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Abstract

The tropical North Atlantic (TNA) sea surface temperature (SST) has been
identified as one of regulators on the boreal summer climate over the western North
Pacific (WNP), in addition to SSTs in the tropical Pacific and Indian Oceans. The
major physical process previously proposed is that the TNA warming induces a pair
of cyclonic circulation anomaly over the eastern Pacific and negative precipitation
anomalies over the eastern to central tropical Pacific, which in turn lead to an
anticyclonic circulation anomaly over the western to central north Pacific. This study
further demonstrates that the modulation of the TNA warming to the WNP summer
climate anomaly tends to be intensified under background of the weakened Atlantic
thermohaline circulation (THC) by using a water-hosing experiment. The result
suggests that the weakened THC induces a decrease in thermocline depth over the
TNA region that results in enhanced sensitivity of SST variability to wind anomalies
and thus intensification of the interannual variation of TNA SST. Under the weakened
THC, the atmospheric responses to the TNA warming are westward shifted,
enhancing the anticyclonic circulation and negative precipitation anomaly over the
WNP. This result supports the recent finding that the negative phase of the Atlantic
multidecadal oscillation (AMO) after the late 1960s has been favourable for the
strengthening of the connection between TNA SST variability and WNP summer

climate and has important implications for seasonal prediction and future projection
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of the WNP summer climate.

Key words: western North Pacific (WNP) summer climate; tropical North Atlantic
(TNA) SST; weakened Atlantic thermohaline circulation (THC); Atlantic

multidecadal oscillation (AMO)

1. Introduction

The western North Pacific (WNP) summer climate, as one of the most important
components in the Asian summer monsoon system, has been widely studied. The
WNP anticyclonic circulation (WNPAC) is closely related with the East Asian
monsoon in subseasonal to seasonal time scales (Kosaka et al. 2013; Lee et al. 2013;
Moon et al. 2013; Wang et al. 2014) and tropical storm (Wang et al. 2013). Thus,
better understanding of the WNPAC variability is of particular importance in
understanding the Asian summer monsoon system that is the most difficult challenge
in seasonal climate prediction (e.g., Kang et al. 2004; Wang et al. 2004, 2009, 2014;
Lee et al. 2010, 2011b; Kosaka et al. 2012; Sohn et al. 2012 and many others).

The WNPAC variability is mainly influenced by the EI Nifio Southern Oscillation
(ENSO; e.g., Chang et al. 2000; Wang et al. 2000, 2013; Chou et al. 2003; Wu et al.
2003; Yun et al. 2013; Lee et al. 2011a,b, 2014). Wang et al. (2000, 2013) pointed out
that EI Nifio heating over the central and eastern equatorial Pacific leads to an
anomalous WNPAC. In addition, the sea surface temperature (SST) anomaly in the

Indian Ocean, following the El Nifio events, contributes to the persistence of WNPAC
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(e.g., Yang et al. 2007; Li et al. 2008; Xie et al. 2009; Ding et al. 2010; Yun et al. 2010;
Chowdary et al. 2010, 2014; Kosaka et al. 2013). Thus, previous studies have focused
mainly on the impacts of ENSO-related SST anomalies over the Pacific Ocean and
Indian Ocean and less attention has been paid on the Atlantic Ocean.

There is increasing evidence of the remote impact of Atlantic Ocean on the
tropical Pacific Ocean and ENSO events (e.g., Rodriguez-Fonseca et al. 2009; Ding et
al. 2012; Kucharski et al. 2011; Ham et al. 2013; Hong et al. 2013). Kucharski et al.
(2011) showed that the warming over the Atlantic Ocean modulates the mean
atmospheric field over the tropical Pacific by inducing an anomalous Walker
circulation and leads to a cooling over the eastern tropical Pacific. Ham et al. (2013)
suggested that the SST anomaly over the tropical north Atlantic (TNA) could be a
trigger for El Nifio events by inducing an atmospheric teleconnetion over the tropical
Pacific.

