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Abstract 33 

It has been argued that the Coupled Model Intercomparison Project phase 5 34 

(CMIP5) models underestimate the frequency of atmospheric blocking, while 35 

project a decreasing trend of blocking in the 21st century in the Northern 36 

Hemisphere. This average trend may not be true for regional blockings. 37 

Focusing on three key regions in Eurasia (the Urals, Baikal, and Okhotsk 38 

regions) where blocking significantly influences the weather and climate of East 39 

Asia, this study first evaluates the performance of the CMIP5 models by 40 

comparing historical simulations with NCEP/NCAR reanalysis (NNR). Possible 41 

changes in the first half of the 21st century are then analyzed using the RCP4.5 42 

and RCP8.5 experiments.  43 

It is found that instantaneous blocking frequencies are underestimated in the 44 

Urals and Baikal regions for the whole year and in the Okhotsk region in 45 

summertime, but are overestimated in Okhotsk in wintertime. Blocking episode 46 

frequency in the Urals and Baikal regions is underestimated by most of the 13 47 

CMIP5 models, especially the short-duration blocking episodes (4–5 days), and 48 

the simulations are better in wintertime than in summertime. However, in the 49 

Okhotsk region the modeled frequency of blocking episodes is close to the 50 

value from NNR in summertime but overestimated in wintertime. Model 51 

projections of instantaneous blocking frequency for the first half of the 21st 52 

century (2016–2065) show that both RCP4.5 and RCP8.5 runs yield an 53 

increasing frequency except during June–August in the Eurasia. The 54 
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multi-model ensemble mean frequency of blocking episodes clearly decreases 55 

in the whole year in the Urals and Baikal regions (especially blocking episodes 56 

with short duration) and increases a little in summertime of the Okhotsk region 57 

in the first half of the 21st century. The model ensemble-mean frequency of 58 

blocking episodes with long duration (more than 9 days) decreases by ~40% in 59 

the Urals region but increases by no more than 5% in Okhotsk.   60 

 61 

Keywords blocking high; CMIP5; simulation; climate change; RCP scenarios 62 
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1 Introduction  78 

Atmospheric blocking is a dynamic phenomenon in the extratropics. Normally, 79 

it leads to the development of anomalous meridional circulation and heat 80 

exchange, which may result in heat waves in summer and cold periods with 81 

heavy frosts in winter (Yeh 1949; Rex 1950; Charney and DeVore 1979; Lupo 82 

et al. 1997, 2012; Sillmann et al. 2011; Masato et al. 2013; Mokhov et al. 2013). 83 

Extreme weather and climate events usually occur under conditions of 84 

long-term blocking of zonal circulation. In winter, blocking affects cold 85 

advection, reinforces the Siberian High, and leads to severe cold air outbreaks 86 

in East Asia (Joung and Hitchman 1982; Takaya and Nakamura 2005a). In 87 

summer, blocking often brings warmer and drier conditions to the areas it 88 

impacts, resulting in high temperatures and drought (Lupo et al. 2012); 89 

meanwhile, cold air brought by persistent blocking and cut-off lows meets warm, 90 

moist air from west of the western Pacific subtropical high, which provides a 91 

favorable background for long-lasting precipitation in East Asia. An important 92 

twin blocking pattern over the Urals and in northeastern Asia results in Meiyu (Li 93 

et al. 2001).  94 

 Because blocking plays a key role in extreme weather, it is vital to ensure that 95 

models can simulate it reliably (D’Andrea et al. 1998; Scaife et al. 2010; Barnes 96 

and Hartmann 2010; Vial and Osborn 2012; Barnes et al. 2012). Phase 5 of the 97 

Coupled Model Intercomparison Project (CMIP5) provides an opportunity to 98 

better evaluate blocking highs compared with CMIP3 because of improvements 99 
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in model simulation skill (Taylor et al. 2012). Masato et al. (2013) used CMIP5 100 

models to investigate the frequencies of blocking highs in both summer and 101 

winter and found that present-day blocking frequencies are generally 102 

underestimated and that blocking frequency will decrease in the 21st-century 103 

Northern Hemisphere (NH) under Representative Concentration Pathway 104 

(RCP) 8.5. Similar conclusions can also be found in other studies (e.g., 105 

Dunn-Sigouin and Son 2013a; Christensen et al. 2014; Cheung and Zhou 106 

2015). However, the trend of sector blocking might not agree with and might 107 

even be opposite to the overall trend of NH blocking (e.g., Masato et al. 2013; 108 

Mokhov et al. 2014). Although summer blocking is predicted to decrease in the 109 

NH in general, high-latitude blocking may actually increase, indicating that it is 110 

still uncertain whether blocking frequency over all regions will decrease in the 111 

future. Mokhov et al. (2014) also pointed out that while the blocking frequency 112 

is decreasing for the NH as a whole, there is an opposite change, a general 113 

increase in blocking frequency, for the Euro-Atlantic region in winter, summer, 114 

and for the entire year during the 21st century for both RCP scenarios 115 

analyzed.  116 

The important impact of blocking on climate for the whole NH and for 117 

individual regions (Masato et al. 2013) has led researchers to focus on 118 

evaluating the ability of the CMIP5 models to simulate and project blocking over 119 

the whole NH or the Euro-Atlantic region and Pacific (e.g., Dunn-Sigouin and 120 

Son 2013; Masato et al. 2013; Mokhov et al. 2013, 2014). However, there have 121 
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been limited studies analyzing the implications of blocking for the present and 122 

future regional climate (Masato et al. 2014; Woollings et al. 2014). In particular, 123 

there have been very few studies analyzing model simulations in key regions of 124 

Eurasia for the East Asian climate.  125 

 Previous research has documented the relationship between blocking highs 126 

and East Asian weather and climate, especially for blocking over the Urals (e.g., 127 

Cheung and Zhou 2015), Baikal (e.g., Liu et al. 2012), and Okhotsk regions 128 

(e.g., Nakamura and Fukamachi 2004; Takaya and Nakamura 2005a). These 129 

are considered to be the key regions for weather and climate effects related to 130 

blocking in East Asia (Ding and Krishnamurti 1987; Takaya and Nakamura 131 

2005b). Although Ural blocking has been studied in terms of its impact on the 132 

