
1 

 

Comparisons of time series of annual mean surface air 1 

temperature for China since the 1900s: Observations, model 2 

simulations and extended reanalysis 3 

 4 

Qingxiang Li1，Lei Zhang1，Wenhui Xu1
，Tianjun Zhou2，Jinfeng Wang3，Panmao Zhai4, Phil 5 

Jones5 6 

 7 

1 China Meteorological Administration, National Meteorological Information Center, 46 Zhongguancun 8 

South Avenue, Haidian District, Beijing, China 100081 9 

2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences, P.O. Box 9804, Beijing, 10 

China,100029 11 

3 LREIS, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, 12 

Beijing, China 100101 13 

4 China Academy of Meteorological Sciences, 46 Zhongguancun South Avenue, Haidian District, Beijing, 14 

China, 100081 15 

5 Climatic Research Unit, School of Environmental Sciences, University of East Anglia, Norwich NR4 7TJ, 16 

UK; Also Center of Excellence for Climate Change Research, Department of Meteorology, King 17 

Abdulaziz University, Jeddah 21589, Saudi Arabia 18 

 19 

 20 

 21 

Revised for Submission in Bulletin of American Meteorological Society 22 

April 2016 23 

 24 

 25 

 26 

*Corresponding author: 27 

 28 

Dr & Prof Qingxiang Li 29 

National Meteorological Information Center 30 

China Meteorological Administration 31 

46 Zhongguancun South Avenne, Haidian District, 32 

Beijing, China 100081 33 

Tel: 86-10-58995059 34 

E-Mail: liqx@cma.gov.cn 35 

36 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of East Anglia digital repository

https://core.ac.uk/display/77027566?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


2 

 

Capsule 37 

This paper assesses the similarities and differences of several annual average SAT time series 38 

for China based on historical meteorological observations since the 1900s. 39 

40 
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Abstract 41 

Time series of global or regional average surface air temperature (SAT) are fundamental 42 

to climate change studies. A number of studies have developed several national and 43 

regional SAT series for China, but due to the diversity of meteorological observational sites, 44 

different quality control routines for data and the inconsistency of statistical methods used, 45 

they differ in long-term trends. This paper assesses the similarities and differences of the 46 

existing time series of the annual average SAT for China that are based upon historical 47 

meteorological observations since the 1900s. The results indicate that the China average is 48 

similar to the series for the Northern Hemisphere (NH) landmass, except that the initial 49 

warming of the NH series derived from the CRUTEM3/4 datasets ends earlier (before the 50 

early 1940s) than in China's series. A major difference among the existing China average 51 

time series is the 1940s warmth, a period when there were very few observations across the 52 

country due to World War II. The SAT anomalies for China during the 1930s-1940s have 53 

been reduced by improved homogeneity assessment compared to previous estimates. The 54 

new improved time series is in better agreement with both the historical 20th century 55 

reanalysis data and the historical climate simulation of CMIP5 models. The new time series 56 

also shows the slowdown of the warming trend during the past 18 years (1998-2015). The 57 

best estimate of a linear trend for increases in temperature with a 95% uncertainty range is 58 

0.121±0.009 °C per decade for 1900-2015, indicating that the improved homogeneity 59 

assessment for China leads to a slightly greater trend than that based on raw data 60 

(0.107±0.009 °C per decade). 61 

 62 

Keywords: Climate change, China SAT series, Homogeneity, Observations, Reanalysis data 63 
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1. Introduction 70 

Over the past century, global-scale climate warming has been accelerating, and 71 

climate change is drawing increasing attention from the media and the public. Surface 72 

Air Temperature (SAT) is the major subject of concern in the context of climate change. 73 

Starting in the second half of the last century (after 1950), the warming of the climate 74 

has been obvious at the global scale (Brohan et al., 2006; Hansen et al., 2010; 75 

Lawrimore et al., 2011; Jones et al., 2012; Morice et al., 2012; Vose et al., 2012a; 76 

Hartmann et al, 2013). In the Intergovernmental Panel on Climate Change (IPCC) Fifth 77 

Assessment Report (AR5) headline statements from the Summary for Policymakers, it 78 

was noted that many changes in the climate system since 1950 are unprecedented when 79 

compared to earlier decades. From 1880 to 2012, the global average sea and land surface 80 

temperature shows an increasing linear trend of 0.85°C. From 2003 to 2012, the average 81 

temperature increased by 0.78°C (0.72 ~ 0.85) compared with that from 1850 to 1900 82 

