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ABSTRACT

A strong (weak) East Asian summer monsoon (EASM) is usually concurrent with the tripole pattern of
North Atlantic SST anomalies on the interannual timescale during summer, which has positive (negative)
SST anomalies in the northwestern North Atlantic and negative (positive) SST anomalies in the subpolar and
tropical ocean. The mechanisms responsible for this linkage are diagnosed in the present study. It is shown
that a barotropic wave-train pattern occurring over the Atlantic-Eurasia region likely acts as a link between
the EASM and the SST tripole during summer. This wave-train pattern is concurrent with geopotential
height anomalies over the Ural Mountains, which has a substantial effect on the EASM. Diagnosis based on
observations and linear dynamical model results reveals that the mechanism for maintaining the wave-train
pattern involves both the anomalous diabatic heating and synoptic eddy-vorticity forcing. Since the North
Atlantic SST tripole is closely coupled with the North Atlantic Oscillation (NAO), the relationships between
these two factors and the EASM are also examined. It is found that the connection of the EASM with the
summer SST tripole is sensitive to the meridional location of the tripole, which is characterized by large
seasonal variations due to the north-south movement of the activity centers of the NAO. The SST tripole
that has a strong relationship with the EASM appears to be closely coupled with the NAO in the previous
spring rather than in the simultaneous summer.
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Introduction

tropical monsoon region, but also over the middle and

The East Asian summer monsoon (EASM) prevails
over China, especially over Eastern China. The sum-
mer drought/flood events over this region, which usu-
ally cause a large impact on society and the economy,
are closely related to EASM variations (Ding, 1992).
Owing to the complex nature of the EASM, a better
understanding of cause-effect and potential predictors
for EASM variability is needed, and thus this issue is
a hot topic in the climate research.

EASM variability is influenced by atmospheric cir-
culation anomalies, not only over the tropical and sub-
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high latitudes of the Northern Hemisphere (Zhang and
Tao, 1998; Wu and Zhang, 2011). Recent studies
have demonstrated that North Atlantic SST anoma-
lies could exert an important impact on East Asian
climate variability by inducing a zonal wave-train pat-
tern occurring over the Atlantic-Eurasia region dur-
ing summer (Wu et al., 2010, 2011). In particular,
a strong EASM is usually concurrent with a tripole
pattern of SST anomalies in the North Atlantic on
the interannual timescale (Wu et al., 2009; Zuo et al.,
2012), which features positive SST anomalies in the
Northwest Atlantic and negative SST anomalies in the
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subpolar and tropical ocean, and vice versa. Gu et
al (2009) pointed out that this SST tripole also has
an important effect on EASM rainfall on the decadal
timescale. However, these studies focused mainly on
the persistence of the SST tripole from spring through
summer, and far too little attention has been paid to
the mechanism responsible for the linkage between the
tripole and the EASM. Thus, in this study we attempt
to answer the question of how the summer SST tripole
in the North Atlantic induces changes in atmospheric
circulation and then exerts an impact on the EASM
on the interannual timescale.

Previous studies have revealed that the North At-
lantic Oscillation (NAO), which is believed to be a
potential predictor for EASM variability on the inter-
annual timescale (Ogi et al., 2003; Sung et al., 2006),
is always followed by the SST tripole in the North At-
lantic (Cayan, 1992; Deser and Timlin, 1997; Czaja
and Frankignoul, 2002; Zhou et al., 2006). Owing to
the strong persistence of the SST tripole from spring
through summer, the tripole tends to act as a link
between the spring NAO and the EASM (Wu et al.,
2009). It has been indicated that the NAO is an atmo-
spheric teleconnection pattern evident in all the sea-
sons of the year in the Northern Hemisphere (Barnston
and Livezey, 1987). Nevertheless, the interannual vari-
ability of East Asian summer climate is strongly corre-
lated with the NAO and the associated North Atlantic
SST tripole in the previous spring rather than in the
simultaneous summer (Wu et al., 2009, 2010, 2011).
This raises the question as to why the relationship of
the EASM with the previous spring NAO is better
than that with the simultaneous summer NAO. Thus,
another issue to be addressed in this study is whether
there are differences in the NAO-induced SST tripole
between spring and summer as well as in the relation-
ships between these two factors and the EASM on the
interannual timescale.

This paper is composed of six sections. The obser-
vational data and two linear dynamic models applied
in the study are described in section 2. The linkage
between EASM and the North Atlantic summer SST
tripole is illustrated in section 3 and the mechanisms
responsible for it are explored in section 4. The rela-
tionships among the North Atlantic SST tripole, NAO
and EASM are further discussed in section 5. Finally,
a summary and discussion are given in section 6.

