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ABSTRACT

A land surface reanalysis dataset covering the most recent decades is able to provide temporally consistent initial
conditions for weather and climate models, and thus is crucial to verifying/improving numerical weather/climate
forecasts/predictions. In this paper, we report the development of a 10-yr China Meteorological Administration
(CMA) global Land surface ReAnalysis Interim dataset (CRA-Interim/Land; 20072016, 6-h intervals, approxim-
ately 34-km horizontal resolution). The dataset was produced and evaluated by using the Global Land Data Assimila-
tion System (GLDAS) and NCEP Climate Forecast System Reanalysis (CFSR) global land surface reanalysis data-
sets, as well as in situ observations in China. The results show that the global spatial patterns and monthly variations
of the CRA-Interim/Land, GLDAS, and CFSR climatology are highly consistent, while the soil moisture and temper-
ature values of the CRA-Interim/Land dataset are in between those of the GLDAS and CFSR datasets. Compared
with ground observations in China, CRA-Interim/Land soil moisture is comparable to or better than that of GLDAS
and CFSR datasets for the 0—10-cm soil layer and has higher correlations and slightly lower root mean square errors
(RMSE) for the 10—40-cm soil layer. However, CRA-Interim/Land shows negative biases in 10-40-cm soil moisture
in Northeast China and north of central China. For ground temperature and the soil temperature in different layers,
CRA-Interim/Land behaves better than the CFSR, especially in East and central China. CRA-Interim/Land has ad-
ded value over the land components of CRA-Interim due to the introduction of global precipitation observations and
improved soil/vegetation parameters. Therefore, this dataset is potentially a critical supplement to the CRA-Interim.
Further evaluation of the CRA-Interim/Land, assimilation of near-surface atmospheric forcing variables, and exten-
sion of the current dataset to 40 yr (1979-2018) are in progress.
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to improvement of numerical weather forecasts and to

Land surface processes regulate the water and energy
fluxes at the land—atmosphere interface; therefore, these
processes and their initial conditions in models have an
important role in weather and climate forecasts. A land
surface reanalysis dataset covering the most recent dec-
ades can provide temporally consistent initial land condi-
tions for weather and climate models, and thus is crucial

verification of seasonal climate forecasting systems.

In 2014, the China Meteorological Administration
(CMA) started its mission to producing China’s first gen-
eration of a 40-yr global atmospheric reanalysis product
(CRA-40; Liu et al., 2017). So far, a 10-yr CMA global
atmospheric ReAnalysis Interim dataset (CRA-Interim)
covering the period 2007-2016 has been completed.
More recently, the production of a CRA-40 dataset from
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1979 to near real time has commenced. In addition to at-
mospheric conditions, reanalysis products also provide
estimates of land surface fields, including land surface
fluxes and state variables (sensible and latent heat fluxes,
ground temperature, soil moisture, snow, etc.). However,
such land surface simulations are directly forced by the
output of near-surface meteorological fields (precipita-
tion, radiation, air temperature, humidity, etc.) from the
atmospheric reanalysis system. Owing to considerable bi-
ases in land surface forcings (especially precipitation)
from the companion atmospheric model, the land surface
variables are unavoidably subject to non-trivial errors
and drifts (Maurer et al., 2001; Gottschalck et al., 2005),
and therefore fail to meet the requirement of many ap-
plications, such as land surface water budget studies and
the initialization of numerical weather prediction models.
To overcome such problems, many global atmospheric
reanalysis projects have generated alternative land reana-
lysis datasets using offline land-only simulations, such as
the land surface dataset of ECMWF Interim reanalysis
(ERA-Interim/Land; Balsamo et al., 2015), the ongoing
land surface dataset of the fifth generation of ECMWF
reanalysis (ERAS5/Land; Joaquin et al., 2017), the land
surface dataset of the Modern-Era Retrospective analysis
for Research and Applications (MERRA-Land; Reichle
et al., 2011), and the weakly coupled NCEP Global Land
Data Assimilation System for the Climate Forecast Sys-
tem Reanalysis (CFSR/GLDAS; Meng et al., 2012; Xia
et al., 2019). Similarly, in association with the CRA-In-
terim reanalysis, we have produced the CMA global
Land surface ReAnalysis Interim (CRA-Interim/Land)
dataset, a 10-yr (2007-2016) global land surface reana-
lysis dataset. With higher accuracy of land surface vari-
ables due to the introduction of improved global soil/ve-
getation parameters and observed global precipitation,
the offline CRA-Interim/Land dataset is potentially a
critical supplement to the land surface component of the
CRA-Interim.

