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1 INTRODUCTION 
Solar radiation reaching the Earth’s surface (also 
called global radiation or downward surface solar rad-
iation, DSSR) is the primary energy source for life on 
our planet (Wild et al., 2005). Terrestrial carbon pro-
duction is intimately tied to the supply of global radia-
tion in a subset of the visible portion (0.4 to 0.7 mm) 
of the electromagnetic radiation called the photosyn-
thetically active radiation (Kanniah et al., 2013). 
Therefore, global radiation is a key parameter in terre-
strial carbon production models, hydrological models, 
and land surface process models (Liang et al., 2010). 
Previous studies indicated that simulated terrestrial 
carbon fluxes are very sensitive to downward short-
wave solar radiation input into models (Ito & Sasai, 
2006; Zhao & Running, 2006). High quality of radia-
tion data is a prerequisite for reliable estimation of ter-
restrial carbon fluxes.  
Three different approaches are commonly used to ac-
quire global radiation data, embracing ground mea-
surement, remote sensing techniques and reanalysis 
data generated through assimilating models simula-
tions and observations (Liang et al., 2010). The first 
type of approaches has the advantages of temporal 
continuity and high accuracy and is often regarded as 
ground truth and used to validate other datasets (Boja-
nowski et al., 2014; Wild et al., 2006; Xia et al., 
2006). But high quality solar radiation observational 
data is only available for limited periods and areas due 

to expensive installation and maintenance of instru-
ments. Recently, remote sensing has been practically 
employed to retrieve solar radiation at a high spatial 
resolution (Jia et al., 2013; Wang & Pinker, 2009). 
However, radiation data generated using this tech-
nique can, at most, be extended to the late 1970s and 
is unable to satisfy the requirement of long term histor-
ical simulation by ecological, hydrological, and land 
surface models. In addition, the quality of remotely 
sensed solar radiation data is limited in regions abun-
dant of clouds. 
Reanalysis climate datasets have become more and 
more available. They are generated through assimilat-
ing observations into models and have fair spatial and 
high temporal resolutions. Among these reanalysis da-
ta, the NCEP/DOE AMIP-II reanalysis data produced 
by the National Energy Research Supercomputing 
Center (NERSC) of the Department of Energy (DOE), 
the ERA-Interim reanalysis data provided by the Eu-
ropean Center for Medium-Range Weather Forecasts 
(ECMWF) and the reanalysis data provided by the 
Department of Civil and Environmental Engineering 
at Princeton University are prevailing. For brevity, we 
will refer to these three reanalysis as NCEP2, ERA2, 
Prin., respectively. These reanalysis data have been 
used as forcing data in terrestrial carbon production 
models over large areas (He et al., 2013; Nemani et 
al., 2003). In order to better the applications of these 
datasets, their validation has been conducted (Liang et 
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al., 2010; Troy & Wood, 2009) and founded that 
some uncertainties exist in them. However, the valida-
tion was mainly conducted on some earlier version of 
these reanalysis radiation products and was not fo-
cused on China. 
A few studies have been conducted to assess reanalysis 
radiation in China. Xia et al. (2006) compared DSSR 
from National Centers for Environmental Prediction 
and National Center for Atmospheric Research 
(NCEP/NCAR) reanalysis, the Goddard Institute for 
Space Studies (GISS), University of Maryland (UMD) 
data with observational radiation (OBS) in China. 
They found that NCEP/NCAR solar radiation data 
were higher than surface data by 40 Wm

-2
, even more 

than 100 Wm
-2

, and there were quite different trends 
in the OBS and NCEP/NCAR data from the 1960s to 
2000. Recently, Jia et al. (2013) evaluated the 
NCEP2, ERA2, the FAST Longwave and Shortwave 
Radiative Fluxes project (FLASHFlux) radiation data 
and DSSR retrieved from Fengyun-2C satellite (FY-
2C) with OBS at  94 sites in China for the period 
from July 2006 to June 2009. Similarly, both NCEP2 
and ERA2 products overestimate the DSSR, with a 
corresponding bias of 46.1 and 25.1 Wm

-2
 and a cor-

responding root mean square error (RMSE) of 71.4 
and 46.1 Wm

-2
. But this validation only cover a li-

mited time period, it is still not clear whether the quali-
ty of these newest versions of reanalysis radiation da-
tasets changes spatially and temporally. 
The goals of this study are (1) to assess the quality of 
NCEP2, ERA2, and Prin. radiation datasets with ob-
servations over China for the period from 1979 to 
2008 and (2) to investigate whether the reanalysis da-
tasets are able to reproduce the temporal trends of ob-
served radiation. 

