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Abstract 16 

Atmospheric blockings and their impacts on wintertime surface air temperature in East Asia 17 

are investigated by using three blocking indices. Blockings in two specific regions that indirectly or 18 

directly modulate East Asian climate variability are analyzed: Ural (UR) blocking over East Asia’s 19 

northwest and Okhotsk (OK) blocking over East Asia’s northeast. Both lead to cold anomalies in East 20 

Asia but through slightly different mechanisms. In the typical case of UR blocking, cold air associated 21 

with a mid-level trough develops to the east of the quasi-stationary blocking and slowly moves 22 

southeastward as the Siberian high intensifies. Four days after the blocking onset, East Asia 23 

experiences significant cooling due to the temperature advection associated with anomalous 24 

temperature gradient and adiabatic cooling. During the typical OK blocking event, a preexisting cold 25 

anomaly over northern Eurasia is pushed southeastward by the westward expansion of the blocking. 26 

The anomalous meridional flow due to blocking-induced dipolar circulation over the North Pacific 27 

further reinforces the cold advection over East Asia, with a minor contribution of vertical processes. 28 

In both types of blocking, the cold anomaly persists even in the decaying phase, due to an offset 29 

between the temperature advection and the diabatic heating. 30 

 31 
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1. Introduction 33 

A quasi-stationary high-pressure system, commonly referred to as atmospheric blocking, is 34 

one of the major features of mid-latitude weather systems. The associated circulation anomalies affect 35 

surface weather in a major way not only in the vicinity of the blocked region (e.g. Pfahl and Wernli 36 

2012) but also over a considerably large area surrounding the blocking high (e.g. Wang et al. 2010; 37 

Sousa et al. 2018). Due to its persistence, blocking is particularly related to extreme events. For 38 

instance, many studies in the past two decades have documented that blocking is highly associated 39 

with cold surges (Park et al. 2011; Martineau et al. 2017), heat waves (Matsueda 2011), severe droughts 40 

(MacDonald 2007; García-Herrera et al. 2019), and heavy rainfall events (Hong et al. 2011; Lau and 41 

Kim 2012; Sousa et al. 2017). More recently, blocking has received attention as an important 42 

contributor to air stagnation and high concentrations of surface ozone and particulate matter (PM) 43 

(Garrido-Pérez et al. 2017; Ordóñez et al. 2017; Yun and Yoo 2019; Maddison et al. 2021), which pose 44 

a significant health risk. 45 

Climatologically, blocking tends to occur near the upper-level jet exit and the storm track 46 

regions. In the Northern Hemisphere, blocking is most frequently found over the Euro-Atlantic and 47 

North Pacific basins. Although minor, blocking is also observed to the west of Russia or the Ural 48 

region (Lupo and Smith 1995; Barriopedro et al. 2006; Tyrlis and Hoskins, 2008). East Asia is far from 49 

these preferred blocking regions. However, it is well documented that East Asian surface weather is 50 

substantially influenced by high-latitude blocking especially in boreal winter, when blocking is most 51 

prominent (Tibaldi et al. 1994; Wiedenmann et al. 2002; Hwang et al. 2020). Previous studies reported 52 

that cold surges in East Asia are often caused by Ural (UR) blockings, which favor the development 53 

of quasi-stationary Rossby wave trains (Joung et al. 1982; Takaya and Nakamura 2005a; Park et al. 54 

2014; Shi et al. 2020). Since East Asian surface weather is influenced by major teleconnection patterns, 55 

such as the Arctic Oscillation (e.g., Yoo et al. 2019), several studies have investigated the combined 56 

effect of UR blocking and atmospheric teleconnections (e.g., Shi et al. 2020). The Okhotsk (OK) 57 

https://scholar.google.co.kr/citations?user=V9bLXZoAAAAJ&hl=en&oi=sra
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blocking, also referred to as Kamchatka or western North Pacific blocking, can also affect East Asian 58 

surface weather. Takaya and Nakamura (2005b) and Park et al. (2014) documented that the cold 59 

advection induced by OK blocking can bring wintertime cold surges in the region. Song et al. (2016) 60 

and Song and Wu (2021) further reported that cold anomalies in East Asia are associated with an 61 

enhanced East Asian trough accompanying OK blocking.  62 

The above-mentioned studies have robustly documented that surface air temperature (SAT) 63 

over East Asia tends to decrease in response to both UR and OK blockings through horizontal 64 

temperature advection. However, the exact mechanism, including the relative importance of zonal 65 

versus meridional temperature advection and the contribution of adiabatic versus diabatic heating, is 66 

not fully understood, particularly during OK blockings. The role of the background flow compared to 67 

the anomalous circulation is also not well documented. Most importantly, the differences between UR 68 

and OK blocking impacts on East Asian surface weather are not explored in terms of the blocking-69 

induced SAT anomaly structure, amplitude, and evolution. 70 

The study of dynamics and impacts of blocking is challenging because there are too many 71 

definitions of blocking, which can include different types of high pressure systems (e.g., Sousa et al. 72 

2021). The blocking detection algorithms and indices that are widely used in the literature can be 73 

conceptually grouped into three categories: i.e., anomaly-based index, gradient-reversal index, and 74 

their combination (or mixed index) (Woollings et al., 2018). Each index emphasizes different aspects 75 

of blocking (e.g., Barriopedro et al. 2010). For instance, the anomaly-based index (e.g., Dole and 76 

Gordon 1983) detects blocking as a quasi-stationary geopotential height anomaly of large amplitude 77 

but often includes quasi-stationary ridges. In the gradient-reversal index (e.g., Tibaldi and Molteni 78 

1990), blocking is identified from the reversal of the meridional gradient of geopotential height. It 79 

occasionally misses immature or omega-type blocking. The mixed index partly resolves limitations of 80 

these two indices by combining them (Barriopedro et al. 2010; Dunn-Sigouin et al. 2013), but still 81 

suffers from arbitrary thresholds (Chan et al. 2019). Since blocking statistics and impacts are sensitive 82 
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to the choice of the blocking index (Doblas-Reyes et al. 2002; Barnes et al. 2014; Kim and Kim 2019), 83 

it was proposed to consider multiple indices to assess the robustness of the results (Woollings et al. 84 