To produce the CRA-Interim/Land dataset, near-sur-
face meteorological fields from the CRA-Interim (Liu et
al., 2017) are used to force the Noah land surface model.
Among all the land forcing variables, the accuracy of
precipitation is the most important for reasonable land
surface simulation (Decharme and Douville, 2006; Guo
et al., 2006; Materia et al., 2010). To alleviate substan-
tial biases in the reanalysis precipitation to prevent the
estimated land surface variables from drifting too far, we
use observation-based global precipitation analysis as an
alternative forcing to enhance land simulations. The
global soil and vegetation datasets are also updated for
the Noah model.
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This paper documents the implementation and evalu-
ation of the CRA-Interim/Land product (6-h intervals,
approximately 34-km Gaussian grid). Section 2 details
the methods and datasets used to generate and evaluate
the CRA-Interim/Land dataset. Section 3 describes and
discusses the main evaluation results for soil moisture,
soil temperature, and ground temperature against in situ
observations and other similar global land reanalysis
products. A brief summary is provided in Section 4.

2. Data and model

The CRA-Interim/Land dataset is produced by the off-
line Noah land surface model (LSM) simulations on a
global Gaussian grid (1152 x 576; approximately 34-km
horizontal resolution), driven by the 3-hourly near-sur-
face atmospheric forcing fields from the CRA-Interim,
which are linearly interpolated to the 30-min time step of
the LSM. The output temporal interval is 6 h. The global
vegetation information is derived from the modified
IGBP (International Geosphere—Biosphere Programme)
20-category classification dataset, including 16 IGBP ve-
getation classes and 3 classes of Tundra (Friedl et al.,
2010). The global soil information is extracted from the
STATSGO/FAO 16-category soil texture map, which is a
hybrid of the 30-s STATSGO over the continental United
States and the 5-min FAO elsewhere (available online at
http://websoilsurvey.nrcs.usda.gov). All the input data,
including terrain height, land—sea mask, and soil and ve-
getation parameters, are remapped to the 34-km Gaussian
grid before being introduced into the model.

2.1 Forcing and validation data

Here, we briefly introduce the atmospheric forcing
data, particularly the precipitation data used to drive the
land surface model, and the validation data used to
quantify the accuracy of the CRA-Interim/Land dataset.
2.1.1  Atmospheric forcing data and

blended precipitation

The forcing variables required to drive the land simu-
lation include the near-surface air temperature, humidity,
wind speed, surface pressure, surface downward short-
wave and longwave radiation, and precipitation. In many
global land reanalysis projects, such as the above-men-
tioned MERRA-Land, ERA-Interim/Land, and ERAS/
Land, most of the forcing variables are directly extracted
from the companion atmospheric reanalysis system ex-
cept that the precipitation is bias corrected. Here, we ad-
opted a similar strategy for the CRA-Interim/Land data-
set. The newly developed Chinese first-generation global
atmospheric reanalysis, CRA, is based on the NOAA
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Global Forecast System (GFS) model and the Gridpoint
Statistical Interpolation (GSI) 3DVAR data assimilation
system with a T574 spectral resolution (approximately
34-km grid spacing). An interim version of CRA (CRA-
Interim; Liu et al., 2017; Zhao et al., 2019) was pro-
duced in early 2018 for a 10-yr period (1 January 2007 to
31 December 2016) with 6-h intervals. An abundance of
data from conventional observations and multiple satel-
lite instruments, particularly for the East Asian regions,
have been assimilated into the CRA-Interim. Most for-
cing variables of the CRA-Interim/Land dataset are de-
rived from the CRA-Interim reanalysis output, except for
the precipitation.

A number of previous studies have shown non-trivial
biases in the reanalysis precipitation (e.g., Janowiak et
al., 1998; Fekete et al., 2004). To correct such biases in
precipitation, we introduced two sets of observation-
based global precipitation analyses and blended them
with the CRA-Interim reanalysis precipitation, following
the method utilized in the CFSR/GLDAS (Meng et al.,
2012). One dataset is the CPC Merged Analysis of Pre-
cipitation (CMAP; Xie and Arkin, 1997) with a global 5-
day mean and a 2.5° horizontal resolution, generated by
merging gauge and satellite observations. The other data-
set is the CPC unified daily gauge analysis (CPCU; Xie
et al., 2007) with a global 0.5° resolution, produced by
interpolating quality-controlled gauge observations from
more than 30,000 sites using the optimal interpolation
method. Considering the global rain gauge and satellite
data distribution, the blending weight is designed to be
latitude-dependent to integrate the multi-source precipita-
tion datasets into an optimal precipitation forcing dataset.
More details about the blending method can be found in
Meng et al. (2012).