2 DATA AND METHOD 

2.1 Ground observations of radiation 

A national thermopile pyranometer network that con-
sists of 122 stations across China has been established 
since 1957. The China Meteorological Administration 
(CMA, 1996) performs some preliminary quality con-
trol on this dataset, assuring both the direct and diffuse 
radiation components lower than the global radiation 
for daily data. Here, further quality control was con-
ducted for each station based on following two crite-
ria: 1) daily global solar radiation should be smaller 
than daily extraterrestrial radiation; 2) daily global 
radiation should be larger than 0.03 times of daily 
extraterrestrial radiation (Shi, et al., 2008). Only sites 
with continuous data gap smaller than one year for the 
period from 1979 to 2008 were chosen in this study. 
In total, observational radiation data from 87 stations 
were used. For data integrity, the data gaps spanning a 
few days were interpolated using the calibrated 
Angstrom model (Angstrom, 1924) and sunshine du-
ration records. 

2.2 Three reanalysis radiation datasets 

2.2.1 NCEP/DOE AMIP-II reanalysis data 
The NCEP/DOE AMIP-II reanalysis (NCEP2) is an 
update to the NCEP/NCAR reanalysis (Kanamitsu et 
al., 2002), covering 1979 to present. The main differ-
ences between these two datasets are that the NCEP2 
features newer physics and assimilates observed soil 
moisture. Several previous errors were also eliminat-
ed. These errors include a southern Hemisphere bogus 
data (PAOBS) problem, snow cover analysis error, a 
spectral snow problem, a oceanic albedo problem, and 
discontinuities in relative humidity-cloudiness rela-
tionship table at 0º and 180º. The reanalysis output 
variables were subjectively classified by Kalnay et al. 
(1996) as different categories according to how strong-
ly each variable was influenced by surface observa-
tions. NCEP2 DSSR is considered a category of C va-
riable, indicating that no observation directly affects 
this variable. The NCEP2 reanalysis data are available 
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.r
eanalysis2.html globally at 6-hourly, daily, and 
monthly intervals, with a spatial resolution of about 
1.875 º×1.875 º. Daily data was used here. 

2.2.2 ERA-Interim reanalysis data 
ERA-Interim is the latest global atmosphere reanalysis 
produced by ECMWF (Dee et al., 2011). The ERA-
interim project was conducted in part to prepare for a 
new atmospheric reanalysis to replace ERA40. One 
major improvement for ERA-interim is overcoming 
several difficult data assimilation problems encoun-
tered during the production of ERA-40, such as the re-
presentation of the hydrological cycle, the quality of 
the stratospheric circulation, and the consistency in 
time of reanalyzed geophysical fields. Other improve-
ment are in various technical aspects of reanalysis, 
such as data selection, quality control, bias correction, 
and performance monitoring, each of which can have a 
significant impact on the quality of the reanalysis 
product. The ERA-interim covers the period from 
1979 to present. The daily reanalysis radiation data at 
a spatial resolution of 1.5 º×1.5 º was downloaded 
from 
http://www.ecmwf.int/products/data/archive/descriptio
ns/ei/oper/fc/sfc/index.html. 

2.2.3 Princeton reanalysis data 
Sheffield (2006) developed a 50-year high-resolution 
global meteorological forcing dataset for land surface 
modeling at Princeton University. The dataset was 
constructed by combining a suite of global observa-
tion-based datasets with the NCEP/NCAR reanalysis. 
Studies indicated that downward shortwave radiation 
has decreased over large regions during the period 
from 1960 to 1990 (Stanhill & Cohen, 2001), owing 
to increasing cloud cover. However, global terrestrial 
shortwave radiation from the NCEP/NCAR reanalysis 
shows a spurious upward trend. Thus, the reanalysis 

http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
http://www.ecmwf.int/products/data/archive/descriptions/ei/oper/fc/sfc/index.html
http://www.ecmwf.int/products/data/archive/descriptions/ei/oper/fc/sfc/index.html
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DSSR was first adjusted using National Aeronautics 
and Space Administration (NASA) Langley monthly 
surface radiation budget (SRB) data to remove the 
systematic biases. Then, a linear regression at each 
grid cell between the monthly anomalies of reanalysis 
cloud cover and shortwave radiation was developed to 
predict monthly anomalies of shortwave radiation 
from observation-based estimates of clouds. Therefore, 
the Prin. radiation data is an improved version of 
NCEP/NCAR reanalysis data. Daily radiation data 
was downloaded from 
http://hydrology.princeton.edu/data/pgf/. 

