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Biases and Improvements in three Dynamical Downscaling 1 

Climate Simulations over China  2 

 3 

Hao Yang1,2 · Zhihong Jiang1 · Laurent Li3  4 

 5 

Abstract: A dynamical downscaling is performed to improve the regional climate 6 

simulation in China. It consists of using a variable resolution model LMDZ4 nested 7 

into three global climate models (GCMs): BCC-csm1-1-m, FGOALS-g2 and 8 

IPSL-CM5A-MR, respectively. The regional climate from different simulations is 9 

assessed in terms of surface air temperature and rainfalls through a comparison to 10 

observations (both station data and gridded data). The comparison includes climatic 11 

trends during the last 40 years, statistical distribution of sub-regional climate, and the 12 

seasonal cycle. For surface air temperature, a significant part of the improvement 13 

provided by LMDZ4 is related to the effect of surface elevation which is more 14 

realistic in high-resolution simulations; the rest is related to changes in regional or 15 

local atmospheric general circulation. All GCMs and the downscaling model LMDZ4 16 

are, more or less, able to describe the spatial distribution of surface air temperature 17 

and precipitation in China. LMDZ4 does show its superiority, compared to GCMs, in 18 

depicting a good regional terrain including the Tibetan Plateau, the Sichuan Basin and 19 

the Qilian Mountains.  20 

Accepted manuscript for Climate Dynamics, Feb. 201621 

                                                             

1. Key Laboratory of Meteorological Disaster of Ministry of Education, Collaborative Innovation 

Center on Forecast and Evaluation of Meteorological Disasters, Nanjing University of Information 

Science and Technology, Nanjing, China 

2. Hubei Key Laboratory for Heavy Rain Monitoring and Warning Research, Institute of Heavy 

Rain, China Meteorological Administration, Wuhan, China 

3. Laboratoire de Météorologie Dynamique, CNRS/UPMC, Paris, France 

Hao Yang, E-mail:yanghao0202@126.com 

Corresponding Author: Zhihong Jiang, E-mail: zhjiang@nuist.edu.cn 

Laurent Li, E-mail: laurent.li@lmd.jussieu.fr 



 

 

 

1.  Introduction 22 

Numerical modeling is one of the most effective tools for climate change 23 

researches. There are more than 40 global models participating in the Coupled Model 24 

Intercomparison Project phase 5 (CMIP5) (Taylor et al. 2012) which provides a large 25 

number of climate simulations. Compared to the previous exercise CMIP3, the ability 26 

of simulating historical climate at global scale has been largely enhanced (Taylor et al. 27 

2012; Sperber et al. 2012). However, the ability of simulating climate at regional scale 28 

is still poor, in particular for rainfall (Kitoh et al. 2013; Jiang et al. 2015). 29 

China, located in the East Asian monsoon area, is one of the regions in the world 30 

possessing large climate variability. A complex surface topography also increases the 31 

difficulties for GCMs to accurately simulate the regional climate (Sperber et al. 2012). 32 

The main reason arises from their low spatial resolution, not capable of considering 33 

regional scale forcing, such as the complex terrain. The heterogeneity of surface 34 

conditions generally makes regional climate simulations unreliable. This is 35 

particularly true for the Tibetan Plateau and the surrounding areas (Mannig et al. 36 

2013). To get higher-resolution and good-quality data, downscaling is indispensable 37 

(van Vuuren et al. 2011; Gao et al. 2010; Chen et al. 2011a; Jiang et al. 2012; Guo et 38 

al. 2012; Guo et al. 2014). 39 

The technique of dynamical downscaling generally consists of using a 40 

high-resolution regional model nested into global models. It ensures a complete 41 

coherence among different variables. With a refined terrain, the capability of the 42 

regional model in simulating local weather and climate can be significantly improved 43 

(Giorgi et al. 2004; Frei et al. 2006). Based on this dynamical downscaling 44 

methodology, a few investigations on regional climate over China have been reported 45 

(Shi et al. 2011; Zhang 2012; Gao et al. 2012; Wang et al. 2013). However, there is 46 

still a lack of downscaling studies with multi-model global forcing, obviously due to 47 

the large demand on computer resources. 48 

An alternative to the limited-area modeling is to generate regional climate 49 

information with variable-resolution (zoomed) global atmosphere general circulation 50 

models, the higher-resolution domain being put over the region of interest (Deque and 51 

Piedelievre 1995；Goubanova and Li 2007). Such a global model can also work as a 52 

traditional limited-area model if the whole globe outside the interested domain is 53 

considered as buffer zone which is driven by re-analysis data or 6-hourly outputs of 54 

global ocean-atmosphere coupled models. Such a regional configuration apparently 55 

wastes computer resources, the buffer zone where nudging takes place covering the 56 



 

 

 

whole globe. But this over-consumption is generally tolerable, since the number of 57 

model grids outside the interested domain is relatively limited if the zoom is 58 

appropriately designed. The advantage of this regional modelling approach resides in 59 

its general universality for different regions on Earth. LMDZ4, developed in the 60 

Laboratoire de Météorologie Dynamique, France, is a variable-grid GCM with the 61 

possibility of zooming and nudging. Many applications have been reported for 62 

different regions of the world: the Mediterranean (Li 2006, Rojas et al. 2013; 63 

L’Heveder et al. 2013; Vautard et al. 2013); South America (Carril et al. 2012; Solman 64 

et al. 2013). Regional applications were also reported over East Asia (Zou et al. 2010; 65 

Chen et al. 2011a). 66 

 As part of the Coordinated Regional Climate Downscaling Experiment 67 

(CORDEX) project (Giorgi et al. 2009), we simulate and analyze regional climate 68 

change signals over China under different scenarios. The particularity of our study is 69 

to use LMDZ-regional to conduct an ensemble of climate downscaling simulations 70 

with outputs of many global models (three when the paper was written). Simulations 71 

cover present day (1961–2005) and future (2006–2100) for RCP4.5 and RCP8.5 IPCC 72 

scenarios (Taylor et al. 2012). We hope that the multi-model ensemble approach 73 

allows us to deal with the issue of uncertainty by examining the spread of results.  74 