Moreover, for the modulation of TNA SST on the WNP summer climate, Hong et
al. (2013) pointed out that the TNA warming could induce strong easterly and
increased precipitation anomalies over the eastern to central Pacific by using an
atmospheric general circulation model (AGCM). They highlighted the role of local
moisture feedback over the warm pool region in response to the TNA forcing rather
than the detailed mechanism of the teleconnection between TNA SST and WNP
summer climate. In addition, Hong et al. (2014) argued an enhancement of

relationship between TNA SST and WNP summer climate after the early 1980s.
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However, the detailed mechanisms responsible for this decadal change have not been
fully elucidated.

The connection between the Atlantic Ocean and Pacific Ocean has been increased
since the late 1960s (Polo et al. 2008; Rodriguez-Fonseca et al. 2009). This increased
relationship in the late 1960s seems to concur with a negative phase of the Atlantic
multidecadal oscillation (AMO) in observations (Knight et al. 2005), suggesting that
AMO might be an important factor that modulates the relationship between Atlantic
and Pacific. In addition, as a leading mode of multidecadal SST variability, the AMO
has influence not only on the Atlantic region but also on other ocean basins (e.g.,
Dong et al. 2006; Sutton and Hodson 2007; Li et al. 2008).

The observational records reveal a negative AMO phase during the late 1960s to
the 1990s, followed by a positive phase after the late 1990s (Knight et al. 2005). The
fluctuation of AMO can arise through the variation of Atlantic thermohaline
circulation (THC; e.g., Delworth and Mann 2000; Curry et al. 2003; Zhai and Sheldon
2012), although there is also evidence that changes in natural (e.g. volcanic) or
anthropogenic (aerosols) external forcing can exert an important influence (e.g.,
Ottera et al. 2010; Booth et al. 2012; Zhang et al. 2013). Furthermore, by using
coupled models, a substantially weakened THC could produce a negative phase of
AMO through a water-hosing experiment in which an extra freshwater flux is
artificially applied in the North Atlantic (e.g., Dong and Sutton 2002; Dahl et al. 2005;

Zhang and Delworth 2005; Dong and Sutton 2007, Haarsma et al. 2008; Laurian et al.
5



83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

2009; Lu and Dong 2008; Lu et al. 2008).

The weakened THC significantly influences both the mean states and interannual
variability of SST over the Atlantic (e.g., Polo et al. 2013). The climatological SST
changes exhibit as a cooling in the North Atlantic and a warming in the South
Atlantic, because of the pronounced decrease of northward ocean heat transport under
the weakened THC (e.g., Dong and Sutton 2002; Dahl et al. 2005; Zhang and
Delworth 2005; Timmermann et al. 2007). In addition, the interannual variability of
SST over the Atlantic Ocean can be modulated by the weakened THC (Haarsma et al.
2008; Polo et al. 2013). Polo et al. (2013) suggested an enhancement of tropical
Atlantic variability in boreal late spring-early summer, which is due to an increase in
the variance of wintertime ENSO through affecting anomalous surface heat fluxes.

Furthermore, the changes in the Atlantic Ocean under the weakened THC could
be extended to the Pacific. The SST anomalies over the Atlantic modulate the mean
states of wind filed over the tropical Pacific by the atmospheric bridge (e.g., Zhang
and Delworth 2005; Timmermann et al. 2007). In addition, this modulation further
affects the ENSO variability (Dong and Sutton 2007), the mean states of Asian
summer monsoon (Lu and Dong 2008) and the relationship between ENSO and south
Asian summer monsoon (Lu et al. 2008).

This study demonstrates how the impacts of TNA SST on the WNP summer
climate are strengthened under the background of weakened THC by comparing a

water-hosing sensitivity experiment with a control simulation. The model and
6
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experiments are described in Section 2. The robust impacts of TNA SST on the WNP
summer climate are first assessed in observations in Section 3. Section 4 demonstrates
the changes of TNA SST variability affecting WNP summer climate by the weakened
THC and Section 5 provides the observed evidence. The summary and discussion are

given in Section 6.

2. Model and experiment

The third version of the Hadley Centre Coupled Ocean—Atmosphere General
Circulation Model (HadCM3; Gordon et al. 2000) is used in this work. The
atmospheric component of HadCM3 has 19 levels with a horizontal resolution of 2.5°
latitude by 3.75° longitude (Pope et al. 2000), and the oceanic component has 20
levels with a horizontal resolution of 1.25° by 1.25°. The control simulation (CNTL)
uses pre-industrial atmospheric trace gas concentrations and incoming solar radiation
providing the only external forcing and maintains a stable climate (Gordon et al.
2000).

