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ABSTRACT 18 

The goal of this study is to compare the differences in surface air temperature (SAT) between 19 

observational and reanalysis data in mainland China from 1961–2015 for evaluating the reliability 20 

and applicability of the reanalysis datasets, based on an observational dataset of 763 stations which 21 

has been adjusted for urbanization bias, and 8 reanalysis datasets. The time series, anomaly 22 

correlations, standard deviations, climate state, and linear trends of the reanalysis data are evaluated 23 

against the observations. The reanalysis data are consistent with the observational climate 24 

characteristics to a large extent. The correlation and standard deviation ratio between the reanalysis 25 

data and observations exhibited highly consistent inter–annual variability and dispersion, with the 26 

inter–annual SAT variability of JRA55 and ERA5 the closest to the observations for the periods 27 

1961–2015 and 1979–2015, and the dispersions of 20CRV3 and NCEPV1 the most consistent with 28 

the observations for the two periods. The annual mean SAT of the reanalyses is generally 0–2.0°C 29 

lower than the observations, while the linear trends of all datasets exhibited clear warming. The 30 

biases in the SAT climatology of 20CRV3 and CRA40 are lower than other reanalysis datasets, and 31 

the linear trends of NCEPV1 and 20CRV3 are closer to the observations. With increasing elevation, 32 

the biases of the reanalysis data in terms of correlation, standard deviation, climate state, and linear 33 

trend all increased. Overall, in terms of the similarity of multiple measures to the urbanization bias–34 

adjusted observations, CRA40 and JRA55 show the best performance of the products in 35 

reproducing various aspects of climatological and climate change features in mainland China for 36 

the period 1979–2015 and 1961–2015 respectively. 37 

KEY WORDS: temperature; reanalysis data; urbanization bias; adjusted observations; comparison; 38 

evaluation; China 39 

 40 

1. INTRODUCTION 41 

Reanalysis datasets have been widely used in climate change and climatological research. Over 42 

the past 30 years, the United States, the European Union, and Japan have produced a series of 43 

reanalysis datasets. The fourth generation reanalysis datasets have now been developed, which 44 

include NCEP–NCAR (Kalnay et al., 1996), NCEP–DOE (Kanamitsu et al., 2002), CFSR (Saha 45 

et al., 2010), NASA–MERRA (Rienecker et al., 2011), 20CR (Compo et al., 2011), ERA–interim 46 

(Dee et al., 2011), and JRA55 (Kobayashi et al., 2015).  47 

The ERA5 and CRA40 were developed by the European Centre for Medium–Range Weather 48 

Forecasts (ECMWF) (Hersbach et al., 2020) and China Meteorological Administration (CMA) 49 

(Liang et al., 2020), respectively, as the new datasets in 2019. In addition, the NOAA–CIRES–50 

DOE Twentieth Century Reanalysis (20CR) project has generated an updated four–dimensional 51 

global atmospheric dataset spanning the period 1836–2015 to replace the current 20CRV2 and 52 

20CRV2C datasets. Since these reanalyses have the disadvantages of incorporating the errors from 53 

the numerical prediction models, the assimilation processes, and the observation systems 54 

(Bengtsson et al., 2004a, 2004b; Zhao et al., 2010; Zhao et al., 2015), the reliability of the reanalysis 55 

data needs to be proven on global and regional scales.  56 

Kistler et al. (2001) showed that the surface air temperatures belonging to class B were 57 

generally not as reliable as air pressure. Liu et al. (2008) compared NCEPV2 and ERA–40 to buoy 58 

observations and found that the reanalysis had warm biases and underestimated the observed inter–59 

annual variability of summer surface air temperature from 1979–1999. Lindsay et al. (2014) 60 

showed that the third generation models (CFSR, MERRA, and ERA–Interim) stood out as being 61 
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more consistent with independent observations for period 1981–2010 in the Arctic region. Fan and 62 

Liu (2013) indicated the consistency of SAT climatology in the Southern Hemisphere for the data 63 

derived from 20CR and observations from 1979–2010. Zhou et al. (2016) evaluated the SATs in 64 

reanalysis data (NCEPV1, NCEPV2, JRA55, ERA–interim, and MERRA) over global deserts, 65 

revealing annual mean values ranging from 20.8–24.5°C and long–term trends varying from 0.10–66 

0.14°C/decade.  67 

With the newly–developed reanalysis datasets, many researchers have examined the reliability 68 

and applicability of reanalysis surface air temperatures in China (Su et al., 1999; Xu et al., 2001; 69 

Zhao et al., 2006; Gao et al., 2010; Li et al., 2012; He et al., 2013; Zhu et al., 2015). The biases in 70 

inter–annual variability, time series, and spatial distribution characteristics between reanalysis and 71 

observational data have been analyzed. The results revealed that the application of reanalysis air 72 

temperature in eastern China was more consistent with observation than the application in western 73 

China (Zhao et al., 2006; Zhu et al., 2015). The climate characteristics displayed by the datasets 74 

had a higher agreement with observations after 1979 than before 1979, reflecting the fact that the 75 

new generation reanalysis data were generally better than the old products.  76 

Many researchers have confirmed the above conclusions and found that the bias of SAT 77 

between reanalysis and observation was affected by elevation (Ma et al., 2008; Zhao et al., 2006; 78 

Zhou et al., 2018). The biases in the temperature trends were derived jointly from those in 79 

atmospheric downward long–wave radiation and precipitation frequency. For the linear trend bias 80 

of temperature from 1909–2010, Zhang et al. (2019) analyzed the linear trend of temperature in 81 

eastern China based on the homogenized data of 16 observation stations and two sets of 20th 82 

century reanalysis data (20CR and ERA20C), and found that, although ERA20C was generally 83 

closer to the observational temperatures than 20CR from 1909–2010, their consistency did not 84 

indicate that ERA20C and 20CRV2 were suitable for climate change research due to the systematic 85 

bias related to the observational data from the stations.  86 

The aforementioned studies revealed the uncertainties of reanalysis datasets in different regions 87 

and different periods. These may be due to limited assimilation sources, errors from the numerical 88 

prediction models, and observation system changes, which produced different results for different 89 

periods and regions (Xu et al., 2001; Thorne and Vose, 2010; Parker, 2016; Lahoz and Schneider, 90 

2014; Dee et al., 2014; Zhou et al., 2017). In addition, the previous comparisons of SAT data 91 

between reanalysis and observation generally considered the inhomogeneity of the reference data, 92 

but ignored the bias of the linear trend caused by the urbanization that has occurred in recent 93 

decades. Thus, the question as to how to evaluate the potential of reanalysis data for climate change 94 

research has not been given sufficient attention, since the effects of urbanization have not been 95 

considered. 96 

There have been many recent studies demonstrating that the SAT observation records of urban 97 

stations and national meteorological station networks contain a significant urbanization bias, 98 

regardless of whether homogenization corrections were applied, especially since the middle of the 99 

20th century in China (Ren et al., 2007, 2008; Hua et al., 2008; Li et al., 2010; Ren and Ren, 2011; 100 