(Hartmann et al, 2013). Further, IPCC AR5 notes that the warming rate has slowed down 83 

recently (1998-2012). This short 15-year period has been discussed by a number of 84 

authors (Easterbrook，2008；Easterling and Wehner，2009；Kaufmann et al., 2011；85 

Fyfe et al., 2013；Guemas et al., 2013；Slingo et al., 2013；Karl et al., 2015；86 

Lewandowsky et al., 2015). 87 

Brohan et al (2006) indicated that temperature series have three types of uncertainty: 88 

station errors, sampling errors and bias errors. For China, the observational (station) 89 

errors in the SAT series are relatively small and well understood. Errors caused by the 90 

homogeneity adjustment of temperature series have been evaluated and discussed (Jones 91 
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et al., 2008; Li et al., 2010a). Sampling errors in China are an issue when the number of 92 

observational sites is reduced (Li et al., 2010a; Wang et al., 2014); this is especially 93 

relevant before the 1950s and in the 1940s. Bias errors, including the impacts of 94 

urbanization (Zhou et al., 2004) and/or land use changes (Zhang et al., 2005) on SAT, 95 

are particularly important issues. Many efforts have been devoted to improved 96 

understanding of these sources of error in China, focusing on either individual regions, 97 

eastern China, or China as a whole. The results indicate that urbanization effects are 98 

weakest in western China and in the smaller cities. The urbanization effects are evident 99 

in some large cities, but the size of the effect across the whole country is relatively small 100 

(an order of magnitude smaller than the longer term warming since 1900) (Jones et al., 101 

1990; Li et al., 2004a, 2010b, 2014; Zhou et al., 2004; Zhang et al., 2005; Hua et al., 102 

2008; Jones et al, 2008; Ren et al., 2008; Yan et al., 2009; Ren and Ren, 2011; Yang et 103 

al., 2012; Wang et al., 2015).  104 

The development of SAT time series averaged over mainland China has been a 105 

focus in the climate change research community in China (Zhang and Li, 1982; Tu, 1984, 106 

Ding and Dai, 1994; Wang et al., 1998; Wang and Gong, 2000; Chen et al., 2004, Zhai et 107 

al, 2004; Qin et al., 2005; Ding and Ren, 2008; Wang et al., 2014). Currently, four sets 108 

of long-term time series exist that have been widely used in climate change studies in 109 

China: WangS, Tang, Li, and WangJ times series (see Table 1 for details). In this study, 110 

we supplement these four existing time series with two time series derived from 111 

CRUTEM3 (Brohan et al., 2006) and CRUTEM4 datasets (Jones et al., 2012). Analysis 112 

of these six time series leads to divergent conclusions about SAT variations due to their 113 
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differences in station densities and data processing techniques.  114 

Global climate models have shown reasonable performance on the global scale, but 115 

large uncertainties in regional scale performance still exist. The performances of the 116 

CMIP3 (the 3rd Coupled Model Intercomparison Project. Meehl et al, 2007)) and 117 

CMIP5 (the 5th Coupled Model Intercomparison Project. Taylor et al., 2012) modelsin 118 

the simulation of China SAT changes have been evaluated in many studies (for details of 119 

these simulations see the SM) (Zhou and Yu, 2006; Xu and Xu, 2012; Guo et al., 2013; 120 

Zhang et al., 2013; Zhou et al, 2013; Jin and Zhou, 2014). However, the observed time 121 

series used in these comparisons are different. The climate modeling community needs 122 

to pay more attention to the uncertainty of observed time series. In addition, the first 123 

reanalysis product at centennial scales (20CR), developed by the US National 124 

Oceanographic and Atmospheric Administration (NOAA), provides new opportunity for 125 

data-model comparisons. The near-surface air temperature in 20CR provide useful 126 

results (especially in terms of the continuity of series) (Cheng et al., 2013) that can be 127 

verified by the simulation of global SAT variation (Compo et al., 2011, 2013). In this 128 

study, the SAT time series derived from 20CR data is also compared to the observational 129 

data. 130 

The objective of this study is to assess the similarities and differences of these 131 

annual mean SAT time series for China based on historical meteorological observations 132 

since 1900. The existing observed time series are compared to the results of CMIP5 133 

model simulations and the 20CR reanalysis. The overall temperature trend of China SAT 134 

is investigated, and the characteristics of each type of data are discussed.  135 
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 136 