2. Data and models

2.1 Observational data

The daily and monthly geopotential height and
zonal and meridional wind components, with a
horizontal resolution of 2.5°x2.5°, were obtained
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from the National Centers for Environmental Pre-
diction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis (Kalnay et al., 1996).
These variables are available at standard pressure lev-
els and cover the period 1948-2011. This study also
employed monthly sensible and latent heat fluxes, as
well as 10-m horizontal winds, with 192 equally-spaced
longitudinal grid points and 94 unequally-spaced lat-
itudinal grid points, derived from the NCEP/NCAR
reanalysis. In addition, we utilized monthly SST data
from the National Oceanic and Atmospheric Admin-
istration (NOAA) for the period 1948-2011 (Smith et
al., 2008). These data have a horizontal resolution of
2.0°%2.0°. The monthly mean rainfall data, with a
horizontal resolution of 2.5°x2.5°, were obtained from
the Climate Prediction Center (CPC) Merged Analy-
sis of Precipitation (CMAP) (Xie and Arkin, 1997) for
the period 1979-2009.

The EASM index used in the study was defined
as the difference in regional-averaged 850-hPa zonal
wind between the East Asian tropical monsoon trough
region (5°-15°N, 90°-130°E) and the East Asian
subtropical region (22.5°-32.5°N, 110°~140°E) (Wang
and Fan, 1999). A high EASM index denoted a strong
EASM, which was generally concurrent with drought
in the Yangtze River region in China during summer,
and vice versa. According to Li and Wang (2003), the
NAO index was calculated based on monthly differ-
ences in normalized sea level pressure between 35°N
and 65°N over the North Atlantic (80°W-30°E).

To quantitatively describe the interannual varia-
tions of the North Atlantic SST tripole that had a
strong relationship with the EASM, a SST index (here-
inafter referred to as TI) was constructed as the differ-
ence between regional-averaged SST anomalies in the
middle North Atlantic (34°—44°N, 72°-62°W) and the
sum of regional-averaged SST anomalies in the trop-
ics (44°-56°N, 40°-24°W) and in the subpolar ocean
(0°-18°N, 46°-24°W). The choice of these domains
was based on the linear correlations of the EASM in-
dex with SST anomalies in the North Atlantic during
summer (Zuo et al., 2012; see their Fig.3h). Dur-
ing the positive (negative) phase of the SST tripole,
SST anomalies were higher (lower) than normal in the
Northwest Atlantic, and lower (higher) than normal
in the subpolar and tropical ocean. Figure 1 displays
the time series of normalized summer TI and EASM
indices during the period 1979-2011. It can be seen
that the EASM index had a significant in-phase re-
lationship with the summer TI. Their correlation co-
efficient was 0.55, which was significant at the 95%
confidence level.

Owing to the weak correlation between the EASM
and the North Atlantic summer SST tripole before
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Fig. 1. Time series of the normalized summer tripole SST index (TI), EASM index
(EASMI) and Ural geopotential height index (UI), and the preceding winter Nino3.4
SST index (Nino34I) for the period 1979-2011. R is the linear correlation coefficient.

the late 1970s (Zuo et al., 2012), the observational
analysis in this study was performed for the period
1979-2011, expect for the moving-correlation shown
in Fig.10. Besides, the linear trends of all the time
series were removed before the analysis.

2.2 Linear dynamic models

In this study, the role of diabatic heating in main-
taining the anomalous low-frequency flow was diag-
nosed via a linear barotropic model. This model was
a time-independent model with a horizontal resolution
of T42 and followed a simple barotropic vorticity equa-
tion given as:

RV + J (v, V) +J (W, V2 + f) +
VoY + oV =5 (1)

where t denotes the time derivative; J represents a
Jacobian operator; 1 and v’ are the basic state and
perturbation stream functions, respectively; f is the
Coriolis parameter; and S’ is the anomalous vorticity
source induced by the divergent part of the circula-
tion. The barotropic model included a linear damping
term that represented the Rayleigh friction, and scale-
selective biharmonic diffusion. The biharmonic diffu-
sion coefficient v was selected to dampen the small-
scale eddy in one day, while the Rayleigh friction co-
efficient a was set at (10 d)~!, which ensured that the
system was stable at integration (Watanabe, 2004).
The linear baroclinic model employed in this study
was a time-dependent model based on primitive equa-
tions. The model had a resolution of T42 in the hori-
zontal direction and 20 sigma (o) levels in the vertical
direction. Rayleigh friction and Newtonian damping
employed in the model were given as the rate of (1 d)~!
for the lower (¢<0.03) and upper (¢>0.9) levels, and
(30 d)~! for the other levels. The biharmonic diffusion
coefficient was 2x10'6 m* s=!. More details relating
to this model can be found in Watanabe and Kimoto

(2000) and Watanabe and Jin (2003). With the dissi-
pation terms adopted, the model response took about
20 days to approach a steady state. So, the average of
the last five days of a 30-day integration is analyzed
in this paper.