East Asian winter climate in the projections of 20 CMIP5 models (Cheung and 133 

Zhou 2015), previous studies have lacked sufficient evaluation of the 134 

performance of CMIP5 models in simulating blocking, and details of the 135 

implications of blocking in the future, in the Urals, Baikal, and Okhotsk regions. 136 

In this paper, we attempt to address the following questions: (1) How do the 137 

CMIP5 models perform in simulating blocking in Eurasia? (2) How will blocking 138 

change in the Urals, Baikal, and Okhotsk regions? The results show that the 139 

simulations and projections of CMIP5 models for blocking in Eurasia are 140 

different from those in the NH as a whole. These results may be vital in 141 

improving the forecasting of extreme weather and climate events in East Asia 142 

under a warming climate. 143 
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This paper is organized as follows: Section 2 describes the data and methods. 144 

Section 3 presents the simulation of blocking in the Urals, Baikal, and Okhotsk 145 

regions, including instantaneous blocking and blocking episodes of different 146 

duration. Section 4 uses the projection of 5 CMIP5 models to analyze future 147 

changes in blocking, including instantaneous blocking and blocking episodes. 148 

The results are summarized and discussed in Section 5. 149 

2. Data and Methodology 150 

2.1 Data  151 

Considering the model data, dynamical frame, resolution and so on, we 152 

selected 13 CMIP5 models (Table 1) for analysis of their ability to simulate 153 

recently observed blocking. For better identification of models in this paper, 154 

model names are followed by their number in Table 1 (e.g., BCC-CSM1.1 (1) 155 

means BCC-CSM1.1 is number 1 in Table 1). We use historical simulations of 156 

50 years for the period 1956–2005; historical runs with full climatic forcing are 157 

referred to as the “20th-century experiment.”  158 

To match the 1956–2005 timescale of the “20th-century experiment,” we use a 159 

projection of 50 years for 2016–2065 for future changes. The model data used 160 

in this paper are the RCP4.5 and RCP8.5 runs from the five climate models 161 

(BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), and 162 

GFDL-ESM2G (8)) that have produced better simulations than the other eight 163 

models for the 20th century. RCP4.5 runs presume that additional radiative 164 

forcing will reach approximately 4.5 W/m2 at the top of the atmosphere; similarly, 165 
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RCP8.5 runs simulate a rising radiative forcing of 8.5 W/m2. 166 

In this paper, we compare the blocking climatology obtained from historical 167 

geopotential height data with that of the National Centers for Environmental 168 

Prediction/National Center for Atmospheric Research (NCEP/NCAR) 169 

reanalysis (NNR) data during the same period as the historical simulations. In 170 

addition, the Niño3 sea surface temperature (SST)（5°S–5°N, 150°W–90°W）171 

of the equatorial Pacific from NCEP/NCAR is used to confirm El Niño (La Niña) 172 

years. An El Niño (La Niña) year is one in which the annual Niño3 SST index 173 

exceeds +1(-1) standard deviation. Accordingly, El Niño years are determined 174 

to be 1957, 1965, 1969, 1972, 1982, 1983, 1987, 1997, and 1998 and La Niña 175 

years are determined to be 1956, 1964, 1967, 1971, 1974, 1975, 1985, 1988, 176 

and 1999. 177 

In addition, wintertime represents the cold season (November, December, 178 

January, February, March, and April), and summertime denotes the warm 179 

season (May, June, July, August, September, and October).  180 

2.2 Blocking index 181 

Certain blocking has a significant influence on the weather and climate of East 182 

Asia: we focus mainly on the Urals (50–60°N, 40–70°E), Baikal (50–60°N, 80–183 

110°E), and Okhotsk (50–60°N, 120–150°E) regions (Li et al. 2007). This 184 

criterion of three key regions was initiated by the China Meteorological 185 

Administration (CMA) and is accepted by most meteorologists in China to 186 

define blocking episodes in East Asia. 187 
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In this study, we employ the blocking index defined by Tibaldi and Molteni 188 

(1990). Here, the criteria for instantaneous blocking and a blocking episode 189 

(timescale of 4 days) also follow Tibaldi and Molteni (1990). A sector blocking 190 

episode is defined as instantaneous blocking that occurs over at least 15° of 191 

longitude for at least 4 consecutive days.  192 

3 Simulation of blocking frequency in the historical run 193 

3.1 Simulation of instantaneous blocking frequency in Eurasia 194 

 We first confined our analysis to instantaneous blocking frequency using the 195 

13 climate models and a multi-model ensemble-mean for the three key regions. 196 

Blocking frequency by NNR during 1956–2005 is higher in the Urals and 197 

Okhotsk regions than in the Baikal region (Fig. 1), which also presents 198 

seasonal variation. Although there is comparably less blocking in the Baikal 199 

region, the blocking here has an important impact on weather and climate in 200 

East Asia (e.g., Zhang and Tao 1998). The least blocking occurs in the three 201 

key regions during September–November, and more blocking occurs during 202 

other months. Especially during June–August, the important twin blocking 203 

pattern (Li et al. 2001) over the Urals and Okhotsk region is illustrated.  204 

Fig. 2 indicates the difference in monthly blocking frequency between the 13 205 

models and the NNR and between the CMIP5 ensemble value and the NNR 206 

over Eurasia (40°–160°E) from 1956 to 2005. As shown in Fig. 2, the 207 

instantaneous blocking frequency simulated by most of the 13 climate models 208 

is generally underestimated compared with the reanalysis data, and the 209 
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positive bias is less robust than the negative bias. To be specific, most of the 210 

negative bias is significant at the 0.05 level. However, except for the Okhotsk, 211 

the positive bias is not significant for other regions. The difference in blocking 212 

frequency calculated by the CMCC- CESM (4), FGOALS-g2 (6), GFDL-CM3 (7), 213 

GFDL-ESM2G (8), IPSL-CM5A-LR (9), MIROC-ESM (10), MPI-ESM-MR (11), 214 

MRI-CGCM3 (12), and NorESM1-M (13) models and the NNR data is positive 215 

in Okhotsk from January to May, which indicates that this blocking frequency is 216 

overestimated by these 9 models (especially FGOALS-g2 (6), GFDL-CM3 (7), 217 

IPSL-CM5A-LR (9), MIROC-ESM (10), and MRI-CGCM3 (12)). In addition, the 218 

BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), and CNRM-CM5 (5) simulations 219 

differ from those of the other models: the simulated blocking frequency is 220 

underestimated in Okhotsk from January to April. Although the multi-model 221 

mean reveals significant overestimation during January–April over the Okhotsk 222 

region, it is significantly smaller than that from the NNR data for most months in 223 

the Urals region and for summertime in the whole Eurasia. In addition, almost 224 

all of the models underestimate instantaneous blocking frequency significantly 225 

in June–August. A comparison of Fig. 1 with Fig. 2 shows that instantaneous 226 

blocking frequency is underestimated by most of the CMIP5 models (especially 227 

the model ensemble-mean) when and where real blocking frequency is 228 

relatively high in Eurasia, whereas Okhotsk blocking during wintertime shows 229 

the opposite characteristics: even the frequency of blocking is relatively high.  230 