 137 

2. Data and methods 138 

High quality climate datasets are the basis for the detection and attribution of 139 

climate changes (Karl and Williams, 1987; Gullet et al., 1990; Peterson et al., 1998). For 140 

years, temperature analyses across China, especially on local or sub-regional scales, saw 141 

discrepancies due to the inhomogeneity of the baseline data (Li et al., 2004b). To solve 142 

this problem, considerable efforts have been devoted to the homogenization of the SAT 143 

station data for China (Li et al., 2004, 2009; Song et al., 2004; Li and Yan, 2009; Xu et 144 

al., 2013; and SM). The first homogenized SAT datasets for the whole country, starting 145 

at the beginning of 20th century, were published in 2010 (Li et al, 2010a). Currently, 146 

there are four sets of SAT time series that have been widely used in climate change 147 

studies in China (see Table 1 for details); these four sets of data are used in our analysis. 148 

The WangS series (Wang et al, 1998) and Tang series (Tang and Ren, 2005) are 149 

described in Cao et al. (2013); the Li series (Li et al, 2010a) and WangJ series (Wang et 150 

al, 2014) are both developed from Li et al (2010a).  151 

In addition to the aforementioned China average time series, the CRUTEM3/4 152 

datasets (Brohan et al., 2006; Jones et al., 2012) were also used to estimate the Northern 153 

Hemisphere/China surface temperature changes. Another homogenized global LSAT 154 

dataset (GHCN-M, Lawrimore et al., 2011), developed by NOAA’s National Center for 155 

Environment Information (NCEI), was also used for comparison with the China 156 

observational dataset. The Climate Anomaly Method (CAM, Jones and Hulme, 1996) 157 

was applied to gridded deviations from the climatological average (“anomalies”) to 158 

TABLE 1 
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construct a regional average time series over all of China. 159 

The 20th century historical climate simulations of CMIP5 models (Taylor et al., 160 

2012) were used in our analysis. The results of 41 CMIP5 models were compared to the 161 

historical observational data. Because the historical climate simulation of CMIP5 162 

models ends in 2005, our model-data comparison focuses on the period from 1900 to 163 

2005. The Taylor diagram (Taylor, 2001) was used in model evaluations. First, data from 164 

the 41 models were re-gridded to 1×1 resolution grids, and the China average SAT 165 

series for each model was calculated by averaging all the anomalies series for each grid 166 

by latitude cosine weighting. This was nearly the same methodology applied by Jones 167 

and Hulme (1996) with the exception of a different resolution between the model (1×1) 168 

and observation (5×5) datasets. The China SAT series was obtained by averaging all the 169 

selected models series (41 or 8 in this paper) using the same weighting.  170 

Data from the 20th Century Reanalysis V2 were provided by the 171 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (accessible from their web site at 172 

http://www.esrl.noaa.gov/psd/). A China average was calculated for the years 1900 to 173 

2005 for additional comparisons with the CMIP5 simulations (for details of these 174 

simulations see the SM). 175 

3. Results 176 

3.1 Comparison of observed time series 177 

 178 

A comparison of the six time series of average SAT in China (see Table 1 for details; 179 

all series plotted relative to 1961-1990 average) for the period of 1909 to 2006 (when all 180 

FIG. 1 
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data are available) is shown in Figure 1. Note that all series, with the exception of the 181 

WangS series, have a large amount of missing data from western parts of China. For 182 

example, in the Li series (which has the densest observational station data coverage 183 

among the series with the exception of WangS) the length of grid-point time series to the 184 

west of 110°E is 46-85 years. The station series for western China began between 1922 185 

and 1961. The WangS series augmented western China station data with proxy climate 186 

data. First, they derived regional annual SAT series (starting in 1880) for Northeast 187 

China, North China, East China, South China, Taiwan, Central China, Southwest China, 188 

Northwest China, Xinjiang and Tibet based on observations. In addition, they included 189 

Dunde and Guliya ice core data, historical documentary information and tree ring data. 190 

WangS then obtained China SAT time series by area-weighting the averages of all 191 

regions (Wang et al, 1998). The WangJ series differs from the others because a grid was 192 

not developed; instead, the China average was calculated as one domain. 193 

All six SAT series for China reveal similar decadal variations since the 1900s. The 194 

period from 1909-2006 can be divided into the following epochs: 1909 to the mid-1940s 195 

(the first stage of SAT rise), the mid-1940s to the late-1960s (the stage of SAT decline), 196 

and the late-1960s to 2006 (the second stage of accelerating SAT rise). The differences 197 

among the series are mainly evident in the period before the 1950s. The Tang anomaly 198 

series is slightly lower in the first 10 years, while the WangS anomaly series is higher 199 

than the other series from 1909 to 1929. From the 1930s to the 1950s, the WangS and 200 