2018). A multi-index evaluation, utilizing the anomaly-based index, gradient-reversal index, and 85 

mixed index, is particularly useful for a comprehensive description of complementary blocking aspects. 86 

The goal of the present study is to better understand and quantify the blocking impacts on 87 

East Asian SAT in boreal winter. Unlike previous studies which have considered either UR or OK 88 

blocking, both blocking types are considered. The uncertainty in the blocking statistics is reduced by 89 

examining the three different blocking indices. Most importantly, the mechanism through which UR 90 

and OK blockings affect East Asian SAT anomalies is investigated by analyzing the temperature 91 

tendency equation near the surface. 92 

The paper is organized as follows. In Section 2, data, blocking indices, and the temperature 93 

tendency equation are described. Section 3a shows the 40-yr climatology of blocking frequency in the 94 

Northern Hemisphere, focusing on UR and OK blockings during the extended winter season. Their 95 

impacts on East Asian SAT anomaly and the mechanisms are investigated in Sections 3b and 3c. The 96 

conclusions are provided in Section 4. 97 

 98 

2. Data and Method 99 

a. Data 100 

Data from the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al. 2015) is used for the 101 

extended winter (November to March), from January 1979 to December 2018. Daily geopotential 102 

height at 500-hPa (Z500) is employed for detecting blockings. Daily SAT, mean sea level pressure 103 

(MSLP), and horizontal wind at 850 hPa are used to evaluate blocking impacts. The temperature 104 

tendency equation is computed from 6-hourly 925-hPa horizontal wind (u, v), temperature (T925), 105 
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pressure velocity (𝜔), and diabatic heating rates. The model-predicted parameterized diabatic heating 106 

rates are derived from the convective heating (cnvhr), large-scale condensation (lrghr), short-wave 107 

radiation (swhr), long-wave radiation (lwhr), and vertical diffusion (vdfhr). Variables are analyzed at 108 

a 2.5º longitude by 2.5º latitude resolution. 109 

 110 

b. Blocking indices 111 

Following Woollings et al (2018), three blocking indices are adopted to identify UR and OK 112 

blocking events. They are the anomaly-based (ANO) and gradient-reversal (REV) indices, which are 113 

based on the two standard approaches (i.e., Dole and Gordon 1983; Tibaldi and Molteni 1990), as well 114 

as the mixed (MIX) index. The details of these algorithms are described below. The ANO index solely 115 

considers Z500 anomaly (Woollings et al. 2018). First, the daily Z500 anomaly, which is defined as a 116 

deviation from the daily climatology (i.e, daily-mean seasonal cycle), is computed. The amplitude 117 

threshold is calculated as the standard deviation of daily Z500 anomalies for each calendar month by 118 

using all grid points within 30º to 80ºN over a three-month window. For instance, the threshold for 119 

April’s days is derived from daily Z500 anomalies from March to May. If the local Z500 anomaly is 120 

greater than 1.3 standard deviation, it is assigned as a blocking candidate. Only the blocking candidates 121 

that occupy an area larger than 2.0 × 106 km2 and overlap more than 50% within consecutive days 122 

for at least 5 days are classified as blocking. The present study seeks to identify blocking events 123 

occurring within 30º to 80ºN to avoid the detection of subarctic systems.  124 

An example of OK blocking detected by the ANO index is illustrated in Fig. 1a. An enhanced 125 

anticyclonic Z500 anomaly is observed over the Okhotsk region. The blocked area covers the entire 126 

Okhotsk region and is centered on the maximum positive Z500 anomaly. Since the index groups 127 

contiguous grid points with the anomaly greater than the threshold, the positive anomaly in the latitude 128 

below 45ºN (180º-160ºW) is also considered as being part of the blocking. 129 
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The REV index detects the area satisfying the reversal of meridional gradient of Z500 as in 130 

Scherrer et al. (2006) and Davini et al. (2012). The Z500 gradient is computed as below: 131 

𝐺𝐻𝐺𝑁(𝜆, 𝜙) =  
𝑍500(𝜆, 𝜙 + Δ) − 𝑍500(𝜆, 𝜙)

Δ
  <  −10 𝑚/° 132 

𝐺𝐻𝐺𝑆(𝜆, 𝜙) =  
𝑍500(𝜆, 𝜙) − 𝑍500(𝜆, 𝜙 − Δ)

Δ
  > 0 𝑚/°    (1) 133 

𝐺𝐻𝐺𝑆2(𝜆, 𝜙) =  
𝑍500(𝜆, 𝜙 − Δ) − 𝑍500(𝜆, 𝜙 − 2Δ)

Δ
  <  −5 𝑚/° 134 

where, 𝜆  and 𝜙  are longitude and latitude, respectively, and Δ  is set to 15º. 𝐺𝐻𝐺𝑁(𝜆, 𝜙) , 135 

𝐺𝐻𝐺𝑆(𝜆, 𝜙) , and 𝐺𝐻𝐺𝑆2(𝜆, 𝜙)  are evaluated for 𝜙  within 45°-70°N at each longitude 𝜆  and 136 

averaged zonally over the Δ/2 longitudinal sector to smooth out small scale perturbations. When the 137 

resulting quantities satisfy the above criteria in Eq. (1), the grid point is considered as a blocking 138 

candidate. As in Woollings et al. (2018), the minimum blocking area is set to 5.0 × 105 km2. When 139 

the detected blocking area satisfies the overlapping conditions as in the ANO index, it is classified as 140 

a blocking.  141 

 The OK blocking example of Fig. 1 detected by the REV index is shown in Fig. 1b. As 142 

compared to the ANO index (Fig. 1a), the REV blocking is detected over a region with relatively 143 

weaker Z500 anomalies (50º-70ºN, 120º-140ºE) because the REV index detects only the reversal of 144 