In this paper, we describe results from LMDZ4 nested into three CMIP5 global 75 

simulations. Section 2 describes the model and data used. In section 3.1 to 3.3, the 76 

simulation performance between global models and their counterparts after 77 

downscaling is compared. Section 3.4 presents a simple off-line bias-correction 78 

method applied to surface air temperature, by revising the surface elevation in global 79 

models and LMDZ4. We believe that this correction, directly related to surface terrain, 80 

is meaningful for impact studies that might need high quality in surface air 81 

temperatures. Since there is no simple methodology allowing a bias correction for 82 

precipitations, the added value of regional simulations is much clearer for 83 

precipitations. 84 

2.  Model description and data  85 

LMDZ4 used in this study (Le Treut et al. 1994；Li 1999), is zoomed in East Asia 86 

(zoom center at 30°N/110°E, coverage 5°~55°N, 85°~135°E). There are 120×120 87 

latitude and longitude grids and 19 layers in the vertical. The spatial resolution inside 88 

the zoom is approximately 0.6°×0.6°. The driving forcing is added through a 89 

relaxation procedure. We put a long (10 days, but not infinite, to be comparable with 90 



 

 

 

other simulations using this historical set-up) relaxation time scale inside the zoom, 91 

while the relaxation time scale is 1.5 hours outside. The use of two distinct relaxation 92 

time scales inside and outside implies that the model runs almost freely inside the 93 

zoom, whereas it totally follows the forcing outside the zoom. This operation (a long 94 

but finite time scale inside the zoom) has some similarities with the concept of 95 

spectral nudging commonly used in limited-area models for climate downscaling. But 96 

our nudging effect is very weak, and we just interpolate (with a bi-linear algorithm) 97 

global fields into the regional grid without performing any scale filtering. The main 98 

physical processes used in the model correspond to the atmospheric component of the 99 

IPSL-CM5A coupled model, as described in Hourdin et al. (2006) and Dufresne et al. 100 

(2013). 101 

    The three global climate models (GCMs) that we used as drivers are all from the 102 

5th Coupled Model Intercomparison Project (CMIP5) (Taylor et al. 2012). 103 

BCC-CSM1.1-m is the climate system model developed by the China Meteorological 104 

Administration, National Climate Center (Wu et al. 2013). FGOALS-g2 was 105 

developed by the Institute of Atmospheric Physics, State Key Laboratory of 106 

Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics 107 

(IAP-LASG), China (Li et al. 2013). FGOALS-g2 was obviously improved in many 108 

aspects in comparison with early versions of FGOALS (Zhou et al. 2013; Yu et al. 109 

2013). The performance of the two models has been evaluated in Zhou et al. (2014). 110 

IPSL-CM5A-MR is the last version of the global climate model developed by IPSL 111 

(Institute Pierre-Simon Laplace), France, taking part in different CMIP exercises. It 112 

generally gives a good performance at global scale or in East Asia (Chen et al. 2011a). 113 

The three selected models are quite representative of the climate modelling 114 

community. They are considered as suitable for studies of Southeast Asian climate, 115 

consensus obtained from many published works on global models evaluation (Sperber 116 

et al. 2013；Kitoh et al. 2013；Zhou et al. 2014；Jiang et al. 2015). LMDZ4 used in this 117 

study is the atmospheric circulation module in IPSL-CM5A-MR, but with different 118 

horizontal and vertical resolution. 119 

LMDZ4 is used in its regional configuration, its main variables being nudged to 120 

6-hourly outputs of GCMs. It is actually used as a traditional limited-area model with 121 

the whole globe as buffer zone that receives outputs of GCMs. The nudged variables 122 

include zonal wind, meridional wind, temperature and specific humidity, with a time 123 

interval of 6 hrs. The SST and sea ice prescribed as surface boundary conditions in the 124 

simulation are also from GCMs. The effective time period covers 1961-2005. Our 125 



 

 

 

downscaling approach is the largely-used one-way nesting technique, which means 126 

that there is no feedback to GCMs from the regional model. Results after downscaling 127 

are referred to as LMDZ/BCC, LMDZ/FGOALS and LMDZ/IPSL in this paper.  128 

For the purpose of model assessment, daily temperature and rainfall at a few 129 

meteorological stations in China are used. They are quality checked and homogenized 130 

as described in Xu et al. (2009) and Chen et al. (2010). These two data sets are 131 

available with a resolution of 0.5°×0.5°, for the same time period (1961-2005) of 132 

model runs. The topography of meteorological stations is provided by China 133 

Meteorological Administration (CMA). Main characteristics of models and observed 134 

data sets are listed in Table 1. The original resolution of models is preserved in the 135 

following analysis. 136 

Fig. 1 shows the spatial resolution and surface height in different models (LMDZ, 137 

BCC, FGOALS and IPSL) in East Asia. The region roughly follows a three-step 138 

orography from east to west. The first step is the coastal plain and some hilly ground, 139 

with altitude lower than 500 m. The second step comprises regions with mountains 140 

and hills, roughly from 500 to 3000 m. The third step mainly refers to the Tibetan 141 

Plateau with altitudes over 3000 m. LMDZ is characterized by a higher resolution in 142 

comparison with the other three global models. It can give more accurate coastlines 143 

and terrains. The structures of the Wuyi Mountains (Southeast China costs), the Qilian 144 

Mountains (in the north of the Tibetan Plateau, oriented from Southeast to Northwest), 145 

the Qaidam Basin (between the Tibetan Plateau and the Qilian Mountains), and the 146 

Sichuan Basin (in the east of the Tibetan Plateau) are all clearly visible and well 147 

depicted in the downscaling model. The Tarim Basin (between the Tibetan Plateau 148 

and the Tianshan Mountains) and the Junggar Basin (between the Tianshan and Altai 149 

Mountains) are at the western boundary of our zoom domain. 150 

3 .  Results and analysis 151 

3.1 Temperature and Precipitation mean climatology 152 

Surface air temperature will be first assessed. By examining the surface air 153 

temperature among the three global models and their counterparts after downscaling, 154 

we can see that all of them are well consistent with the observation. Temperature in 155 

China is strongly affected by terrains (as shown in Fig. 2). For example, the 156 

observational temperature around the Sichuan Basin is approximately 15℃ or more, 157 

which is evidently higher than the surrounding areas (roughly 12~15℃). 158 

Compared with observations, GCMs reproduce well the patterns of temperature 159 



 

 