Tang anomaly series are slightly higher than those of Li and WangJ. After the 1950s, the 201 

six series are much more aligned with each other.  202 
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The reason for the spread among the existing time series lies in the methods and the 203 

basic data used; homogenization of the basic climate data is the key factor here. All of 204 

the homogenized series (Li, WangJ and CRUTEM3/CRUTEM4) show less variance 205 

among one other. CRUTEM3 always lies in the middle of the various series, Li and 206 

CRUTEM4 are consistently slightly below the other series between 1916 and 1951, and 207 

WangJ is slightly below all the other series around 1936 & 1968. The basic data used for 208 

establishing the Li and WangJ series are identical, but the two series differ slightly from 209 

each other due to the utilization of different statistical methods (even after the 1950s). 210 

Tang uses non-homogenized station data, but is closer to the other four series than 211 

WangS, which uses non-instrumental proxy data for the annual averages before the 212 

1950s.  213 

Four series are compared in Figure 2 (CRUTEM3, CRUTEM4, WangJ and Li). For 214 

additional comparison with larger-scale SAT variations, we also include the series for 215 

the Northern Hemisphere (NH_CRU), calculated using CRUTEM (here, we include 216 

both NH SAT series calculated from CRUTEM3 and CRUTEM4, which are extremely 217 

similar). The NH_CRU series also has high consistency with China's series, which is 218 

similar to the finding of Bradley et al (1987). This is likely related to the fact that China 219 

is a large mid-latitude country and is a significant part of the NH land mass (see 220 

discussions in Jones et al., 2007 and Jones et al., 2012). The China average series reveal 221 

a more pronounced warming period starting in the 1940s, with 1946 as the warmest year 222 

before 1980; however, for NH_CRU, the warmest year before 1980 is 1938. Thus, the 223 

first 20th century warming phase for NH_CRU ends earlier than in China's series, and 224 
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the subsequent NH temperature decline also ends earlier, which is consistent with 225 

Bradley et al (1987).  226 

 227 

 228 

 229 

3.2 Comparative analysis of China SAT time series simulated by 230 

climate models and reanalysis 231 

The annual mean SAT series simulated by 41 models for 1900-2005 (using 232 

1961-1990 as the base period) is shown in Figure 3. As evident from the ensemble mean 233 

of the models (blue curve), the simulated SAT anomalies from the early 1920s to the 234 

1960s are generally higher than those of the observed series (red curve), with an average 235 

differences close to 0.3°C before the 1940s. After the 1950s, the simulated rate of 236 

climate warming is still lower than the observations (Figure 4b). A comparison between 237 

the long-term temperature change estimated by multiple-member ensemble historical 238 

runs from 41 models and seven observational series (the eastern China series by Cao et 239 

al. (2013) is also included here) is shown in Figure 4a. The rate of change of mean SAT 240 

for China simulated by the 41 models for 1900-2005 is approximately 0.00-0.20 °C per 241 

decade, with an average of 0.06°C per decade, and the average rate simulated for 242 

1951-2005 is 0.15°C per decade (less than the 0.19°C per decade for observation). The 243 

seven observational series exhibit different trends centered at approximately 0.09 °C per 244 

decade (red line in Figure 4a). The trends for the model series are slightly smaller than 245 

those for observational series at the centennial-scale, but the agreement is better for the 246 

last 55 years (1951-2005) (Figure 4b).  247 

Two additional approaches are adopted to additionally evaluate the simulation of 248 

FIG. 2 



12 

 

the SAT anomalies over China. First, Pearson correlation coefficients (CCs) between the 249 

observational and simulated series for the full 106 (1900-2005) years are calculated. The 250 

highest CC is 0.75, found for FGOALS-s2 by the Institute of Atmospheric Physics (IAP), 251 

Chinese Academy of Sciences (CAS). In decreasing order of CC (larger than 0.6), the 252 

remaining 7 top-ranking series are: MPI-ESM-MR (0.69), BCC-CSM1.1 (0.67), 253 

BNU-ESM (0.67), IPSL-CM5A-LR (0.65), BCC-CSM1.1 (0.62), CESM1 (WACCM) 254 

(0.62) and CESM1 (FASTCHEM) (0.61). It is interesting to note that four out of the 255 

eight top-ranking simulated series for China are derived from models developed by 256 