3. The linkage between the EASM and the
North Atlantic summer SST tripole

To expose the connection between the EASM and
the summer SST tripole in the North Atlantic, we
employed regression analysis to the summer TI and
geopotential height anomalies at 300 hPa, 500 hPa
and 850 hPa, respectively. The associated results are
given in Fig.2. Also included in Fig.2a is the upper-
level westerly jet stream represented by the climato-
logical summer mean of 300-hPa zonal wind. It can
be seen that a clear zonal wave-train pattern occurs
over the Atlantic-Eurasia region. For convenience, this
wave-train pattern will be referred to simply as NAE
throughout the remainder of the paper. Note that the
NAE pattern has the same phase in the lower, middle
and upper troposphere, thereby showing an equivalent
barotropic structure in the entire troposphere. Asso-
ciated with the NAE pattern, negative height anoma-
lies prevail over both the subpolar North Atlantic and
the region around the Ural Mountains, while positive
height anomalies prevail over both the northwest At-
lantic and western Europe. These height anomaly cen-
ters are mainly located along the upper-level westerly
jet stream. The NAE pattern seems to be induced
by the North Atlantic summer SST tripole, and the
mechanisms that maintain this pattern will be further
explored in section 4. In addition, a meridional wave-
train pattern can be seen along the East Asian Coast,
which is possibly related to the diabatic heating over
the tropical Northwest Pacific (Huang and Li, 1987;
Nitta, 1987; Huang and Sun, 1992) and thus beyond
the scope of this study.
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Fig. 2. Geopotential height anomalies (contour; gpm)
at (a) 300 hPa, (b) 500 hPa, and (c) 850 hPa, obtained
by regressing upon the tripole SST index during sum-
mer. Shading in (a) represents the climatological sum-
mer mean of 300-hPa zonal wind (m s™!). Dots in (a)
and shading in (b) and (c¢) indicate those regions that
are significant at the 95% confidence level. The box in
(b) denotes the domain for defining the Ural geopotential
height index.

From the above analysis, the EASM and the North
Atlantic summer SST tripole appear to be linked by
the NAE pattern, which is concurrent with geopo-
tential height anomalies over the region around the
Ural Mountains. Many previous studies have revealed
that atmospheric circulation anomalies over the Ural
Mountains have a substantial effect on the EASM
(Zhang and Tao, 1998; Li and Ji, 2001). A posi-
tive anomaly of seasonal-mean 500-hPa geopotential
height around the Ural Mountains represents inten-
sified blocking activity over this region, which favors
an enhanced East Asian subtropical front that tends
to result in a weakened EASM, and vice versa. As
mentioned above, the negative (positive) geopoten-
tial height anomalies over the Ural Mountains coin-
cide with the positive (negative) phase of the North
Atlantic SST tripole during summer (Fig.2), which
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agrees with the in-phase relationship between the
tripole and the EASM (Fig.1). This result indicates
that the impact of the summer SST tripole on the
EASM is closely linked to the Ural circulation anoma-
lies. Wu et al. (2009) pointed out that the SST
tripole could also result in circulation anomalies over
the Okhotsk Sea, but our results show that the re-
gressed geopotential height anomalies over this region
are insignificant during summer (Fig. 2).

To support the role of Ural circulation anomalies in
linking the EASM and the North Atlantic summer SST
tripole, we plotted in Fig. 3 the correlations of summer
SST anomalies in the North Atlantic with the summer
Ural height index (UI) and EASM index, respectively.
The UI here is defined as the regional-averaged 500-
hPa geopotential height anomalies in the Ural region
(45°-60°N, 45°—65°E). For the convenience of compar-
ison, the sign of the UI has been reversed. It can be
seen that the pattern of correlations between the UI
and SST anomalies greatly resembles that of the cor-
relations between the EASM index and SST anoma-
lies, not only in shape but also in meridional loca-
tion, both projecting on the positive tripole mode in
the North Atlantic. In addition, the correlation co-
efficients of the summer UI with the summer TI and
EASM index were —0.36 and —0.35, respectively, both
of which were significant at the 95% confidence level.
These results indicate that geopotential height anoma-
lies around the Ural Mountains have a close relation-
ship with the North Atlantic SST tripole during sum-
mer, which supports the conclusion that the former
appears to play a key role in linking the SST tripole
and the EASM on the interannual timescale.

4. Mechanism diagnostics

The results reported in section 3 suggested that
the NAE pattern occurring over the Atlantic-Eurasia
region appears to act as a link between the EASM
and the North Atlantic summer SST tripole. In this
section, the mechanisms responsible for maintaining
the NAE pattern are further discussed by focusing
on the diabatic heating and synoptic eddy-vorticity
forcing, which are the two most important forcings
among all forcings to maintain the anomalous low-
frequency in middle latitudes (Branstator, 1992; Peng
and Whitaker, 1999; Peng et al., 2003).

4.1 Role of diabatic heating in maintaining
the NAFE pattern

The SST anomalies initially induce changes in the
local atmospheric circulation through diabatic heat-
ing and then could exert an impact on the remote at-
mospheric circulation by energy dispersion of Rossby
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Fig. 3. Correlation coefficients between SST anomalies and (a) Ural geopotential height in-
dex (UI) and (b) EASM index during summer. Shading represents those regions that are
significant at the 95% confidence level. For convenience of comparison, the sign of UI has

been reversed.

waves (Trenberth et al., 1998; Peng and Whitaker,
1999; Peng et al., 2003). Hence, the role of diabatic
heating associated with the North Atlantic summer
SST tripole in maintaining the NAE pattern is diag-
nosed.