2.1.2 Soil moisture and temperature observations
in China

The 10-day manually measured soil moisture observa-
tion data from 242 agricultural meteorological observing
stations (Fig. 1) during 1981-2010 are strictly quality
controlled based on climatic characteristics and soil tex-
ture, as well as the theory of extreme values of and the
relationship between soil hydrological constants pro-
posed by the National Meteorological Center (NMC) of
CMA (Zhang et al., 2017). The dataset contains soil
moisture observations and quality control marks at 10
vertical levels/depths: 0-10, 10-20, 20-30, 30-40, 40—
50, 50-60, 60-70, 70-80, 80-90, and 90-100 cm.

The ground temperature and soil temperature observa-
tions at the national ground meteorological stations (Fig.
2) from 1951 to present (more than 2400 stations since
1979) are archived by the National Meteorological In-
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Fig. 1. Distribution of 242 agricultural meteorological observation
stations in China.
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Fig. 2. Distribution of more than 2400 national ground meteorological
stations in China.

formation Center (NMIC) of CMA after quality control
(Ren et al., 2015). The soil temperature observation
depths include 0, 5, 10, 15, 20, 40, 80, 160, and 320 cm.
These two sets of soil moisture and temperature observa-
tions are used to quantify the accuracy of the CRA-Inte-
rim/Land products in China.
2.1.3 GLDAS and CFSR global land
reanalysis products

Owing to the lack of large-scale ground observations,
it is difficult to quantify the errors of the CRA-
Interim/Land globally against observations only. Never-
theless, it is possible to compare CRA-Interim/Land with
other similar global land reanalysis products. In this pa-
per, this is done by validating the CRA-Interim/Land
against the GLDAS and CFSR global land surface data-
sets, which use the same Noah-LSM model (but differ-
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ent versions) and comparable spatial resolutions.

GLDAS was jointly developed by scientists at NASA
and NOAA to generate optimal fields of land surface
states by integrating observation-based data products
(Rodell et al., 2004). It has been widely evaluated in
many studies (e.g., Zaitchik et al., 2010; Jiménez et al.,
2011; Decker et al., 2012; Wang and Zeng, 2012; Chen
et al., 2013; Xue et al., 2013; Ji et al., 2015) and used in
various research fields, such as the estimation of terrestrial
water storage changes (e.g., Rodell et al., 2007; Henry et
al., 2011; Long et al., 2013; Proulx et al., 2013; Gao et
al., 2014), the evaluation of satellite-estimated soil mois-
ture products (e.g., Dorigo et al., 2012; Liu et al., 2012;
Kim et al.,, 2015), and the assessment of land—atmo-
sphere coupling strength (e.g., Zhang et al., 2008; Liu et
al., 2014). GLDAS includes outputs from four land sur-
face models: the Community Land Model (CLM), the
Noah model, the Mosaic model, and the Variable Infiltra-
tion Capacity (VIC) model. In this paper, the GLDAS
0.25° 3-hourly products simulated by the Noah model
(GLDAS-2.0) are used for comparison with the CRA-In-
terim/Land. GLDAS-2.0 is forced by the global meteoro-
logical forcing dataset from Princeton University (Shef-
field et al., 2006) and aims to create a climatologically
consistent dataset from 1948 to 2010. The same soil/ve-
getation parameters as those used in CRA-Interim/Land,
i.e., the modified IGBP 20-category vegetation types and
the STATSGO/FAO 16-category soil texture classes, are
also used in GLDAS-2.0. The GLDAS-2.0 data are
archived and distributed on the Goddard Earth Sciences
Data and Information Services Center website
(https://hydrol.gesdisc.eosdis.nasa.gov/data/GLDAS).

The NCEP CFSR is a weakly coupled land—atmos-
phere—ocean—sea ice global reanalysis system, which
uses the NASA Land Information System (LIS) and
Noah-LSM model to perform its land surface analysis
(Meng et al., 2012). It covers the period from 1979 with
a 6-hourly assimilation cycle, and the spatial resolution is
T382 Gaussian before 2010 and T574 Gaussian since
2011. In the CFSR/LIS, most of the forcing variables are
from the CFSR global atmospheric data assimilation sys-
tem (GDAS) except for precipitation. Global observed
precipitation is introduced to drive the Noah model, as is
done in the CRA-Interim/Land. At 0000 UTC each day,
the simulated soil temperature and moisture as well as
snow variables of the CFSR/LIS are inserted into the
CFSR restart file as the land surface initial conditions for
the next assimilation cycle.