Wang and Ge, 2012; He et al., 2013; Ren and Zhou, 2014; Shi et al., 2015; Li et al., 2016). Due to 101 

the differences in research regions, time periods, and data processing methods, and, in particular, 102 

to the differences in the reference stations networks that were applied, estimating of the 103 

urbanization effect and contribution varied among the different research groups. It was therefore 104 

necessary to develop an actual rural (reference) national station network for assessing and adjusting 105 
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the current temperature biases in the national historical SAT datasets widely used in studies of 106 

climate change. This national station network has been conducted for mainland China over the last 107 

decade by the CMA (Ren et al., 2008, 2015; Zhang et al., 2010; Ren and Zhou, 2014; Wen et al., 108 

2019). Wen et al. (2019) recently adjusted the monthly 1961–2015 temperature data of 763 national 109 

stations in China for urbanization bias based on previous research. Their study concluded that the 110 

trend of the original temperature was 0.048—0.049℃/10year higher than that of the urbanization 111 

bias adjusted temperature series. Therefore, the urbanization bias adjustment removed systematic 112 

bias in the quality-controlled and homogenized data, which had caused an overestimate of the 113 

annual warming rate of more than 19.6%. In addition, the spatial patterns of the annual mean SAT 114 

linear trends also exhibit an obvious difference from those of the previous analyses. Wen et al. 115 

(2019) concluded that a weak warming area appear in the small part of southwestern North China, 116 

the northwestern Central China and the eastern part of Southwest China. The annual mean warming 117 

trends in Northeast and North China obviously decreased, which caused a relatively more 118 

significant cooling in Northeast China after 1998. This indicates that the influence of urbanization–119 

bias on the estimate of temperature trend is not ignorable. This adjusted dataset is thus considered 120 

to be the most suitable one for use in monitoring and studying regional climate change in China 121 

than the only homogenized temperature data. 122 

It remains necessary, therefore, to evaluate climatology and the long–term trends of the 2 m air 123 

temperature of the reanalysis data against the new observational data exempt from urbanization 124 

bias. In this study, we evaluate the applicability of the reanalysis data by using the urbanization 125 

bias–adjusted observational data from 1961–2015 across mainland China. The results of this work 126 

can serve as a reference for both developers of reanalysis data and researchers of climate change. 127 

 128 

2. MATERIALS AND METHODS 129 

The monthly mean surface air temperature (referred to as SAT) observational dataset (referred 130 

to as OBS) of 763 national meteorological stations across China for the period 1961–2015 was 131 

developed by adjusting for urbanization bias (Wen et al. 2019) after it had been adjusted for 132 

inhomogeneities mainly caused by station and instrumentation relocation (Cao et al., 2016). The 133 

distribution of the stations is shown in Figure 1. The method of urbanization bias–adjustment 134 

consisted of 3 steps: (1) The SAT reference station networks developed in previous studies (Ren et 135 

al., 2010; Ren et al., 2015) were applied, and the reference stations chosen for any target stations 136 

were stipulated to be within 500 km (Janis et al., 2004; Ren et al., 2012); (2) The weighted averages 137 

of monthly mean temperature for all reference stations were calculated using the correlation 138 

coefficients of the detrended monthly mean temperature series between the reference stations and 139 

the target station as weights; (3) The linear trend bias of temperature between the target station and 140 

the reference series was used as the total correction in order to adjust for urbanization bias at each 141 

target station (Zhang et al., 2009). Given the lack of high–quality observational data before 1961, 142 

we selected 1961–2015 as the research period for comparing the observational and reanalysis 143 

temperatures. 144 

 145 

Figure 1. Distribution of the elevation distribution and 763 observation stations across 146 

mainland China. (The insert shows the number of stations at various elevations, the asl stands for 147 

elevation (units: m), the red bar stands for the number of the elevation distribution) 148 

 149 
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The reanalysis data used in this study include fourth–generation datasets (Table 1), referred to 150 

as REAs. The first–generation NCEPV1 dataset, which was produced by NCEP/NCAR, was 151 

assimilated with weather observations from ships, weather stations, satellites, and other sources. 152 

The second–generation NCEPV2 was an improvement over the NCEPV1. CFSR, MERRA, and 153 

JRA55 were the third–generation which had much higher spatial and temporal resolution than the 154 

NCEPV1 and NCEPV2. The new generation ERA5, CRA40, and 20CRV3 datasets have now been 155 

released. Compared with the ERA–interim, the ERA5 has better global distribution of precipitation 156 

and more consistent observations of sea surface temperature and sea ice. Based on the NCEP’s 157 

global spectral model (GSM) and lattice statistical interpolation (GSI) assimilation system, the 158 

CMA produced the first reanalysis dataset CRA40 in 2019, which assimilated high–density 159 

domestic and overseas observational data and satellite data. The 20CRV3, which is the most recent 160 

version of 20CR reanalysis, assimilates only surface observations of synoptic pressure into 161 

NOAA’s Global Forecast System and prescribes sea surface temperature and sea ice distribution. 162 

The 20CRV3 is better than the 20CRV1, 20CRV2, and 20CRV2C in assimilating more of the early 163 

data that were collected with international cooperation under the Atmospheric Circulation 164 

Reconstructions over the Earth (ACRE) project.  165 

 166 

Table 1. Atmospheric reanalysis datasets applied in this study 167 

 168 

Due to differences in the periods of the reanalysis data, as well as the availability of high–169 

quality observational data, we select the common period 1961–2015 as the research period, which 170 

is consistent with the urbanization bias–adjusted observations in terms of data series length. In 171 

addition to the entire period, 1979–2015 is also used for comparing the reanalysis and observational 172 

data, given the application of satellite data in assimilation, the production of more reanalysis data, 173 

and the rapid global warming since 1979 (Tang et al., 2005; Ren et al., 2012). Climate reference 174 

period is the 30 years of 1981–2010 in this study. The bilinear interpolation method is utilized to 175 

interpolate the monthly mean SATs of the reanalysis to the observational stations, using data of 176 

four reanalysis grid boxes around each station. The time series, correlation, standard deviation, 177 

climate state, and linear trends of the reanalysis data are evaluated against the observations. The 178 

annual mean SATs are calculated from the observations and reanalysis data based on 12 monthly 179 

mean values.  180 

The correlation coefficient (R) and the standard deviation ratio (SDR) between the REAs and 181 

OBS represent the degree of similarity in the annual variability and standard deviation, respectively. 182 

A value of SDR or R close to 1.0 reflects a higher similarity between the observations and 183 

reanalysis data.  184 

 185 














n

i

i

n

i

i

i

n

i

i

OBSOBSREAREA

OBSOBSREAREA

R

1

2

1

2

1

)()(

)()(

 186 

 187 



 

 6 / 36 

 














n

i

i

n

i

i

OBSOBS
n

REAREA
n

SDR

1

2

1

2

)(
1

)(
1

 188 

The significance of climate trend (S) represents the quantitative degree of temperature rise and 189 

fall under climate change. The linear trend (a) is the regression coefficient obtained by the least–190 

squares method.  191 
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 193 

The relative biases between the REAs and OBS for correlation, standard deviation, climate 194 

state and linear trends are calculated for the periods 1961–2015 and 1979–2015. Then, the 195 

difference between 100% and absolute value of the relative bias is regarded as the score to each of 196 

the metrics (inter–annual variability, dispersion, climate state and linear trend), and is used to 197 

calculate the integrated scores in arithmetic mean for each of the reanalysis datasets.  198 
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3 Results  199 