Figures 4a—c show the anomalies of SST, 500-hPa
vertical velocity and precipitation, respectively, ob-
tained by regressing upon the TT during summer. Pos-
itive (negative) values of vertical velocity denote ris-
ing (sinking) motion. Owing to the similar pattern
of regressed anomalies between the positive and neg-
ative phases of the SST tripole, except for a reversal
in the sign, a detailed description is only given for the
positive phase as follows. It is shown that there are
positive SST anomalies in the Northwest Atlantic be-
tween 30°N and 45°N, and negative SST anomalies in
the tropical North Atlantic between 5°N and 15°N, as
well as in the subpolar ocean between 45°N and 60°N
(Fig.4a). Anomalous descent at 500 hPa (Fig.4b)
and below-normal precipitation (Fig.4c) are seen over
the tropical North Atlantic where the SST anomalies
are negative, thereby indicating a suppressed convec-
tive activity by the cold SST anomaly. To balance
the anomalous descent in the troposphere, anoma-
lous convergent flow prevails in the upper troposphere
(data not shown), which further triggers an anomalous
Rossby wave source (Sardeshmuhk and Hoskins, 1988)
and thus tends to provide a forcing for maintaining the
NAE pattern. Negative precipitation anomalies can be
seen over the middle North Atlantic, which are concur-
rent with the positive local SST anomalies, indicating
that the associated diabatic heating appears to be in-
significant over this region.

As expected, anomalous cyclonic flow prevails in
the upper troposphere (Fig.2a) and anticyclonic flow
in the lower troposphere (Fig.2c) over the Caribbean

Sea and the adjacent regions, which feature a Gill-
type response (Gill, 1980) to the tropical North At-
lantic cooling. Note that a meridional wave-train pat-
tern of geopotential height anomalies can be seen along
the North American East Coast (Fig. 2), which is con-
nected with the NAE pattern. These results indicate
that the maintenance of the NAE pattern appears to
depend on the tropical North Atlantic diabatic heat-
ing.

To confirm the role of diabatic heating in maintain-
ing the NAE pattern, in Fig. 4d we show the turbulent
heat flux (the sum of sensible and latent heat flux, and
hereinafter referred to as SHLE) anomalies obtained
by regressing upon the TIT during summer. Positive
(negative) SHLE indicates heat flux out of (into) the
ocean surface. The 10-m horizontal wind anomalies
regressed upon the TI is also included in Fig. 4d. Neg-
ative SHLE anomalies can be seen over the Northeast
Atlantic between 10°N and 30°N, which are concur-
rent with the negative SST anomalies and neutral sur-
face wind anomalies over this region. This indicates
that the SST plays an active role in determining SHLE
anomalies in the low latitudes of the North Atlantic.
On the other hand, weak and positive SHLE anomalies
are found over the western subtropical North Atlantic,
corresponding to the warm SST anomalies, but less
precipitation and southerly anomalies are found over
this region. Moreover, positive SHLE anomalies can be
seen over the subpolar North Atlantic, which are con-
current with the cold SST anomalies and strengthened
westerlies over this region. Therefore, it appears that
the positive SHLE anomalies over the subtropical (sub-
polar) North Atlantic mainly result from the strength-
ened southerly (westerly) flows, suggesting that atmo-
spheric circulation plays a dominant role in determin-
ing the SHLE and SST anomalies in the extratropical
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North Atlantic. To examine the respective contribu-
tion of sensible heat flux (SH) and latent heat flux
(LE) to the SHLE, regression analysis was further ap-
plied to the summer TI and SH and LE anomalies,
respectively. The results show that the SH anomalies
are relatively weak over almost the whole North At-
lantic (Fig.4e), but the pattern of the LE anomalies
(Fig. 4f) resembles closely that of the SHLE anomalies
in the North Atlantic (Fig.4d). Moreover, the magni-
tude of LE anomalies is comparable with that of SHLE
anomalies. Therefore, the SHLE anomalies associated
with the North Atlantic SST tripole are mainly de-
termined by the LE anomalies during summer. These
results support the importance of the role of tropi-
cal North Atlantic diabatic heating in maintaining the
NAE pattern.

Further evidence for the connection of the NAE
pattern with tropical North Atlantic diabatic heating
is given in Fig.5a, which shows the 500-hPa stream
function anomaly and associated wave-activity flux
(WAF) (Takaya and Nakamura, 2001) obtained by re-
gressing upon the TT during summer. Associated with
the NAE pattern, there are significant WAF's extended

(a) Observation

Fig. 5. (a) 500-hPa stream function anomaly (contour;
10° m? s7') and the associated wave-activity flux (vec-
tor; m? s~2) obtained by regressing upon the tripole SST
index during summer. (b) The same as in (a), but for the
steady barotropic model response to the idealized vortic-
ity forcing centered at (15°N, 50°W) (denoted by a closed
circle).

northward from the middle North Atlantic to the sub-
polar ocean and then divided into two branches. One is
southward to North Africa, and the other eastward to
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the region around the Ural Mountains. This suggests
that tropical North Atlantic diabatic heating makes
an important contribution to Atlantic-Eurasian circu-
lation change through the NAE pattern.