Taylor diagrams provide a visual framework for comparing model results to a 231 
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reference model or, most commonly, to observations (Taylor 2001). It is 232 

therefore common to use a Taylor diagram in the evaluation of CMIP models. 233 

Here, Taylor diagrams are used to quantify the correspondence between 234 

modeled and observed (NNR) instantaneous blocking frequency based on 235 

longitude spans from 40°E to 150°E in Eurasia (Fig. 3), providing a quantitative 236 

description of the simulation ability of the 13 CMIP5 models given above. 237 

As shown in Fig. 3a, with the exception of the FGOALS-g2 (6), IPSL-CM5A-LR 238 

(9), and MIROC-ESM (10) models, the correlation coefficients between the 239 

instantaneous blocking frequency from NNR data and that modeled by the 240 

other 10 CMIP5 models and the ensemble mean all generally exceed 0.9 241 

throughout the year for Eurasia, especially the correlation coefficients for the 242 

CNRM-CM5 (5) and GFDL-ESM2G (8) models, which reach 0.99. The 243 

standard deviations and root-mean-square errors of the BCC-CSM1.1 (1), 244 

CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), GFDL-ESM2G (8), MPI-ESM-MR 245 

(11), and MRI-CGCM3 (12) models and the model ensemble–mean are close 246 

to those of the NNR data (difference does not exceed 0.5), while those of the 247 

other six models are larger than those of the observed data.  248 

The situations in summertime and wintertime are shown in Fig. 3b and Fig. 3c, 249 

respectively. In summertime, correlation coefficients between instantaneous 250 

blocking frequency modeled by seven of the CMIP5 models and that from the 251 

NNR data are all less than 0.9, the standard deviations of eight of the model 252 

simulations are close to that of the NNR data, and the root-mean-square errors 253 
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of the GFDL-ESM2G (8) and MPI-ESM-MR (11) model simulations are 254 

relatively small. In wintertime, apart from the MIROC-ESM (10) model, 255 

correlation coefficients between instantaneous blocking frequency modeled by 256 

the other models or the ensemble mean and NNR data all exceed 0.8. The 257 

standard deviations of the BCC-CSM1.1 (1), CanESM2 (2), and CCSM4 (3) 258 

models are less than that of the NNR data, while the standard deviations of the 259 

other models (especially FGOALS-g2 (6), GFDL-CM3 (7), IPSL-CM5A-LR (9), 260 

and MIROC-ESM (10)) are larger and the root-mean-square errors of 261 

BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), GFDL-ESM2G 262 

(8), and MRI-CGCM3 (12) are relatively small. Accordingly, these five models 263 

(BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), and 264 

GFDL-ESM2G (8)) may have better ability to simulate instantaneous blocking 265 

frequency in Eurasia. Certainly, further verification is needed to evaluate the 266 

simulation ability of these five models for blocking episodes.  267 

The Taylor diagrams reveal that most of the CMIP5 models simulate 268 

instantaneous blocking frequency better in wintertime than in summertime. As 269 

the 13-model ensemble mean includes information from some models (e.g., 270 

FGOALS-g2 (6), IPSL-CM5A-LR (9), and MIROC-ESM (10)) with 271 

unsatisfactory simulation performance, the ensemble mean does not give the 272 

best result and is not as good as BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), 273 

CNRM-CM5 (5), and GFDL-ESM2G (8). This indicates that the simulation 274 

performance of the ensemble mean is improved not by an increase in the 275 
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number of ensemble models but by the simulation quality of the models 276 

selected. 277 

3.2 Simulation of frequency of blocking episodes with different duration in the 278 

three key regions 279 

The frequency of blocking episodes of different duration is studied using 280 

simulation data from 13 models and observed (NNR) data in the Urals, Baikal, 281 

and Okhotsk regions. 282 

As shown in Fig. 4, most of the 13 CMIP5 models and the ensemble mean 283 

reproduce the exponential distribution of blocking episode frequency with 284 

increasing duration in the Urals region. The diminishing trend of blocking 285 

episode frequency as the duration increases from 4 days to more than 9 days is 286 

also reproduced. However, the frequency of blocking episodes is 287 

underestimated in the Urals region, especially in summertime. For a blocking 288 

duration of 4 days, only BCC-CSM1.1 (1), CanESM2 (2), and CCSM4 (3) give 289 

frequencies close to the observed value (2.7 days/yr); the frequency is less 290 

than that observed for the other models and the model ensemble-mean. For a 291 

duration of 5–8 days, blocking episode frequency is considerably 292 

underestimated by CMCC-CESM (4), FGOALS-g2 (6), IPSL-CM5A-LR (9), and 293 

MIROC-ESM (10). Most of the 13 CMIP5 models can better simulate the higher 294 

frequency of long-duration (more than 9 days) blocking episodes in wintertime 295 

than in summertime. However, only the value of long-duration blocking episode 296 

frequency simulated by BCC-CSM1.1 (1) is close to the observed value (0.6 297 
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day/yr), while the other models underestimate this frequency. 298 

In the Baikal region (Fig. 5), the frequency of blocking episodes with a duration 299 

of 4 days is 1.3 days/yr in NNR data, which is underestimated by 12 of the 13 300 