2.2 The LSM in CRA-Interim/Land
The LSM used in CRA-Interim/Land is the Noah
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LSM, which was developed with substantial upgrades
from the OSU (Oregon State University) LSM and con-
tinued to benefit from a steady progression of improve-
ments (Chen et al., 1997; Koren et al., 1999; Ek et al.,
2003) as a collaborative effort between NCEP and many
other partners from the land—hydrology community. The
Noah model serves as the land component in the
evolving Weather Research and Forecasting (WRF) re-
gional atmospheric model, the NOAA NCEP coupled
Climate Forecast System (CFS), and the Global Forecast
System (GFS). The model simulates the soil freeze—thaw
process and its impact on soil heating/cooling and tran-
spiration, following the approach proposed by Koren et
al. (1999). It has 4 soil layers with spatially invariant
thicknesses of 10, 30, 60, and 100 cm. The first three lay-
ers form the root zone in non-forested regions, with the
fourth layer included in forested regions.

Every land model is characterized by a specific equi-
librium land surface climatology, and the spin-up time
required to drive a land model to its equilibrium is much
longer than that for the troposphere. To obtain a reason-
able initial state for the Noah model, we use the 10-yr
meteorological forcing data described in Section 2.1.1 to
drive a 30-yr spin-up run and the values of the last time
are taken as the initial conditions on 1 January 2007.
Then, a continuous 10-yr simulation from 1 January 2007
to 31 December 2016 is conducted with Noah LSM.

To facilitate the understanding of similarities and dif-
ferences among the CRA-Interim/Land, GLDAS, and
CFSR datasets, we list the main features (spatial do-
mains, resolutions, data periods, meteorological forcings,
land surface models, and surface parameters) of the three
products in Tables 1, 2. As can be seen, most of the met-
eorological forcings (SW, LW, T5., ¢oms Pss Uioms and
Viom), €xcept for precipitation, in the CRA-Interim/Land,
GLDAS, and CFSR datasets are generated from the at-
mospheric reanalysis outputs. For the precipitation, sim-
ilar blended data, in which the gauge-based observations,
satellite-retrievals, and reanalysis outputs are merged to-
gether, are used in the CRA-Interim/Land and CFSR,
while the bias-corrected reanalysis precipitation is used
in the GLDAS. In terms of the surface parameters, the
CRA-Interim/Land and GLDAS adopt the same soil/ve-
getation type data, which include finer classifications
than those used in the CFSR. In addition, the three
products use the same Noah-LSM, while the Noah model
in the CRA-Interim/Land is a newer version.

3. Results and discussion

To demonstrate the quality of the CRA-Interim/Land
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Table 1. Summary of the spatial domain, resolution, and data periods of the CRA-Interim/Land, GLDAS, and CFSR products

Product name Domain, resolution

Data period

CRA- Global, ~34 km, 6-hourly
Interim/Land

GLDAS North of 60°S, 0.25°, 3-hourly

CFSR Global, ~38 km (1979-2010) and ~27 km

(201 1—present), 6-hourly

2007-2016 (will be extended to 1979-2018 and 3-hourly resolution by

the end of 2019)
1948-2010
1979—present

Table 2. Summary of the forcing, LSM, and soil/vegetation parameters of the CRA-Interim/Land, GLDAS, and CFSR products (SW: down-
ward shortwave radiation; LW: downward longwave radiation; P: precipitation; p: surface pressure; 7,,,: 2-m air temperature; ¢,,,: 2-m specific
humidity; Ug,,: 10-m zonal wind speed; Vjq,,: 10-m meridional wind speed)

Product Meteorological forcing LSM Soil/vegetation parameter
name
CRA-In- CRA-Interim reanalysis (SW, LW, T, ¢2ms Ps> Utom> Viom), blended Pby ~ Noah 3.3 MODIS-based 20-category vegetation and

terim/La using gauge-based observations, satellite-retrievals, and CRA-Interim P

nd

GLDAS Bias-corrected reanalysis (P, SW, LW, T, ¢2ms Ps> Uiom Viom) generated

from Princeton University (Sheffield et al., 2006)
CFSR

NCEP GDAS reanalysis (SW, LW, 15, ¢om» Pss Utoms V1om)> blended P by
using gauge-based observations, satellite-retrievals, and GDAS P

STATSGO/FAO 16-class soil type data

Noah 2.7.1 MODIS-based 20-category vegetation and
STATSGO/FAO 16-class soil type data

Noah 2.7.1 AVHRR-based 13-category vegetation and
Zobler 9-class soil type data

product, we compare it with other similar global land
products and in situ observations in China.

3.1 Evaluation against other global land surface
products

The global climatology derived from the CRA-Inte-
rim/Land was compared with those from the GLDAS-2.0
and CFSR land surface products. Considering that the
GLDAS-2.0 ends in 2010, the soil moisture and soil tem-
perature climatologies are determined by using data from
2007 to 2010.