Z500 gradient. This result clearly shows that the blocked regions detected by different blocking indices 145 

can differ to a large extent. 146 

The MIX index, which was first introduced by Barriopedro et al. (2010), is based on both 147 

ANO and REV indices. It seeks Z500 anomaly with the same criteria used in the ANO index, but 148 

additionally imposes the flow reversal criteria of Eq. (2), following Dunn-Sigouin et al. (2013)1: 149 

                                           

1 Note that the sign of 𝐺𝑟(𝑖∗) in Eq. (3) of Dunn-Sigouin et al. (2013) should be positive. 
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𝐺𝐻𝐺𝑁(𝜆, 𝜙) = max[𝑍500(𝜆, 𝜙) − 𝑍500(𝜆, 𝜙 − 𝛥𝜙)]   >  0     (2) 150 

𝜆𝑚𝑎𝑥 − 𝛥𝜆/2 <  𝜆 <  𝜆𝑚𝑎𝑥 + 𝛥𝜆/2  151 

𝜙𝑚𝑎𝑥 − 𝛥𝜙/2 <  𝜙 <  𝜙𝑚𝑎𝑥 + 𝛥𝜙/2  152 

where, 𝜆𝑚𝑎𝑥 and 𝜙𝑚𝑎𝑥 are longitudinal and latitudinal locations of the maximum Z500 anomaly, 153 

𝛥𝜆 and 𝛥𝜙 is set to 10° and 15°, respectively. This index looks for an amplified Z500 anomaly 154 

accompanying a meridional Z500 gradient reversal. It implies that the blocked region diagnosed by 155 

the MIX index should be identical to the region identified by the ANO index, as long as the blocking 156 

event is detected by both indices. Since the OK blocking shown in Fig. 1 is detected by both the ANO 157 

and MIX, the blocked region detected by the MIX index is the same as Fig. 1a. 158 

To assess the blocking impacts on East Asia SAT, we first select the blocking events whose 159 

maximum Z500 anomalies are located within the sector spanning 30°-180°E and 50°-80°N and persist 160 

therein during at least 5 days. The onset day is defined as the first day when the blocking is detected 161 

in this sector. If the maximum anomaly is located within 30°-100°E (red box in Figure 2) at the onset 162 

day, it is classified as a UR blocking. A similar approach was taken by Cheung et al. (2013), Yao et al. 163 

(2017), and Chen et al. (2018). In this way, a total of 118, 90, and 109 events are identified by the 164 

ANO, MIX, and REV indices over the Ural region, respectively (Table 1). Likewise, OK blocking is 165 

identified when the maximum blocking anomaly is first detected within 100°-180°E (green box in Fig. 166 

2). A total of 86, 66, and 89 events are identified over the Okhotsk region for the three indices (Table 167 

1). It is noted that the zonal band for identifying OK blocking covers the far east region from the 168 

Okhotsk sea, since the maximum blocking-like low-frequency variability is often located over Bering 169 

seas (Kushnir 1987). Although not shown, the overall results do not change much when the detection 170 

domain is slightly changed to 100°-160°E or 120°-180°E. It is also noteworthy that blockings 171 

occasionally occur simultaneously over both sectors. However, the number of such cases is relatively 172 

small, and they are not treated separately. 173 
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 174 

c. Thermodynamic equation 175 

The blocking impact on SAT over East Asia (105°-145°E, 20°-50°N; see the black box in 176 

Fig. 1) is examined by calculating the thermodynamic equation at 925 hPa: 177 

(
𝜕𝑇

𝜕𝑡
)

′

= −(𝑽 ∙ ∇𝑇)′ + (𝜔𝑆𝑝)
′

+ 𝑄′ + RES     (3) 178 

where 𝜕T/𝜕𝑡 is the temperature tendency at 925 hPa (OBS); −𝑽 ∙ ∇𝑇 is the horizontal advection 179 

(ADV); 𝜔𝑆𝑝 is the adiabatic heating (VER). 𝑄 is total diabatic heating (DIA), which is obtained by 180 

adding the diabatic heating rates from cnvhr, lrghr, lwhr, swhr, and vdfhr. Residual (RES) is defined 181 

as the difference between the observed tendency and budget tendency. Primes denote anomalies 182 

calculated as departures from the daily climatology (i.e., raw data minus its daily-mean seasonal cycle). 183 

𝑽  and 𝜔  are the horizontal wind vector and pressure velocity ( Pa s−1 ), respectively. 𝑆𝑝 (=184 

𝑅𝑇/𝑝𝐶𝑝 − 𝜕𝑇/𝜕𝑝)  stands for the stability parameter, with 𝑅  (287 J kg−1 K−1 ) and 185 

𝐶𝑝 (1004 J kg−1 K−1) being the specific gas constant for dry air and the specific heat capacity. ∇ is 186 

the horizontal gradient operator. The choice of the pressure level is justified by its proximity to surface. 187 

Furthermore, it allows the computation of adiabatic heating, for which it is necessary to evaluate 188 

vertical gradients. 189 

 190 

3. Results 191 

3.1. Climatology of Ural and Okhotsk blockings 192 

The climatology of Northern Hemisphere blocking frequency in November-March is depicted 193 

in Fig. 2 for three blocking indices. The spatial distribution is qualitatively similar across all three 194 

blocking indices; blocking is frequently observed over the North Pacific and the Euro-Atlantic sectors. 195 
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However, non-negligible differences between indices are also evident, in agreement with previous 196 

studies (e.g., Woollings et al. 2018). 197 

In the case of the ANO index, two local maxima in blocking frequency appear over the North 198 

Atlantic and North Pacific oceans with the largest spatial extent among the three indices (Fig. 2a). 199 