 2.3 Assessment methods 

All daily reanalysis radiation data was interpolated in-
to a spatial resolution of 8 km×8 km and summed to 
annual values. The values of grids collocating with 
observation sites were compared with corresponding 
observations for assessing the quality of reanalysis 
radiation data, i.e.,  

0 0RE =( ) / 1,2,3i iR R R i                (1) 
where Ri and R0 represent the reanalysis and observa-
tion radiation data, respectively; i = 1, 2, 3 denote 
NCEP2, ERA2, and Prin. reanalysis radiation data, re-
spectively. 
The temporal trends and relative changing rates of rad-
iation in China for the period from 1979 to 2008 were 
assessed at annual scales using the linear regression 
analysis method (Ma et al., 2012). 

3 RESULTS 

3.1 Evaluation of daily reanalysis products 

Table 1 shows the comparison of daily radiation re-
trieved from three reanalysis datasets with correspond-
ing observations for the study period. The R

2
 values of 

reanalysis radiation against observations are 0.0056 
(p1<0.001), 0.0136 (p2<0.001), and 0.0114 
(p3<0.001) for NCEP2, ERA2, and Prin. datasets. 
The corresponding RMSE values are 6.00, 4.20, and 
4.03 MJ m

-2
 day

-1
. The averages of daily radiation re-

trieved from these datasets are 16.89, 18.13, 18.39 MJ 
m

-2
 day

-1
 and all considerably higher than the observa-

tional value of 14.28 MJ m
-2

 day
-1

over the period from 
1979 to 2008. 
 
 
Table1. Comparison of daily radiation flux retrieved from three 
reanalysis datasets with observations at 87 stations from 1979 
to 2008. 

Radiation- 
data 

mean(MJ 
m

-2
 day

-1
) 

RMSE(MJ 
m

-2
 day

-1
) 

R
2
 

STD(MJ 
m

-2
 day

-1
) 

NCEP2 16.89 6.00 
0.0056**

* 
6.01 

ERA2 18.13 4.20 
0.0136**

* 
4.94 

Prin. 18.39 4.03 
0.0114**

* 
4.06 

OBS 14.28   7.42 

Figure 1. Spatial distribution of relative errors of annual reanalysis radiation relative to observations averaged over the period 
from 1979 to 2008 (a, b and c denote NCEP2, ERA2 and Prin. datasets, respectively).  
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Coefficient of determine (R
2
) are significant at ***p<0.001.  

3.2 Spatial patterns of errors in reanalysis 
radiation data 

Figure. 1 presents relative errors of annual reanalysis 
radiation averaged over 30 years. Overall, three reana-
lysis radiation datasets exhibit very similar spatial pat-
terns of errors, higher than observations in northeast, 
Inner Mongolia, north and central China and smaller 
in part of west China. Relative errors are significantly 
larger in south and central China, in which annual 
reanalysis radiation is, on average, 40% above obser-
vations at some stations. The numbers of stations, at 
which relatives errors of annual reanalysis radiation 
range from -0.2 to 0.2, are 44, 28 and 31 for NCEP2, 
ERA2, and Prin. datasets, respectively (Figure. 2).  
There are 23, 27, and 33 stations with absolute magni-
tudes of relative errors larger than 0.4 in the NCEP2, 
ERA2, and Prin. datasets. The quality of NCEP2 rea-
nalysis radiation dataset is, to certain degree, better 
than that of ERA2 and Prin. reanalysis radiation data-
sets.  
April, July, October and January are used as repre-
sentatives of spring, summer, autumn, and winter. 
Figures. 3-5 show relative errors of reanalysis radia-
tion in April, July, October and January averaged over 
the period from 1979 to 2008. Three reanalysis radia-
tion products show certain similarity in the spatial pat-
terns of errors in different seasons. At most stations, 
the overestimation of reanalysis radiation data is more 

serious in spring than in other seasons, and the relative 
error can be up to 0.8, even more. In winter, the over-
estimation of the three reanalysis product is still very 
obvious in most part of China, with a relative error in 
the range of –0.2 to 0.5. In autumn, to the contrary, 
there is an underestimation for the three reanalysis in 
most sites, and the relative error is mostly in the range 
of -0.5 to 0.2. As to summer, the overestimation of 
reanalysis datasets mainly occurs in southeast and cen-
tral China, while the underestimation happens in Inner 
Mongolia and west China. 