 

decrease from south to north (Fig. 2). The pattern correlation coefficients between 160 

simulated and observed annual-mean temperature are 0.94, 0.92 and 0.96, respectively, 161 

for BCC, FGOALS and IPSL (as shown in Fig. 2a). The root-mean-square errors 162 

(RMSE) are 3.4℃, 4.7℃, and 2.3℃, respectively (Fig. 2b). However, GCMs show a 163 

weak skill of simulation in the Sichuan Basin. This is particularly true for FGOALS 164 

which does not show the warm center at all. The downscaling results show a 165 

significant improvement for the Sichuan Basin and other mountainous regions. The 166 

high-value center in the Qaidam Basin and the low-value center in the Qilian 167 

Mountains and the Tarim Basin are obviously better achieved after downscaling than 168 

those in GCMs. This improvement is a direct consequence of the higher-resolution 169 

terrain and consistent with previous works（Deque 1995; Gao et al. 2010; Shi et al. 170 

2011; Mannig et al. 2013). Similarly, topographic structures of LMDZ4 are very well 171 

reflected in the temperature patterns, much better than in GCMs. The pattern 172 

correlation coefficients between downscaled and observed annual-mean temperature 173 

are increased to 0.98, 0.97 and 0.98, respectively, for BCC, FGOALS and IPSL. The 174 

RMSE are decreased to 2.6℃, 3.6℃, and 2.0℃, respectively.  175 

Precipitation is another important climate variable to evaluate. China experiences 176 

a typical monsoon climate and large rainfall variability in both space and time.  177 

As revealed in observation data (Fig. 3), the annual mean precipitation in China 178 

decreases from the southeast coast to the northwest. In east China, the 3 mm/day 179 

rainfall intensity reaches 32°N. The three GCMs can basically depict the main 180 

characteristics of rainfall distribution with a gradual decrease from east to west, but 181 

important biases can be noted. The spatial pattern correlation coefficients between 182 

simulated and observed precipitation are of 0.61, 0.59 and 0.62, respectively, for BCC, 183 

FGOALS and IPSL (as shown in Fig. 3a). The RMSE are 1.19, 1.15, and 1.21 184 

(mm/day), respectively (Fig. 3b). In BCC and IPSL, the simulated precipitation in 185 

southeast of the Tibetan Plateau is stronger than observation, while much less in 186 

southeast China and the Sichuan Basin. FGOALS simulates more precipitation on the 187 

Tibetan Plateau and in the Sichuan Basin. These precipitation defects are common in 188 

GCM simulations with coarse resolution (Li et al. 2011; Chen et al. 2011b; Jiang et al. 189 

2012).  190 

After downscaling, there is a significant improvement in the regions mentioned 191 

above. In particular, a high-value center in the Qilian Mountains has been reproduced 192 

as the observation shows. The pattern correlation coefficients between downscaled 193 

and observed precipitation are increased to 0.67, 0.65 and 0.69, respectively, for BCC, 194 



 

 

 

FGOALS and IPSL. The RMSE are decreased to 1.03, 0.98, and 1.16 (mm/day), 195 

respectively. Both LMDZ/BCC and LMDZ/IPSL reduce the wet biases around 196 

northeast China and the Tibetan Plateau. LMDZ/FGOALS also improves the 197 

simulated ability in east of the Tibetan Plateau. Moreover, the dry bias of GCMs in 198 

southeast China has been reduced after downscaling.  199 

We examine furthermore models performance in different months of the year. 200 

Figure 4 displays the spatial correlation coefficient and RMSE in function of month. 201 

For surface air temperature (Fig. 4, panels a and c), the correlation coefficient is 202 

generally smaller in summer than in winter; the RMSE does not show large variation 203 

during the year. There is a general improvement in regional simulations than in global 204 

models. FGOALS seems the less skillful for the two parameters. For precipitation 205 

(Fig. 4, panels b and d), both the correlation coefficient and RMSE are smaller in 206 

winter than in summer, due to the fact that this region is generally dry in winter and 207 

wet in summer. 208 

In summary, the dynamical downscaling shows a significant improvement in the 209 

spatial distribution of both temperature and precipitation. The main patterns of 210 

temperature and precipitation over China are well depicted in the downscaling 211 

simulations. This is mainly due to a detailed terrain present in LMDZ4 for the Tibetan 212 

Plateau, the Sichuan Basin and the Qilian mountains. 213 

3.2  Climatic trends  214 

The long-term trend of a climate variable can be calculated with a simple linear 215 

regression. It consists of calculating the regression coefficient of the climate time 216 

series (temperature or precipitation) against a regularly-increasing time series 217 

{ t=1,2,…,n}.  218 

)/( txxx ra σσ=                     (1) 219 

where rx denotes the correlation coefficient between the two time series, σx,σt are 220 

their respective standard deviation. The statistical significance of rx can be calculated 221 

by a t-test.  222 

The global climate was dominated by a warming trend in the 20th century 223 

(Taylor et al. 2012). Fig. 5 shows the spatial distribution of the trend evaluated from 224 

1961 to 2005 with the annual-mean temperatures, for observations and different 225 

models respectively. Observational field presents an increasing trend of temperature 226 

in most of the country. The temperature increases much faster in the north than in the 227 

south. The warming rate in south China is lower than 0.2℃·(10a)-1, but that in the 228 



 

 

 

north can exceed 0.4℃·(10a)-1 , with stronger intensity in Inner Mongolia, northeast 229 

China and east of the Tarim Basin. The observed temperature pattern is almost 230 

reproduced in the global models of BCC and FGOALS, but the amplitude is much 231 

lower than that in observation, and the high-value centers are not well depicted. The 232 

spatial distribution given by IPSL is characterized by over-estimated values in south 233 

China. Meanwhile, the significant warming in Northeast China does not appear.  234 

After downscaling, the spatial patterns of trend in the three models are more 235 

precisely displayed. The spatial distribution of lower-in-the-south and 236 

higher-in-the-north is more consistent with observation. But the warming rate is larger 237 

in simulations than in observation, particularly in Northeast China, where the 238 

warming rate exceeds 0.6°C·(10a)-1. Simulated trends in central and south China in 239 

LMDZ/BCC and LMDZ/IPSL are also higher than their counterparts in observation.  240 

Observed trend of annual-mean precipitation from 1961 to 2005 shows a decrease 241 

over North China, but an increase in the middle and lower reaches of the Yangtze 242 

River and in the coastal areas of south China (as shown in Fig. 6). This result is in a 243 

general agreement with previous studies which show a contrasting pattern of 244 

precipitation trend in east China: wet in the south and dry in the north (Zou et al. 245 

2010).  246 

The ability of models in simulating precipitation is generally weaker than that in 247 

simulating surface air temperature. Simulated trend for precipitation is still far from 248 

realistic, although the situation for temperature is more consistent with observation 249 