3.1.1  Soil moisture
Figures 3a—f show the CRA-Interim/Land, GLDAS,

and CFSR global monthly mean volumetric soil mois-
ture for the 0—10-cm soil layer in February and July aver-
aged over 2007-2010, and Figs. 4a—f show the results for
the 0-200-cm soil layer. The spatial patterns of all the
three products are in good agreement and conform to our
current knowledge about the global climatology of dry
(Australia, Sahara, and the Middle East) and wet (South-
east Asia, northern South America, and central Africa)
areas. Compared with the CRA-Interim/Land and GL-
DAS, CFSR is wetter in the high latitudes of Eurasia and
North America and relatively drier in Sahara, central
Africa, and Australia. The CRA-Interim/Land and GL-
DAS adopt the same land surface parameters, including

(a) CRAI/Land (b) GLDAS (c) CFSR
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Fig. 3. Global monthly mean 0—10-cm volumetric soil moisture (m* m™>) climatology (averaged over 2007—2010) derived from (a, d) CRA-In-
terim/Land, (b, ¢) GLDAS, and (c, f) CFSR for (a—c) February and (d—f) July.
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Fig. 4. As in Fig. 3, but for 0-200-cm volumetric soil moisture.

the MODIS-based 20-category vegetation and STATSGO/
FAO 16-class soil types, while CFSR uses the AVHRR-
based 13-category vegetation and Zobler 9-class soil
types. We replaced the vegetation and soil-type data in
the CRA-Interim/Land with the data used in the CFSR,
and compared the soil moisture simulation performance
with that of the original CRA-Interim/Land. It was found
that the spatial pattern of the resulting soil moisture after
changing the vegetation and soil data was much closer to
that of the CFSR than the original CRA-Interim/Land

(figures omitted). This result implies that differences in
the input vegetation and soil-type data may partly ac-
count for the spatial pattern differences between the
CFSR and the other two datasets.

To assess the skill of the datasets in capturing the sea-
sonal variations, the 0—10-cm soil moisture climatology
for 12 months at different latitudes (Figs. Sa—c) and lon-
gitudes (Figs. 5d—f) for the CRA-Interim/Land, GLDAS,
and CFSR was derived. The three datasets agree well
both in the time variations for different latitudes (longit-
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Fig. 5. Monthly variations of the (a, d) CRA-Interim/Land, (b, €) GLDAS, and (c, f) CFSR 0-10-cm volumetric soil moisture (m* m~>) climato-
logy (averaged over 2007-2010) at different (a—c) latitudes and (d—f) longitudes. The high latitudes north of 65°N and south of 60°S are masked

out in (a—c).
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udes) and in the spatial variations for different months. It
can be seen in Figs. Sa—c that there are notable seasonal
variations in the mid- and high-latitude regions, where
the soil moisture is wet in winter and spring and dry in
summer and autumn. In the tropics, the seasonal fluctu-
ations are weaker than those in the mid and high latit-
udes, and the soil moisture values of the CRA-Interim/
Land lie between the GLDAS (wettest of the three data-
sets) and CFSR (driest of the three datasets) values. Fur-
thermore, the CRA-Interim/Land and CFSR show not-
ably wet areas for latitudes south of 40°S in winter, while
GLDAS shows little information for this area. Figures
5d—f show that for most longitudes, the 0—10-cm soil
moisture has evident seasonal variations, with the soil
moisture dry from June to September and wet from Octo-
ber to May. Compared with the CRA-Interim/Land and
GLDAS, the CFSR soil moisture is wetter in most re-
gions, except for 0°-60°E. Similar to the patterns shown
in Fig. Sa—c, at most longitudes, the soil moisture values
of the CRA-Interim/Land are in between those of GL-
DAS and CFSR.
3.1.2  Soil temperature

Figures 6a—f depict the CRA-Interim/Land, GLDAS,
and CFSR global monthly mean 10-cm soil temperature
in February and July averaged over 2007-2010, and Figs.
7a—f show the results for the 40-cm soil temperature. The
global patterns of the three products agree well in that
temperature peaks in the tropics near the equator and
drops along the direction to the mid and high latitudes. In
general, CFSR is colder than the CRA-Interim/Land and
GLDAS, especially in Sahara, central Africa, the Middle
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East, and Australia, which are partly due to the different
vegetation parameters used in CFSR.

Figures 8a—c show the 10-cm soil temperature clima-
tology for 12 months at different latitudes for the CRA-
Interim/Land, GLDAS, and CFSR. It can be seen that the
three reanalysis products are in good agreement both in
the time variations for different latitudes and in the spa-
tial variations for different months. The seasonal fluctu-
ations of 10-cm soil temperature are obvious in the mid
and high latitudes, with high (low) temperature in sum-
mer (winter). In the tropics, the seasonal fluctuations are
much weaker than those in the mid and high latitudes,
with high temperatures throughout most of the year.
Compared with the CRA-Interim/Land and GLDAS, the
CFSR soil temperature is lower, especially in the tropics
and the summer of the Southern Hemisphere. This con-
forms to the performances when comparing the CFSR
with CRA-Interim/Land and GLDAS in Fig. 6.

