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ABSTRACT

This study investigates the interannual variation of sumsugface air temperature over Northeast Asia (NEA) and its
associated circulation anomalies. Two leading modes ®otdmperature variability over NEA are obtained by EOF agialy
The first EOF mode is characterized by a homogeneous tempemtomaly over NEA and therefore is called the NEA
mode. This anomaly extends from southeast of Lake Baikafpad, with a central area in Northeast China. The second
EOF mode is characterized by a seesaw pattern, showing rmasting distribution between East Asia (specifically inlbhg
the Changbai Mountains in Northeast China, Korea, and Jaahnorth of this region. This mode is named the East Asia
(EA) mode. Both modes contribute equivalently to the terapge variability in EA.

The two leading modes are associated with different citmiaanomalies. A warm NEA mode is associated with a
positive geopotential height anomaly over NEA and thus akemed upper-tropospheric westerly jet. On the other hand, a
warm EA mode is related to a positive height anomaly over Eéd amorthward displaced jet. In addition, the NEA mode
tends to be related to the Eurasian teleconnection pattiiite the EA mode is associated with the East Asia—Paciftifiea
Japan pattern.
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1. Introduction two above-mentioned factors, many other factors, inclgdin

Great attention has been paid to the interannual variat e Okhotsk highs (Sato and Takahashi, 2007), polar vortex
b hang et al., 1985; Gu and Yang, 2006), Northern Hemi-

ity .Of Northeast Asia (NEA) summer t_emperatu.re, becau Shere annular mode (He et al., 2006; Wang and Sun, 2009)
of its effects on the economy (e.g., Ding, 1980; Sun et al. . : . .
T . “ahd western North Pacific subtropical high (Cui et al., 2007)
1983). The variability in NEA summer temperature is re- .
. . are also known to influence NEA summer temperature. The
lated to a variety of atmospheric patterns. It was found that

the pattern of wave trains along the upper-tropospherit-w variety of teleconnection patterns mentioned above i<andi

e . : .
erly jet affects the NEA summer temperature (Sato and Talfl'}{? of the complexity of the remot_e c_|rculat|ons assodate
with NEA summer temperature variability.

h?‘Sh'* 20_06)' A Rossby_wave p"?‘“em extendmg from the In- It is expectable that the local circulation anomalies con-
dian Peninsula to NEA is associated with NEA temperatU{reb

variability (Chen and Lu, 2014a). In addition, the East Asia fbute to anomalous NEA tempgraturg. In the middle tro-
Pacific/Pacific—Japan (EAP/PJ) teleconnection pattero- aS%osphere, anomalous geopotential height over NEA affects
e local summer temperature (Northeast China Cold Sum-

ciated with convection over the trqplcal western North faci mer Research Group, 1979). If NEA is covered by negative
can also modulate the summer climate over NEA (Hirota and. . . ;
height anomalies, cold air becomes active and flows south-

Takahashi, 2012; Chen and Lu, 20144). In addition to tr\)\/eard from the high latitudes into NEA, resulting in a cold

summer. On the other hand, positive height anomalies are
* Corresponding author: Riyu LU associated with warmer NEA temperatures (Chen and Lu,
Email: Ir@mail.iap.ac.cn 2014a). In the lower troposphere, an anticyclonic circula-
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tion anomaly occurs along with warming over NEA (Cheind finally, conclusions are given in section 5.
and Lu, 2014a; Gao et al., 2014). The strong southwesterly

in the west of the anticyclonic circulation prevents thedcol

air in the high latitudes from flowing southward and resuld. Datasets

in a higher than normal temperature over NEA (Chen and Lu

2014a). ) . . Harris et al., 2014) surface air temperature data based on
_ Furthermore, climate variability over_NEA exhibits areyeather station records, and monthly mean ERA-Interim
gional d|ffererrce. lwao and,T","kahaSh' (2006 2008) Ind(European Centre for Medium-Range Weather Forecasts In-
cated that the mterannua_l variation of precipitation dVEA _terim Reanalysis) data (Dee et al., 2011) for the atmospheri
shows a seesaw pattern in the north and sou_th of Lake Ba'lﬁ‘?\lculation variables including geopotential height, fera-