(shown in Fig. 6). Results from different GCMs all revealed a sharp increase in north 250 

China, but a decrease in the Yangtze-Huaihe river basin, especially for FGOALS and 251 

IPSL, which are almost contrary to the observation. Compared to the previous 252 

exercise in CMIP3, the ability of simulating interannual variability and seasonal cycle 253 

of East Asian summer monsoon has been largely enhanced in CMIP5 (Sperber et al. 254 

2012; Flato et al. 2013). However, for rainfall, there are still important uncertainties 255 

and differences among GCMs (Jiang et al. 2013; Zhang et al. 2013). After 256 

downscaling, all the three models show a gradually decreasing trend of precipitation 257 

in north China, but still significantly different from observation. LMDZ/IPSL 258 

reproduces the increasing trend in the Yangtze-Huaihe drainage basins. It performs 259 

much better than IPSL, its counterpart of global models. 260 

Figures 5 and 6 show an obvious advantage for LMDZ4. The regional 261 

simulations are closer to each other than to the respective driving GCMs. For example, 262 

the three downscaled simulations show a meridional gradient of warming in line with 263 



 

 

 

observations, while the driving GCMs miss it completely (Fig. 5). Similar 264 

phenomenon for the precipitation trends (Fig. 6). Trend patterns in the regional runs 265 

are generally different from those in GCMs, but closer to each other. That is because, 266 

in our experiment, LMDZ4 conducts quite freely inside the target area (5°~55°N, 267 

85°~135°E) with very weak forcing from GCMs. The relaxation time scale is 10 days 268 

inside the entire zoom. This corresponds to a week nudging used in some limited-area 269 

models. So the three downscaled simulations are more resemblant to each other than 270 

to their respective driving GCMs. 271 

Based on the above comparative studies before and after the downscaling, there 272 

is an impressive ability for temperature, but feeble skill in GCMs for the simulated 273 

precipitation. Moreover, for both surface air temperature and precipitation, the good 274 

regions for climate means are not necessarily the good areas for trends. 275 

3.3  Validation in sub-regions 276 

Due to significant regional differences of climate in China, it is useful to divide 277 

China into a few sub-regions. The regional division is shown in Fig.1a for 6 278 

sub-regions, reflecting the increasing continental characteristics of climate from east 279 

to west, as well as the south-north gradient and the main orographic features. The 280 

sub-regions are Northeast China (NE), North China (NC), Yangtze river basin (YZ), 281 

Southeast China (SE), Southwest China (SW) and Northwest China (NW).  282 

Unlike for long-term trend, it is not relevant to compare simulated sequences 283 

against observed ones, especially for the interannual time scale. However, it is 284 

adequate to compare their statistical behaviors from each other. Figure 7 shows such 285 

statistical properties (in the form of box-and-whisker plots) of annual-mean 286 

temperature during the period 1961-2005. Each panel shows the area average of the 287 

corresponding sub-region.  288 

On the whole, the medians (quantity separating the higher half from the lower 289 

half of the distribution) of GCMs and downscaling runs are generally smaller than 290 

that of the observation, which indicates a cold bias in most regions, except in NC and 291 

SE. In NE, NW and SW, the median temperatures in downscaling runs are more 292 

accurate than those in GCMs. The median temperatures in downscaling runs in NE, 293 

YZ and SE are closer to observation than those in other sub-regions, and the median 294 

biases are smaller than 2℃. We can however see that, the minimum and maximum 295 

values (represented by the whiskers) in simulated temperatures do not show 296 

significant changes after the downscaling. 297 



 

 

 

Compared to temperature, rainfall in the dynamical downscaling simulation has a 298 

more obvious positive effect (Figure 8), especially in NE, NW and SW. The wet 299 

biases in GCMs over most areas range from 20% to 100%, with some areas exceeding 300 

150%. The downscaled rainfalls have a reduced bias in median values. Both GCMs 301 

and regional simulations have a wet bias in west areas with complex terrain. Earlier 302 

studies have shown that the reason lies within the upwind effect, which is even 303 

stronger with a better-resolved topography (Mannig et al. 2013). It should be noted 304 

that rainfall simulation in climate models is still an issue of grand challenge, since 305 

there are many processes controlling the macro-properties and micro-physics of 306 

clouds and precipitations, but missing in current parameterizations. Moreover, the 307 

lack of a high-quality and high-resolution observed rainfall dataset contributes to the 308 

persistency of uncertainties in models, and makes models evaluation a very 309 

challenging issue（You, 2012）. 310 

    China, strongly affected by the East Asian Monsoon, presents a strong seasonal 311 

cycle in both temperature and rainfall. Therefore, it is necessary to evaluate the 312 

simulation capacity of GCMs and downscaling models in terms of seasonal changes. 313 

Figure 9 shows the seasonal cycle of temperature in different regions from 314 

observation, GCMs and downscaled simulations respectively. It can be learned that, 315 

the maximum temperature difference between summer and winter appears in 316 

Northeast, approaching 40℃. The primary cause is its high-latitude location, where 317 

under the control of the Siberia cold high-pressure in winter, the temperature is as low 318 

as -20℃, while in summer it exceeds 20℃ because of the East Asian summer 319 

monsoon. In North China, models present a relatively small deviation. They are close 320 

to the observation. All the simulated temperatures in the Yangtze River basin are 321 

higher in summer and lower in winter than the observation. Southeast China has a 322 

similar situation except that the temperature in LMDZ/FGOALS has a cold bias all 323 

year round. Temperatures among most models in Northwest and Southwest are lower 324 

throughout the year, except for some models (LMDZ/BCC and LMDZ/IPSL) showing 325 

higher temperature in summer. All downscaled results are closer to observation than 326 

GCMs. For all sub-regions, whatever GCMs or downscaled simulations, September 327 

and October show the best performance.  328 

For precipitation, the seasonal cycles from different regions show a broad range 329 

of characteristics (see Fig. 10). A common behavior is, however, that rainfalls peak in 330 

summer for all sub-regions. Northeast and North China show the most remarkable 331 

seasonal cycle with peaks in July, accompanied with rapid transitions in June and 332 



 

 

 

August (Fig. 10, NE and NC). All simulations seem able to reproduce such 333 

characteristics in these two regions.  But they have a general dry bias in summer, 334 

while a wet bias in other seasons. IPSL in Northeast China and FGOALS in North 335 