A water-hosing experiment (1Sv hereafter) is performed in which an extra
freshwater flux of 1.0 Sv (1 Sv=10° m® s™) is applied uniformly for 100 years to the
ocean surface of the North Atlantic between 50°N and 70°N. The external fresh water
flux is then switched off after model year 100 and integration continues for an
additional 100 years. This experiment is started with the same initial condition with

the CNTL (see more details from Dong and Sutton (2007)). The 1.0 Sv freshwater
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flux leads to quickly decrease of THC in the first four decades. After that, a stable
strength of THC, with a 70% weakening in comparison with that in the CNTL, is kept
for the last integration years (Dong and Sutton 2007). In this study, we analyze the
last 160 years of the 1Sv and compare with a parallel CNTL to highlight the impacts
of TNA SST anomaly on the WNP summer climate under the weakened THC. The
same simulations have been used to investigate the impacts of the weakened THC on
the interannual variability of TNA SST (Polo et al. 2013), the ENSO variability (Dong
and Sutton 2007), and the Asian summer monsoon climate (Lu and Dong 2008).

In addition, the observational datasets used in this study include the Hadley
Centre sea ice and sea surface temperature (HadISST; Rayner et al. 2003) with a
horizontal resolution of 1° by 1°) for the period of 1948-2012, and lower-tropospheric
circulation data from the National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR) reanalysis data with
horizontal resolution of 2.5° by 2.5° (Kalnay et al. 1996) within the same period.

Boreal summer June, July and August (JJA) is a major target season in this study.

3. Robust influence of Atlantic SST on the WNP

Figure 1 exhibits spatial distribution of JJA-mean SST anomalies related to the
WNPAC with and without ENSO influence, respectively, during the period of
1967-1997 when the AMO was in a negative phase in observations. Here, the strength

of WNPAC is defined by averaging 850-hPa stream-function anomalies over the
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region of 0°—25°N, 110°—145°E following Li et al. (2007). The strong WNPAC tends
to be associated with (1) the negative SST anomaly over the central and eastern
tropical Pacific, (2) the positive SST anomaly over the WNP and the North Indian
Ocean (NIO), and (3) the positive SST anomaly over the TNA as shown in Fig. 1a.
The relative contributions of simultaneous SST anomaly over different ocean regions
can be demonstrated by their correlation coefficients with the WNPAC index (Table.
1). The WNPAC is mainly correlated with the SST anomaly over the central (Nifio 4:
SST anomalies averaged over 5°S—5°N, 160°E—150°W) and the eastern (Nifio 3: SST
anomalies averaged over 5°S—5°N, 90°-150°W) tropical Pacific, which can be
recognized as strong ENSO signals. The SST over the TNA (averaged over 0°—20°N,
30°-80°W) plays a secondary role in the WNPAC, which is relatively weak,
compared with those associated with the ENSO signals. In addition, the SST anomaly
over the NIO (5°—20°N, 40°-100°E) and the WNP (5°—25°N, 110°-160°E) also
contribute to the WNPAC.

It is noted that the contribution of TNA SST to the WNPAC is intensified after
removing the ENSO influence. We use the Nifio 4 index to represent the ENSO signal,
since it not only has the strongest influence on the WNPAC, but also has the closest
relationship with both SST anomalies over the eastern tropical Pacific and Indian
Ocean (Table. 1). The impacts of Nifio 4 SST are first eliminated by using the linear
regression for the original SST and circulation field with respect to the Nifio 4 index,

and then the WNPAC and SST indices, as well as the regression analysis, are
9
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recalculated. The relationship between the TNA SST and WNPAC index is greatly
enhanced after the impacts of Nino 4 SST are removed, with a significant correlation
coefficient of 0.506 in comparison with 0.344 before. On the contrary, the correlation
coefficient of the WNPAC with the Nifio 3 index sharply decreased. In addition, the
correlation coefficient of WNPAC index with the TNA SST index is also stronger than
its correlations with NIO and WNP SST indices, although they have somewhat
increased, compared with originals. The results indicate that the WNP summer
climate could depends on the SST anomaly over the TNA in addition to the tropical
Pacific and Indian Oceans.