3.1 Temporal features 200 

The time series of annual mean SAT across China from the REAs and OBS (Figure 2a) reveal 201 

that the REAs describe the observational SAT characteristics in the inter–annual variation over the 202 

entire study period. The annual mean SAT of the REAs is generally 0–2.0°C lower than the OBS, 203 

and that of CRA40 is closer to the OBS than the other REAs. The bias between MERRA and the 204 

OBS is larger than that between CRA40 and the OBS from 2000–2010. Furthermore, a more 205 

significant bias (> 1.5°C) of the REAs is found for NCEPV1, NCEPV2, and CFSR, indicating that 206 

differences in the reanalysis model and assimilation scheme may affect reanalysis data quality. 207 

Figures 2b and 2c show the time series of annual mean SAT anomalies and their detrended series 208 

from 1961–2015 across China, respectively. The REAs well describe the SAT characteristics of the 209 

OBS in the inter–annual variability over the entire study period. CRA40, JRA55 and ERA5 are 210 

more consistent with the OBS than the other reanalysis datasets from 1979–2015. JRA55 is closer 211 

to the observations than 20CRV3 and NCEPV1 before 1979. 212 

 213 

Figure 2. Time series of annual mean SAT across mainland China from 1961–2015 derived from 214 

OBS and REAs: (a) SAT; (b) SAT anomalies; (c) SAT with linear trends removed. (units: °C) 215 

 216 

 Figure 3 also shows that CRA40 is more consistent with the OBS in seasonal and inter–annual 217 

temperature variations. Partial REAs show larger cold biases generally occurring in April–October 218 

(> 1.0°C in August) and CRA40 show smaller warm biases in November–February. The bias 219 

between MERRA and the OBS is larger from 2000–2010 than at other times, mainly as a result of 220 

significantly cold biases in July–December 1979–2015 and January–July 2000–2010, respectively. 221 

The monthly mean SAT derived from the REAs (NCEPV1, NCEPV2, ERA5, JRA55, 20CRV3, 222 

and CFSR) exhibit cold systematic biases, with the biases of NCEPV1, JRA55, and CRA40 being 223 

significantly larger in August than in other months. The cold biases of the REAs (in particular 224 

NCEPV2, CFSR, and ERA5) are larger in spring and winter than in summer and autumn. We think 225 

the urbanization bias of observational data is higher in winter than that of in summer. The REAs 226 

assimilated the homogeneous observational data which ignored the bias caused by the urbanization. 227 

Thus, the REAs may overestimate the temperature in winter. 228 

 229 

Figure 3. The bias of monthly mean SAT between REAs and OBS from 1961–2015 across 230 

mainland China: (a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) 231 

CFSR; (h) MERRA. (The value of color bar means the monthly mean SAT bias (units: °C)) 232 

 233 

Wavelet analysis is one of the important methods used to detect periodic characteristics of 234 

climatic series (Weng et al., 1994). The result of wavelet transform is shown in Figure 4. There are 235 

approximately 2.5–5 year periodic characteristics in the SAT data series of the OBS and REAs 236 

from 1990–2000. The 20CRV3 indicated the 2.5–5 year periodic characteristics in the 1980s, which 237 

is different from those of the other REAs. Overall, the REAs can describe the periodic 238 

characteristics of air temperature variability in the 1990s to a certain extent, but the signals are 239 

generally weak for the period before the 1980s, with the exception of 20CRV3. 240 

 241 

Figure 4. Wavelet analysis based on REAs and OBS from 1961–2015: (a) NCEPV1; (b) JRA55; 242 

(c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR ; (h) MERRA ; (i) OBS. 243 
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   The climate state and linear trend of SAT are important indicators in climate research derived 244 

by the REAs and OBS. Figure 5 and Table 2 show the histograms of annual mean SAT values and 245 

linear trends for the periods 1961–2015 and 1979–2015. The mean SAT of the REAs is generally 246 

0−2.0°C lower than the OBS during 1961–2015. The linear trend of the OBS is 0.191°C/10 years. 247 

Linear trends of the REAs and OBS are all statistically significant at the 95% level. Table 4 shows 248 

that the SAT trends of NCEPV1 and JRA55 are 4.0% and 10.5% higher than the OBS, respectively. 249 

In addition, 20CRV3 is 11% lower than the OBS. The annual mean SAT of the OBS is generally 250 

0.2–1.93°C higher than the REAs from 1979 to 2015 and CRA40 is 0.3% lower than the OBS. The 251 

trends of 20CRV3 and CRA40 are consistent with the OBS. Moreover, CFSR and NCEPV1 are 252 

closer to the OBS than JRA55 in terms of linear trends. Therefore, 20CRV3 and CRA40 are 253 

generally consistent with the OBS for the climate state from 1961–2015 and 1979–2015, 254 

respectively, and NCEPV1 and 20CRV3 are more similar to the OBS than the other REAs for the 255 

linear trends from 1961–2015 and 1979–2015, respectively. The annual mean SAT linear trends also 256 

exhibit an obvious difference from those of the previous analyses. Zhou et al. (2018) report that the 257 

linear trends of REAs was about 0–0.15°C/10 years higher than those of SAT without the 258 

urbanization bias adjustment (the relative bias between the REAs and OBS was about 0–40% in 259 

1979–2010), but in this study, the relative bias between the REAs and OBS in 1979–2015 was about 260 

0–30%, with generally more difference from those of the previous analyses.  261 

We also evaluate the bias of climate state and linear trend of seasonal mean SAT across China 262 

derived from REAs and OBS for the periods 1961–2015 and 1979–2015 (Figure omitted). The 263 

seasonal mean SAT of the REAs is generally 0−2°C lower than the OBS. The climate state bias of 264 

NCEPV1, JRA55 and CRA40 in summer is generally larger than those of in other season during 265 

1961–2015 and 1979–2015. For example, the bias of NCEPV1 in summer is -2.172 in 1961-2015 266 

and -2.083 in 1979–2015, which is more lager than other season. The bias of linear trends in summer 267 

for NCEPV1 and 20CRV3 during 1961-2015 is larger than those of in other season. But in 1979-268 

2015, NCEPV1, 20CRV3, NCEPV2 and MERRA are more consistent with the OBS in summer. In 269 

addition, the biases of climate state and linear trend of seasonal mean SAT across China indicate 270 

that the climate state and linear trends bias in summer are significant difference during 1961–2015. 271 

But the linear trends bias in 1979-2015, a part of REAs are consistent with OBS in summer than 272 

those of in winter. 273 

 274 

Figure 5. Annual mean SAT and annual mean SAT linear trends for the periods 1961–2015 and 275 

1979–2015. (The red bar stand for climate state (units: °C), the orange bar stand for linear trends 276 

(units: °C/10 years)) 277 

 278 

Table 2. Relative bias between the REAs and OBS for climate state and linear trends for the periods 279 

1961–2015 and 1979–2015. 280 

 281 

We also compare the similarity of correlation and standard deviation ratio between REAs and 282 