Another preferred region of blocking frequency is located over the Ural region, which can be viewed 200 

as an extension of Euro-Atlantic blocking. The blocking frequency detected by the MIX index is 201 

similar to that of the ANO index except for the overall reduced frequency (Fig. 2b). As can be inferred 202 

in Table 1, the MIX index detects fewer blocking events than the ANO index. This is anticipated 203 

because the MIX index excludes quasi-stationary ridges which are occasionally detected as blocking 204 

events in the ANO index (Barriopedro et al. 2010). The difference between ANO and MIX is much 205 

larger over the North Pacific sector because quasi-stationary ridges, which are frequently observed 206 

over that region (Hansen and Sutera 1993; Miller et al. 2020; Sousa et al. 2021), are effectively reduced 207 

by the MIX index (Dunn-Sigouin et al. 2013). 208 

The frequency of blocking derived from the REV index shows a meridionally confined spatial 209 

distribution (Fig. 2c). This is partly explained by the fact that the flow reversal regions, depicted by 210 

the REV index, are usually smaller than the blocking anomaly captured by the ANO and MIX indices. 211 

The centers of blocking activities are also slightly different than in the ANO and MIX indices. 212 

Compared to the other indices, the region of maximum blocking frequency is shifted eastward in the 213 

Euro-Atlantic sector but westward in the North Pacific sector. As a consequence, regional blocking 214 

activity over Greenland (Hanna et al. 2016) is well distinguished from the Euro-Atlantic blocking by 215 

the REV index. 216 

It is also noteworthy that the blocking frequency over the North Pacific becomes much larger 217 

than over the Euro-Atlantic sector when the poleward criterion is lessened (i.e., 𝐺𝐻𝐺𝑁(𝜆, 𝜙) = 0). It 218 

indicates that North Pacific blocking is more sensitive to the poleward criterion (compare Fig. 2c and 219 
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Fig. S1 of the Supporting Material), suggesting that not only the choice of blocking index (e.g., Kim 220 

and Kim 2019) but also the criterion of the index (e.g., Tyrlis et al. 2021) need to be considered. 221 

However, our results are overall not very sensitive to the poleward criterion, except for the number of 222 

identified blocking events (not shown). 223 

Figure 2 confirms that Northern Hemisphere blockings are most frequent at the exit region of 224 

the upper-level jet, especially on its poleward side (e.g., Nakamura and Huang 2018). It is also clear 225 

that blocking is relatively rare over East Asia. However, as shown below, East Asian surface weather 226 

is substantially affected by high-latitude blockings over Ural and Okhotsk regions. Figure 3 shows the 227 

spatial distribution of regional blockings over the Ural and Okhotsk regions. For all indices, the 228 

maximum frequency of UR blocking is found at 60ºE and 60ºN (Figs. 3a-c), in agreement with Cheung 229 

et al. (2013). Likewise, the maximum frequency of OK blocking is consistently detected at 160ºE and 230 

60ºN (Figs. 3d-f). Note that UR and OK blockings display a zonally elongated distribution from the 231 

maximum frequency region, which may reflect the eastward or westward progression of blocking.  232 

The time series of normalized UR and OK blocking frequencies identified by the three indices 233 

are depicted in Fig. 4. Not surprisingly, interannual variability is considerably similar between the 234 

ANO and MIX indices. Their correlation is the largest (r > 0.7) of all blocking indices for both UR and 235 

OK blockings. These indices also show a high correlation (r ~0.6) with the REV index for the UR 236 

blocking region. However, the OK blocking frequency detected by the REV index exhibits relatively 237 

lower correlations with the corresponding ANO and MIX series (r = 0.46 and 0.59, respectively). 238 

Although all values are still statistically significant at the 99% confidence level, this result indicates 239 

that there is an uncertainty in detecting UR and OK blocking and that the multi-index approach is 240 

useful to reduce it. In the next section, the impacts of these regional blockings on East Asian SAT are 241 

quantified. 242 

 243 
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3.2. Impacts of Ural and Okhotsk blockings 244 

The daily composite maps are constructed with respect to the life cycle of blocking for each 245 

index. They are then averaged across all three indices to collectively quantify the blocking impacts. 246 

The results are considered robust when all three indices show same signed anomalies and statistically 247 

significant differences (p < 0.05) from the climatology (dashed). For reference, some results are also 248 

separately reported for each index in the supporting materials (Figs. S2 and S3). 249 

Figure 5 illustrates the spatio-temporal evolution of UR blocking and associated MSLP and 250 

SAT anomalies from lag -4 to 9 days with respect to blocking onset. The Z500 (Figs. 5a,d) and MSLP 251 

anomalies (Figs. 5b,e) start to amplify several days before the blocking onset and exhibit progressive 252 

intensification. Although not significant, cold anomalies already appear over Eurasia in this early stage 253 

(Figs. 5c,f). 254 

At the onset day, UR blocking is co-located with the amplified ridge, with a quasi-barotropic 255 

anomalous circulation (Figs. 5g,h). An anomalous cyclonic circulation also appears downstream (90ºE 256 

and 40ºN), indicating the westward deepening or broadening of the Asian trough over time. As the 257 

anticyclonic anomaly develops (middle panels in Fig. 5), Eurasian SAT gets colder, and the Arctic SAT 258 

over the Barents-Kara seas (north of the Ural region) becomes warmer. The resulting SAT pattern (Fig. 259 

5i) is often referred to as the Warm Arctic Cold Eurasia (WACE) pattern (e.g., Mori et al. 2014; Kim 260 

and Son 2016; Luo et al. 2016; Tyrlis et al. 2020; Kim and Son 2020; Kim et al. 2021). 261 

As the blocking further develops, Z500 and MSLP anomalies at lag 2 to 4 days remain quasi-262 

stationary over the Ural region, leading to a well-organized anticyclonic circulation at 925 hPa (vectors 263 

in Figs. 5k,n). Consequently, the WACE pattern expands and becomes more pronounced (Figs. 5l,o). 264 

The positive MSLP anomaly slowly expands southward on its eastern edge from lag 2 to 6 days (Figs. 265 