CMIP5 models, and overestimated only a little (1.6 days/yr) by BCC-CSM1.1 301 

(1). The higher frequency of short-duration (4 days) blocking episodes in 302 

summertime than in wintertime is reproduced by BCC-CSM1.1 (1), CNRM-CM5 303 

(5), IPSL-CM5A-LR (9), and MRI-CGCM3 (12). For blocking durations of 5–8 304 

days, the model ensemble-mean of blocking episode frequency is 305 

approximately consistent with that from NNR. The frequency of blocking highs 306 

of long duration (more than 9 days) is 0.15 day/yr and is slightly higher in 307 

summertime than in wintertime. This annual value is reproduced by 308 

BCC-CSM1.1 (1), CCSM4 (3), IPSL-CM5A-LR (9), MIROC-ESM (10), 309 

MRI-CGCM3 (12), and NorESM1-M (13). However, the frequency of 310 

long-duration (more than 9 days) blocking episodes is underestimated by most 311 

of these CMIP5 models in the Baikal region. 312 

In the Okhotsk region (Fig. 6), the frequency of blocking episodes with short 313 

duration (4 or 5 days) simulated by most of the 13 models is comparable to the 314 

observed value of 1.5 days/yr or 1.3 days/yr, while the frequency of 5-day 315 

blocking episodes modeled by IPSL-CM5A-LR (9), MIROC-ESM (10), and 316 

NorESM1-M (13) is unrealistically larger than the frequency of 4-day blocking 317 

episodes. Models also reproduce the higher frequency of blocking episodes 318 

with short duration (4–5 days) in wintertime than in summertime. For blocking 319 
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episodes with medium duration (6–8 days), the modeled frequency is generally 320 

higher in wintertime and less in summertime than that observed. As in the Urals 321 

and Baikal regions, in the Okhotsk region blocking episodes with long duration 322 

(more than 9 days) are infrequent (0.7 day/yr; most occur in wintertime). The 323 

frequency of blocking episodes with long duration is overestimated by 324 

FGOALS-g2 (6), GFDL-CM3 (7), IPSL-CM5A-LR (9), MIROC-ESM (10), 325 

MPI-ESM-MR (11), and NorESM1-M (13), particularly IPSL-CM5A-LR (9), 326 

which gives a frequency of up to 2.5 days/yr. The overestimation of blocking by 327 

IPSL-CM5A-LR (9) was also found by Mokhov et al. (2014), but with a focus on 328 

the Euro-Atlantic region. The frequency of blocking episodes with long duration 329 

simulated by BCC-CSM1.1 (1) and CNRM-CM5 (5) is consistent with the 330 

observed value. Because of the large bias of some models, the 331 

ensemble-mean frequency of blocking episodes with long duration is 0.6 day/yr 332 

more than the observed value. 333 

Blocking episode frequency is underestimated by most of the 13 CMIP5 334 

models in the Urals and Baikal regions, especially for short-duration blocking 335 

episodes (4–5 days). This result is consistent with that of Dunn-Sigouin and 336 

Son (2013a), who claimed that CMIP5 models can reproduce NH blocking 337 

climatology reasonably well, although the frequency of Euro-Atlantic blocking, 338 

particularly blocking of relatively short duration, is significantly underestimated 339 

during the cold season. Otherwise, simulations in the Urals and Baikal regions 340 

in wintertime are superior to those in summertime. Modeled blocking episode 341 
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frequency is near the observed value in summertime but overestimated in 342 

wintertime in the Okhotsk region. 343 

The 13 CMIP5 models reproduce the general characteristics of the 344 

frequencies of instantaneous blocking and blocking episodes. However, 345 

individual models are inconsistent with reanalysis results for some periods, 346 

such as blocking episode frequency simulated in summertime over the Urals 347 

and Baikal regions and in wintertime in the Okhotsk region. Blocking errors are 348 

attributable largely to atmospheric resolution (e.g., Matsueda et al. 2009; Ren 349 

et al. 2009). Three models (CCSM4 (3), CNRM-CM5 (5), and GFDL-ESM2G 350 

(8)) of the five (BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), 351 

and GFDL-ESM2G (8)) that simulate blocking better tend to have higher 352 

resolution in Table 1. However, the resolution of BCC-CSM1.1 (1) and 353 

CanESM2 (2) is not as high as that of CCSM4 (3), CNRM-CM5 (5), GFDL-CM3 354 

(7), GFDL-ESM2G (8), MPI-ESM-MR (11), MRI-CGCM3 (12), and NorESM1-M 355 

(13). This indicates that resolution is one possible cause for the performance of 356 

the models. However, there are other factors affecting model blocking 357 

simulation, including misrepresentation of surface boundary conditions and 358 

uncertainties in physical parameterizations that lead to biases in the time-mean 359 

flow and high-frequency eddies (e.g., Matsueda et al. 2009; Scaife et al. 2010, 360 

2011). 361 

 Because they have the same characteristics as errors in Europe–northeastern 362 

Atlantic (EA) blocking simulations, the blocking errors in the Urals and Baikal 363 
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regions can be explained primarily by the problems mentioned above that lead 364 

to underestimation of blocking frequency by CMIP5 models. However, for 365 

blocking in the Okhotsk region (which is part of the North Pacific (PA) blocking), 366 

limited model resolution, and energy transfer from the time-mean flow are not 367 

likely to be direct causes of the blocking frequency overestimation in the 368 

models (Dunn-Sigouin and Son 2013a). Dunn-Sigouin and Son (2013b) 369 

ascribed differences in model blocking biases in the EA and PA, especially the 370 

opposite sign of EA blocking and PA blocking during most seasons, to stronger 371 

interaction between quasi-stationary waves and transient waves over the North 372 

Pacific but a weaker interaction over the North Atlantic. 373 

Studies have shown that SST errors generate much of the blocking bias 374 

(Scaife et al. 2010, 2011). The simulation bias of the El Niño-Southern 375 

Oscillation (ENSO: a leading mode of interannual-to-interdecadal variation of 376 

global tropical SST), which may dominate long-term changes in the coupled 377 

climate system, may be an explanation for blocking simulation bias (Vecchi et 378 

al. 2006). Previous studies have indeed revealed that blocking variation 379 

throughout the world is governed by ocean–atmosphere variability associated 380 

with ENSO (Renwick and Wallace 1996; Chen and Dool 1997; Wiedenmann et 381 

al. 2002). And it is reported that ENSO has significant impacts on the blocking 382 

in these three key regions: blocking is suppressed (enhanced) during the winter 383 

of El Niño (La Niña) years (Li et al. 2010). Generally, abnormal distribution of 384 