OBS for the periods 1961–2015 and 1979–2015 in order to evaluate the credibility of the REAs in 283 

terms of inter–annual variability and dispersion.  284 

Table 3 lists the correlation coefficient (R) and standard deviation ratio (SDR) between the 285 

annual mean SATs of REAs and OBS over the periods 1961–2015 and 1979–2015. The R values 286 

are statistically significant from 1961–2015 (p < 0.05). The R of JRA55 is higher than that of either 287 

20CRV3 or NCEPV1. The standard deviations (STDs) of the REAs are higher than those of the 288 
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OBS from 1961–2015. 20CRV3 is more consistent with the OBS in terms of dispersion. The REAs 289 

reflect the inter–annual and decadal variability of the regional surface air temperature to a large 290 

extent, particularly from 1979–2015, when R > 0.9. The R of ERA5 was 0.997, indicating the most 291 

similar variability to the OBS. JRA55, NCEPV1, and CRA40 also exhibit higher credibility in 292 

terms of inter–annual and decadal variability. The STDs of MERRA and NCEPV2 are lower than 293 

those of the OBS, whereas the STDs of the other REAs are higher than those of the OBS. The 294 

STDs of NCEPV2 and JRA55 are more in agreement with the OBS, while NCEPV1 and MERRA 295 

displayed higher dispersions from observations for the period 1979–2015. Zhou et al. (2018) report 296 

that the SDR value is 0.5–0.8, indicating a lower variability of the REAs than the OBS. Since the 297 

STD of the OBS is somehow lowered when the data were adjusted for urbanization bias, due to the 298 

adjustment method used (Wen et al., 2019), the STDs of the REAs look generally more similar to 299 

those of the OBS in this research.  300 

 301 

Table 3. Standard deviation ratio (SDR) and correlation coefficient (R) of annual mean SAT across 302 

China derived from REAs and OBS for the periods 1961–2015 and 1979–2015 (thresholds for the 303 

95% confidence level are 0.26 and 0.32 respectively) 304 

 305 

We also evaluate the SDR and R of seasonal mean SAT across China derived from REAs and 306 

OBS for the periods 1961–2015 and 1979–2015. The R values of seasonal mean SAT are 307 

statistically significant from 1961–2015 and 1979-2015 respectively (Figure omitted). Most of R 308 

values are 0.9–1.0, indicating the most similar variability to the OBS. The R values of 309 

NCEPV1(R=0.851) and 20CRV3(R=0.879) in summer are lower than those of in other seasons 310 

during 1961–2015. CFSR(R=0.906), MERRA(R=0.917) and 20CRV3(R=0.858) in summer are 311 

lower than those of in other seasons during 1979–2015. Most of STDs for REAs are higher than 312 

those of the OBS during 1961–2015. Conversely, the SDR values of NCEPV1, NCEPV2 and 313 

MERRA in spring and summer are lower than 1.0 during 1979–2015. Overall, the SDR and R of 314 

seasonal mean SAT in autumn and winter are more in agreement with the OBS in spring and 315 

summer. 316 

3.2 Spatial characteristics 317 

Figures 6–8 illustrate the spatial distribution of the climate state and linear trends for the periods 318 

1961–2015 and 1979–2015. The cold biases (> 2°C) of SAT between the REAs and OBS are 319 

significant (p < 0.05) in portions of western and eastern China from 1979–2015 (Figure 6). The 320 

annual mean temperatures of MERRA, ERA5, 20CRV3 and CRA40 show a significant warm bias 321 

(p < 0.05) in regions of northern and northeastern China. The bias between CRA40 or MERRA 322 

and the OBS is above 3°C in most stations of northern China. The different characteristics between 323 

the REAs (NCEPV1, JRA55, and 20CRV3) and OBS during 1979–2015 are similar to those of 324 

1961–2015 (Figure omitted). Overall, there are significant cold biases between the REAs and OBS 325 

over western and southern China and warm biases in northern China. 326 

 327 

Figure 6. Spatial distribution of annual mean SAT bias of REAs from observations for the period 328 

1979–2015 across mainland China: (a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) 329 

NCEPV2; (f) ERA5; (g) CFSR; (h) MERRA. 330 

(The black dots represent significant deviation, the value of color bar means the annual mean SAT 331 

bias (units: °C)) 332 
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 333 

The spatial distributions of linear trend for the periods 1961–2015 show that the trend of 334 

NCEPV1 is significantly higher in general than the OBS over central and eastern China (Figure 7). 335 

There is a significantly cold trend bias in western China and part of northern China, with the trend 336 

biases of some stations > 0.6°C/10 years, but the country average bias (4.18%) between NCEPV1 337 

and the OBS is lower than that of the other REAs (Table 4). This indicates that the larger cold bias 338 

in western China reduced the overall warm bias across China. The linear trend of JRA55 is higher 339 

than the OBS, whereas 20CRV3 is generally lower in most areas of China. The trends of OBS in 340 

northern and western China are warmer than those of in central and southern China. Figure 8 shows 341 

that the trends of NCEPV1, NCEPV2, and MERRA are lower than the OBS over most parts of 342 

China from 1979 to 2015, with bias values of –9.2%, 30.5%, and 26.2%, respectively, as listed in 343 

Table 2. These three REAs are significantly cold bias over parts of central and western China as 344 

well as northern and eastern China. The trends of the other REAs (JRA55, ERA5, CFSR, 20CRV3, 345 

and CRA40) are higher than those the OBS. JRA55 and ERA5 are characterized by the warm bias 346 

over northern, eastern, southwestern, and northeastern China. CFSR, 20CRV3 and CRA40 have 347 

warm trend bias over southern, southwestern, and northeastern China. 348 

 349 

Figure 7. Spatial distribution of linear trend of OBS and linear trend bias between REA and OBS 350 

for the period 1961–2015 across China:(a) NCEPV1; (b) JRA55; (c) 20CRV3 (d) OBS.  351 

(The black dots represent significant deviation, the value of color bar means the linear trend bias 352 

and linear trend (units: °C/10year)) 353 

 354 

Figure 8. Spatial distribution of linear trend bias between REA and OBS for the period 1979–2015 355 

across China:(a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR; 356 

(h) MERRA. 357 

(The black dots represent significant deviation, the value of color bar means the linear trend bias 358 

(units: °C/10year)) 359 

 360 

Figures 9 and 10 show the relationship of biases of climate state and linear trends of annual 361 

mean SAT for different REAs with varied elevation. The biases of annual mean SAT in high–362 

altitude regions (especially above 3000 m) are higher than those at low altitudes. Even though there 363 

is a cold mean temperature bias between the REAs and OBS, the number of JRA55 stations which 364 

are close to the OBS trend values, are larger than those of NCEPV1 and 20CRV3 for the period 365 

1961–2015 and the NCEPV1 witnessing the most stations with large biases. The bias distribution 366 

characteristics of REAs for the period 1979–2015 are similar to those for the period 1961–2015. 367 