5k,n,g). Although weak, a negative MSLP anomaly moves eastward around this time, likely associated 266 
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with an eastward migration of cyclonic anomaly downstream of UR blocking (Figs. 5j,m,p). It allows 267 

southward expansion of the MSLP anomaly from central Eurasia (Yihui 1990; Shi et al. 2020). 268 

At lag 4 days, the cold anomaly reaches East Asia on the east of the Tibetan Plateau, showing 269 

statistically significant cooling over the region. After that, the southeastward propagation of cold air 270 

slows down (Figs. 5r), showing a horseshoe shape due to the barrier effect of the Tibetan Plateau (see 271 

also Fig. 8a). Despite the decay of UR blocking (Fig. 5s), the cold anomaly remains with the 272 

established positive MSLP anomaly over East Asia at lag 9 days (Figs. 5t,u). 273 

The same analysis is conducted for OK blocking (Fig. 6). Before the onset, an incipient Z500 274 

anomaly is located at the jet exit region over the North Pacific (Fig. 6a), and a warm anomaly instead 275 

of a cold anomaly appears over East Asia (Fig. 6c). As blocking forms (Figs. 6d,g), the anticyclonic 276 

MSLP anomaly starts to expand westward (Takaya and Nakamura 2005b). This westward-elongation 277 

or expansion of OK blocking slightly differs from the quasi-stationary nature of UR blocking (compare 278 

left and middle columns of Figs. 5 and 6). With the blocking build-up, the East Asian trough deepens 279 

and the associated negative SAT anomaly over northern Eurasia (70°-130°E, 50°-80°N) is pushed 280 

southeastward (Figs. 6d-f), although this is not significant in the ANO index (Figs. S3a,d,g). 281 

At the onset day, the blocking high is located over the Okhotsk region with anomalous 282 

cyclonic circulation over the southern North Pacific (130°-180°E, 20°-40°N), showing a cyclonic wave 283 

breaking (Masato et al. 2012) (Fig. 6g). The meridional dipole in Z500 anomaly becomes pronounced 284 

until lag 4 days. A similar dipole pattern is also observed in MSLP anomalies (Fig. 6h), implying that 285 

the barotropic structure is likely associated with the North Pacific Oscillation (e.g., Barriopedro et al. 286 

2006; Sung et al. 2021). The East Asian surface temperature starts to further cool (Fig. 6i), due to 287 

northerly flows from the cyclonic circulation and the corresponding negative MSLP anomaly over the 288 

North Pacific. At lag 4 days, the positive MSLP anomaly expands southward on its western edge due 289 

to blocking-induced cyclonic circulation over the North Pacific (Figs. 6n,q). At the same time, the cold 290 
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anomaly becomes significant over East Asia (Figs. 6o,r). The positive MSLP reaches East Asia (Fig. 291 

6t), and the cold anomaly remains over the region even at lag 9 days (Fig. 6u) despite the decay of OK 292 

blocking (Fig. 6s). 293 

The comparison of Figs. 5 and 6 reveals that the SAT anomaly resulting from OK blocking is 294 

substantially weaker than that of UR blocking, partly due to the preexistence of warm SAT anomaly 295 

over the region (Fig. 6c). Moreover, the cold anomaly over East Asia during OK blocking covers the 296 

continent and ocean basins (Fig. 6r), whereas the SAT anomaly resulting from UR blocking is confined 297 

to the continent (Fig. 5r). However, if the net East Asian SAT change from lag -4 to 9 days is considered, 298 

SAT change associated with OK blocking is comparable to or slightly larger than that of UR blocking 299 

(as shown below). 300 

Similar results are found when each blocking index is separately considered (Figs. S2 and S3), 301 

although common cases across the three indices account for only 50% of the regional blockings 302 

detected by the ANO and REV indices (Table 1). The differences across indices are somewhat more 303 

acute for OK than for UR blockings. For example, as compared to the other blocking indices, the MIX 304 

index shows a more pronounced surface cooling over East Asia during OK blocking development, 305 

which is presumably due to the preexisting cold anomaly over northern Eurasia (Figs. S3e,h,k). 306 

Figure 7 quantifies the response time of SAT anomaly to UR and OK blockings averaged 307 

across the three blocking indices. The response time is somewhat sensitive to the choice of the blocking 308 

index (Fig. S4) and hence it is here defined as the first day when the negative SAT anomaly becomes 309 

statistically significant in three blocking indices at each grid point. The cold anomaly appears almost 310 

simultaneously with the onset of UR blocking (Fig. 7a). The accumulated cold anomaly then starts to 311 

expand towards the east and the west. While cooling advances southeastward along the eastern 312 

boundary of the Tibetan Plateau, it is also pushed southwestward by the anticyclonic blocking 313 

circulation, exhibiting a zonally elongated pattern from the Middle East to East Asia (Fig. 5r). 314 
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Differently, the SAT response to OK blocking is first detected over the North Pacific, and it expands 315 

westward in the next few days (Fig. 7b).  316 

To further understand the surface responses to blocking, Figure 8 depicts correlation maps 317 

between East Asia SAT tendency and MSLP anomaly during the period of cooling tendency (i.e., lags 318 

1 to 5 days for UR blocking and -1 to 3 days for OK blocking). The impact of UR and OK blockings 319 

on cold East Asian anomalies is highly associated with an amplification of the climatological MSLP 320 

over Siberia, in agreement with Takaya and Nakamura (2005a,b). Moreover, a significant positive 321 

correlation is found over southern East Asia for both types of blocking, likely reflecting the effect of 322 

the southward propagating cyclonic anomaly (see Figs. 5h,k,n and 6e,h,k). A more detailed 323 

investigation of the physical processes associated with the East Asian cooling is addressed in the next 324 

section.  325 

 326 

3.3. Mechanism of Blocking impacts. 327 

 To understand the processes that drive the cold anomaly over East Asia, the SAT anomaly has 328 

been averaged over the East Asian region, with each grid point weighted by the area it represents. The 329 

resulting evolution of East Asian SAT anomaly is similar to that observed at 925 hPa for both UR (Fig. 330 