Chinese institutes. Another important observation is that using the homogenized series 257 

from Li provides higher correlations (the CCs shown here are higher than those given by 258 

Zhang et al (2013), where the unadjusted (raw) observation data were used).  259 

Figure 5 (Taylor diagram) akin to Jiang and Tian (2013), which shows the 260 

performance of the models in their historic simulations of SAT anomalies from 261 

1900-2005. The closer the distance between model series and REF (observations here 262 

are referring to the Li series), the better the performance of the corresponding model. 263 

The top-ranking models by distance are: BCC-CSM1.1, GFDL-ESM2M, CMCC-CM, 264 

CanESM2, CESM1 (CAM5), NorESM1-M, MIROC-ESM, and MPI-ESM-MR. The 265 

average of the eight top-ranking models (whose normalized standard deviation is below 266 

2.0) reproduces the SAT observational variations for the last 106 years with a correlation 267 

coefficient of 0.81 (Figure 6a). Compared with the observations (Li), the model series 268 

average underestimates the observations before the 1970s except for the short period in 269 

the 1950s. As observed in Figure 6b, the average of the eight top-ranking models 270 
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reproduces the SAT observational variations for the last 105 years with a correlation 271 

coefficient of 0.79, which is slightly lower than in Figure 6a. However, as a whole, the 272 

average models series agrees well with observations during the entire period.  273 

 274 

 275 

 276 

 277 

 278 

 279 

Figure 3 and Figure 6 also display the regional SAT time series of China calculated 280 

from 20CR (black bold lines). During the entire twentieth century, the long-term SAT 281 

warming trend for China is very well reflected in 20CR. For 20CR, the early 282 

temperature rise continues from the 1900s to the 1960s, followed by a sudden decline at 283 

the beginning of the 1960s and then a rise again after the mid-1960s. The average rate of 284 

rise of China's SAT for 1900-2005 calculated by 20CR data is 0.10°C/10 a, which is 285 

close to the level of the observed time series (0.09°C/10 a). In 20CR, temperatures begin 286 

to decrease from the mid-1990s. It is important to note that the analytical model of the 287 

20CR dataset is driven by monthly average sea surface temperatures, and only surface 288 

pressure data are assimilated. Therefore, the SAT estimates obtained are completely 289 

independent from the myriad of land surface temperature observations. Without 290 

assimilating surface air temperature and/or time-varying anthropogenic aerosol data 291 

(though volcanic aerosols were included), the 20CR succeeded in reproducing the recent 292 

winter SAT cooling features in China but failed in reproducing the significant summer 293 

warming trends in southern China from 1998-2012 (Li et al., 2015; and Fig. S3 in SM). 294 

FIG. 3 

FIG. 4 

FIG. 5 

FIG. 6 
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This has led to the underestimation of China's average SAT in the past 15 years. 295 

 296 

4. Discussion 297 

4.1 SAT anomalies in the 1940s 298 

1) Observations  299 

There is little doubt about the high SAT anomaly during the 1940s over China 300 

because all six observational series collected for this study consistently show similar 301 

features (Figure 1). However, the magnitudes of the SAT anomalies differ among these 302 

datasets (Li et al., 2010a). In the WangS series, the 1910s to the 1950s are warmer than 303 

the other series, while the Tang series only shows the high temperature anomalies in the 304 

1940s. The two series achieve comparable amplitude in 1946 (WangS and Tang are 305 

0.68°C and 0.88°C, respectively) with some years in the most recent warm period 306 

(2000s), while the remaining series have relatively lower amplitude (0.31°C (Li), 0.38°C 307 

(WangJ) and 0.36°C (CH_CRU) in 1946). Note that the only difference between Li (and 308 

WangJ) and the Tang series is that the former two series used a homogenized dataset, 309 

while the latter did not, which indicates that data homogenization is likely to be the most 310 

significant cause of differences in the anomalies during the 1940s. 311 

The uncertainties for SAT change series (Li) has been assessed in Li et al., (2010), 312 

Based on their evaluation, the average 95% annual uncertainty range is about 0.327 °C 313 

during 1940s (1941-1950), so the decadal uncertainty would be 1.0
10

327.0 ≈ °C, 314 

which is smaller than 0.15°C in 1930s, and about 0.20~0.22°C in 1900s, 1910s and 315 