ERA5 and JRA55 are more consistent with the OBS with regard to both climate state and linear 368 

trends. 20CRV3 seems to have a smaller bias of annual mean trends than any other REAs. The 369 

biases of linear trends in high–altitude regions (especially above 2000 m) are significantly higher 370 

than those of low–altitude regions.  371 

The linear trends of NCEPV1, JRA55 and 20CRV3 are more consistent with those of the OBS 372 

during 1979–2015 than during 1961–2015. Since the cold biases at low altitudes and the warm 373 

biases at high altitudes are significant, the spatial distribution of the linear trend for NCEPV1 is 374 

not as well–defined as those of JRA55 and 20CRV3. From 1979 to 2015, the biases of both climate 375 

state and linear trends for CRA40, JRA55, 20CRV3, and ERA5 are obviously lower than those of 376 

the other REAs (NCEPV2, CFSR, and MERRA) which exhibit significant bias at high altitudes. 377 
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This indicates that the larger SAT biases of the reanalysis data primarily occurs in higher areas 378 

including the Qinghai–Tibetan Plateau. The reason may be related to fact that there is a large 379 

uncertainty with the numerical prediction model and the assimilation schemes with rising elevation. 380 

On the other hand, the elevation differences (station minus model grid) are negative, probably 381 

because most observational stations are located in the flat ground or valley bottom, which is lower 382 

than the reanalysis model topography. This contrast could also lead to a large temperature 383 

difference. 384 

 385 

Figure 9. The biases of climate state and linear trends of annual mean temperature between REAs 386 

and OBS for the period 1961–2015. (a) NCEPV1; (b) JRA55; (c) 20CRV3.  387 

(The asl stands for elevation (units: m); y-axis stand for the bias of climate state (units: °C); x-axis 388 

stand for the bias of linear trends (units: °C/10 years); red bar stand for the number of stations with 389 

different bias of linear trends; blue bar stand for the number of stations with different bias of climate 390 

state; purple dots represent the altitude of stations above 3000m;blue dots represent the altitude of 391 

stations between 1500-3000m; orange dots represent the altitude of stations between 500-1500m; 392 

green dots represent the altitude of stations less than 500m) 393 

 394 

Figure 10. The biases of climate state and linear trends of annual mean temperature between the 395 

REAs and OBS for the period 1979–2015. (a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) 396 

NCEPV2; (f) ERA5; (g) CFSR; (h) MERRA. 397 

(The asl stands for elevation (units: m); y-axis stand for the bias of climate state (units: °C); x-axis 398 

stand for the bias of linear trends (units: °C/10 years); red bar stand for the number of stations with 399 

different bias of linear trends; blue bar stand for the number of stations with different bias of climate 400 

state; purple dots represent the altitude of stations above 3000m;blue dots represent the altitude of 401 

stations between 1500-3000m; orange dots represent the altitude of stations between 500-1500m; 402 

green dots represent the altitude of stations less than 500m) 403 

 404 

In order to examine the performance of the REAs in high–altitude regions, Figure 11, Figure 405 

12, and Table 4 present the R and SDR characteristics between the REAs and OBS of annual mean 406 

SAT for 763 stations across mainland China. They show that The R value of most REA stations 407 

could describe the inter–annual variability (p < 0.05) from 1979–2015 to a large extent. With 408 

increasing elevation, however, the R value of the REAs (R > 0.8) decreased. The R value of JRA55 409 

is generally higher than those of the other REAs. Although NCEPV1, NCEPV2, CFSR, MERRA, 410 

and CRA40 have higher correlations with the OBS at low altitudes, they are not so good at high 411 

altitudes. The R values of some stations above 1500 m are not statistically significant (p > 0.05) 412 

for NCEPV2, CFSR, and MERRA. R value of NCEPV2 is lower than those of the other REAs 413 

from 3000–5000 m. The SDR value between the REAs (NCEPV2, CRA40, ERA5, and CFSR) and 414 

the OBS stations increase with increasing elevation. The STDs of NCEPV1 and MERRA are lower 415 

than those of the OBS at high altitudes. In addition, JRA55 is generally closer to the OBS than the 416 

other REAs from 0–5000 m. The R values between JRA55 and the OBS for period 1961–2015 are 417 

consistent with those for period 1979–2015, indicating a higher similarity than NCEPV1 and 418 

20CRV3 to the observations. With rising elevation, the SDR value of 20CRV3 is also more 419 

consistent with the OBS from 1961–2015, but this may imply an underestimate considering the 420 

observed data which have been adjusted for urbanization bias. 421 
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 422 

Figure 11. Taylor diagrams of annual mean SAT for 763 stations across mainland China derived by 423 

the REAs and OBS for the period 1961–2015: (a) NCEPV1; (b) JRA55; (c) 20CRV3. 424 

(The asl stands for elevation (units: m), the purple dots represent the altitude of stations above 425 

3000m. The blue dots represent the altitude of stations between 1500-3000m. The orange dots 426 

represent the altitude of stations between 500-1500m. The green dots represent the altitude of 427 

stations less than 500m, threshold for the 95% confidence level is 0.26) 428 

 429 

Figure 12. Taylor diagrams of annual mean SAT for 763 stations across mainland China derived 430 

by the REAs and OBS for the period 1979–2015:(a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; 431 

(e) NCEPV2; (f) ERA5; (g) CFSR; (h) MERRA. 432 

(The asl stands for elevation (units: m), the purple dots represent the altitude of stations above 433 

3000m. The blue dots represent the altitude of stations between 1500-3000m. The orange dots 434 

represent the altitude of stations between 500-1500m. The green dots represent the altitude of 435 

stations less than 500m, threshold for the 95% confidence level is 0.32) 436 

 437 

Table 4. R and SDR values between the REAs and OBS at different elevations for the periods 438 

1961–2015 and 1979–2015. 439 

 440 

The above results indicate that REA for most stations reproduce the inter–annual variability 441 

and dispersion from 1961–2015 and 1979–2015 to a large extent. With rising elevation, the R 442 

values of the REAs with observations decreased, whereas the SDR values increased. JRA55 is 443 

closer to the OBS than the other REAs. The reason that NCEPV2 or CFSR and the OBS are 444 

significantly different may be related to the numerical prediction model and the assimilation 445 

schemes. 446 

 447 

3.3 Comprehensive evaluation and discussion 448 

The applicability and credibility of reanalysis data differ in various research directions of 449 

climate and climate change. REAs need to be chosen according to particular research purposes. 450 

However, it is necessary to pay more attention to linear trends for climate change research and 451 

inter–annual variability or deviations for climatological characteristics analysis in evaluation of the 452 

REAs application. Using the urbanization bias–adjusted OBS as the reference, we perform a 453 

comprehensive sorting of the REAs in terms of their goodness in reproducing the inter–annual 454 

variability, dispersion, climate state and linear trend. The separate and integrated rankings of the 455 

REAs for the periods 1961–2015 and 1979–2015 are shown Table 5.  456 

 457 

Table 5. Ranking and score of each of the reanalysis datasets in mainland China for the periods 458 

1961–2015 and 1979–2015. 459 

It is interesting to note that, CRA40, which assimilate high–density domestic and overseas 460 

observational data and satellite data, is closer to the OBS than the other REAs, during the common 461 

period of 1979–2015. Although there is still biases in terms of inter–annual variability, dispersion 462 

and linear trends, which may have been related to the assimilation scheme, CRA40 have the highest 463 

integrated scores (95.8) among the eight REAs. In addition, NCEPV1, JRA5 and ERA55 display 464 

better performance than most REAs in various aspects in mainland China during 1979–2015, with 465 

the relatively high scores of 94.2, 93.7 and 93.5 respectively. The goodness of JRA55 and ERA5 466 
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has been attributed to the assimilation of the SAT data and the improved model systems compared 467 

to the old generation (JRA25 and ERA–interim). NCEPV1 with priority in dispersion display a 468 

lower reliability in climate state during 1979–2015 and 1961–2015. The integrated score of 469 