9a) and OK (Fig. 10a) blocking. Accordingly, the contributing factors are hereafter assessed at the 925-331 

hPa level, as described in Section 2c (Eq. 3).  332 

Although not statistically significant, temperature begins to decrease before the onset of UR 333 

blocking, in agreement with Fig. 5. The cooling anomaly becomes statistically significant at lag 4 day 334 

and persists for a few days (Fig. 9a). Figure 9b illustrates the observed T925 tendency (OBS), and the 335 

three contributing terms of Eq. (3) as a function of time. A significant negative tendency appears from 336 

lag 1 to 5 days (indicated by the white box). It turns out that cooling is mainly caused by horizontal 337 

advection (ADV) and adiabatic cooling (VER), with a partial cancellation by total diabatic heating 338 
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(DIA). While both zonal (ADVx) and meridional (ADVy) advections contribute to East Asian cooling, 339 

meridional advection becomes dominant after lag 4 days, in agreement with Shi et al. (2020). Its 340 

cooling effect, however, is largely canceled out by diabatic heating, explaining the absence of 341 

additional cooling after lag 5 days.  342 

The relative contribution of each term is summarized in Fig. 9c for the cooling period from 343 

lag 1 to 5 days. The budget tendency captures well the observed tendency over East Asia, with a small 344 

residual (orange bar). The ADV explains the majority of the negative tendency, and it is statistically 345 

significant in two out of three blocking indices. Although ADVy is not significant, its contribution is 346 

comparable to that of zonal advection. This result is consistent with the southeastward displacement 347 

of the cold anomaly downstream of UR blocking as shown in Figs. 5i,l,o. The contribution of VER to 348 

cooling tendency is of secondary importance, but it is robust across the blocking indices. 349 

To elucidate the nature of ADV and VER terms, they are further decomposed into 350 

climatological and anomaly components, as follows: 351 

−(𝑽 ∙ ∇𝑇)′ = (−𝑽′ ∙ ∇𝑇̅) + (−𝑽̅ ∙ ∇𝑇′) + (−𝑽′ ∙ ∇𝑇′)′     (4) 352 

(𝜔𝑆𝑝)
′

= (𝜔′𝑆𝑝
̅̅ ̅) + (𝜔̅𝑆𝑝

′) + (𝜔′𝑆𝑝
′)

′
     (5) 353 

where overbar denotes daily climatology, and prime indicates anomaly, which is a deviation from the 354 

daily climatology. The decomposed terms of ADV, i.e., (−𝑽′ ∙ ∇𝑇̅), (−𝑽̅ ∙ ∇𝑇′), and (−𝑽′ ∙ ∇𝑇′)′ 355 

are referred to as ADVac, ADVca, and ADVaa, respectively. Likewise, (𝜔′𝑆𝑝
̅̅ ̅) , (𝜔̅𝑆𝑝

′) , and 356 

(𝜔′𝑆𝑝
′)

′
 in Eq. (5) are referred to as VERac, VERca, and VERaa, respectively. It is found that ADV 357 

is largely explained by ADVca and ADVaa (Figs. 9d,e) during the cooling period of UR blocking, 358 

indicating that the anomalous temperature gradient induced by the blocking circulation plays a major 359 

role in ADV. Although the contribution of ADVac is negligible in the cooling period, it acquires an 360 

important role thereafter by maintaining the cold anomaly (Fig. 9d) through the anomalous 361 

anticyclonic circulation over East Asia (Figs. 5q,t). The ADVca also acts against diabatic heating over 362 
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East Asia after the cooling period (Figs. 9b,d), indicating that the anomalous temperature gradient set 363 

by the amplified cold Siberian high plays a key role in sustaining the cold anomaly (Figs. 5r and 5q).  364 

The VERac, which presumably measures the effect of anomalous vertical motions due to the 365 

eastward propagating cyclonic anomaly downstream of the blocking (Figs. 5j,m), explains most of the 366 

VER cooling. An eastward-propagating upward motion appears on the east of the Tibetan Plateau (Fig. 367 

S5). The upward motion is more pronounced at 500 hPa, indicating that it is associated with an 368 

organized synoptic weather system (e.g., Hsu 1987). These results stress that the local cyclonic 369 

circulation that accompanies UR blocking plays a non-negligible role in driving the East Asian cooling. 370 

The DIA shows a significant warming effect, partly canceling out the negative tendency. This 371 

canceling effect is also significant across the indices. To elucidate the nature of diabatic warming, the 372 

decomposed components are depicted in Fig. 9f. The diabatic warming is mainly caused by longwave 373 

radiation over the continent, with a minor contribution of large-scale condensation over the ocean. The 374 

latter, likely associated with the local cyclonic anomaly, is in agreement with the adiabatic cooling, 375 

and shows robustness across the blocking indices (Fig. 9g). After the cooling period, diabatic heating 376 

gets stronger, canceling the cold advection (see lag 6 to 10 days in Fig. 9b). The increased diabatic 377 

heating is mainly due to sustained warming by longwave radiation and enhanced vertical diffusion 378 

from the warm ocean to the atmosphere. 379 

Figure 10 shows the T925 budget analysis for OK blocking. In this case, the East Asian 380 

temperature anomaly also starts to decrease several days before the onset, but at a faster rate than for 381 

UR blocking. Accordingly, the East Asian cooling becomes significant just two days after the blocking 382 

onset (Fig. 10a), and persists several days. 383 

The main period of cooling tendency (lag -1 to 3 days) is mostly explained by ADV, with a 384 

minor contribution of VER and a partial cancellation by DIA (Figs. 10b,c). Unlike UR blocking, the 385 

meridional advection (ADVy), mainly due to an anomalous cyclonic circulation over the North Pacific 386 