' The present study uses Climatic Research Unit (CRU,;

. , July and August (JJA) represents summer
pattern between its north and south areas, shown as the s \ye highlight the interannual variability in this stud

ond dominant m.odra., W,h"e the first Ieadrng mode shows hQﬁd, considering that there is an appreciable decadatiearia
mogeneous vgrrabrlrty in the whole region. Therefore, tr]ﬁ NEA summer temperature (Sun and Wang, 2006; Chen and
temperatures in the north and south areas of Northeast cqlr&a 2014b), obtain the component of interannual variapilit

may exhibit significantly different variations. These sasd by applying a 9-year Gaussian filter. Statistics analygiefs
suggested that the interannual variability of NEA summerf. . after the filtering of all datasets.

temperature not only exhibits homogeneous variation, but

also shows a regional difference in spatial distributiohug,

what kind of modes does NEA temperature exhibit? What | eading modes of the summer temperature
circulation patterns are associated with such temperdisre over NEA

tributions? To answer these questions the present studg-nv

tigates the dominant modes of interannual variability ofSNE ~ Figure 1 shows the two leading modes of NEA summer
surface air temperature and its associated circulatiomaho temperature, obtained by performing EOF analysis on the
during summer. The remainder of the paper is organizedswmmer surface air temperature anomaly within the region
follows: We introduce the datasets used in this work in se@0°—7CN, 100-15CE). These two leading modes explain
tion 2. In section 3, the two leading modes of NEA summei0.8% of the total variance. The first leading mode (EDF
temperature are described. The different circulationgpagt exhibits as a homogeneous temperature anomaly over NEA,
associated with these two modes are compared in sectio@xdending from southeast of Lake Baikal to Japan and with
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Fig. 1. The (a, c) first and (b, d) second leading modes and their P€ sienies for the summer surface air
temperature over NEA, determined by EOF analysis.
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a central area in Northeast China (Fig. 1a); the phase line of (a) 1980 SAT anomaly
warm anomalies declines from northwest to southeast. This — '

mode suggests a homogeneous change for the interannual 70N 1
variability of temperature over NEA, including the south-
eastern part of Russia, Mongolia, northern China, the Ko-
rean Peninsula and Japan. Thus, EDE named the NEA
mode. This mode explains 27.7% of the total variance, which 50N 1
is dominantin NEA.

It should be mentioned that the time series for the first
leading mode (PC1) shows a strong decadal variability, if 30N 1
the EOF analysis is performed using the original data (not
shown). The decadal variance is so strong that it can explain
more than half of the total variance (55.6%). Therefore, to
highlight the interannual variability, we remove the demlad 10N " T
variations obtained by a 9-year Gaussian filter from the-orig 120E 150E 180
inal data before perfqrmlng the EOF analysis. (b) 2009 SAT anomaly

The second leading mode (EQH behaves as a seesaw
pattern for the temperature anomaly (Fig. 1b), in contrést w
the homogeneous anomaly in EQF A positive tempera- 70N
ture anomaly and a negative anomaly are located south and
north of 50N, respectively. The positive anomaly is con-
centrated over EA, including the region of Changbai Moun-  g5oN
tains in Northeast China, the Korean Peninsula and central
Japan. On the other hand, the negative temperature anomaly
is over the northeast of Lake Baikal. EQFdisplays an op-
posite temperature anomaly between south and north of NEA 30N 1
and explains 23.1% of the total variance. EQRainly con-
tributes to a homogeneous temperature anomaly over EA, and
is therefore called the EA mode. The seesaw pattern is simi- {gN .
lar to the distribution of the temperature anomaly assediat 120E 150E 180
with the Okhotsk highs in Sato and Takahashi (2007, Fig.
6b). Additionally, it should be noted that the seesaw patter
in this study is significantly different from the seesaw patt 2-15-1-050 05 1 15 2
indicated by Sun and Wang (2006). In their result, the see-
saw pattern shows a contrasting distribution of tempeeatur Fig. 2. The summer surface air temperature anomaly (UP{E3:
anomalies between south and north ofM5rather than the — over NEA during (a) 1980 and (b) 2004.
latitude of 50N in this study. This difference results from
the different domains for the EOF analysis: we investigated the EA mode.
the whole NEA area, which is much larger than that in Sun Figure 3 shows the variance explained by these two
and Wang (2006), whose study was based on 23 stations awades in each grid box of NEA. PC1 contributes to the in-
Northeast China. terannual variability of the temperature anomaly southeas