1920s (Figure S2 in SM). Most of the uncertainties comes from the limited data 316 

coverage (Li et al., 2010, see their Figure 5), and it agrees well with the station numbers 317 
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change during 1900s-1940s for eastern and western China (E China and W China), 318 

respectively (Figure S1 in SM). The W China has similar inter-annual and decadal 319 

changes with E China from 1930s to 2010s. This assures that the Li series can present 320 

the SAT change for whole China to a certain extent even if the series was built based on 321 

only the stations from eastern China in the earlier years (1900s-1920s).  322 

 323 

 324 

Because the observational data in the 1940s were disrupted due to World War II 325 

from 1937-1945, certain difficulties are associated with the detection of SAT variation in 326 

this time period. Li series basically reflects the average for all the 30 stations’ SAT 327 

anomalies change since 1930s in the western China (Figure 7). Wang et al (1998) 328 

introduced proxy data (tree rings, ice cores and historical documents) to enhance 329 

estimates for the western half of China. But how to reliably estimate the missing 330 

instrumental observation with proxy data remains an open question. Annual averages for 331 

NH mid-latitude continental areas are principally dominated by temperatures in winter, 332 

but proxy sources are mostly indicative of the summer half of the year. And the WangS 333 

series is composed of annual averages and does not include separate series for the 334 

seasons (Wang and Gong, 2000). Although the use of proxy data has the problems above, 335 

but to increase the coverage of the data in the west, it is also a valuable endeavor, which 336 

is worth further study with better proxy data and more perfect treatment method. 337 

2) CMIP5 and 20CR 338 

Zhou and Yu (2006) noted that CMIP3 models do not achieve a good simulation of 339 

FIG. 7 
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abnormal climate warming in China in the 1940s, which may be related to the absence 340 

of solar forcing variations that should change over time between different simulation 341 

experiments for the 20th century. For historical climate simulations using the CMIP5 342 

models, most models still failed to reproduce the warmth of the 1940s. As evident from 343 

the comparison between the average of the simulations using all models and the 344 

observed time series in Figure 3, the warmth in the 1940s is less evident in the 345 

simulations. Using the observational average SAT time series (Li series) that has been 346 

established from the homogenized data in that paper, the amplitude of the temperature 347 

rise before the 1940s is much lower and the extent of abnormal temperature rise in the 348 

1940s is also less significant. This result is also consistent with the 20CR data (Figure 3). 349 

20CR is somewhat like AMIP-type experiments, but the comparison of this aspect has 350 

been addressed in Compo et al (2013). They showed that assimilating the MSLP data 351 

improved over the AMIP-type (which was just SST/Sea-Ice assimilation). It seems that 352 

the abnormal climate warming revealed by the SAT time series in the 1940s may not be 353 

as high as the WangS and Tang series indicate. 354 

 355 

4.2 Temperature change trend estimates from 1900-2015 356 

In this section, we consider the series that includes the most recent year (2015), so 357 

only some of the series (CRUTEM4, GHCN-M (Lawrimore et al., 2011), and Li + Xu 358 

(Li et al, 2010; the data since 2007 are derived from Xu et al, 2013)) can be used. The 359 

temperature anomaly series at the annual timescale are shown in Fig. 8. The linear 360 

change trends and 95% uncertainty ranges (Wesley, 1997) are calculated in Table 2. 361 
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Over the period from 1900 to 2015, the annual linear trend coefficient is 0.121±0.009 °C 362 

per decade, 0.130±0.009 °C per decade, and 0.114±0.009 °C per decade for Li+Xu, 363 

CRUTEM4 and GHCN-M v3, respectively. All are slightly larger than the raw 364 

(“unadjusted” in Section 3.2) data (0.107±0.009 °C per decade). The difference between 365 

the raw and adjusted data happens mainly before the 1950s. 366 

Finally, we consider the most recent period (1998-2015) in more detail. During this 367 

period, Li et al (2015) states that a hiatus in warming occurs in most parts of China 368 

except for the southwest (also by Duan and Xiao, 2015). Although 2015 is the 2nd 369 

warmest year on record (2007 is the warmest year), the temperature change trend for 370 

1998-2015 remains 0.079±0.13 °C per decade, which is still much smaller than 371 

estimates for 1951-2015 (0.244±0.021°C per decade) and for 1979-2015 372 

(0.379±0.044 °C per decade) (Figure 7). This agrees well with Li et al (2015), though 373 

the recent trend is slightly larger than the 1998-2012 period trends. China averages 374 

calculated by both CRUTEM4 and GHCN-M v3 show negative trends during the 375 

1998-2015 period, both of which are related to the slight underestimation of the 376 

temperature in recent years. It is worth noting that over this period none of the series 377 

have trends that are statistically significant at the 5% level. 378 

 379 

 380 

 381 

 382 

 383 

5. Conclusion and prospect 384 

With the motivation to recommend the best estimate of China average SAT series to 385 