20CRV3 was 92.5 and 93.5 during the periods of 1979–2015 and 1961–2015 respectively, with the 470 

better performance than other REAs in linear trend (1979–2015), dispersion (1961–2015), and 471 

climate state (1961–2015). It is also clear that the biases of MERRA, CFSR and NCEPV2 are 472 

generally higher than those of the other REAs. If no substantial improvement is made, they are not 473 

applicable in studies of climate and climate change over mainland China. 474 

A few futures previously found are now explainable from this paper. Zhu et al. (2015) 475 

discovered that the cold bias of the ERA–interim was higher in summer than in other seasons in 476 

China. The current study reveals that the bias between ERA5 and OBS is lower in summer than in 477 

other seasons, indicating that the seasonal mean SAT of ERA5 has a good credibility actually in 478 

mainland China. This similarity may have been related to the substantial adjustment of mean 479 

temperature in summer months in central and southern North China in the new dataset (Wen et al., 480 

2019). The SAT in JRA55 is the post–processing product by analysis scheme in surface and lowest 481 

model level and observations of SAT, with the help of Monin–Obukhov similarity profiles 482 

consistent with the model’s parameterization of the surface layer (Kobayashi et al., 2015). Kistler 483 

(1998) show that the SAT of NCEPV1 before 1967 had a drawback similar to that of “PSFC” (the 484 

error caused by the assimilation of surface air pressure from 1948–1967 led to significant 485 

deviation), indicating that it is not suitable for analyzing the climate characteristic before 1967. 486 

Our analysis confirms the conclusion, indicating that NCEPV1 has a large fluctuation from 1961–487 

1968, and although the dataset describe the annual climate variability and dispersion well, it is not 488 

suitable for either the climate state analysis in terms of the comparison with the new observations 489 

of both periods 1979–2015 and 1961–2015.  490 

Zhang et al. (2019) found that the annual mean SAT of 20CRV2C had an abnormally large 491 

fluctuation from 1963–1968. Zhou et al. (2018) demonstrated that the R value between the old 492 

generation 20CR (20CRV2 and 20CRV2C) and the OBS was 0.8–0.9 from 1979–2010. Our 493 

analysis show that the annual mean SAT variability and R value of 20CRV3 are more consistent 494 

with the OBS in the 1960s than the previous versions (20CRV2 and 20CRV2C), demonstrating an 495 

obvious improvement in the new generation of 20CR. 20CRV3, however, is still unsatisfactory 496 

because it is unable to reproduce all of the SAT characteristics compared to JRA55, ERA5 and 497 

CRA40 during 1979–2015. The reasons for the larger biases with MERRA, NCEPV2, and CFSR 498 

need to be further investigated. With improving accurate of land surface conditions and applying 499 

more advance climate assimilation system, these datasets also need to assimilate and analyze 500 

observation, satellite radiance and other remote datasets, and to advance the simulation of land–501 

atmosphere interactions to yield high–quality new–generation reanalysis for potential use in studies 502 

of global and regional climate change (Herring et al., 2018; Trenberth et al., 2015; Zhou and Wang, 503 

2017b). 504 

 505 

4 Conclusions 506 

Based on the urbanization bias–adjusted data obtained from 763 stations and 8 sets of surface 507 

air SAT reanalysis data during the periods 1961–2015 and 1979–2015, we utilize time series, period 508 

features, correction values, dispersion values, and linear trends to comprehensively evaluate the 509 

suitability and credibility of the reanalysis data for studies of climatological characteristics and 510 
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climate change over mainland China. Main conclusions are as follows. 511 

(1) The SATs of the REAs are generally lower than those of the OBS from 1961–2015. The 512 

cold biases of CRA40, NCEPV1 and JRA55 are mainly caused by the lower SAT in summer, 513 

whereas those of NCEPV2, CFSR, and ERA5 are mainly caused by the lower winter mean 514 

temperature. The time series of CRA40 and JRA55 are more consistent with the OBS during the 515 

two periods of 1979–2015 and 1961–2015 respectively. The annual mean REAs can well describe 516 

to a large extent the 2.5–5 year periodical characteristics as revealed in OBS. 517 

(2) The country average annual mean reanalysis SAT is generally 0–2°C lower than the 518 

observational data. The linear trends of annual mean SAT of all the reanalysis and observational 519 

data exhibit clear warming during 1961–2015 and 1979–2015. The biases in the annual mean SAT 520 

derived by the REAs (20CRV3 and CRA40) are lower than those of the other reanalysis data for 521 

1961–2015 and 1979–2015, and the linear trends of NCEPV1 and 20CRV3 are closer to those of 522 

the observations for the two periods evaluated. 523 

(3) The REAs can reproduce to a large extent the inter–annual variability and dispersion for the 524 

periods 1961–2015 and 1979–2015. The inter–annual SAT variability of JRA55 and ERA5 are 525 

generally closer to the observations. The dispersions of 20CRV3 and NCEPV1 are more consistent 526 

with the observations. 527 

(4) The REA biases in correlation, standard deviation, climate state and linear trends generally 528 

increase with increasing elevation of stations. The R values for some stations above 1500 m for the 529 

REAs are not significant (p > 0.05), indicating the disability to describe the inter–annual variability 530 

of annual mean SAT in the Qinghai–Tibetan Plateau.  531 

(5) Comprehensive sorting of the REA datasets show the higher scores of CRA40, NCEPV1, 532 

ERA5 and JRA5, indicating the better performance of the products in reproducing various aspects 533 

of climatological and climate change features in mainland China, and their applicability in 534 

monitoring and studies of climate variability and change in the country. 535 

536 
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Table LIST 721 

Table 1. Atmospheric reanalysis datasets applied in this study 722 

Dataset  Institution 
Model 

resolution  

Assimilation 

system 
Period 

Assimilated 

and 

analysed 

SAT 

Reference  

NCEPV1 NCEP/NCAR T62–210 km, 

28L 

3D–Var 1948– No  Kalnay et 

al. (1996) 
NCEPV2 NCEP/DOE T62–210 km, 

28L 

3D–Var 1979– No  Kanamitsu 

et al. 

(2002) 
ERA5 ECMWF T225–80 km, 

137L 

4D–Var 1979– Yes Hersbach 

et al. 

(2020) 

CFSR NCEP T382–38 km, 

64L 

3D–Var 1979– No Saha et al. 

(2010) 
MERRA NASA/GMAO 0.5X0.667–55 

km, 72L 

3D–Var 1979– No Rienecker 

et al. 

(2011) 
JRA55 JMA T319–210 km, 

60L 

4D–Var 1958– Yes Kobayashi 

et al. 

(2015) 

20CRV3 NOAA–
CIRES–DOE 

T225–80 km, 

60L 

Ensemble 

Kalman 

filter 

1836– No Slivinski et 

al. (2019) 

CRA40 CMA T574–55 km, 

64L 

3D–Var 1979– No Liang et al. 