China are exceptions, showing smaller deviations after downscaling.  336 

In the Yangtze river basin, the observed precipitation peaks in July, while all 337 

GCMs and downscaled maxima appear in May with an advance in phase (except for 338 

IPSL), and precipitation intensity is weaker in summer, autumn and winter, but 339 

stronger in spring. In Southeast China, precipitations peak in June, but most 340 

simulations show a phase shift to July or a too-broad distribution from May to August. 341 

Precipitation amounts in all simulations are generally smaller than the observed 342 

values (see Fig.10 SE).  343 

The mountainous regions in Southwest and Northwest China (Fig. 10, SW and 344 

NW) with their complex terrain show large differences for each model throughout the 345 

year. All the models overestimate precipitation in these two regions, while the three 346 

downscaling simulations show significant improvements. This is particularly true for 347 

the model FGOALS running with a lower resolution.  348 

To quantify the above comparison, we calculate the correlation coefficient and 349 

the RMSE for each curve in Fig. 10 with their counterpart from observation (black 350 

curve in Fig. 10). Results (Table 2) show that there is a general improvement from 351 

GCMs to regional simulations in terms of RMSE, but not always correlation 352 

coefficient. This means that LMDZ-regional has a better mean climatology, but its 353 

seasonal match, controlled by GCMs, is not ameliorated. We also observe the same 354 

results for the surface air temperature (mean climatology improved, but not the 355 

seasonal match itself; results not shown). 356 

In summary, models show different performances in different sub-regions. 357 

Consistent with previous studies (Zhou et al. 2002; Chen et al. 2011; Jiang et al. 2013), 358 

most GCMs have a poor skill in terms of precipitation in west China (especially the 359 

Tibet Plateau). Encouragingly in our study, for both temperature and precipitation, the 360 

dynamical downscaling simulations are generally closer to observations. Among the 361 

three GCMs, the downscaling simulation from FGOALS shows the most obvious 362 

improvements. For both temperature and rainfall, the superiority of dynamical 363 

downscaling is deeply dependent on topography. Especially over the complex terrain 364 

in China, the dynamical downscaling has a more powerful capacity than GCMs. 365 

3.4  Orographic effects  366 



 

 

 

    Our previous analysis shows clearly that a dynamical downscaling gives 367 

important improvements in complex-terrain regions in Southwest and Northwest 368 

China. The observational data at meteorological stations can be regarded as the 369 

“ground truth”, which help us to examine GCMs and downscaling performances in 370 

more details. We select 25 stations covering the transition from wet coastal regions to 371 

dry inland areas (see Fig. 11).  372 

It can be seen that almost all elevations in GCMs and LMDZ4 are higher than the 373 

real elevation. This is due to the fact that terrain in models is of mean topography, but 374 

meteorological stations are generally located in valleys or low-land areas. The terrain 375 

height deviations (see △EL, simulations minus observations) for stations in west 376 

China are generally larger. For most stations with low altitude in east China, the 377 

surface height in LMDZ4 is closer to observed elevation than GCMs (as shown in 378 

Table 3).  379 

By comparing temperatures from GCMs and downscaled simulations, it is found 380 

that the average temperature bias at the 25 stations is reduced after downscaling, with 381 

absolute value 2.53℃ in GCMs against 1.13℃ in downscaled simulations, except 382 

for Fuzhou, Xichang, Kunming and Urumqi (see △T). Bias of simulated temperature 383 

is usually proportional to the increase of local height. The accuracy of temperature 384 

simulation depends on altitudes (Zhao et al. 2008).  385 

To investigate quantitatively the topographic effects on simulated temperature, 386 

we perform a topographic correction, in a similar way as used in a 387 

land-data-assimilation system (Cosgrove et al. 2003). Temperatures from models at 388 

each station are adjusted with the following algorithm: 389 

HTT simcorr ∆µ+=    (2) 390 

where Tcor is the temperature (℃) after correction, and Tsim the simulated one (℃) 391 

before correction; µ is the lapse rate (assumed to be 0.65℃/100m), and ∆H the 392 

difference of elevations (m) between models and the true topography.  393 

Corrections from GCMs and regional simulations are all shown in Table 3 (△394 

T-cor). For GCMs, the absolute value of temperature bias after topographic correction 395 

is reduced to 1.09℃ (against 2.53℃ before correction). The temperature bias of the 396 

regional simulations is 1.13℃. The bias becomes 0.98°C if the same bias correction is 397 

applied. It is evident that, for temperature, the topographic correction plays a role in 398 

GCMs as well as in the dynamical downscaling simulations. This correction leads to 399 

temperatures closer to the observation. From △T and △T-cor, we can also observe 400 

that, in western high-altitude stations like Lhasa, Xi’an, Lanzhou, Xining, Yinchuan 401 



 

 

 

with strong biases in GCMs, the effects of topographic correction are also more 402 

spectacular than that in eastern low-altitude stations like Harbin, Shenyang, Chifeng, 403 

Jinan, Nanjing, etc. In agreement with previous studies, our results confirm that the 404 

simulated temperature is highly dependent on altitude of model grids and on 405 

complexity of model topography. This general behavior should be primarily taken into 406 

account for any applications of model outputs to studies of climate change impacts. 407 

For precipitations, Table 3 shows that GCMs generally have over-estimations at 408 

stations in wet basins in the east, but under-estimations along the western mountain 409 

ranges. The average precipitation bias for the 25 stations is reduced after downscaling, 410 

with a relative error of 35.8% in GCMs and 28.2% in regional simulations. The 411 

amelioration provided by the dynamical downscaling is furthermore revealed different 412 

for east and west regions. Some high-altitude stations like Lhasa, Lanzhou, Xining, 413 

Yinchuan and Yushu, with serious wet bias in GCMs, have the most significant 414 

amelioration after downscaling. Table 3 also reveals that the simulated precipitation 415 

deviations are relative to the elevation of stations for both GCMs and downscaling 416 

simulations, the higher elevation the larger deviation. Unlike the surface air 417 

temperature that can be partly corrected by considering the terrain height, 418 

precipitation cannot be simply corrected without considering changes in the regional 419 

or local atmospheric general circulation (Tippett et al. 2003). 420 

Since surface air temperature and precipitation are strongly controlled by 421 

atmospheric circulation, their amelioration in downscaling simulations should be 422 

accompanied with amelioration in atmospheric dynamic fields, such as wind and 423 

geopotential height (GHT). Figure 12 (left two panels) shows geopotential height at 424 