FIG. 8 

TABLE 2 
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the international climate research community, we have assessed the similarities and 386 

differences of the existing time series of annual average SAT for China. These time 387 

series are based upon historical meteorological observations since the 1900s, and the 388 

observed time series are further compared to the historical climate simulation of CMIP5 389 

models and the 20th century reanalysis. The major findings are summarized below. 390 

1) Although there are still certain differences among the existing China average 391 

time series during the 1940s warmth period due to the scant number of observations, 392 

SAT time series using homogenized temperature data have improved the agreement of 393 

long-term changes among all the datasets since the 1900s. The similarity of the China 394 

observational average with the NH series, noted by Bradley et al (1987), is confirmed, 395 

but the NH series peaks slightly earlier (1938) than China (1946).  396 

2) SAT time series using homogenized temperature data have also improved the 397 

agreement of long-term changes between the observational and model simulation 398 

datasets since the 1900s. Several Chinese models in CMIP5 show better performance in 399 

the simulation of annual SAT variations over China in the past century in terms of 400 

correlation coefficients (all above 0.6). These models consistently show reasonable 401 

reproductions of decadal-scale variations of SAT in the past century, but tend to 402 

over-estimate recent trends during the past 15 years. 20CR also reflects the inter-decadal 403 

variations of China's SAT at the century scale, but greatly under-estimates the 404 

temperature in the past two decades. 405 

3) A new evaluation of the long-term trend based on the homogenized observed 406 

data was achieved: SAT in China reveals a warming trend (0.121±0.009°C per decade) 407 
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slightly greater than what the raw data indicates (0.107±0.009°C per decade) from 408 

1900-2015. The best estimations of linear change trends with 95% uncertainty ranges are 409 

0.121±0.009, 0.244±0.021, 0.379±0.045 and 0.079±0.13°C (not significant) per decade 410 

for 1900-2015, 1951-2015, 1979-2015, and 1998-2015, respectively. Thus the average of 411 

SAT “warming” over China also shows a “slow down” in the past 18 years (1998-2015). 412 
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TABLE 2. Comparisons of the raw and homogenized SAT trends during different periods (unit: °C /10a) 588 

 589 

FIG. 1. Six SAT time series across China in the past century (1909-2006) (1961-1990 as the base 590 

period) 591 

FIG. 2. Comparison of SAT series across China and the Northern Hemisphere (NH_CRU) (1961-1990 592 

as the base period) 593 

FIG. 3. China SAT series’ variations simulated by 41 models in CMIP5 in the past century 594 

(1961-1990 as the base period). The red, black and blue lines show the Li series, 20CR and 595 

multi-model average, respectively. 596 

FIG. 4. Comparison of long-term temperature change trends for 41 models in CMIP5 and 6 597 

observational series. a) 1909-2005, b) 1951-2005 (the bar indicates the trend distribution of 41 598 

models (the black line is a fitted line), the straight lines indicate the trends of 6 observational 599 

series, and the red line indicates the Li series trend). 600 

FIG. 5. Taylor diagram displaying normalized pattern statistics of surface air temperature over 601 

China between the 41 climate models and observation data (Li) for the period from 1900-2005. 602 

Each number represents a Model number (see right column), and the Li series is considered the 603 

reference (REF) dataset. Standard deviation and centered root mean square differences are 604 

normalized by the reference standard deviation. The radial distance from the origin is the 605 

normalized standard deviation of a model; the correlation between a model and the reference is 606 

given by the azimuthal position of the model, with the oblique dotted line indicating the 99% 607 

confidence level; and the centered root mean square difference between a model and the 608 

reference is their distance apart.   609 

FIG. 6. Series of China SAT variations simulated by the 8 top-ranking models in CMIP5 and 610 

20CR datasets (1961-1990 as base period). upper panel: ranking by correlation coefficients only; 611 

bottom panel: ranking by correlation coefficients and normalized standard deviation. 612 

FIG. 7. The distribution of the long-term stations used to construct the west China series (upper 613 

panel) and the W China series and the 30 station series. (bottom panel, 1961-1990 as the base 614 

period) 615 

FIG.8. Anomaly time series of China's average annual SAT from 1900-2015 (1961-1990 as the 616 

base period) 617 

618 
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 619 

TABLE 1. Six centennial-scale temperature change series across China 620 

Series Data coverage Quality 

control  

Mean 

temperature   

Calculation method of 

regional series 

Referenc

es 

WangS Observations 

from CMA and 

proxy data  

－ The arithmetic 

average of fixed 

observations 

(the times were 

different) 