SSTs influences blocking by motivating teleconnection in the middle to high 385 
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latitudes (Wu and Wang 1998), such as in El Niño winter, teleconnection in the 386 

central Pacific Northern Pacific-North America (PNA) pattern can be easily 387 

identified (Yang and Luo 2014). A negative anomaly at 500 hPa geopotential 388 

height in the northern Pacific extends to the west and up to the Urals, resulting 389 

in less blocking in Eurasia (Li et al. 2010). These conclusions led us to 390 

investigate the influence of ENSO as simulated in the CMIP5 models on the 391 

model bias of blocking in Eurasia. As blocking in the Baikal region is less than in 392 

the other regions and thus shows comparably small variation during different 393 

ENSO phases, here we illustrate simulations of blocking events in El Niño /La 394 

Niña years by CMIP5 models and NNR for all months in the Urals and Okhotsk 395 

regions during 1956–2005, as shown in Figs. 7 and 8. It is shown that 396 

simulations of blocking events in El Niño /La Niña years by the five models 397 

(BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), and 398 

GFDL-ESM2G (8)) are close to the NNR data, especially the magnitude of 399 

blocking event frequency. This indicates that model simulations of blocking 400 

depend on the simulation of ENSO to some extent.  401 

Figs. 7 and 8 also show that only BCC-CSM1.1 (1) and GFDL-ESM2G (8) can 402 

reproduce the greater frequency of blocking events in La Niña years than in El 403 

Niño years, indicating that most of the CMIP5 models may not have the ability 404 

to simulate ENSO well. In fact, the ability of the CMIP5 models to simulate 405 

ENSO is very important and is the foundation for further simulations related to 406 

ENSO. Although CMIP5 models are superior to CMIP3 models, climate models 407 
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still require improvement to properly simulate and project ENSO (Yeh et al. 408 

2012; Bellenger et al. 2013). As stated by the Intergovernmental Panel on 409 

Climate Change Fourth Assessment Report (IPCC, AR4), there is serious, 410 

systematic bias between modeled ENSO and ENSO in the real world, for both 411 

the climate mean state and variability (Van Oldenborgh et al. 2005; Stevenson 412 

2012; Yeh et al. 2012). Zhang et al. (2014) compared 17 CMIP5 models and 413 

pointed out that the ENSO simulation of BCC_CSM1.1 (1) is reasonable at 414 

"medium-better level." A study by Gong et al. (2014) shows that the correlation 415 

coefficient between the East Asian winter monsoon (EAWM) index and the 416 

Niño-3.4 index exceeds the 95% and 99% confidence level, respectively, in 417 

three (BCC-CSM1.1 (1), CanESM2 (2), and CNRM-CM5 (5)) out of the five 418 

models, which may explain the good performance of BCC_CSM1.1 (1), 419 

CanESM2 (2), and CNRM-CM5 (5) in our study. Simulations of the CMIP5 420 

models in field of 500hPa geopotential height between El Niño and La Niña 421 

years show that not all of the models with better simulation ability in blocking 422 

frequency in El Niño and La Niña years can reproduce ENSO-related 423 

large-scale circulation (Figs. not shown). This indicates that ENSO is just one 424 

factor related to simulation bias in blocking frequency and cannot explain the 425 

whole bias, suggesting that the simulation bias of CMIP models is a complex 426 

issue. The exact causes for the simulation bias of CMIP5 models in blocking 427 

frequency need further study.  428 

4. Blocking frequency projections from the early to middle 21st century 429 
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We analyzed the performance of the CMIP5 models in the three key regions, 430 

and the simulations show some biases compared with the NNR. However, they 431 

broadly reproduce the blocking climatology and its long-term variation. Five 432 

models (BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), and 433 

GFDL-ESM2G (8)) perform better in simulating blocking in Eurasia. We now 434 

consider the projected changes in blocking frequency during the period 2016–435 

2065. Hereafter, in this section we describe the blocking frequencies derived 436 

from the five-model ensemble-mean as simply the ensemble-mean under the 437 

RCP4.5 and RCP8.5 radiative concentration pathways. 438 

4.1 Projections of instantaneous blocking frequency in Eurasia 439 

 Figure 9 presents the difference in instantaneous blocking frequency between 440 

ensemble–mean modeled values in the first half of the 21st century (2016–2065) 441 

and the historical run in the late 20th century (1956–2005) under the different 442 

scenarios. As shown in the left panels in Fig. 9, the instantaneous blocking 443 

frequency from January to May increases slightly under RCP4.5 (0.4–0.8 444 

day/yr) in the first half of the 21st century compared with the historical run, 445 

especially in two sectors (60°–70°E; 120°–150°E). The instantaneous blocking 446 

frequency decreases by 0.4–1.2 days/yr in summertime, especially in the 447 

Okhotsk region. From August to December, a comparatively small increasing 448 

trend is present in the same sectors as during January–March. Overall, the 449 

range of the blocking frequency increase is less than the range of the decrease 450 

irrespective of the radiative pathway, RCP4.5 or RCP8.5. In addition, the 451 
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decreased scope of instantaneous blocking frequency is a little larger under the 452 

high radiative concentration pathway of RCP8.5 than under the intermediate 453 

radiative concentration pathway of RCP4.5. For annual instantaneous blocking 454 

frequency and its 80% spread (Fig. 10), blocking frequency under RCP4.5 and 455 

RCP8.5 is close to that of the historical run. Only east of the Urals region and in 456 

the Okhotsk region dose instantaneous blocking frequency increase under a 457 

warmer climate. In addition, it is shown that the five models selected for the 458 

projection are consistent with each other, thereby supporting their use for this 459 

purpose.  460 

Previous studies (Matsueda et al. 2009; Dunn-Sigouin and Son 2013a, b; 461 

Masato et al. 2013) analyzed changes in blocking frequency and found that the 462 

mean blocking frequency in the NH will decrease systematically in the 21st 463 

century, and such a decrease is more pronounced in the RCP8.5 run. 464 

Considering the differences in the definition of the blocking index, the timescale 465 

of the data, and the survey regions, this more notable decrease in mean 466 

blocking frequency in the RCP8.5 run can be regarded as a consistent 467 

conclusion of previous studies and our investigation. However, Cheung and 468 

Zhou (2015) suggested that the winter blocking index in the Urals region tends 469 