(Figs. 6h,k), clearly dominates ADV. Although the ADVy becomes more pronounced over time its 387 
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cooling effect is largely canceled by DIA after the cooling period. The contribution of each term for 388 

the cooling period is summarized in Fig. 10c. The ADV, through both of its subcomponents (i.e., ADVx 389 

and ADVy), explains the overall cooling tendency, showing statistically significant values in all three 390 

blocking indices. The VER also supports the East Asian cooling, but it is of secondary importance, 391 

whereas the diabatic warming partly cancels out the negative tendency in all blocking indices. 392 

Although the T925 tendency is largely explained by ADV (especially ADVy) during both UR 393 

and OK blockings, the decomposition reveals its different nature. Unlike UR blocking, ADV is 394 

dominated by ADVac during OK blocking (compare Figs. 9e and 10e). Since ADVac represents the 395 

temperature advection by anomalous circulation in the presence of a spatial gradient in climatology, 396 

this result reveals the importance of circulation anomalies induced by OK blocking. Although weak, 397 

VERca also supports the cooling over East Asia, likely due to an increased static stability by cold 398 

surface conditions. Moreover, ADVaa, which represents the southward propagation of a preexisting 399 

negative temperature anomaly over northern Eurasia (Figs. 6c,f), also decreases East Asian 400 

temperature from lag -3 to -1 days. However, the contribution of ADVaa is of secondary importance 401 

and less robust across indices (see also Figs. S3d,e,f). 402 

The contribution of diabatic heating during OK blocking is further decomposed in Fig. 10f. 403 

Different to UR blocking, the vertical diffusion accounts for the largest warming in DIA, with a 404 

secondary contribution of longwave radiation during the cooling period (see also Fig. 10g). In the 405 

maintenance period from lag 4 to 10 days, their contributions become stronger and more robust. Unlike 406 

UR blocking, the large-scale condensation tends to assist the East Asian cooling due to anomalous 407 

downward motion by upper-level convergence of the blocking-induced circulation (Figs. 6n,q).  408 

 409 

4. Summary and Discussion 410 



19 

This study investigates the spatio-temporal evolution of Ural (UR) and Okhotsk (OK) 411 

blocking events and their impacts on surface air temperature (SAT) over East Asia during the extended 412 

winter season. The detailed mechanism(s) whereby these two types of regional blockings affect East 413 

Asia is also investigated. The analysis presented here focuses on robust aspects to blocking definition 414 

and discusses blocking-related uncertainties by performing a multi-index assessment as well as 415 

sensitivity analyses with respect to the choice of blocking index.  416 

When UR blocking forms, a cold SAT anomaly develops over the southeastern flank of the 417 

blocking, while a warm anomaly appears over the northwest. The dipolar SAT anomalies resemble the 418 

Warm Arctic-Cold Eurasia pattern. As the blocking reaches its maximum spatial extent and the 419 

cyclonic anomaly downstream of UR blocking moves eastward, an amplified cold anomaly over 420 

Siberia progresses southeastward along the eastern boundary of the Tibetan Plateau. Approximately 421 

four days after the blocking onset, East Asia experiences significant cooling, which persists during the 422 

blocking lifetime. 423 

The OK blocking is preceded by a warm SAT anomaly over East Asia. Unlike the quasi-424 

stationary UR blocking, OK blocking tends to retrogress, displacing the preexisting cold anomaly over 425 

northern Eurasia towards the southeast. The anticyclonic sea level pressure anomaly slowly moves 426 

southwestward along the western boundary of a cyclonic anomaly over the western North Pacific. The 427 

cold advection by the blocking-induced circulation drives a significant cooling over East Asia 428 

approximately two days after the blocking onset, which persists for several days. As compared to UR 429 

blocking, the East Asian SAT response to OK blockings is somewhat weaker, partly due to the 430 

influence of a preexisting warm anomaly. However, when the cooling period is consideredthe SAT 431 

change in response to OK blocking is comparable to that of UR blocking. 432 

The processes responsible for blocking-induced SAT change are also elucidated through the 433 

thermodynamic budget analysis of East Asian temperature change during the cooling period. In both 434 
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cases, horizontal temperature advection is most important with a minor contribution of adiabatic 435 

heating and partial cancellation by diabatic warming. However, their detailed mechanisms are slightly 436 

different. For UR blocking, both zonal and meridional cold advections associated with an anomalous 437 

temperature gradient set by the southward extended Siberian high account for a large fraction of East 438 

Asian cooling. The adiabatic cooling from anomalous vertical motion also plays a non-negligible role, 439 

and is associated with the development and subsequent eastward migration of a cyclonic circulation 440 

anomaly. This cyclonic anomaly may represent an enhanced lee cyclogenesis downstream of the 441 

Tibetan Plateau due to a deepening upper-level trough to the east of UR blocking as blocking develops. 442 

In the case of OK blocking, the temperature tendency over East Asia is mainly explained by the 443 

horizontal advection of cold air by the anomalous meridional flow with a minor contribution of the 444 

anomalous temperature gradient. This cold advection is mostly associated with the high-low dipolar 445 

configuration of the sea level pressure anomalies over the North Pacific. 446 

The maintenance of the East Asian cooling has also been investigated. During UR blocking, 447 

the sustained cold advection by anticyclonic circulation over East Asia and southward expansion of 448 

the Siberian high is mostly canceled out by the diabatic warming from longwave radiation and vertical 449 

diffusion from the warm ocean to the cold atmosphere. Differently, the diabatic warming that prevents 450 

additional cooling by the OK blocking-induced cyclonic circulation mostly results from vertical 451 

diffusion over the warm ocean. Overall, all these results emphasize different mechanisms behind the 452 

otherwise similar impacts of UR and OK blocking on East Asian climate. These findings may 453 

contribute to improve our understanding of blocking-related impacts in climate models, including their 454 

biases (Brunner et al. 2018; Jury et al. 2019; Jeong et al. 2021) and changes in future climate (Masato 455 

et al. 2014). 456 
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Table 1. The number of UR and OK blocking events detected by three blocking indices during the extended 637 

winters of 1979-2018. Common cases are defined when one index detects blocking onset, and the other two 638 

indices also detect blocking within two days of the blocking onset. 639 

 ANO MIX REV Common 

Ural 118 90 109 59 

Okhotsk 86 66 89 39 

  640 
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 641 

Figure 1. Z500 (shading, in m) and Z500 anomaly (contours) on 24 December 2010. The hatched area shows 642 

the region where blocking is detected by the (a) ANO and (b) REV indices. The black box indicates the East 643 