3.2 Evaluation against ground observations in China

To evaluate the accuracy of the CRA-Interim/Land, it
was compared against in situ observations in China, in-
cluding the manually measured soil moisture observa-
tions at 242 stations (Zhang et al., 2017) and the soil tem-
perature observations at more than 2400 national meteor-
ological automatic stations described in Section 2.1.2.
3.2.1 Soil moisture

We checked the spatial performances of the CRA-In-
terim/Land, GLDAS, and CFSR at the 242 manually
measured stations in China using scatterplots of the
monthly mean reanalysis versus observed volumetric soil
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Fig. 6.

Global monthly mean climatology (averaged over 2007-2010) of soil temperature (K) at 10-cm depth derived from (a, d) CRA-

Interim/Land, (b, €) GLDAS, and (c, f) CFSR for (a—) February and (d—f) July.
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Fig. 7. As in Fig. 6, but for soil temperature (K) at 40-cm depth.

moisture (m®> m~) in the 0-10-cm (Figs. 9a—d) and

10—40-cm layers (Figs. 10a—d). In general, all three
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Fig. 8. Monthly variations of climatological (averaged over
2007-2010) soil temperature (K) at 10-cm depth from the (a) CRA-In-
terim/Land, (b) GLDAS, and (c) CFSR at different latitudes. The high
latitudes north of 65°N and south of 60°S are masked out.

reanalysis products have positive correlation coefficients
with the soil moisture observations. As can be seen from
the regression lines and equations, the correlations of the
CRA-Interim/Land are the highest among the three data-
sets in both 0-10 and 1040 cm layers. To investigate the
spatial correlations more clearly, we calculated the spa-
tial correlation of the reanalysis monthly mean soil mois-
ture against monthly mean observations for 2007-2010,
as shown in Figs. 11a, b. The CRA-Interim/Land shows
higher spatial correlations than the other two products at
0—-10 and 1040 cm, which is in agreement with the res-
ults shown in Figs. 9, 10. Furthermore, the spatial correl-
ations in winter and early spring are lower than those in
other seasons, which conforms to our current knowledge
that land surface models commonly have difficulties in
accurately simulating soil moisture in winter and early
spring due to the imperfect parameterizations concerning
the soil freeze—thaw process.

To assess the temporal performance of three reanalysis
datasets in different areas, we derived the temporal bias
(Figs. 12a—f), root mean square error (RMSE) (Figs.
13a—f), and correlation coefficient (Figs. 14a—f) of the
CRA-Interim/Land, GLDAS, and CFSR monthly mean
soil moisture against observations at each station. To fa-
cilitate comparison of the three datasets, a histogram
showing the value distribution of these metrics is added
at the bottom of each figure. In addition, the station-aver-
aged values of these metrics are listed in Table 3. For the
0-10-cm soil layer, the biases (Figs. 12a—) of the CRA-
Interim/Land are in agreement with those of GLDAS,
while the CFSR has positive biases in most regions,
which are particularly large over Inner Mongolia. From
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China for (a) CRA-Interim/Land, (b) GLDAS, and (c) CFSR. The regression lines of the three datasets are put together in (d) for comparison.
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the histograms, we can see more clearly that the bias dis-
tributions of the CRA-Interim/Land and GLDAS are
close to the normal distribution, while the CFSR obvi-
ously has a positively skewed distribution. The station-
averaged biases for the CRA-Interim/Land, GLDAS, and
CFSR are —0.007, 0.016, and 0.028 m* m, respectively.
For the RMSEs of the 0-10-cm layer (Figs. 13a—c), the
CRA-Interim/Land behaves the best among the three

datasets especially in northern and central China (30°—
50°N, 105°-130°E). The histograms and Table 3 also
show that the CRA-Interim/Land has a slightly lower
RMSE than the GLDAS and CFSR. For the correlation
coefficients of the 0-10-cm layer (Figs. 14a—c), the
CRA-Interim/Land performs comparably to the CFSR in
most regions, while the GLDAS has relatively lower cor-
relations, especially in central and East China.
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Table 3. Temporal correlation, bias, and RMSE of the CRA-
Interim/Land, GLDAS, and CFSR monthly mean volumetric soil
moisture (m*> m~>) averaged over the agricultural meteorological obser-
vation stations in China