to increase in the RCP8.5 run. This signal can also be found in our study, which 470 

reconfirms that blocking variance is different in the three key regions. 471 

4.2 Projections of the frequency of blocking episodes of different duration in the 472 

three key regions 473 
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In this section, projections of the frequency of blocking episodes of different 474 

duration are studied to determine the characteristics of blocking episode 475 

variability in the three key regions under RCP4.5 and RCP8.5 in the first half of 476 

the 21st century. 477 

The frequency of blocking episodes of different duration for the CMIP5 model 478 

ensemble-mean during 2016–2065 under the RCP4.5 and RCP8.5 pathways, 479 

and for the historical run and NNR data during 1956–2005 for the three key 480 

regions, is illustrated in Fig. 11. As there is better blocking simulation by the five 481 

models in the “20th–century experiment,” the character of their historical run is 482 

very close to that of NNR. Accordingly, the discussion here focuses mainly on 483 

the projection and NNR. As shown in Fig. 11a, b, c, d, the model 484 

ensemble-means of RCP4.5 and RCP8.5 predict a value of 1.2 days/yr for the 485 

frequency of blocking episodes with short duration (4 days) in the Urals region. 486 

Compared with the present observed value of 2.7 days/yr, blocking episodes 487 

with short duration decrease by ~60% in both wintertime and summertime in 488 

the first half of the 21st century. The frequency of 5-day blocking episodes 489 

decreases by ~40% under RCP4.5 and RCP8.5. For blocking episodes with a 490 

duration of 6–9 days, the model ensemble-mean frequency is almost the same 491 

under RCP4.5 as under RCP8.5, showing a downward trend in both cases. The 492 

model ensemble-means of RCP4.5 and RCP8.5 predict values of 0.37 day/yr 493 

and 0.34 day/yr, respectively, for the frequency of long-duration blocking 494 

episodes (more than 9 days), decreasing by ~40% compared with the observed 495 
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value of 0.6 day/yr. On the whole, blocking episodes in the Urals region 496 

decrease under RCP4.5 or RCP8.5 in the first half of the 21st century, 497 

especially blocking episodes with short duration. The magnitude of the 498 

decrease is comparable under the two RCP scenarios. In addition, blocking 499 

episode frequency is higher in wintertime than in summertime in the first half of 500 

the 21st century. 501 

For the key region of Baikal (Fig. 11e, f, g, h), the frequency of blocking 502 

episodes with short duration (4 days) modeled by the ensemble means of 503 

RCP4.5 and RCP8.5 decreases by ~45% and 50%, respectively, in the first half 504 

of the 21st century. The model ensemble-mean has slightly more 4-day 505 

blocking episodes in wintertime than in summertime, in contrast to the 506 

observations and historical run. The frequency of 5–9-day blocking episodes 507 

from the ensemble-means is a little less than the observed value, which is still 508 

less than but close to that of the historical run. The model ensemble-means for 509 

RCP4.5 and RCP8.5 both predict a downward trend in the frequency of 510 

long-duration (more than 9 days) blocking episodes compared with the 511 

observed value of 0.15 day/yr, which is greater in summertime than 512 

long-duration blocking in wintertime. 513 

 For the key region of Okhotsk (Fig. 11i, j, k, l), the frequency of short-duration 514 

(4 days) blocking episodes from the ensemble means of RCP4.5 and RCP8.5 515 

decreases by ~10% and 5%, respectively, in the first half of the 21st century 516 

compared with the observed value of 1.5 days/yr. The frequencies of 5–9-day 517 
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blocking episodes in the ensemble means of RCP4.5 and RCP8.5 are almost 518 

the same as the observed value and historical run. The frequency of 519 

long-duration (more than 9 days) blocking episodes increases and is almost the 520 

same under RCP4.5 and RCP8.5. Blocking episodes with long duration 521 

modeled by the ensemble means of RCP4.5 and RCP8.5 occur more often in 522 

wintertime than in summertime. Under RCP4.5, the frequency of blocking 523 

episodes with long duration increases slightly compared with the observed 524 

value. 525 

Dunn-Sigouin and Son (2013a) pointed out that the exact reasons for the 526 

decrease in PA and EA blocking frequencies in RCP8.5 integrations are not 527 

clear. According to their study, changes in the mean flow likely contribute to the 528 

decreasing trend in the Urals and the increasing trend in the Okhotsk region in 529 

the first half of the 21st century generated in our study, as there is weakened 530 

low-frequency variability over the North Atlantic and strengthened 531 

low-frequency variability over the eastern North Pacific. Meanwhile, future 532 

changes in upper tropospheric zonal wind may also be a factor in future 533 

changes in blocking. Mizuta (2012) pointed out that under RCP4.5, there is an 534 

enhanced polar jet in the North Pacific, leading to an enhanced mean growth 535 

rate of surface cyclones. However, in the Atlantic, no such signal is found. In 536 

addition, future changes in ENSO may also contribute. In RCP8.5 integrations, 537 

there will be more frequent El Niño events (or less frequent La Niña events) and 538 

the Nino3.4 index shows a weak hint of enhanced El Niño events 539 
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(Dunn-Sigouin and Son 2013a), resulting in fewer blocking events in the future. 540 

Barnes et al. (2012) implied that decreased blocking frequency means a 541 

reduction in weather extremes in the 21st century, but this may be 542 

overconfident. For example, Wang et al. (2010) found that although winter 543 

blocking has decreased in the Urals region in the past few decades, its 544 

relationship with the East Asian trough (Wang 2008) and Siberian High has 545 

strengthened; in other words, its linkage with the winter monsoon has become 546 

amplified in East Asia, especially since 1976/1977, when the climate abruptly 547 

changed in the NH. In the 21st century, the significant trend of the Urals 548 

blocking index appears to be correlated with the trend of the Siberian High 549 

index and shows a stronger linkage with the large-scale circulation over the 550 

Kara and Laptev Seas in winter (Cheung and Zhou 2015). As we discussed in 551 

the introduction, blocking in the key regions of the Urals, Baikal, and Okhotsk 552 

has an important influence on East Asian climate and future variance also 553 

shows uncertainty in different studies. This uncertainty might present a 554 

challenge for accurate prediction of subseasonal and long-term variation of the 555 