The surface temperature anomalies in 1980 and 20@4,Lake Baikal (Fig. 3a). For most regions, the explained
when a negative and a positive EA mode are dominantvariance is more than 20%, including Mongolia, Northeast
NEA, respectively, are illustrated in Fig. 2. In 1980, ther€hina, the Korean Peninsula and Japan. In central Northeast
are negative temperature anomalies along the easternrbofZigna, the explained variance is more than 40%. On the other
of Northeast China, over the Korean Peninsula and centinand, PC2 is in response to the temperature anomaly over the
Japan, and positive ones over other parts of NEA. This patgion of the Changbai Mountains, Korean Peninsula, Japan
tern is similar to the distribution of the temperature anymaand northeast of Lake Baikal (Fig. 3b). The variance ex-
corresponding to the strong Okhotsk highs (Fig. 6b in Saptained by PC2 in these regions is approximately 40%. Over-
and Takahashi, 2007). Actually, the higher temperaturein Ell, the interannual variability of NEA temperature is mod-
is contributed to by the frequent occurrence of the Okhotslkated by these two modes (Fig. 3c). The temperature vari-
highs in summer 1980 (Kodama, 1997). The temperatuaaces in EA can be mostly explained by these two modes,
pattern in 2004 is basically opposite to that in 1980, excephich together explain more than 60% of the total variance
for a positive anomaly near the southeast of Lake Baik&h most areas of EA. In particular, these two modes explain
These two years both show a seesaw pattern of the tempdrout 90% of the total variance in the Changbai Mountains.
ature anomaly, indicating a regional difference between th Figure 4 shows the time series of the temperature
south and north of NEA. This figure confirms the existen@nomaly over EA, defined as the East Asian Temperature
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efficients suggest that the temperature anomalies in EA are
equivalently affected by the NEA and EA modes, confirm-
ing the results shown in Fig. 3. Furthermore, the years when
PC1 and PC2 are greater (less) than 6.8.8) standard devi-
ation are marked. Half of the years (16 years) are dominated
by only one mode: ten years by PC1 and six years by PC2.
Seven years are dominated by the combination of PC1 and
PC2. Among them, PC1 and PC2 offset each other in four
years and overlap in other years. These results suggest that
attention should be paid to both PC1 and PC2 for the temper-
ature anomaly over EA.

Figure 5 shows the vertical profiles of temperature
anomalies over NEA associated with these two modes. Along
125-145E, the NEA mode is characterized as a strong tem-
perature anomaly in the midlatitudes {355N) (Fig. 5a).

The temperature anomalies extend from the lower to the up-
per troposphere. On the contrary, the EA mode is related
to a shallow temperature anomaly confined to the lower tro-
posphere, but much weaker in the middle and upper tro-
posphere. In the upper troposphere, there are some posi-
tive anomalies, which are mainly over the higher latitudes
rather than the EA region (Fig. 5b). Additionally, the pos-
itive temperature anomaly around °#0is associated with
negative temperature anomalies in the higher and lower lati
tudes. Thus, in the meridional direction, the vertical stru
tures for the summer temperature anomaly in response to
these two modes are different. Furthermore, this diffezenc
can also be demonstrated in the zonal direction (Figs. 5¢ and
d). Along 35-45’N, the NEA mode shows a strong temper-
ature anomaly covering 99150°E in the whole troposphere,
but the EA mode shows a positive anomaly over’t2G0E

and is mainly limited to the lower troposphere. It seems
that the vertical profile of the temperature anomaly associ-
ated with PC2 tends to be northward- and westward-tilted
with height (Figs. 5b and d), implying the existence of local
baroclinic energy conversion from mean flows to the EAP/PJ
pattern (Kosaka and Nakamura, 2006; Chen et al., 2013).