Owing to the barotropic nature of the NAE pat-
tern and its possible connection with tropical North
Atlantic diabatic heating, processes that generate the
height anomalies are conceivably understood in a
barotropic vorticity equation (Branstator, 1983). For
this purpose, an idealized experiment was conducted
by using the linear barotropic model forced by the
anomalous vorticity source. Based on the 500-hPa
vertical velocity and precipitation anomalies shown in
Figs.4b and c, the prescribed vorticity forcing in the
model was placed over the tropical North Atlantic with
a maximum of 2.0x107 s72 at (15°N, 50°W). The
model was linearized about the climatological summer
mean of the 300-hPa stream function derived from the
NCEP/NCAR reanalysis. Figure 5b shows the stream
function response and associated WAF to the ideal-
ized vorticity forcing. A clear wave-train pattern was
found over the Atlantic-Eurasia region (Fig. 5b), which
resembles the observed NAE pattern (Fig. 5a). In par-
ticular, anomalous cyclonic flows were identified over
the Ural Mountains in both the model and observa-
tions, though the former shifted southward compared
with the latter. These results support the importance
of the role of tropical North Atlantic diabatic heat-
ing in maintaining the NAE pattern. Note that the
stream function response in the model was smaller
compared with the observational regression over the
middle North Atlantic, but larger over the tropics. Ac-
tually, the observational regression reflected the equi-
librium state among all the forcings. This implies that
other factors, such as transient eddy forcing, may make
an important contribution to maintaining the NAE
pattern.

4.2 Role of synoptic eddy-vorticity forcing in
enhancing the NAFE pattern

In addition to diabatic heating, synoptic eddy forc-
ing is another of the most important forcings in main-
taining the anomalous low-frequency flow over the
middle latitudes (Lau and Nath, 1991; Kug and Jin,
2009; Ren et al., 2009). In particular, synoptic eddy-
vorticity forcing is the most important component of
the eddy forcings (Branstator, 1992). Previous numer-
ical studies have revealed that synoptic eddy-vorticity
forcing is of vital importance to maintaining the atmo-
spheric response to the North Atlantic SST anomalies
during winter (Watanabe and Kimoto, 2000; Peng et
al., 2003; Li, 2004; Li et al., 2007; Pan, 2007; Han et
al, 2011). However, synoptic eddy forcing is sensitive
to the background flow (Peng and Whitaker, 1999).
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Hence, the role of synoptic eddy-vorticity forcing as-
sociated with the North Atlantic summer SST tripole
in maintaining the NAE pattern is investigated.

According to the quasi-geostrophic potential vor-
ticity equation, the synoptic eddy-vorticity feedback
to the anomalous low-frequency flow could be depicted
by a stream function tendency (1) satisfying the re-
lationship as (Lau and Holopainen, 1984):

Vi, = -V -V, 2)

where V and ( are the horizontal wind vector and rela-
tive vorticity, respectively. Here, the prime represents
the synoptic-eddy component, and the overbar denotes
a time average. To obtain the synoptic-eddy compo-
nent, we applied the Lanczos filter (Duchon, 1979) to
the daily zonal and meridional winds for the period
ranging from two to eight days. The stream function
tendency due to synoptic eddy-vorticity forcing was
obtained by solving the Poisson equation.

Since synoptic eddy-vorticity forcing is highly cor-
related with storm-track activity, we examine both
the anomalies of storm-track activity (Fig.6a) and
the eddy-induced stream function tendency at 300
hPa (Fig. 6b) obtained by regressing upon the TI dur-
ing summer. The storm-track activity is represented
by the root mean square of band-pass filtered (2-8
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days) 500-hPa geopotential height. Also included in
Figs.6a and b are the climatological summer mean
of storm-track activity and 300-hPa zonal wind, re-
spectively. Owing to the barotropic nature of synop-
tic eddy-vorticity forcing and its largest effect on the
low-frequency flow in the upper troposphere (Lau and
Nath, 1991; Branstator, 1992), regression analysis was
only applied to the 300-hPa eddy-induced stream func-
tion tendency in this study. We find that the regressed
anomalies of storm-track activity show a north—south
dipole straddling its mean position over the North At-
lantic (Fig. 6a). During the positive phase of the North
Atlantic SST tripole, the storm-track activity is en-
hanced on the south side and weakened in the north,
which indicates a southward shift of the storm-track
activity. Moreover, obvious and negative eddy-induced
stream function tendency can be seen over the region
near the North Atlantic upper-level westerly jet exit
(Fig. 6b), which coincides with the negative geopoten-
tial height anomaly over this region (Fig.2), thereby
indicating a positive eddy-vorticity feedback. The neg-
ative eddy-induced stream function tendency also co-
incides with the southward shift of the storm-track
activity over the North Atlantic, which indicates that
the synoptic eddy-vorticity forcing is closely related to
changes in the storm-track activity. An opposite sce-