East Asian winter climate (Cheung and Zhou 2015). 556 

5 Conclusions and discussion 557 

This study investigates the CMIP5 model climatology of atmospheric blocking 558 

over the Urals, Baikal, and Okhotsk regions, which significantly influences 559 

weather and climate in East Asia. Historical simulations are analyzed to 560 

evaluate the performance of 13 CMIP5 models, and possible changes in the 561 
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first half of the 21st century are then predicted using the RCP4.5 and RCP8.5 562 

pathways.  563 

Comparison with NNR data (Fig. 2) reveals that instantaneous blocking 564 

frequencies over these three key regions are on average underestimated in 565 

summertime, although modest differences appear among the individual models. 566 

However, instantaneous blocking frequencies in wintertime modeled by most 567 

CMIP5 models are underestimated in the Urals and Baikal regions, but are 568 

overestimated in the Okhotsk region. Furthermore, the multi-model 569 

ensemble-mean generally underestimates blocking frequency in the whole 570 

year, overestimating blocking frequency in the Okhotsk region only in 571 

wintertime. A quantitative analysis of instantaneous blocking frequencies (Fig. 572 

3) reveals that the correlation coefficients between the modeled and reanalysis 573 

blocking frequencies are higher in wintertime than in summertime. Overall, the 574 

CMIP5 models broadly reproduce the characteristics of instantaneous blocking 575 

frequency in Eurasia. The simulations of instantaneous blocking frequency by 576 

BCC-CSM1.1 (1), CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), and 577 

GFDL-ESM2G (8) are superior to those of the other eight models.  578 

Most of the 13 CMIP5 models reproduce the exponential distribution of 579 

blocking episode frequency with increasing duration in the Urals, Baikal, and 580 

Okhotsk regions (Figs. 4–6). Blocking episode frequency is underestimated by 581 

most of the 13 CMIP5 models in the Urals and Baikal regions, especially for 582 

short-duration blocking episodes (4–5 days). The simulations are superior in 583 



27 
 

wintertime in the Urals and Baikal regions. Modeled blocking episode 584 

frequency is close to the observed value in summertime but overestimated in 585 

wintertime in Okhotsk. The possible cause for the unsatisfying performance of 586 

the models is investigated, and it is shown that the five models (BCC-CSM1.1 587 

(1), CanESM2 (2), CCSM4 (3), CNRM-CM5 (5), and GFDL-ESM2G (8)) that 588 

are better at simulating blocking may be superior because of their resolution 589 

and prior ability to simulate ENSO (Figs. 7–8). However, the crucial factors of 590 

simulation bias of CMIP5 models in blocking is unclear over three key regions 591 

of the Eurasia. ENSO is not the only factor and cannot explain the whole 592 

simulation bias, which demonstrates again that the difference in the simulation 593 

bias of CMIP models in blocking is very complicated. Due to the limitation of this 594 

work, this issue is not addressed at present. More model outputs are needed 595 

for deeper research on evaluating the simulation ability of climate models in 596 

blocking. Especially, further study is required to explore the difference in 597 

blocking behaviors in the three key regions.  598 

Model projections of instantaneous blocking frequency for the first half of the 599 

21st century (2016–2065) are examined under the RCP4.5 and RCP8.5 600 

pathways over the Urals, Baikal, and Okhotsk regions (Fig. 9). The RCP4.5 601 

projection yields a significantly increasing frequency during January–May, a 602 

decreasing frequency during June–August, and a slightly increasing frequency 603 

during September–December. The RCP8.5 projection gives similar results to 604 

the RCP4.5 projection, showing that the increasing magnitude of instantaneous 605 
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blocking frequency is a little less than the decreasing magnitude. The 606 

five-model ensemble-mean blocking episode frequency (Fig. 11) obviously 607 

decreases in the Urals and Baikal regions (especially blocking episodes with 608 

short duration) and increases a little in the Okhotsk region in the first half of the 609 

21st century compared with the observed value. The model ensemble-mean 610 

frequency of blocking episodes with short duration decreases by ~60% and 50% 611 

in the Urals and Baikal regions, respectively, but is almost the same as the 612 

observed value in the Okhotsk region. The model ensemble-mean frequency of 613 

blocking episodes with long duration decreases by ~40% in the Urals but 614 

increases by no more than 5% in the Okhotsk region (under RCP4.5, 5%; under 615 

RCP8.5, 2%). The decreasing trend in the Urals and increasing trend in the 616 

Okhotsk region in the first half of the 21st century generated in our study can be 617 

explained from the aspect of changes in the mean flow, as there is weaker 618 

low-frequency variability over the North Atlantic and stronger low-frequency 619 

variability over the eastern North Pacific (Dunn-Sigouin and Son 2013a). Future 620 

changes in ENSO may also contribute. In RCP8.5 integrations, more frequent 621 

El Niño events (or less frequent La Niña events) may result in fewer blocking 622 

events (Dunn-Sigouin and Son 2013a). 623 

We conducted a detailed investigation of the blocking climatology influencing 624 

weather and climate in East Asia and predict possible changes in blocking 625 

frequency in a warmer climate, and these results are generally consistent with 626 

those of other studies of projected blocking over the NH. This study also shows 627 
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that there is peculiarity of simulation and projection for regional blocking in 628 

Eurasia. Therefore, deeper study is needed for the next step of explaining why 629 

models show different simulation ability and give different projections for 630 

blocking in these key regions. 631 

In East Asian wintertime, previous studies proposed that the linkage between 632 

blocking in the Urals region and the wintertime monsoon is amplified in East 633 

Asia, especially after 1976/1977 (Wang 2008; Wang et al. 2010). In the 21st 634 

century, the influence of Ural blocking in East Asia may continue and even 635 

increase (Cheung and Zhou 2015). Baikal and Okhotsk blocking also play 636 

important roles in East Asian climate. Under a warmer climate, how will the 637 

relation between blocking in these key regions and other large-scale circulation 638 

features change? What will be the impact of blocking in East Asia in the future, 639 

especially on extreme weather and climate events like cold waves in winter and 640 

rainstorms in summer? These are all still open questions requiring further 641 

study.  642 
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Fig. 1 Absolute field of blocking frequency from NNR data for all months over Eurasia 785 

during 1956–2005 (unit: day). The white dashed lines indicate domains of the three 786 

regions. 787 

Fig. 2 Difference in blocking frequencies between values in the 13 individual 788 

models/CMIP5 ensemble and the NCEP/NCAR reanalysis data (NNR) for all months over 789 