(2020) 

 723 

  724 
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 725 

Table 2. Relative bias between the REAs and OBS for climate state and linear trends for the 726 

periods 1961–2015 and 1979–2015 727 

Period 

1961–2015 1979–2015 

T bias Trend bias T bias Trend bias 

NCEPV1 −12.3% 4.0% −12.1% −9.2% 

JRA55 −5.6% 10.5% −5.4% 12% 

20CRV3 −5.1% −11.0% −5.3% 6.3% 

CRA40 − − −0.3% 7.0% 

ERA5 − − −2.3% 13.8% 

CFSR − − −11.8% 8.8% 

MERRA − − −0.8% −26.2% 

NCEPV2 − − −13.5% −30.5% 

 728 

  729 
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 730 

Table 3. Standard deviation ratio (SDR) and correlation coefficient (R) of annual mean SAT across 731 

China derived from REAs and OBS for the periods 1961–2015 and 1979–2015 (thresholds for the 732 

95% confidence level are 0.26 and 0.32 respectively) 733 

Period 

1961–2015 1979–2015 

R SDR R SDR 

NCEPV1 0.962 1.057 0.986 1.006 

JRA55 0.993 1.067 0.996 1.064 

20CRV3 0.935 1.034 0.948 1.133 

CRA40 – – 0.991 1.086 

ERA5 – – 0.997 1.087 

CFSR – – 0.951 1.186 

MERRA – – 0.959 0.868 

NCEPV2 – – 0.952 1.058 

 734 

  735 
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 736 

Table 4. R and SDR values between the REAs and OBS at different elevations for the periods 737 

1961–2015 and 1979–2015 738 

Period  Data  
0–500 m 500–1500 m 1500–3000 m 3000–5000 m 

R SDR R SDR R SDR R SDR 

 

1979–

2015 

NCEPV1 0.88 1.02 0.85 1.05 0.78 0.92 0.61 0.90 

JRA55 0.94 0.99 0.91 1.06 0.87 1.03 0.88 1.00 

20CRV3 0.85 1.07 0.82 1.09 0.81 1.04 0.79 1.10 

CRA40 0.91 1.09 0.89 1.06 0.86 1.01 0.73 1.40 

NCEPV2 0.85 1.07 0.76 1.12 0.51 1.11 0.26 1.31 

ERA5 0.93 1.02 0.91 1.09 0.85 1.14 0.70 1.32 

CFSR 0.85 1.23 0.74 1.22 0.66 1.22 0.43 1.75 

MERRA 0.84 0.98 0.77 0.94 0.63 0.87 0.79 0.93 

1961–

2015 

NCEPV1 0.79 1.23 0.75 1.11 0.65 0.95 0.48 0.90 

JRA55 0.92 1.00 0.89 1.07 0.85 1.08 0.86 1.06 

20CRV3 0.58 1.02 0.60 1.06 0.65 0.97 0.59 0.96 

 739 

  740 
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 741 

Table 5. Ranking and score of each of the reanalysis datasets in mainland China for the periods 742 

1961–2015 and 1979–2015 743 

Period 
Dataset 

ranking 

Inter–annual 

variability 

(score) 

Dispersion 

(score) 

Climate 

state 

(score) 

Linear 

trend 

(score) 

Integrated 

score 

 1979  

–2015 

1 
ERA5 

(99.7) 

NCEPV1 

(99.4) 

CRA40 

(99.7) 

20CRV3 

(93.7) 

CRA40 

(95.8) 

2 
JRA55 

(99.6) 

NCEPV2 

(94.2) 

MERRA 

(99.2) 

CRA40 

(93.0) 

NCEPV1 

(94.2) 

3 
CRA40 

(99.1) 

JRA55 

(93.6) 

ERA5 

(97.7) 

CFSR 

(91.2) 

ERA55 

(93.7) 

4 
NCEPV1 

(98.6) 

CRA40 

(91.4) 

JRA55 

(94.6) 

NCEPV1 

(90.8) 

JRA5 

(93.5) 

5 
MERRA 

(95.9) 

ERA5 

(91.3) 

20CRV3 

(94.6) 

JRA55 

(88.0) 

20CRV3 

(92.5) 

6 
NCEPV2 

(95.2) 

20CRV3 

(86.7) 

CFSR 

(88.2) 

ERA5 

(86.2) 

CFSR 

(89.0) 

7 
CFSR 

(95.1) 

MERRA 

(86.8) 

NCEPV1 

(87.9) 

MERRA 

(73.8) 

MERRA 

(88.9) 

8 
20CRV3 

(94.8) 

CFSR 

(81.4) 

NCEPV2 

(86.5) 

NCEPV2 

(69.5) 

NCEPV2 

(86.4) 

1961–

2015 

1 
JRA55 

(99.3) 

20CRV3 

(96.6) 

20CRV3 

(94.9) 

NCEPV1 

(95.8) 

JRA55 

(94.1) 

2 
NCEPV1 

(96.2) 

NCEPV1 

(94.3) 

JRA55 

(94.4) 

JRA55 

(89.5) 

20CRV3 

(93.5) 

3 
20CRV3 

(93.5) 

JRA55 

(93.3) 

NCEPV1 

(87.7) 

20CRV3 

(89.0) 

NCEPV1 

(93.5) 

 744 
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Figure LIST 746 

 747 
Figure 1. Distribution of the elevation distribution and 763 observation stations across mainland 748 

China. (The insert shows the number of stations at various elevations, the asl stands for elevation 749 

(units: m), the red bar stands for the number of the elevation distribution) 750 
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 752 

 753 

Figure 2. Time series of annual mean SAT across mainland China from 1961–2015 derived from 754 

OBS and REAs: (a)SAT; (b) SAT anomalies; (c) SAT with linear trends removed. (units: °C) 755 

  756 
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 757 

Figure 3. The bias of monthly mean SAT between REAs and OBS from 1961–2015 across 758 

mainland China: (a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) 759 

CFSR; (h) MERRA. (The value of color bar means the monthly mean SAT bias (units: °C)) 760 

  761 
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 762 

Figure 4. Wavelet analysis based on REAs and OBS from 1961–2015: (a) NCEPV1; (b) JRA55; 763 

(c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR ; (h) MERRA ; (i) OBS. 764 
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 766 

 767 

Figure 5. Annual mean SAT and annual mean SAT linear trends for the periods 1961–2015 and 768 

1979–2015. (The red bar stand for climate state (units: °C), the orange bar stands for linear trends 769 

(units: °C/10 years)) 770 
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 772 

Figure 6. Spatial distribution of annual mean SAT bias of REAs from observations for the period 773 

1979–2015 across mainland China:(a)NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; 774 

(f) ERA5; (g) CFSR; (h) MERRA 775 

(The black dots represent significant deviation, the value of color bar means the annual mean SAT 776 

bias (units: °C)) 777 
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  779 

Figure 7. Spatial distribution of linear trend of OBS and linear trend bias between REA and OBS 780 

for the period 1961–2015 across China:(a)NCEPV1; (b) JRA55; (c) 20CRV3 (d) OBS.  781 

(The black dots represent significant deviation, the value of color bar means the linear trend bias 782 

and linear trend (units: °C/10year)) 783 
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 785 