Storm track activity
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Fig. 6. (a) Anomalies of the storm-track activity (contour) obtained
by regressing upon the tripole SST index during summer. The storm-
track activity is defined as the root mean square of band-pass filtered
500-hPa geopotential height in the period of 2-8 days. Shading indi-
cates the climatological summer mean of storm-track activity. Units
are gpm. (b) The same as in (a), but for the stream function tendency
(contour; m? s72) due to synoptic eddy-vorticity forcing at 300 hPa.
Shading represents the climatological summer mean of zonal wind for

the same layer (m s™').
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(b) Vertical profile
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Fig. 7. (a) The vertical mean of eddy-vorticity forcing and (b) vertical profile of the forcing

centered at (55°N, 30°W). Units: 1071 s72.

nario can be seen for the negative phase of the North
Atlantic SST tripole. There, results suggest that the
synoptic eddy-vorticity flux divergence associated with
the North Atlantic SST tripole appears to play an im-
portant role in maintaining the NAE pattern via a
positive feedback mechanism during summer.

Linear baroclinic models are useful tools to diag-
nose the mechanism for maintaining the anomalous
low-frequency flow by synoptic eddy forcing (Watan-
abe and Kimoto, 2000; Peng et al., 2003). Thus, an
idealized experiment was performed by using a linear
baroclinic model to confirm the role of synoptic eddy-
vorticity forcing in maintaining the NAE pattern. For
this experiment, the model was linearized about the
summer climatology derived from the NCEP/NCAR
reanalysis and forced by the synoptic eddy-vorticity
flux divergence, which acted as the synoptic eddy-
vorticity forcing. The horizontal distribution of depth-
averaged eddy-vorticity forcing and the vertical profile
of the maximum forcing in the initial state are given in
Fig. 7. According to the observed eddy-induced stream
function tendency (Fig.6b), the eddy-vorticity forcing

in the model was centered at 0=0.29 in the vertical
direction and (55°N, 30°W) in the horizontal direc-
tion. As shown in Fig. 8, these idealized eddy-vorticity
forcings applied to the baroclinic model triggered a
negative stream function response right over the re-
gion where the forcings were placed, and two branches
of Rossby waves to the east. One was southeastward
to North Africa, and the other was eastward to East
Asia, which resulted in a negative stream function re-
sponse over the Ural Mountains. Note that the pattern
of stream function response in the baroclinic model
greatly resembled the observations shown in Fig. 5a.
Therefore, the consistency between model simulation
and observations is strong enough to support an active
role of synoptic eddy-vorticity forcing in enhancing the
NAE pattern during summer.

Experiments with an atmospheric general circula-
tion model and a diagnostic linear baroclinic model
by Li et al. (2007) suggested that the extratropical re-
sponse to a tropical Atlantic SST anomaly is main-
tained primarily by synoptic eddy-vorticity forcing
during winter. In other words, synoptic eddy-vorticity

EQ

AT

90°W 45°W o°

9C°E  135°E  180°

Fig. 8. Steady baroclinic model response as represented by the stream
function (contour; 10° m? s™') and the associated wave-activity flux

(vector; m? s™2

) at 0=0.29 to the idealized eddy-vorticity forcing shown

in Fig. 7. Shading denotes the climatological summer mean of zonal

wind (m s™!) for the same layer.
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forcing is of vital importance in maintaining the atmo-
spheric response to the North Atlantic SST anomalies
during both winter and summer.

Also of note is that the Asian response (Fig.8) is
mainly trapped in the upper-level westerly jet, whereas
the observed anomalies in the NAE pattern (Fig.2a)
prevail along the poleward flank of the Asian jet.
Namely, the position of the NAE pattern in Fig.8
relative to the upper-level jet is different from that
seen in observations over Asia. It has been demon-
strated that two-way synoptic eddy and low-frequency
(SELF) feedback plays an essential role in generating
the low-frequency anomalies in the extratropics (Jin
et al., 2006; Pan et al., 2006; Ren et al., 2012), but
synoptic eddy forcing is just considered as an external
forcing in the linear model used in this study. There-
fore, a lack of two-way SELF feedback may contribute
to the aforementioned difference between the model
simulation and observations.

5. Relationships among the North Atlantic
SST tripole, NAO and EASM

The tripole-like SST anomalies in the North At-
lantic Ocean primarily result from the NAO-like dipole
in the atmospheric circulation (Cayan, 1992; Deser and
Timlin, 1997; Czaja and Frankignoul, 2002; Zhou et
al., 2006). Given this, is the North Atlantic summer
SST tripole that has a strong relationship with the
EASM (referred to as the EASM-related SST tripole)
coupled with the simultaneous summer NAO? To ad-
dress this question, we calculated the correlation co-
efficients between SST anomalies in the North At-
lantic and the NAO index during summer, and the
results are shown in Fig.9a. It can be seen that
the correlations show a clear tripole pattern in the
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North Atlantic, which suggests that the SST tripole
is closely coupled with the NAO during summer. A
comparison of Fig. 9a and Fig. 3b reveals that the sum-
mer NAO-coupled SST tripole resembles closely the
EASM-related SST tripole in shape, but the loca-
tion of the former is about 5°-10° northward com-
pared with that of the latter. The summer NAO-
coupled SST tripole is mainly located in the extratrop-
ics northward of about 20°N, while the EASM-related
SST tripole has significant SST anomalies in the trop-
ics southward of about 20°N. These results imply the
EASM-related SST tripole seems to have no significant
relationship with the simultaneous summer NAO.