Eurasia during 1956–2005 (unit: day). Dots indicate statistical significance at the 0.05 level. 790 

Domains for three regions: Ural (50–60° N, 40–70° E), Baikal (50–60° N, 80–110° E), and 791 

Okhotsk (50–60° N, 120–150° E).  792 

Fig. 3 Taylor diagram of instantaneous blocking frequency between model simulations and 793 

reanalysis data during 1956–2005. The correlation coefficients and the ratio of the 794 

standard deviation between modeled and reanalysis data blocking frequency are shown by 795 

the cosine of the azimuth angle and the radial distance, respectively. The term ‘REF’ on the 796 

horizontal axis indicates the reference point. 797 

Fig. 4 Frequency of blocking episodes of different duration calculated by the 13 individual 798 

models, CMIP5 ensemble and NNR data in the Urals region (unit: number of times). 799 

Fig. 5 Same as Fig. 4, but in the Baikal region. 800 
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Fig. 7 Simulation of blocking events in El Niño /La Nina years by CMIP5 models and NNR 802 

for all months in the Urals region during 1956–2005 (unit: number of times).  803 

Fig. 8 Same as Fig. 7, but in the Okhotsk region. 804 

Fig. 9 Differences in instantaneous blocking frequencies between the CMIP5 model 805 

ensemble-mean and historical run for each month over Eurasia during 2016–2065 under 806 

the RCP4.5 and RCP8.5 pathways (unit: day). Dots indicate statistical significance at the 807 

0.05 level. The white dashed lines indicate domains of the three regions.  808 

Fig. 10 Longitudinal distribution of annual instantaneous blocking frequencies for the 809 

historical run, RCP4.5, and RCP8.5 runs (lines), and 80% spread (shading) of the five 810 

models. The red line and shading are for RCP4.5. The blue line and shading are for 811 

RCP8.5. The black line and grey shading are for the historical run. The black dashed lines 812 

indicate domains of the three regions. 813 
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Fig. 11 Frequency of blocking episodes of different duration by the five CMIP5 model 814 

ensemble-mean during 2016–2065 under the RCP4.5 and RCP8.5 pathways, for the 815 

historical run and NNR data during 1956–2005 over the Urals (a, b, c, d), Baikal (e, f, g, h), 816 

and Okhotsk (i, j, k, l) regions (unit: number of times). 817 
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Fig. 1 Absolute field of blocking frequency from NNR data for all months over Eurasia 849 

during 1956–2005 (unit: day). The white dashed lines indicate domains of the three 850 

regions.  851 
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 859 

Fig. 2 Difference in blocking frequencies between values in the 13 individual 860 

models/CMIP5 ensemble and the NCEP/NCAR reanalysis data (NNR) for all months over 861 

Eurasia during 1956–2005 (unit: day). Dots indicate statistical significance at the 0.05 level. 862 

Domains for three regions: Ural (50–60° N, 40–70° E), Baikal (50–60° N, 80–110° E), and 863 

Okhotsk (50–60° N, 120–150° E).  864 
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 865 
Fig. 3 Taylor diagram of instantaneous blocking frequency between model simulations and 866 

reanalysis data during 1956–2005. The correlation coefficients and the ratio of the 867 

standard deviation between modeled and reanalysis data blocking frequency are shown by 868 

the cosine of the azimuth angle and the radial distance, respectively. The term ‘REF’ on the 869 

horizontal axis indicates the reference point. 870 
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Fig. 4 Frequency of blocking episodes of different duration calculated by the 13 individual 875 

models, CMIP5 ensemble and NNR data in the Urals region (unit: number of times). 876 
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Fig. 5 Same as Fig. 4, but in the Baikal region. 883 
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Fig. 6 Same as Fig. 4, but in the Okhotsk region. 886 
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Fig. 7 Simulation of blocking events in El Niño /La Niña years by CMIP5 models and NNR 891 
for all months in the Urals region during 1956–2005(unit: number of times).  892 
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Fig. 8 Same as Fig. 7, but in the Okhotsk region. 898 
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 906 

Fig. 9 Differences in instantaneous blocking frequencies between the CMIP5 model 907 

ensemble-mean and historical run for each month over Eurasia during 2016–2065 under 908 

the RCP4.5 and RCP8.5 pathways (unit: day). Dots indicate statistical significance at the 909 

0.05 level. The white dashed lines indicate domains of the three regions.  910 
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 919 

Fig. 10 Longitudinal distribution of annual instantaneous blocking frequencies for the 920 

historical run, RCP4.5, and RCP8.5 runs (lines), and 80% spread (shading) of the five 921 

models. The red line and shading are for RCP4.5. The blue line and shading are for 922 

RCP8.5. The black line and grey shading are for the historical run. The black dashed lines 923 

indicate domains of the three regions. 924 
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 928 

Fig. 11 Frequency of blocking episodes of different duration by the five CMIP5 model 929 

ensemble-mean during 2016–2065 under the RCP4.5 and RCP8.5 pathways, for the 930 

historical run and NNR data during 1956–2005 over the Urals (a, b, c, d), Baikal (e, f, g, h), 931 

and Okhotsk (i, j, k, l) regions (unit: number of times).  932 
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Table 1 Details of the 13 CMIP5 climate models 948 
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Table 1 Details of the 13 CMIP5 climate models 970 

 Number   Model name Country Resolution 
1  BCC-CSM1.1 China 64×128 T42 
2  CanESM2 Canada 64×128 T42 
3  CCSM4 America 192×288 
4  CMCC-CESM Italia 48×96 
5  CNRM-CM5 France 128×256 TL127 
6  FGOALS-g2 China 60×128 
7  GFDL-CM3 America 90×144 
8  GFDL-ESM2G America 90×144 
9  IPSL-CM5A-LR France 96×96 

10  MIROC-ESM Japan 64×128 T42 
11  MPI-ESM-MR Germany 96×192 
12  MRI-CGCM3 Japan 160×320 TL159 
13  NorESM1-M Norway 96×144 
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