Figure 1b shows the regressions of SST anomalies onto the WNPAC index after
excluding the impacts of the Nifio 4 index. In comparison with the original SST
anomalies shown in Fig. 1a, SST anomalies over the tropical Pacific are considerably
weakened since the SST pattern related to ENSO has been removed. Moreover, the
SST over the TNA is enhanced, with a normalized SST anomaly increasing from 0.23
to 0.33. This figure indicates that the WNPAC is mainly related to the SST anomaly
over the TNA after excluding the impacts of Nifio 4 SST. Thus, in the following part,
in order to show the robust impact of TNA SST anomaly on the WNP summer climate,
the ENSO effect is first removed by using the linear regression with respect to the
Nifio 4 index.

To clearly demonstrate the variation of TNA SST and WNPAC indices and their

relationship, Fig. 2 shows the time series of these two indices during the period of
10
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1967-1997. The figure indicates large interannual variability for the TNA SST and
WNPAC indices. The positive correlation means that a TNA warming (cooling) is
associated with anomalous anticyclonic (cyclonic) circulation over the WNP.
Furthermore, after removing the impacts of Nifio 4 SST, this positive correlation is
significantly enhanced, indicating an intensified relationship between TNA SST
variability and the WNPAC without ENSO.

To illustrate causality , Fig. 3 shows the lead-lag correlation between
monthly-mean TNA SST and JJA-mean WNPAC indices, following Svendsen et al.
(2013). A significant positive correlation coefficient starts when TNA SST index is
leading seven month (Previous December). And the correlation coefficients are
stronger when the TNA SST is leading than those when the WNPAC is leading. The
results suggest that the TNA SST variability might be a cause for the WNPAC.
Moreover, the correlation between TNA SST and WNPAC are significant intensified
from spring to summer after eliminating the Nifio 4 SST impacts, which further
indicates that the modulation of TNA SST on the WNPAC is enhanced without ENSO
influence.

Figure 4 shows the SST anomalies associated with the WNPAC in the CNTL.
The model can reproduce the WNPAC-associated positive SST anomaly over the
TNA and Indian Ocean and the negative SST anomaly over the central and eastern
tropical Pacific, although the ENSO signal is extended to the western Pacific likely

due to the error of cold tongue extending too far westward in the coupled model
11
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(Collins et al. 2001). After excluding the impacts of Nifio 4 SST (Fig. 4b), on the one
hand, the area with significant positive SST anomaly over the TNA is broadened with
an intensified strength (the normalized TNA SST anomaly increases from 0.05 to
0.12). On the other hand, the SST anomalies over the tropical Pacific are weakened
[normalized Nifio 4 (Nifio 3) varies from -0.33 (-0.20) to 0.01 (0.09)]. Thus, the
CNTL not only captures the TNA warming associated with strong WNPAC, but also
reproduces the enhanced warming after excluding the impacts of Nifio 4 signal,
although the model slightly underestimates the strength of positive SST anomaly over

the TNA.

4. The impacts of the weakened THC

4.1 Mean and variability of the TNA SST

The impacts of the weakened THC on the TNA SST are first investigated by
comparing the 1Sv and CNTL results for 160 years. The difference of climatological
mean SST between the 1Sv and CNTL indicates that the SST response in the Atlantic
Ocean to the weakened THC is characterized by an interhemispheric asymmetry with
a cooling over the northern hemisphere and a warming over the southern hemisphere
(Fig. 5a). The North Atlantic SSTs decrease in a range from 1.0° to 5.0°C over the
region south of 45°N. The southern Atlantic warms by about 1.0°C-1.5°C, because of
decreased northward ocean heat transport under the weakened THC (Stouffer et al.

2006). This cooling of the North Atlantic and warming of the South Atlantic is
12
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consistent with previous coupled modeling studies (Dong and Sutton 2002; Dahl et al.
2005; Zhang and Delworth 2005) and with the multi-model results of Timmermann et
al. (2007). In addition to the local SST response, the weakened THC also induces a
cooling (about 1.0 °C) in the eastern tropical Pacific, which is associated with a
shallow thermocline there (Dong and Sutton 2007).