Correlation Bias RMSE

0-10 cm CRA-Interim/Land 0.535 -0.007 0.070
GLDAS 0.315 0.016 0.084

CFSR 0.519 0.028 0.081

10-40 cm CRA-Interim/Land 0.530 -0.025 0.069
GLDAS 0.389 -0.004 0.071

CFSR 0.514 0.007 0.074

For the 10—40-cm soil layer, the biases of the three
products (Figs. 12d-f) behave similarly in Southeast,
Southwest, and Northwest China, while the CRA-Inte-
rim/land has larger negative biases in Northeast China
and north of central China and the CFSR shows larger
positive biases over Inner Mongolia. The station-averaged
bias values for the CRA-Interim/Land, GLDAS, and
CFSR are —0.025, —0.004, and 0.007 m® m™, respect-
ively. The RMSEs of the three datasets (Figs. 13d—f) are
roughly at the same level, except that the RMSEs in In-
ner Mongolia are the lowest for the CRA-Interim/Land
and the highest for CFSR. The correlation coefficients
(Figs. 14d—f) of the CRA-Interim/Land and CFSR are
comparable to each other, with the CRA-Interim/Land
better in the regions of Inner Mongolia and Northwest
China and the CFSR better in central China. Similar to
the results for the 0—10-cm layer, the GLDAS correla-
tions are the lowest in central and East China. Similar
analysis results can be seen in the Table 3.

It is shown that the CRA-Interim/Land is drier than
the other two datasets and the observations, particularly
for the deeper soil layer of 1040 cm. We found that the
screen-level humidity forcing data are underestimated
compared with the in situ observations in China.
Moreover, further experiments showed that increasing
the humidity is useful to partly correct the negative bi-
ases in the soil moisture (figures omitted here). There-
fore, it can be inferred that the drier biases in the CRA-
Interim/Land soil moisture are partly related to the un-
derestimation of the humidity forcing, and assimilating
observations into the reanalysis humidity should im-
prove the CRA-Interim/Land soil moisture. In addition,
the underestimation of precipitation forcing in China may
be another source that leads to the negative biases in the
soil moisture, but further analysis is ongoing to investi-
gate this issue.

3.2.2  Ground temperature and soil temperature

In this section, we compare the performance of the
CRA-Interim/Land and CFSR on the basis of observa-
tions from more than 2400 automatic stations in China
during 2007-2016. Since GLDAS-2.0 ends at 2010, the
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evaluation results are not determined for GLDAS here.
Figures 15a—c show the time series of monthly mean
ground temperature, and 10- and 40-cm soil temperature
anomalies averaged over the observation stations for the
CRA-Interim/Land, CFSR, and observations. The anom-
aly correlations between the two products and the obser-
vations for soil temperature at different depths are listed
in Table 4. We can see that the time series of anomalies
for both the CRA-Interim/Land and CFSR agree well
with those of the observations, and the anomaly correla-
tions of the two products are comparably high.
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Fig. 15. Time series of monthly mean anomalies (K) of (a) ground
temperature, and soil temperature (b) at 10-cm depth and (c) at 40-cm
depth averaged over the 2400+ national ground meteorological sta-

tions in China for observations (black), CRA-Interim/Land (red), and
CFSR (blue).

Table 4. Temporal anomaly correlations between CRA-Interim/Land,
CFSR, and the observations for ground temperature, and 10- and 40-cm
soil temperatures

Ground 10 cm 40 cm
CRA-Interim/Land 0.95 0.96 0.91
CFSR 0.94 0.95 0.92
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Figures 16a and 16b show scatterplots of monthly
mean reanalysis and observed ground temperature and
10-cm soil temperature (K) at over 2400 national ground
meteorological stations in China for the CRA-Interim/
Land and CFSR. The results for 40-cm soil temperature
are similar to those for 10 cm (figure omitted). In gene-
ral, the two reanalysis products have comparably high
correlation coefficients (R = 0.96—0.97) with the observa-
tions, while the bias of the CRA-Interim/Land is lower
than that of the CFSR (—3.45 versus —4.02 K for ground
temperature and —2.87 versus —3.66 K for 10-cm soil
temperature). Moreover, the distribution spread of the
CRA-Interim/Land scatter points is smaller than that of
the CFSR, indicating that the CRA-Interim/Land has
fewer abnormal values. Compared with the observations,
both of the datasets underestimate ground and soil tem-
perature at most of the observation stations.