Figure 2. Histogram of relative errors of annual reanalysis 
radiation relative to observations averaged over the period 
from 1979 to 2008. 

Figure 3. Relative errors of NCEP2 radiation data over China averaged for the period from 1979 to 2008. 
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3.3 Comparison of temporal trends of global 
surface radiation 

Temporal trends of observation and reanalysis radia-
tion data over the period from 1979 to 2008 were also 
compared. The temporal trends of annual total surface 

radiation derived from three reanalysis products are 
spatially quite different from those of observation data.  
Figure.6a shows the spatial pattern of temporal trends 
of observed radiation. At most stations, no significant 
changes of observed radiation from 1979 to 2008 were 
detected. It only significantly increased at 15 stations, 
mainly located in the Tibetan Plateau, the Sichuan 

Figure 4. Relative errors of ERA2 radiation data over China averaged for the period from 1979 to 2008. 

 

Figure 5. Relative errors of Prin. radiation data over China averaged for the period from 1979 to 2008. 
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Basin, as well as the middle and lower reaches of the 
Yangtze River. In contrast, observed radiation de-
creased by about 10% over 30 years at 11 stations in 
north and northeast China. Among other sites, there 
were 27 sites showing an insignificant decreasing 
trend and 34 sites showing an insignificant increasing 
trend.  

The NCEP2 reanalysis radiation data increased signif-
icantly at 52 stations, more than the ERA2 data (14 
stations), Prin. data (9 stations), and observed data (15 
stations) (see Figure 6). These sites mainly distributed 
in eastern and northwest China, with an increasing 
trend of 5-20% during the past 30 years. The Prin. da-
ta, however, tended to underestimate increasing trend 
of global solar radiation in most region of China ex-
cept in northwest. As for the ERA2 dataset, there were 
only 25 sites exhibiting a significant trend of radiation. 
But these 25 sites were different from the 26 sites 
which showing a significant trend for OBS in both the 
location and changing magnitude.  

4 DISCUSSIONS 

4.1 Possible causes for the errors of reanalysis 
radiation dataset? 

The estimated errors of annual radiation are linked to 
both the accuracy of reanalysis and observed radiation. 
The spatial variations in the biases of annual reanaly-

sis radiation might be related to the considerable varia-
tions of aerosol, clouds, and atmospheric water vapor 
in China. In west China, atmospheric aerosol, clouds, 
and water vapor are usually low. The atmospheric 
transitivity is higher here than that in east and south 
China. So, reanalysis radiation is easily underesti-
mated. With the assimilation of satellite data, NCEP2 
reanalysis radiation dataset outperforms the ERA2 and 
Prin. datasets. In east and south China, especially near 
the middle reaches of Yangtze River, the overestimate 
of annual reanalysis radiation data is attributable to 
the inaccurate representation of sky conditions.  
Absolute differences between reanalysis and observed 
daily average radiation were binned according to sky 
clearness index for the period from 1979 to 2008 
(Figure 7). When R is below 0.5, three reanalysis 
products all overestimate surface radiation. The over-
estimation increases with the decrease of R. When R is 
above 0.5 and less than 0.7, reanalysis radiation data-
sets is similar to OBS. When R is above 0.7, namely, 
under clear skies, reanalysis radiation datasets unde-
restimate surface radiation. The overestimation of rea-
nalysis data is consistent with the findings by Xia et al. 
(2006), and is likely due to the inaccurate representa-
tion of clouds and aerosols in the reanalysis model. 
The carbonaceous aerosols in China are mostly con-
centrated in the areas south to the Yellow River and 
east to the Tibetan Plateau. The Sichuan Basin even 
has the highest carbonaceous aerosols because of its 
special geographical and climate conditions (Su & 