500 hPa and winds at 850 hPa, as depicted in ERA-Interim, for summer and winter 425 

respectively. Mean biases of GCMs (middle) and downscaling simulations (right) are 426 

also shown. For both summer and winter, there is some resemblance between GCMs 427 

and downscaling simulations, due to the nudging relationship between them. This 428 

resemblance is found larger in winter than in summer, which can be explained by the 429 

fact that winter climate in the region is much more controlled by large-scale 430 

circulation in comparison to summer regional climate. Many regional events can 431 

develop in summer without necessarily a corresponding large-scale structure, 432 

especially when convection is dominant . 433 

Let us now examine further the summer situation. The GCMs bias is consistent 434 

with a general imperfection in many models, with a too-strong south wind system in 435 

East China, making the summer monsoon too much inland. This bias is largely 436 



 

 

 

reduced in downscaling simulations. We believe that the amelioration of atmospheric 437 

circulation in the downscaling simulation brings a significant improvement for both 438 

surface air temperature and precipitation.  439 

In summary, because the downscaling model LMDZ4 has a higher resolution and 440 

a more accurate representation of the underlying terrain, surface air temperature is 441 

generally better in LMDZ4 than in GCMs. The topographic correction plays a role in 442 

GCMs as well as in the dynamical downscaling simulations. However, the orographic 443 

effect is not the only reason why the dynamical downscaling performs better, the 444 

amelioration of the atmospheric general circulation at regional or local scale certainly 445 

plays its role. 446 

Our results are consistent with those presented in Gao et al. (2006) who studied 447 

the performance of a limited-area climate model running over East Asia, in function 448 

of different model horizontal resolutions. They also tried to isolate the topographic 449 

effect from that of the resolution. They showed that the first contributor for a better 450 

simulation of precipitation in East Asia is the increase of model resolution. This 451 

resolution effect is more important than that from a better description of the surface 452 

topography which is only a second contributor. 453 

4.  Summary and Conclusion 454 

Three global models, BCC-csm1-1-m, FGOALS-g2 and IPSL-CM5A-MR, were 455 

used to drive a variable grid atmospheric general circulation model LMDZ4, to 456 

produce an ensemble of dynamical downscaling simulations in East Asia. Simulations 457 

cover the present-day period (1961–2005). The research in this study is, primarily, of 458 

practical significance for developing and validating suitable regional climate model 459 

system in eastern China. The performance of GCMs and downscaling simulations has 460 

been evaluated in terms of precipitation and surface air temperature in China. We 461 

compared their mean climatology and long-term trend. 462 

In general, GCMs and downscaling models are all able to reproduce the main 463 

spatial patterns of temperature and precipitation over China. Compared to GCMs, the 464 

intensity and location of simulated temperature and precipitation from LMDZ4 are 465 

closer to observations. The spatial pattern correlation coefficient calculated for the 466 

annual-mean temperature varies from 0.92/0.94 in GCMs to 0.97/0.98 in downscaling 467 

simulations. The same indicator for rainfall varies from 0.59/0.62 to 0.67/0.69. The 468 

root mean square errors also significantly decrease from GCMs to regional 469 

simulations for both temperature and precipitation. The downscaling with FGOALS 470 



 

 

 

exhibits the most significant improvement, compared with BCC and IPSL. This is due 471 

to the fact that FGOALS has the lowest spatial resolution and the downscaling shows 472 

its most visible added-value. 473 

For long-term trend from 1961 to 2005, a general warming is observed over 474 

China with minimum amplitude near the coasts and stronger amplitude inland. All 475 

GCM and regional simulations catch the warming trend. But the spatial patterns are 476 

not always consistent with the observed one. For rainfall, there is a dipole structure in 477 

East China: wet conditions in the south and dry conditions in the north. This structure 478 

does not seem to be reproduced, neither in GCMs nor in regional simulations. We 479 

note however that the three regional runs present some similar structures, although 480 

their counterpart in GCMs is quite different: dry in Northeast China and South China, 481 

but weak wet conditions in North China. Simulation in precipitation tendency was 482 

inferior to that in temperature. Deficiency in the trend simulation has received more 483 

and more concerns in climate models currently (Wang et al. 2013; Dong et al. 2013; 484 

Dong and Zhou. 2013). That requires the comparison of multi-GCM or RCM 485 

ensembles (Gao et al. 2012b). The CORDEX project which we are taking part in will 486 

help to understand uncertainties of climate changes including both historical period 487 

and future projections (Giorgi et al. 2009). 488 

We also divided China into 6 sub-regions and investigated the statistical 489 

properties of regional-mean temperature and precipitation. Results are displayed in 490 

the form of box-and-whisker plots allowing us to evaluate the median values and the 491 

extrema (minimum and maximum). For both temperature and precipitation, medians 492 

seem improved from GCMs to downscaling simulations; but the range of extrema 493 

does not show significant changes. 494 

Seasonal evolution for the 6 sub-regions is examined and compared to 495 

observations. We did not observe an obvious improvement in terms of monthly 496 

correlation coefficient. But the RMSE is generally ameliorated in the downscaling 497 

simulations, for both surface air temperature and precipitation. 498 

We believe that the good general performance of downscaling simulations 499 

resides (partly at least) in their higher resolution and the good representation of the 500 

terrain. We select 25 representative stations to validate simulations. The terrain in 501 

downscaling simulations is closer to the real topography; deviations of both 502 

precipitation and temperature are reduced. We also developed a simple algorithm of 503 

topographic correction to ameliorate surface air temperature at station level. It is 504 

primarily destined to provide relevant information for climate impact studies. But it 505 



 

 

 

goes to the idea that a refined description of the terrain was one of the vital factors 506 

leading to the superiority of downscaling simulations (Giorgi et al. 2004). 507 

Unfortunately, there is no simple algorithm possible of terrain correction for 508 

precipitation. 509 

This paper mainly focuses on the added-value of LMDZ4 in its regional 510 

configuration in comparison to its drivers, outputs from GCMs. It is worth to note that 511 

other validation works of LMDZ4 over East Asia were also reported with re-analyses 512 