It has been indicated that the activity centers of
the NAO would move northward systematically from
winter to summer (Barnston and Livezey, 1987), which
may lead to seasonal changes in the meridional loca-
tion of the NAO-induced SST tripole in the North
Atlantic. This raises the possibility that the EASM-
related SST tripole may be linked to the previous
spring NAO. Thus, in Fig.9b we display the corre-
lations between SST anomalies in the North Atlantic
and the NAO index during spring. It can be seen that
their correlations exhibit a tripole pattern in the North
Atlantic, thereby indicating that the SST tripole is
also coupled with the NAO during spring. Moreover,
the NAO-coupled SST tripole in the spring is located
more southward than that in the summer. The former
resembles closely the EASM-related SST tripole not
only in shape but also in meridional location. These
results indicate that the summer SST tripole that has
a strong relationship with the EASM tends to result
from the NAO in the previous spring rather than in
the simultaneous summer.

To further understand the relationships among the
EASM, North Atlantic SST tripole and NAO on the
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Fig. 9. Correlation coefficients between the NAO index and SST anomalies during (a) sum-
mer and (b) spring. Shading represents those regions that are significant at the 95% confi-

dence level.
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Fig. 10. Lead/lag moving-correlations between summer EASM index (EASMI) and 3-
month-running-averaged NAO indices from the preceding January to the following September
with a 21-yr moving window for the period 1948-2011. Shading shows significance at the
95% confidence level. (b) The same as in (a), but for the summer tripole SST index (TI).
(¢) The same as in (a), but for the summer EASMI and the 3-month-running-averaged TI
from the preceding January to the following September. (d) The same as in (c), but for the

summer TI.

interannual timescale, in Fig. 10a (Fig. 10b) we show
the lead/lag moving-correlations between the summer
EASM index (TI) and the 3-month-running-avaraged
NAO indices from the preceding January to the fol-
lowing September with a 21-yr moving window for the
period 1948-2011. We also calculated the lead/lag
moving-correlations between the EASM index and 3-
month-running-avaraged TI for the same period, as
shown in Fig. 10c. Note that the TT here is to describe
the interannual variations of the EASM-related SST
tripole. It can be seen that the summer EASM in-
dex and TT are both correlated most closely with the
previous spring NAO index, while the EASM index is
linked most closely to the simultaneous summer TI,
though their sliding correlations are all characterized
by large decadal variations. The decadal changes in
the relationships among the EASM, TI and NAO in-
dices occur in the late 1970s, a possible mechanism
for which was given in our previous study (Zuo et al.,
2012). These results support the conclusion that the
summer SST tripole that has a significant impact on
the EASM is closely related to the NAO in the previ-
ous spring rather than in the simultaneous summer.
To briefly investigate the persistence of the North
Atlantic SST tripole, the lead/lag sliding cross-

autocorrelations of the summer TI were calculated (see
Fig.10d). We can see that the summer TI is correlated
closely with the previous spring TI for the whole pe-
riod from 1948 to 2011, which indicates the SST tripole
has a relatively strong persistence from spring through
summer, being in good agreement with previous work
(Wu et al., 2009). The seasonal northward movement
of the activity centers of the NAO tends to provide
favorable conditions for the NAO-induced SST tripole
to persist from spring through summer.

We can infer from the above results that the im-
pact of the North Atlantic summer SST tripole on the
EASM is sensitive to the meridional location of the
tripole. In order to confirm this hypothesis, another
idealized experiment was performed by using the lin-
ear barotropic model. In this experiment, the hori-
zontal distribution of the anomalous vorticity forcing
was the same as in Fig. 5b, except the center for max-
imum forcing shifted 10° northward and was located
at (25°N, 50°W). The steady stream function response
and the associated WAF to this idealized vorticity forc-
ing are given in Fig. 11. Note that a clear wave-train
pattern propagated from the subtropical North At-
lantic to Western Europe, and then divided into two
branches. One was northeastward to Eurasia north-
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Fig. 11. The same as in Fig. 5b, but for the idealized vor-
ticity forcing with a maximum centered at (25°N, 50°W).

ward of about 60°N, and the other southward to North
Africa. There was no obvious stream function response
over the Ural Mountains and East Asia. By comparing
Fig. 11 with Fig. 5b, we can see that there was a sig-
nificant difference in the pathways of the atmospheric
wave-train response to the idealized vorticity forcing
with different meridional location, supporting the hy-
pothesis that the impact of the summer SST tripole on
the EASM is sensitive to the meridional location of the
tripole. Our conclusion is also supported by previous
studies in which it was demonstrated that the pattern
of the atmospheric response to the heating with differ-
ent meridional locations may be different because the
synoptic eddy-vorticity feedback depends on the posi-
tion of the heating relative to the storm track (Peng
and Whitaker, 1999; Li et al., 2006).