Figure 6. Changing rates of annual surface solar radiation over China from 1979 to 2008 for the OBS (a), NCEP2 (b), ERA2 (c), 
and Prin. (d) radiation datasets. Colored symbols denote that the trends are significant at the level of p < 0.05. White symbols 
denote that there are no statistically significant trends detected. 
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Wang, 2009; Ren et al., 2013). Meanwhile, most 
areas in south China, especially in Sichuan Basin, 
have higher cloud cover than north and northwest 
China (Duan & Liu, 2011). These factors might lead 
to relatively low clearness index, consequently overes-
timation of reanalysis radiation in such regions. 
Jia et al. (2013) reported that cloudiness, water vapor, 
and aerosols have comprehensive effects on ground 
surface radiation retrieved from reanalysis data in 
China. The spatial and seasonal change of these fac-
tors cause the seasonal changes in errors of reanalysis 
radiation data over in different regions. In the NCEP2 
and Prin. datasets, the effects of aerosols are excluded 
while the ERA2 dataset describes the influences of 
aerosols. All of three reanalysis datasets included the 
influence of clouds. Recent studies indicate that 
NCEP2 produces a cloud fraction similar to that ob-
served by the satellites and has similar diurnal phase 
pattern to the observed cloud properties (Wu, et al., 
2012). As a consequence, the NECP2 data is closer to 
observations than the ERA2 and Prin. datasets. The 
seasonal patterns of errors of reanalysis radiation are 
consistent with the seasonal change of aerosol optical 
density (AOD) in China (Han et al., 2008). In most 
regions of China, the biggest AOD normally occurs in 
spring and dust storms more frequently arrived in 
April. On the contrary, AOD is relatively small in au-
tumn. The seasonal changes of sky conditions might 
cause seasonality of errors in reanalysis radiation data.  

4.2 The spatial patterns of temporal trends of 
radiation 

This study shows that observed radiation didn’t show 
a significant change trend at most stations over the pe-
riod from 1979 to 2008. Among those stations with 
significant changing trends, there are 15 stations with 
increasing radiation and 11 stations with decreasing 
radiation. As for stations at which changes of radiation 
were not significant, there are 34/27 stations with in-

creasing/decreasing radiation. Previous studies re-
ported that China has been transferring from a “dim-
ming” period to a “brightening” period, and the turn-
ing point is around the end of the 1980s (Norris & 
Wild, 2009; Shi et al., 2008; Xia et al., 2006). Our 
study further proved that there could be a “brighten-
ing” period during 1979 to 2008, but the “brighten-
ing” phenomenon is not so obvious.  
Big differences existed in the temporal variations de-
tected using reanalysis radiation data and observa-
tions. All of three reanalysis dataset are unable to re-
produce the temporal changes of observed surface 
radiation in China during this period, which will in-
duce uncertainties in studies on the temporal trends of 
terrestrial carbon and water fluxes if these radiation 
datasets are used.  

4.3 Uncertainties and remaining issues 

There are some uncertainties in this study. The obser-
vation and three reanalysis data have different spatial 
and temporal resolutions, which could partially impact 
the analyzed results. The spatial interpolation of radia-
tion might induce some uncertainties. The observation 
data also include some errors, which also spatially and 
temporally, affects the assessment of the accuracy of 
reanalysis radiation data. 
Reanalysis radiation is affected by a number of fac-
tors, such as cloud, aerosol, and water vapor. This 
study only focuses on validating the reanalysis radia-
tion data using observations. The possible drivers for 
the biases of reanalysis radiation data were only quali-
tatively analyzed here owing to data limitation. Quan-
titative analysis should be conducted in the future. 

5 CONCLUSIONS 
In this study, we evaluated downward surface solar 
radiation retrieved from three widely used reanalysis 
products with observations in China as the benchmark 
for the period from 1979 to 2008. Following conclu-
sions can be drawn:  
(1) Three reanalysis products all overestimate daily 
downward surface solar radiation with an overestimate 
of about 2.60, 3.85 and 4.11 MJ m

-2
 day

-1
 for NCEP2, 

ERA2 and Prin. radiation datasets. The agreement be-
tween daily reanalysis and observation data is poor for 
all three reanalysis datasets. 
(2) The average relative errors of annual reanalysis 
radiation in comparison with observation show similar 
spatial pattern for all three datasets, which are lower in 
the north China and higher in the south and west Chi-
na. The NCEP2 dataset show low errors at more sta-
tions than the ERA2 and Prin. datasets. The errors of 
reanalysis data are mostly the highest in spring, and 
the lowest in autumn. 
(3) Observation shows that there are 26 stations 
among 87 sites with significant changes in annual rad-
iation in China from 1979 to 2008, of which 15 sta-

Figure 7. Absolute differences between three reanalysis rad-
iation datasets and observations binned according to clear-
ness index R. Positive values indicate overestimation of rea-
nalysis radiation.  



8 
 

tions show increasing trends in annual radiation. All 
three reanalysis products are unable to reproduce the 
temporal trends indicated by observations over China. 
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