4. Circulation associated with NEA summer
temperature variability

These different temperature modes are associated with
different circulation patterns. Figure 6 shows the 500 hPa
geopotential height anomalies associated with the two PCs.
For PC1, there is a remarkable positive geopotential height
anomaly over NEA, with a central area in Northeast China.
This positive anomaly covers the whole of NEA and is ac-
companied by warmer temperatures (Fig. 1a). Furthermore,

Fig. 3. The variance for each grid over NEA explained by (a) this positive anomaly is related to a negative and a posi-

PC1, (b) PC2 and (c) PC1 and PC2 combined.

tive anomaly over the north of the Caspian Sea and near
the Scandinavian Peninsula, respectively, corresponiging

(EAT) index. The EAT index represents the temperatuthe Eurasian teleconnection (EU) pattern (Wallace and Gut-

anomalies averaged over the region @8N, 125-

zler, 1981). The correlation coefficient between PC1 and the

145°E). The EAT index is closely related with PC1 and PCZEU index (Wallace and Gutzler, 1981) is 0.47, significant at
with correlation coefficients of 0.62 and 0.57, respectivelthe 99% confidence level. Moreover, the wave activity flux
both significant at the 99% confidence level. The similar cehown in Fig. 6a indicates that the EU teleconnection patter
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Fig. 4. The time series of the EAT index (unitsC), defined as the surface air temperature
averaged within the region (3545°N, 125-145E), marked in Fig. 1. The years when
PC1 and PC2 are greater (less) than 6-8.8) standard deviation are marked.
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can be considered as the eastward propagation of planetam is closely associated with tropical convection anassal
waves from Western Europe to NEA, and can contribute Actually, a positive (negative) EA mode is significantly as-
the NEA mode. These circulation anomalies associated withciated with significantly enhanced (suppressed) coimrect
the NEA mode are different from those in Sato and Takahasivier the Philippine Sea, which is not shown, but can be il-
(2006), who suggested that a wave train along the westérlyljgstrated by the high correlation coefficiert@.74) between
affects the summer temperature in Japan. PC2 and the outgoing longwave radiation anomaly over the
For PC2, however, the positive geopotential heiglthilippine Sea (18-25°N, 120°-140E). This EAP/PJ pat-
anomaly is weaker and southward shifted, being limited tern is similar to that in Hirota and Takahashi (2012, Fig). 4b
EA. It is associated with negative anomalies over the nortHirota and Takahashi (2012) suggested that the EAP/PJ pat-
east of Lake Baikal. The seesaw pattern of the geopotent&in is an internal mode in the atmosphere, but can be affecte
height anomaly corresponds to a similar pattern for the teily the convection activity over the tropical western Noréa P
perature anomaly (Fig. 1b). Additionally, it is also rethtecific. Therefore, we suggest that the EA mode can also be
to a negative anomaly over the western North Pacific. Thisnsidered as an internal mode, but is affected by tropical
distribution of circulation anomalies resembles the EAP/Forcing.
pattern (e.g., Nitta, 1987; Huang and Sun, 1992). Addition- The temperature anomaly for the NEA mode is mainly
ally, the wave activity flux shown in Fig. 6b indicates thatontributed to by the local geopotential height anomaly
the EAP/PJ teleconnection is characterized by a connecti@hen and Lu, 2014a; Gao et al., 2014). The positive anomaly
among higher, middle and lower latitudes (e.g., Nitta, 98 &outheast of Lake Baikal (Fig. 6a) is closely related to the
The correlation coefficient between PC2 and the EAP imvarm temperature over NEA (Fig. 3a). On the other hand,
dex (Huang and Yan, 1999) is 0.82. Huang and Yan (1999 positive geopotential height anomaly associated With t
defined the EAP index by the 500 hPa geopotential heighf mode (Fig. 6b) is relatively weak, and its contribution to
anomaly at 40N minus that at 28N and 60N, along the the temperature anomaly in EA may be small.
longitude of 128E. This close relationship between the EA  The differences between the circulation patterns associ-
mode and EAP pattern implies that the EA mode may laged with two PCs can also be illustrated by the profiles
related to the convection anomalies in the tropical westeoh geopotential height (Fig. 7). The profile of geopotential
North Pacific, since it is well-known that the EAP/PJ patieight associated with PC1 shows a strong positive center in
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Fig. 6. As in Fig. 5 but for the 500 hPa geopotential height anomatjt¢éum) and sta-
tionary wave activity flux [vectors; units: rs~2; according to Takaya and Nakamura
(2001)].
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middle latitudes (Fig. 7a). This anomaly extends from the
upper to lower troposphere, being consistent with the deep

