are reflected by
Case 4.

(4) Soil moisture is the key factor in surface water-energy
cycle. The time series variation of soil moisture can be sim-
ulated well in the WRF model over the northeastern semi-
arid region in summer. The simulation results show that
there are no large differences between the simulations and
the observations. The simulation results are higher than ob-
servations at Tongyu, and lower than observations at Jin-
zhou and Miyun. Because local rainfall leads to increased
soil moisture in summer and makes abruptly changes the
surface energy, creating more accurate rainfall simulations
in the future will improve the overall model.

(5) The comparison of the averaged surface meteorolog-
ical elements of all cases shows that the surface energy dis-
tribution ratio changes after the status of underlying surface
was changed and the meteorological elements were assimi-
lated. The GVF was 10%—-20% lower than the default value
over the northwestern area of the Inner Mongolian Plateau
and 10%-20% higher over the central and northeastern are-
as. The air temperature, surface temperature, and soil tem-
perature are lower in the higher GVF area. The net radiation
is approximately 3 MJ m > d™" higher with the higher GVF,
leading to surplus over this area. The simulated value of
latent heat flux is approximately 2-4 MJ m™ d" higher over
the central and southern areas. The sensible heat flux is ap-
proximately 1-2 MJ m™> d”" higher over the north, but ap-
proximately 1-2 MJ m™ d™' lower over the central and
eastern areas. The transmission of latent heat and sensible
heat between the surface and the atmosphere is significantly
affected by vegetation coverage.

The land surface remote sensing data and meteorological
observation data are combined in an atmospheric model in
this study. The meteorological elements have been assimi-
lated into the WRF model, leading to the improvement of
atmospheric fields, and the simulation of land surface energy
budget components are improved by better land surface
characteristics. However, comparison of the simulations
with observations shows that the model grid point is larger
than the area covered by flux stations, which may cause bias

errors. Therefore, we will provide simulation with a more
appropriate resolution to reduce the bias error in the future.
This work combines multi-source data with different spatial
and temporal scales into numerical simulations. These sim-
ulations not only can make up for the limitations of using
observation data but also can provide references for regional
atmospheric models of inhomogeneous underlying surfaces
over semiarid northeastern China. The assimilation datasets
generated by this work can be applied to research of climate
change and monitoring of arid environments. We will pub-
lish this dataset as soon as possible, and we look forward to
its verification by scientists.
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