Figures 5b shows the differences of SST standard deviation between the two
experiments for the original SST field. Under the weakened THC, the interannual
variability of North Atlantic shows a significant enhancement. The increase of
amplitude for the TNA region is 0.55°C (from 0.33°C in the CNTL to 0.88 in the 1Sv).
In addition, the standard deviation of SST over the tropical eastern Pacific also
increases, which indicates the intensification of ENSO variability in the 1Sv (Dong
and Sutton 2007). Furthermore, after removing the ENSO impact by using the Nifio 4
index, the interannual variability of North Atlantic still increases in the 1Sv (Fig. 5c),
although the TNA SST is influenced partly by the ENSO variability (Alexander and
Scott 2002; Chiang and Sobel 2002). Over the TNA region, the standard deviation is
increased by 159% from 0.32°C to 0.83°C. The enhancement of TNA SST variability
without ENSO impacts might be due to the shallow thermocline and increased
thermocline feedback over the TNA under the weakened THC, because of the
decrease in the thermocline depth over the TNA (not shown). This is consistent with
Tokinaga and Xie (2011), who suggested that the local thermocline feedback is

another factor to affect the internnual variability over the tropical Atlantic besides
13
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ENSO. The enhancement for interannual variability of the TNA SST under the
weakened THC has been argued in Polo et al. (2013). In their study, however, the
increase in interannual tropical Atlantic variability is contributed by the intensified
ENSO variability. Our study further demonstrates the TNA variability independent
from ENSO can also be enhanced under the background of the weakened THC. In
short, both the mean states and interannual variability of SST over the TNA are

significantly changed under the weakened THC.

4.2 Impact on the WNP summer climate

This section discusses changes in the response of the WNPAC and WNP climate
to the TNA SST variability under the weakened THC by comparing the 1Sv and
CNTL. ENSO-related variability is removed in all of the analyses. Figure 6 shows
the regression patterns of lower-tropospheric stream-function onto the TNA index in
the two experiments. In the CNTL, the TNA warming is associated with a pair of
cyclonic anomalies located from the eastern Pacific to the western Atlantic and a pair
of anticyclonic anomalies that occurred in the western to central Pacific (Fig. 6a).
This wave-like pattern indicates a remote connection between the TNA and WNP.
Figure 6b indicates that the circulation anomalies associated with the TNA warming
exhibit a westward shift in the 1Sv. The central area for the cyclonic anomalies moves
to the eastern Pacific and that for the anticyclonic anomalies moves to the western

Pacific. Particularly, the WNPAC is significantly intensified in the 1Sv. The strength
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of the WNPAC is 0.81x10° m?s™ in the CNTL, but is 1.33x10° m®s™ in the 1Sv. The
enhancement of WNPAC indicates that the impacts of TNA SST on the WNP summer
climate are intensified by the weakened THC.

Figure 7 shows the pattern of 200-hPa velocity potential related to the TNA index
in the two experiments. The results further indicate a westward shift in the
atmospheric response to the TNA warming under the weakened THC. Corresponding
with the lower-tropospheric circulation anomaly, the upper troposphere also exhibits a
wave-like pattern with a divergence over the eastern Pacific to Atlantic Ocean and a
convergence over the western to central Pacific both in the CNTL and 1Sv, indicating
the role of large scale tropical divergent circulation for the connection between the
TNA SST and the WNP summer climate (e.g., Kucharski et al. 2011, Hong et al.
2013). However, this pattern extends westward in the 1Sv. The central area of
convergence shifts westward from the eastern tropical Pacific to the central tropical
Pacific, and therefore the strength of convergence over the WNP is intensified. The
results suggest that the tropical Atlantic and Pacific could be connected by a Walker
circulation anomaly induced by the TNA warming. Moreover, this Walker circulation
anomaly is westward extended and results in an intensified relationship between TNA
SST and WNP summer climate in the 1Sv, in compared to the CNTL.