To understand the temporal performances of reanalysis
datasets in different regions, we derived the temporal
bias (Figs. 17a—d) and RMSE (Figs. 18a—d) of the CRA-
Interim/Land and CFSR monthly mean soil temperature
against observations at each station. Compared with the
in situ observations, both reanalysis products show neg-
ative biases, especially for the ground temperature, indi-
cating that the reanalyses underestimate the temperature.
This is consistent with previous studies on the evaluation
of simulated land surface temperature in China (e.g., Sun
etal., 2017; Zhou et al., 2017). The biases and RMSEs of
ground temperature and 10-cm soil temperature show a
similar pattern of larger error metrics in West and North-
east China, and much smaller ones in central, Southeast,
and South China. Compared with the CFSR, the CRA-In-
terim/Land has notably lower biases and RMSEs mainly
in East and central China (20°—40°N, 100°-125°E). The
histograms in Figs. 17, 18 depict more clearly that the
CRA-Interim/Land has fewer stations with large negat-
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ive biases (bias < —3 K) and large RMSEs (RMSE > 3.5
K) than the CFSR. We also calculated the station-aver-
aged values of these metrics (Table 5). Similar to the res-
ults shown in Figs. 17, 18, the station-averaged biases
and RMSEs of the CRA-Interim/Land are smaller than
those of the CFSR in different soil layers. The CRA-In-
terim/Land uses the MODIS IGBP 20-category vegeta-
tion data, which have been verified to have a positive ef-
fect on the simulation of surface temperature in several
studies (e.g., Li et al., 2018). The results for the 40-cm
soil temperature are similar to those for 10 cm (figure
omitted).

4. Summary

In 2014, the CMA has started its mission to producing
China’s first generation of a 40-yr global atmospheric
reanalysis product (CRA-40). Recently, a 10-yr global
land surface reanalysis interim dataset named CRA-Inte-
rim/Land (2007-2016, approximately 34-km Gaussian
grid, 6-h intervals) has been produced and is introduced
in this paper. The present work documents its implement-
ation and evaluation results. The CRA-Interim/Land is
generated by the Noah-LSM in an offline mode forced by
near-surface meteorological fields from the companion
CRA-Interim atmospheric reanalysis output, along with
observation-based global precipitation analysis to alle-
viate biases in the reanalysis precipitation. The resulting
global soil moisture and the soil temperature in different
soil layers are validated by using the GLDAS and CFSR
global land surface datasets and in situ observations in
China.

It is shown that the global spatial patterns and monthly
variations of the CRA-Interim/Land, GLDAS, and CFSR
climatology are highly consistent, and the soil moisture
and temperature values of the CRA-Interim/Land dataset

10-cm soil temperature
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Fig. 16. Scatterplots of monthly mean reanalysis and observed (a) ground temperature and (b) 10-cm soil temperature (K) at 2400+ national
ground meteorological stations in China for CRA-Interim/Land (red) and CFSR (blue).



114 JOURNAL OF METEOROLOGICAL RESEARCH VOLUME 34

50N 50N
40N 40N
30N 30N
20N 20N
-10-9-8-7-6-5-4-3-2-10 1 2 3 45
50N SON
40N 40N
30N 30N
20N 20N
-10-9-8-7-6-5-4-3-2-101 2 3 45 -10-9-8-7-6-5-4-3-2-101 2 3 45

Fig. 17. Spatial distributions of temporal bias against observations for the (a, b) CRA-Interim/Land and (c, d) CFSR monthly mean (a, ¢) ground
temperature and (b, d) 10-cm soil temperature (K) at 2400+ national ground meteorological stations in China. The histogram at the bottom of
each panel shows the value distribution of the temporal bias. The results for 40-cm soil temperature are similar and not shown.
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Table 5. Temporal bias and RMSE of the CRA-Interim/Land and
CFSR monthly mean soil temperature (K) averaged over the national
ground meteorological stations in China

Bias (K) RMSE (K)

Ground temperature CRA-Interim/Land  -3.45 3.98
CFSR —-3.88 4.65
10-cm soil temperature CRA-Interim/Land ~ —2.87 3.29
CFSR -3.63 4.16

lie in between those of the GLDAS and CFSR datasets.
Evaluated against ground observations in China, the
CRA-Interim/Land soil moisture is comparable to or bet-
ter than those of the GLDAS and CFSR for the 0—-10-cm
soil layer and has higher correlations and slightly lower
RMSEs for the 10—40-cm soil layer. However, it shows
evident negative biases for the 10—40-cm soil moisture in
Northeast China and north of central China. Current ex-
periments show that such negative biases may partly res-
ult from the underestimation of screen-level humidity
and precipitation forcing, but further analysis is ongoing
to investigate this issue. For the ground temperature and
soil temperature in different layers, the CRA-Interim/
Land performs better than the CFSR in that the CRA-In-
terim/Land has lower biases and RMSEs and compar-
ably high correlations compared with the CFSR.

The CRA-Interim/Land has added value over the land
components of the CRA-Interim reanalysis with the in-
corporation of global precipitation observations and im-
proved soil/vegetation parameters, and therefore can po-
tentially better serve the needs of studies on land-surface
hydrology, climate, and weather. Further work on more
in-depth evaluation and investigation of the CRA-Interim/
Land, assimilation of near-surface atmospheric forcing
variables, as well as extension of the current dataset to 40
yr (1979-2018; CRA-40/Land) is ongoing.
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