Sub-regional series by 

arithmetic means of single 

series and national series 

by area weighting average 

from 10 regional series  

 

Wang et 

al（1998） 

Tang Observations 

from CMA 
－ The arithmetic 

average of Tx 

and Tn 

 

Gridding then calculating 

the regional series by the 

Climate Anomaly Method 

(CAM) 

 

Tang and 

Ren

（2006） 

Li Same as above 

 

Homogeni

zed station 

series  

 

Same as above 

 

CAM  Li et al 

(2010a) 

WangJ Same as above  Same as 

above 

Same as above  BSHADE-MSN, which 

takes into account prior 

knowledge of geographical 

spatial autocorrelation and 

nonhomogeneity of target 

domains, remedies the 

biased sample and 

maximizes an objective 

function for the best linear 

unbiased estimation of the 

regional mean quantity  

 

Wang et al 

(2014) 

CRUTE

M3 

Temperature 

data CRU 

collected and 

processed 

 

Same as 

above 

Same as above 

 

CAM  

 

Brohan et 

al (2006). 

CRUTE

M4 

Temperature 

data CRU 

collected and 

processed 

Same as 

above 

Same as above 

 

CAM  

 

Jones et 

al (2012). 

621 
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TABLE 2 Comparisons of the raw and homogenized SAT trends during different periods (unit: °C /10a) 622 

 1900-2015 1951-2015 1979-2015 1998-2015 

RAW 0.107*±0.010 0.247*±0.021 0.381*±0.045 0.059±0.13 

ADJ 0.121*±0.009 0.244*±0.021 0.379*±0.044 0.079±0.13 

CRUTEM4 0.130*±0.009 0.243*±0.021 0.348*±0.051 -0.150±0.14 

GHCN 0.114*±0.009 0.215*±0.021 0.297*±0.049 -0.093±0.14 

* The trend has passed the significant test of 95% 623 

624 
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 625 

FIG. 1. Six SAT time series across China in the past century (1909-2006) 626 

 (1961-1990 as the base period) 627 

628 
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 629 

 630 

FIG. 2. Comparison of SAT series across China and the Northern Hemisphere (NH_CRU)  631 

(1961-1990 as the base period) 632 

633 
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 634 

 635 

FIG. 3. China SAT series’ variations simulated by 41 models in CMIP5 in the past century 636 

(1961-1990 as the base period). The red, black and blue lines show the Li series, 20CR and 637 

multi-model average, respectively. 638 

639 
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 640 

 641 

FIG. 4. Comparison of long-term temperature change trends for 41 models in CMIP5 and 6 642 

observational series. a) 1909-2005, b) 1951-2005 (the bar indicates the trend distribution of 41 643 

models (the black line is a fitted line), the straight lines indicate the trends of 6 observational 644 

series, and the red line indicates the Li series trend). 645 

646 
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 647 

 648 

FIG. 5. Taylor diagram displaying normalized pattern statistics of surface air temperature over 649 

China between the 41 climate models and observation data (Li) for the period from 1900-2005. 650 

Each number represents a Model number (see right column), and the Li series is considered the 651 

reference (REF) dataset. Standard deviation and centered root mean square differences are 652 

normalized by the reference standard deviation. The radial distance from the origin is the 653 

normalized standard deviation of a model; the correlation between a model and the reference is 654 

given by the azimuthal position of the model, with the oblique dotted line indicating the 99% 655 

confidence level; and the centered root mean square difference between a model and the 656 

reference is their distance apart.  657 

 658 

659 
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 660 

 661 

FIG. 6. Series of China SAT variations simulated by the 8 top-ranking models in CMIP5 and 662 

20CR datasets (1961-1990 as base period). upper panel: ranking by correlation coefficients only; 663 

bottom panel: ranking by correlation coefficients and normalized standard deviation. 664 

665 
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 666 

 667 

 668 

FIG. 7. The distribution of the long-term stations used to construct the western China series 669 

(upper panel) and the W China series and the 30 station series (bottom panel, 1961-1990 as the 670 

base period) 671 

 672 
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 674 

 675 

FIG. 8. Anomaly time series of China's average annual SAT from 1900-2015 676 

(1961-1990 as the base period) 677 