(ERA-40 or ERA-Interim) as drivers (Zou et al. 2010, Yang et al. 2015). Such 513 

simulations, in the ‘‘perfect boundary condition’’ mode, did show a good model 514 

performance of LMDZ4 in capturing both the sign and magnitude of temperature and 515 

precipitation anomalies.  516 

An inter-comparison is planned for our next works to understand errors in 517 

regional simulations and attribute them to imperfections in either large-scale boundary 518 

conditions or physical parametrizations in LMDZ4. Finally we need to point out that 519 

the lack of a reliable observation dataset also contributes to uncertainties for 520 

evaluating high-resolution climate models.  521 
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Table Captions 678 

Table 1  Sources of models and data 679 

Table 2 Correlation coefficients and root-mean-square error (RMSE) (unit: mm/day) 680 

to measure the seasonal match between the observed and simulated precipitations for 681 

six sub-regions in China and three pairs of global/regional simulations. Figures in 682 

bold in the regional simulation columns indicate improvement (higher correlation or 683 

lower RMSE) compared to their counterparts in global models. 684 

Table 3  Weather stations details: EL (m) is the elevation of station; △EL (m), △T 685 

(℃) and △Pr (%) are the differences of model elevation, simulated temperature and 686 

precipitation with the true terrain, observed temperature and precipitation, 687 

respectively. △T-cor (℃) is the same as △T(℃), but for topography-corrected 688 

temperature. GCM-ave stands for the average of BCC, FGOALS and IPSL, RCM-ave 689 

stands for the average of LMDZ/BCC, LMDZ/FGOALS and LMDZ/IPSL. Figures in 690 

bold in the regional simulation columns indicate improvement compared to their 691 

counterparts in global models.  692 

 693 

Figure Captions 694 

Fig.1 Grid (in the form of mosaic) and surface orography (bottom color shading in m) 695 

of models (a) LMDZ, (b) BCC, (c) FGOALS, (d) IPSL in East Asia 696 

Fig.2 Distribution of annual-mean temperature (℃ ) during 1961-2005 from 697 

observation (top), GCMs (middle row, BCC, FGOALS, IPSL) and downscaling 698 

simulations (bottom row, LMDZ/BCC, LMDZ/FGOALS, LMDZ/IPSL) over China. 699 

Spatial-pattern correlation coefficients and root-mean-square error (RMSE) between 700 

the observed and simulated fields are given in panels a and b. 701 

Fig. 3 Same as Fig. 2, but for precipitation (mm/day). 702 

Fig. 4 Seasonal evolution of Spatial-pattern (a, b) correlation coefficients and (c, d) 703 

root-mean-square error (RMSE) between the observed fields and simulated ones for (a, 704 

c) temperature and (b, d) precipitation. 705 

Fig. 5 Long-term trend of annual-mean temperature (units: ℃ ·(a)-1, stippling 706 

indicates areas where the trend is statistically significant at the 95% confidence level). 707 

The layout of panels is the same as in Fig. 2: observation on the top, GCMs in the 708 

middle and downscaling simulations on the bottom. 709 

Fig. 6 Same as Fig. 5, but for long-term trend of annual precipitation (units: 710 

(mm/d) ·(a)-1, stippling indicates areas where the trend is statistically significant at the 711 

95% confidence level). 712 



 

 

 

Fig. 7 Distribution of annual temperature during 1961-2005 for different data sets and 713 

different regions. These, box and whisker plots show the median (“+”), inter-quartile 714 

range, maximum and minimum of temperatures respectively (unit: ℃). 715 

Fig. 8  Same as Fig. 7, but for the annual precipitation (unit: mm/day). 716 

Fig.9 Seasonal cycle of monthly-mean temperature (℃) during 1961-2005 for 717 

different data sets and different regions. 718 

Fig. 10 Same as Fig. 9, but for the seasonal cycle of precipitation (mm/day). 719 

Fig. 11 Geographic positions of the 25 representative stations in China 720 

Fig. 12 Climatological mean of geopotential height at 500 hPa (contours, unit: dagpm) 721 

and winds at 850 hPa (vectors, unit: m/s) for (a,d) ERA-interim and biases in (b,e) 722 

GCMs-ave and (c,f) RCMs-ave (a, b, c for summer, d, e, f for winter). 723 

724 



 

 

 

Table1 Sources of models and data  725 

 Data  Source  Time  Resolution  

Model  

LMDZ4  France，LMD  1961-2005  0.6×0.6  

BCC-csm1-1-m  China，BCC  1961-2005  1.125×1.125  

FGOALS-g2  China，IAP  1961-2005  2.8125×2.8125  

IPSL-CM5A-MR  France，IPSL  1961-2005  2.5×1.2676  

Obs  

Precipitation  Chen et al，2010  1961-2005  0.5×0.5  

Temperature  Xu et al，2009  1961-2005  0.5×0.5  

Elevation China，CMA  Station 
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Table 2. Correlation coefficients and root-mean-square error (RMSE) (unit: mm/day) to measure 728 

the seasonal match between the observed and simulated precipitations for six sub-regions in China 729 

and three pairs of global/regional simulations. Figures in bold in the regional simulation columns 730 

indicate improvement (higher correlation or lower RMSE) compared to their counterparts in 731 

global models. 732 

 
BCC 

LMDZ/ 

BCC 
FGOALS 

LMDZ/ 

FGOALS 
IPSL 

LMDZ/ 

IPSL 

 
Corr (RMSE) Corr (RMSE) Corr (RMSE) Corr (RMSE) Corr (RMSE) Corr (RMSE) 

NE 0.97 (0.58) 0.94 (0.82) 0.97 (0.58) 0.96 (0.66) 0.99 (0.91) 0.95 (0.69) 

NC 0.96 (0.42) 0.96 (0.35) 0.93 (0.90) 0.97 (0.40) 0.97 (0.31) 0.96 (0.37) 

YZ 0.86 (1.21) 0.90 (0.93) 0.85 (0.89) 0.86 (1.09) 0.95 (0.75) 0.94 (0.65) 

SE 0.97 (1.87) 0.97 (1.46) 0.85 (1.83) 0.98 (1.01) 0.83 (1.74) 0.93 (1.30) 

NW 0.86 (0.76) 0.83 (0.40) 0.82 (0.99) 0.68 (0.51) 0.95 (0.47) 0.94 (0.39) 

SW 0.93 (1.71) 0.86 (0.89) 0.97 (1.46) 0.92 (0.64) 0.97 (1.25) 0.98 (0.83) 

 733 

 734 

735 



 

 

 

Table 3 Weather stations details: EL (m) is the elevation of station; △EL (m), △T (℃) and △Pr 736 