Figure 8. Spatial distribution of linear trend bias between REA and OBS for the period 1979–2015 786 

across China:(a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR; 787 

(h) MERRA.(The black dots represent significant deviation, the value of color bar means the linear 788 

trend bias (units: °C/10year))  789 



 

 33 / 36 

 

 790 

Figure 9. The biases of climate state and linear trends of annual mean temperature between REAs 791 

and OBS for the period 1961–2015. (a) NCEPV1; (b) JRA55; (c) 20CRV3.  792 

(The asl stands for elevation (units: m); y-axis stand for the bias of climate state (units: °C); x-axis 793 

stand for the bias of linear trends (units: °C/10 years); red bar stand for the number of stations with 794 

different bias of linear trends; blue bar stand for the number of stations with different bias of climate 795 

state; purple dots represent the altitude of stations above 3000m;blue dots represent the altitude of 796 

stations between 1500-3000m; orange dots represent the altitude of stations between 500-1500m; 797 

green dots represent the altitude of stations less than 500m) 798 
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 800 

Figure 10. The biases of climate state and linear trends of annual mean temperature between the 801 

REAs and OBS for the period 1979–2015. (a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) 802 

NCEPV2; (f) ERA5; (g) CFSR; (h) MERRA. 803 

(The asl stands for elevation (units: m); y-axis stand for the bias of climate state (units: °C); x-axis 804 

stand for the bias of linear trends (units: °C/10 years); red bar stand for the number of stations with 805 

different bias of linear trends; blue bar stand for the number of stations with different bias of climate 806 

state; purple dots represent the altitude of stations above 3000m;blue dots represent the altitude of 807 

stations between 1500-3000m; orange dots represent the altitude of stations between 500-1500m; 808 

green dots represent the altitude of stations less than 500m) 809 
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 811 

Figure 11. Taylor diagrams of annual mean SAT for 763 stations across mainland China derived by 812 

the REAs and OBS for the period 1961–2015: (a) NCEPV1; (b) JRA55; (c) 20CRV3. 813 

(The asl stands for elevation (units: m), the purple dots represent the altitude of stations above 814 

3000m. The blue dots represent the altitude of stations between 1500-3000m. The orange dots 815 

represent the altitude of stations between 500-1500m. The green dots represent the altitude of 816 

stations less than 500m, threshold for the 95% confidence level is 0.26) 817 
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 819 

Figure 12. Taylor diagrams of annual mean SAT for 763 stations across mainland China derived 820 

by the REAs and OBS for the period 1979–2015:(a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; 821 

(e) NCEPV2; (f) ERA5; (g) CFSR; (h) MERRA. 822 

(The asl stands for elevation (units: m), the purple dots represent the altitude of stations above 823 

3000m. The blue dots represent the altitude of stations between 1500-3000m. The orange dots 824 

represent the altitude of stations between 500-1500m. The green dots represent the altitude of 825 

stations less than 500m, threshold for the 95% confidence level is 0.32) 826 

 827 



Figures

Figure 1

Distribution of the elevation distribution and 763 observation stations across mainland China. (The insert
shows the number of stations at various elevations, the asl stands for elevation (units: m), the red bar
stands for the number of the elevation distribution) Note: The designations employed and the



presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 2

Time series of annual mean SAT across mainland China from 1961–2015 derived from OBS and REAs:
(a) SAT; (b) SAT anomalies; (c) SAT with linear trends removed. (units: °C)



Figure 3

The bias of monthly mean SAT between REAs and OBS from 1961–2015 across mainland China: (a)
NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR; (h) MERRA. (The value of
color bar means the monthly mean SAT bias (units: °C))



Figure 4

Wavelet analysis based on REAs and OBS from 1961–2015: (a) NCEPV1; (b) JRA55; (c) 20CRV3; (d)
CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR ; (h) MERRA ; (i) OBS.



Figure 5

Annual mean SAT and annual mean SAT linear trends for the periods 1961–2015 and 1979–2015. (The
red bar stand for climate state (units: °C), the orange bar stand for linear trends (units: °C/10 years))



Figure 6

Spatial distribution of annual mean SAT bias of REAs from observations for the period 1979–2015
across mainland China: (a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR;
(h) MERRA. (The black dots represent signi�cant deviation, the value of color bar means the annual mean
SAT bias (units: °C)) Note: The designations employed and the presentation of the material on this map
do not imply the expression of any opinion whatsoever on the part of Research Square concerning the



legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.

Figure 7

Spatial distribution of linear trend of OBS and linear trend bias between REA and OBS for the period
1961–2015 across China:(a) NCEPV1; (b) JRA55; (c) 20CRV3 (d) OBS. (The black dots represent
signi�cant deviation, the value of color bar means the linear trend bias and linear trend (units:
°C/10year)) Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 8

Spatial distribution of linear trend bias between REA and OBS for the period 1979–2015 across China:(a)
NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR; (h) MERRA. (The black dots
represent signi�cant deviation, the value of color bar means the linear trend bias (units: °C/10year)) Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,



territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 9

The biases of climate state and linear trends of annual mean temperature between REAs and OBS for the
period 1961–2015. (a) NCEPV1; (b) JRA55; (c) 20CRV3. (The asl stands for elevation (units: m); y-axis
stand for the bias of climate state (units: °C); x-axis stand for the bias of linear trends (units: °C/10 years);
red bar stand for the number of stations with different bias of linear trends; blue bar stand for the number
of stations with different bias of climate state; purple dots represent the altitude of stations above
3000m;blue dots represent the altitude of stations between 1500-3000m; orange dots represent the
altitude of stations between 500-1500m; green dots represent the altitude of stations less than 500m)



Figure 10

The biases of climate state and linear trends of annual mean temperature between the REAs and OBS for
the period 1979–2015. (a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g) CFSR;
(h) MERRA. (The asl stands for elevation (units: m); y-axis stand for the bias of climate state (units: °C); x-
axis stand for the bias of linear trends (units: °C/10 years); red bar stand for the number of stations with
different bias of linear trends; blue bar stand for the number of stations with different bias of climate



state; purple dots represent the altitude of stations above 3000m;blue dots represent the altitude of
stations between 1500-3000m; orange dots represent the altitude of stations between 500-1500m; green
dots represent the altitude of stations less than 500m)

Figure 11

Taylor diagrams of annual mean SAT for 763 stations across mainland China derived by the REAs and
OBS for the period 1961–2015: (a) NCEPV1; (b) JRA55; (c) 20CRV3. (The asl stands for elevation (units:
m), the purple dots represent the altitude of stations above 3000m. The blue dots represent the altitude of
stations between 1500-3000m. The orange dots represent the altitude of stations between 500-1500m.
The green dots represent the altitude of stations less than 500m, threshold for the 95% con�dence level is
0.26)



Figure 12

Taylor diagrams of annual mean SAT for 763 stations across mainland China derived by the REAs and
OBS for the period 1979–2015:(a) NCEPV1; (b) JRA55; (c) 20CRV3; (d) CRA40; (e) NCEPV2; (f) ERA5; (g)
CFSR; (h) MERRA. (The asl stands for elevation (units: m), the purple dots represent the altitude of
stations above 3000m. The blue dots represent the altitude of stations between 1500-3000m. The orange



dots represent the altitude of stations between 500-1500m. The green dots represent the altitude of
stations less than 500m, threshold for the 95% con�dence level is 0.32)