6. Summary and discussion

A strong (weak) EASM is usually concurrent with
the North Atlantic summer SST tripole on the inter-
annual timescale, which has positive (negative) SST
anomalies in the Northwest Atlantic and negative
(positive) SST anomalies in the subpolar and tropical
ocean. In the present study, the mechanism respon-
sible for this linkage was diagnosed by using observa-
tions for the period 1979-2011. It has been shown
that the NAE pattern occurring over the Atlantic-
Eurasia region appears to act as a link between the
EASM and the summer SST tripole. The NAE pattern
is concurrent with the geopotential height anomaly
over the region around the Ural Mountains, which has
a substantial effect on the EASM. Further diagnosis
based on observations and a linear barotropic model
revealed that the maintenance of the NAE pattern ap-
pears to depend on the diabatic heating associated
with the tropical North Atlantic SST anomaly. On
the other hand, the NAE pattern in turn induces a
southward /northward shift of the storm-track activ-
ity over the North Atlantic, which tends to result in
a positive eddy-vorticity feedback, and thus enhances
the NAE pattern. Diagnosis based on a linear baro-
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clinic model confirmed the active role of synoptic eddy-
vorticity forcing in maintaining the NAE pattern.

Since the North Atlantic SST tripole mainly re-
sults from the driving of the NAO-like atmospheric
forcing, relationships between these two factors and
the EASM were further investigated on the interan-
nual timescale. It was revealed that the summer SST
tripole that has a strong relationship with the EASM is
closely coupled with the NAO in the preceding spring
rather than in the simultaneous summer, which ap-
pears to be attributable to the seasonal north—south
movement, of the activity centers of the NAO. The
spring NAO-coupled SST tripole has pronounced SST
anomalies in the tropics, while the summer NAO-
coupled SST tripole is mainly confined to the extrat-
ropics due to the northward shift of the summer NAO
itself. Barotropic modeling results confirmed that the
type of SST tripole located in the extratropics has no
significant impact on the EASM. Therefore, the rela-
tionship of the EASM with the North Atlantic summer
SST tripole is sensitive to the meridional location of
the tripole on the interannual timescale.

The present analysis indicates that the tropical
component of the North Atlantic summer SST tripole
plays the key role in influencing the EASM. On the
other hand, SST changes in the tropical North At-
lantic are influenced strongly not only by the NAO,
but also by ENSO [Xie and Carton (2004), and refer-
ences therein]. Thus, a question arises as to whether
the results regarding the linkage between the North
Atlantic summer SST tripole and EASM are contam-
inated by the ENSO signals. As illustrated by Wu et
al. (2011), the relationship between the North Atlantic
spring SST tripole and the preceding winter ENSO is
significant in the 1980s and 1990s, but weak in the lat-
est decade. In this study, we found that the correlation
coefficient between the summer tripole SST index and
the preceding winter Nino3.4 SST was only —0.23 for
the period 1979-2011 (Fig. 1), which is not significant
at the 90% confidence level. In addition, the NAE
pattern that acts as a link between the North Atlantic
summer SST tripole and EASM was still robust after
removing the ENSO signals from the summer tripole
SST index and the atmospheric fields based on a linear
regression method using the winter-mean Nino3.4 SST
index (data not shown). Therefore, it appears that the
relationship between the North Atlantic summer SST
tripole and EASM is independent of ENSO during the
period analyzed in this study. Wu et al. (2011) sug-
gested that the North Atlantic SST tripole can have
an impact on Northeast China summer temperature,
independent of ENSO, which is in agreement with our
conclusions.

Previous numerical studies have suggested that
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SST anomalies in the extratropical North Atlantic
tend to have a considerable impact on atmospheric
circulation (Peng et al., 2003; Li, 2004). This raises
the possibility that extratropical SST anomalies cor-
responding to the North Atlantic summer SST tripole
may make a contribution to the linkage between the
tripole and the EASM, which is, however, hard to
identify by observational diagnosis due to the dom-
inant role of the atmosphere during the interannual
ocean—atmosphere interaction processes over this re-
gion. Though the numerical simulation by Watan-
abe and Kimoto (2000) revealed that the mid-latitude
SST anomaly corresponding to the North Atlantic SST
tripole has positive feedback on the anomalous atmo-
spheric circulation during winter, observational analy-
sis in this study indicated that its effect appears to be
relatively weak during summer. However, more stud-
ies are needed to identify the relative contribution of
the tropical and extratropical SST anomalies corre-
sponding to the North Atlantic summer SST tripole
by using climate models in which the atmospheric in-
trinsic variability could be well reproduced.
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