(%) are the differences of model elevation, simulated temperature and precipitation with the true 737 

terrain, observed temperature and precipitation, respectively. △T-cor (℃) is the same as △T(℃), 738 

but for topography-corrected temperature. GCM-ave stands for the average of BCC, FGOALS and 739 

IPSL, RCM-ave stands for the average of LMDZ/BCC, LMDZ/FGOALS and LMDZ/IPSL. 740 

Figures in bold in the regional simulation columns indicate improvement compared to their 741 

counterparts in global models. 742 

  Sta. 
EL 

(m) 

△EL(m) △T(℃) △T-cor(℃) △Pr(%) 

BCC FGOALS IPSL LMDZ 
GCM 

-ave 
RCM 
-ave 

GCM 
-ave 

RCM 
-ave 

GCM 
-ave 

RCM 
-ave 

1 Harbin  142 129 245 139 63 -2.83 -0.37 -1.72 0.01 35 -7 
2 Shenyang  49 187 247 86 48 -2.29 -0.47 -1.17 -0.18 7 -21 
3 Chifeng  568 65 199 154 -30 -2.73 0.18 -1.82 0. 08 68 2 
4 Hohhot  1063 319 30 289 265 -2.29 -1.69 -0.90 -0.39 9 -38 
5 Beijing  31 596 811 562 328 -5.28 -2.40 -1.01 -0.92 23 10 
6 Jinan  170 -127 107 -24 10 -2.52 -0.48 -2.61 -0.42 -7 -18 
7 Nanjing  7 46 102 50 92 -1.10 -0.25 -0.67 0.30 -2 -1 
8 Hankou  23 103 263 127 39 -1.44 1.00 -0.37 1.24 -23 -38 
9 Fuzhou  84 247 186 173 439 0.27 -0.98 1.59 1.66 -10 -5 
10 Nanchang  47 166 239 249 -4 -1.64 0.50 -0.22 0.48 -36 -31 
11 Changsha  68 140 316 203 41 -1.28 0.93 0.15 1.18 -40 -36 
12 Guangzhou  41 114 196 155 13 -0.91 -0.03 0.10 0.05 -36 -34 
13 Nanning  122 155 257 192 71 -0.80 -0.57 0.51 -0.15 -38 -9 
14 Guizhou  1224 -173 -251 -158 215 1.47 -0.71 0.21 0.58 -19 -22 
15 Chongqing  351 201 767 383 66 -3.08 1.32 -0.15 1.72 -25 -64 
16 Chengdou  506 1492 1467 -61 27 -5.40 0.87 0.88 1.04 18 -65 
17 Xichang  1591 795 537 772 652 -0.83 -1.67 3.73 2.24 10 -39 
18 Kunming  1886 96 -678 146 125 0.59 -1.02 -0.36 -0.27 -8 -25 
19 Lhasa  3649 1200 185 1026 854 -5.35 -3.89 -0.12 1.23 86 -65 
20 Xi’an  397 631 598 578 685 -4.17 -2.33 -0.26 1.17 52 26 
21 Lanzhou  1517 847 863 560 781 -3.85 -1.32 1.06 1.36 151 49 
22 Yinchuan  1111 270 456 544 308 -3.48 -1.51 -0.73 0.33 77 15 
23 Xining  2295 952 419 518 560 -3.54 -1.89 0.55 1.47 58 -7 
24 Yushu  3681 915 533 1127 865 -3.08 -2.07 2.50 3.12 55 -43 
25 Urumqi  935 245 337 -219 -214 1.88 4.17 2.67 2.89 2 -35 
Absolute-Ave 862.3 408 412 340 272 2.53 1.13 1.09 0.98 35.8 28.2 
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 746 

Fig.1. Grid (in the form of mosaic) and surface orography (bottom color shading in m) of models 747 

(a) LMDZ, (b) BCC, (c) FGOALS, (d) IPSL in East Asia 748 
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 750 

Fig. 2 Distribution of annual-mean temperature (℃) during 1961-2005 from observation (top), 751 

GCMs (middle row, BCC, FGOALS, IPSL) and downscaling simulations (bottom row, 752 

LMDZ/BCC, LMDZ/FGOALS, LMDZ/IPSL) over China. Spatial-pattern correlation coefficients 753 

and root-mean-square error (RMSE) between the observed and simulated fields are given in 754 

panels a and b. 755 
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 757 

Fig. 3 Same as in Fig. 2, but for precipitation (mm/day). 758 
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 762 

Fig.4 Seasonal evolution of Spatial-pattern (a, b) correlation coefficients and (c, d) 763 

root-mean-square error (RMSE) between the observed fields and simulated ones for (a, c) 764 

temperature and (b, d) precipitation.  765 
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 767 

Fig. 5 Long-term trend of annual-mean temperature (units: ℃·(a)-1, stippling indicates areas 768 

where the trend is statistically significant at the 95% confidence level). The layout of panels is the 769 

same as in Fig. 2: observation on the top, GCMs in the middle and downscaling simulations on the 770 

bottom. 771 
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 773 

Fig. 6 Same as in Fig. 5, but for long-term trend of annual precipitation (units: (mm/d) ·(a)-1, 774 

stippling indicates areas where the trend is statistically significant at the 95% confidence level). 775 
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 777 

Fig. 7 Distribution of annual temperature during 1961-2005 for different data sets and different 778 

regions. These box and whisker plots show the median (“+”), inter-quartile range, maximum and 779 

minimum of temperatures respectively (unit: ℃). 780 
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 783 

Fig. 8 Same as in Fig. 7, but for the annual precipitation (unit: mm/day). 784 
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Fig. 9 Seasonal cycle of monthly-mean surface air temperature (℃) during 1961-2005 for 787 

different datasets and different regions. 788 
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 790 

Fig. 10. Same as in Fig. 9, but for precipitation (mm/day). 791 
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 793 

Fig. 11. Geographic positions of the 25 representative stations in China 794 
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(a) Summer-ERA-Interim (c) Summer-RCMs-bias(b) Summer-GCMs-bias

(d) Winter-ERA-Interim (f) Winter-RCMs-bias(e) Winter-GCMs-bias

 796 

Fig. 12. Climatological mean of geopotential height at 500 hPa (contours, unit: dagpm) and winds 797 

at 850 hPa (vectors, unit: m/s) for (a,d) ERA-interim and biases in (b,e) GCMs-ave and (c,f) 798 

RCMs-ave (a, b, c for summer, d, e, f for winter). 799 
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