temperature anomaly over NEA (Figs. 5a and c). In addi—qy |

tion, the positive anomaly seems to be isolated in the merid-
ional direction, without connection with the lower and hégh
latitudes. On the contrary, PC2 is associated with a narrow
positive center in the middle latitudes, and showsra—+"
pattern from the lower to higher latitudes (Fig. 7b), indica
ing a connection of the EA mode with the lower and higher
latitudes.

Figure 8 shows the zonal wind anomalies at 200 hPa as-
sociated with the NEA and EA modes. The NEA mode is
associated with a negative anomaly alongM@here the cli-

matological East Asian jet (EAJ) locates. Therefore, théNE 1N

(a) 200U_pcl

50N 1

30N

mode is related to the change in the intensity of the EAJ. PC1  gog

is significantly correlated with the EAJ intensity index thvi

180

a negative correlation coefficient 6f0.58. Here, we define === —~so
the EAJ index as the 200 hPa zonal wind anomalies averaged 7 = = = 5 ~
over (35—45N, 100°—14CE), which is similar to Lu (2004) 70N 1 e PABEEEE ]
.5
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100 50N 1 - ot
T 1 T -
150 b i b W 2
{t '\' Sea ,c‘ "_"" —"/"':::" -
= 200 30N ™5 Z oo
= 250 - <,
o 300 \N 7 gm 5
=} ) Py
% 400 10N — :
g 90E 120E 150E 180
A~ 500
Fig. 8. As in Fig. 5 but for the 200 hPa zonal wind anomaly
700 (units: m s°1). The thick dashed lines represent the location of
850 the climatological East Asian westerly jet.
1000 y y
30N 60N but with a westward shift of the averaging region. The re-
o o sults suggest that a warm (cold) NEA mode corresponds to
1 (b) HGT(125°-1457E)_pc2 a weakened (strengthened) EAJ. The connection between the
00 \ ot i[' A % NEA mode and the EAJ intensity can be explained by the
o PSS <o - . . .
\ \ { i, Y. it weakened meridional gradient of geopotential heights over
150 v Hils . ‘\'\‘g% ! the EA in association with the positive height anomaly over
'l AL NEA (Fig. 6a).
gf 200 52;,' i @;’," _\’ﬁ".:‘{ﬁ On the other hand, PC2 is associated with a positive
= 250 ; "','§|"-' ( )}}'5',' anomaly and a negative one north and south of the EAJ, re-
o 300 1. / giagi\ N/ /H ,:..' spectively (Fig. 8b). It means that the EA mode is related to a
% \ / g.‘c.i \._,/,a",','.:,.'l meridional shift of the EAJ. Furthermore, the correlation c
8 400 ! ! ';“ AN _',/:"," i efficient between PC2 and the EAJ meridional shift index is
A~ 5001 § LN ,’;é 0.69. The EAJ meridional shift index is defined as the differ-
o VR ence of 200 hPa zonal wind anomalies averaged oveér-(40
700 A\ \ 50°N, 100-140E) and (30-40°N, 100—14CFE), which is
850 il T S / similar to Lu (2004) and Lin and Lu (2005) but with a west-
1000 L ward shift of the averaging regions. These results indicate
30N 60N that a positive (negative) EA mode is in response to a north-

Fig. 7. Asin Fig. 5 but for the vertical profile of the geopotential

height anomaly averaged over 22845 E (units: m).

ward (southward) shift of the EAJ. The northward (south-
ward) shift of the EAJ is associated with an anticyclonic (a
cyclonic) anomaly (Fig. 6b) and a warmer (colder) tempera-
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