Asian domain (105ºE-145ºE, 20ºN-50ºN). The contour interval is 20 m. Zero line is omitted.  644 
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 645 

Figure 2. Climatology (1979-2018) of winter blocking frequency (in percentage of days of the extended winter 646 

season) detected by each blocking index: a) ANO, b) MIX, and c) REV. Contour interval is 2%. Red and green 647 

boxes indicate the Ural (30º-100ºE) and Okhotsk (100º-180ºE) regions, respectively.   648 
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 649 

Figure 3. Same as Fig. 2 but only for (top) Ural and (bottom) Okhotsk blocking events. Note that shading and 650 

contour intervals are halved as compared to Fig. 2. 651 

  652 
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 653 

Figure 4. Time series of (a) UR and (b) OK blocking frequencies during the extended winter. Red, green, and 654 

blue lines denote the normalized blocking frequencies detected by the ANO, MIX, and REV indices, 655 

respectively. Correlation coefficients between the time series of blocking index frequencies are also shown. 656 
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 657 

Figure 5. Spatio-temporal evolution of (left) Z500 (contour, in m) and its anomaly (shading), (middle) MSLP 658 

anomaly (shading, in hPa), and horizontal wind vector anomaly at 925 hPa (vectors, in m s-1), and (right) SAT 659 

anomaly (shading, in K) from lag -4 to 9 days with respect to Ural blocking onset. Contour interval of Z500 is 660 

100 m. The values which are statistically significant at the 95% confidence level (two-tailed t-test) in all three 661 

blocking indices are hatched. The purple box indicates the East Asian domain (105º-145ºE, 20º-50ºN). 662 
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 663 

Figure 6. Same as Fig. 5 but for Okhotsk blocking. 664 

665 
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 666 

Figure 7. The response time of SAT to (a) Ural and (b) Okhotsk blocking events. The response time is defined 667 

as the first day when the negative SAT anomaly becomes statistically significant at the 95% confidence level. 668 

Unit is day. Only the values which are statistically significant in all three indices are shaded. The composite of 669 

Z500 anomaly at the blocking onset day is contoured. Zero line is omitted. The gray shading denotes the regions 670 

with a surface elevation higher than 2000 m. 671 

  672 



37 

 673 

Figure 8. Correlation map (shading) between MSLP anomaly and East Asian SAT tendency for (a) Ural and (b) 674 

Okhotsk blocking events. Contours denote the climatology of MSLP for the extended winter. Hatching indicates 675 

statistically significant values at the 95% confidence level for the three blocking indices. Contour interval is 4 676 

hPa. 677 

  678 
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 679 

Figure 9. Time evolution of (a) East Asian SAT and T925 anomalies (in K), (b) T925 tendency budget (Eq. (3) 680 

in K day-1), the decomposed components of (d) horizontal advection and adiabatic heating terms (in K day-1; 681 

see Eqs. (4) and (5) for details), and (f) the individual components of the terms (in K day-1; see Eq. (3)), from 682 

lag -4 to 10 days with respect to Ural blocking onset. Bold lines in (a) denote statistically significant values at 683 

the 95% confidence level in all three blocking indices. The values showing the same sign in all three blocking 684 

indices are dotted in (b), (d), and (f). (c) Contributing terms to T925 tendency averaged from lag 1 to 5 days 685 

(white box in (b)). Residual of the budget tendency is denoted with an orange bar. (e, g) As (c) but for the 686 

decomposed terms. The number of blocking indices with statistically significant values at the 95% confidence 687 

level is indicated in (c), (e), and (g).  688 

  689 
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 690 

Figure 10. Same as Fig. 9 but for Okhotsk blocking.  691 
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 716 

 717 

Figure S1. Same as Fig. 2c but for REV index with a lessened poleward criterion as in Tyrlis et al. (2021). 718 
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 719 

Figure S2. Time evolution of Z500 (left contour, in m), its anomaly (left shading), and SAT anomaly (right 720 

shading, in K) from lag -6 to 9 days with respect to Ural blocking onset. Hatching denotes statistically significant 721 

SAT anomalies with respect to climatology at the 95% confidence level (two-tailed t-test). From left to right, 722 

retults for the ANO, MIX, and REV indices are shown as in Fig. 5.  723 

 724 

 725 

 726 

 727 

 728 
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 729 

Figure S3. Same as Fig. S2 but for Okhotsk blocking. 730 

 731 
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 733 

 734 

 735 

 736 

 737 
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738 

Figure S4. The response time of SAT to (top) Ural and (bottom) Okhotsk blocking events detected by ANO 739 

(left), MIX (middle), and REV (right) indices. Unit is day. Contours show the composited Z500 anomaly at the 740 

onset day, with 30 m intervals. Zero line is omitted. The gray shading denotes the regions with a surface 741 

elevation higher than 2000 m. 742 
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 755 

Figure S5. Composite of vertical velocity (Pa s-1) at (left) 925 hPa and (right) 500 hPa from lag 0 to 4 days with 756 

respect to Ural blocking onset. Statistically significant values at the 95% confidence level (two-tailed t-test) and 757 

with the same signed anomaly in all three blocking indices are hatched. The purple box indicates the East Asian 758 

domain (105º-145ºE, 20º-50ºN). Gray shading denotes the regions with a surface elevation higher than 2000 m. 759 