Figure 8 shows the precipitation and 850-hPa wind anomalies associated with the
TNA index. In the CNTL, the TNA warming enhances the local convection activity

and leads to a strong positive precipitation anomaly over the TNA and eastern tropical
15
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Pacific. The western boundary of the positive precipitation anomaly is limited east of
110°W (Fig. 8a). The associated diabatic heating gives rise to a pair of
lower-tropospheric cyclonic anomalies over its western side (Fig. 6a) as a Gill-pattern
Rosshy wave response, which generates northeasterly on the western flank (Fig. 8a).
This wind anomaly is associated with a negative precipitation anomaly over the
central and eastern tropical Pacific through enhancing the wind speed, dry advection
(Xie 1999; Ham 2007) and resultant anomalous sinking motion (Fig. 7a). Furthermore,
the negative precipitation anomaly induces a pair of anticyclonic anomalies over the
western to central Pacific (Fig. 6a), with northerly flow on its eastern edge (Fig. 8a),
which further reinforces the negative precipitation anomaly. This strong positive
feedback between the precipitation and wind anomaly delivers the influence of the
Atlantic on the Pacific. It should be mentioned that Ham et al. (2013) has suggested
similar physical processes taking place in spring. Our study further indicates that the
connection between TNA SST and WNP climate by the atmospheric teleconnetion
also occurs in summer.

Figure 8b shows that the changes in precipitation and lower-tropospheric wind
anomaly associated with the TNA warming also occur in the 1Sv. The positive
precipitation anomalies in response to the TNA warming extend to the eastern
equatorial Pacific, with the west edge around 120°W (Fig. 8b). The corresponding
cyclonic anomaly extends to the eastern Pacific (Fig. 6b), which leads to the

anomalous sinking motion moving to the central tropical Pacific (Fig. 7b) and the
16
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330

negative precipitation anomaly shifting westward to the central to western tropical
Pacific (Fig. 8b). As a result, the anticylonic anomaly over the WNP, as well as the
local negative precipitation anomaly, is intensified (Fig. 8b).

The TNA SST anomaly and the WNP summer climate are linked by a coupled
interaction between convection and circulation. It can be explained as follows: the
TNA warming induces a pair of cyclonic circulation anomaly over the eastern Pacific
and negative precipitation anomaly over the eastern to central tropical Pacific, which
in turn leads to an anticyclonic circulation anomaly over the western to central north
Pacific. These processes occur both in CNTL and 1Sv, acting as a bridge to relay the
impacts of Atlantic to the WNP. However, in the 1Sv, the coupled interaction is
shifted westward and tends to enhance the WNPAC.

Figure 9 shows the SST anomalies related to the TNA warming, which could
explain the westward shift of teleconnection pattern associated with the TNA SST
change. Because the ENSO signal has been eliminated first, the strong SST anomaly
is mainly confined over the North Atlantic in the CNTL (Fig. 9a). In addition, the
cooling over the subtropical eastern Pacific is associated with the strong negative
precipitation there (Fig. 8a). In the 1Sv, however, associated with the TNA warming is
positive SST anomalies over the eastern tropical Pacific (Fig. 9b). These positive SST
anomalies are the response to the westward shift of coupled interaction over the
Pacific. The warming in the eastern tropical Pacific is caused by the westerly flow

over the equatorial eastern Pacific (Fig. 8b) through decreasing the easterly trades and
17
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suppressing the local upwelling. Even though this westerly flow also exists in the
CNTL, the thermocline over the equatorial eastern Pacific is shallower under the
weakened THC as illustrated in (Fig. 10. It can been seen that the thermocline depth
over the eastern equatorial Pacific is significantly decreased in the 1Sv with the
difference of D20 over the region 5°S—5°N, 60°-95°E of -16.37 m. The change of
thermocline depth over the tropical Pacific under the weakened THC is contributed to
by the anomalous Ekman pumping, associated with the anomalous wind stress
(Dong and Sutton 2007). Over the eastern tropical Pacific, the shallow thermocline in
the 1Sv is due to the increased Ekman upwelling induced by the local easterly wind
stress. The shallower thermocline over the equatorial eastern Pacific increases the
sensitivity of SST variability to local wind change. Therefore, the change of
thermocline depth over the eastern Pacific under the weakened THC plays a crucial
role in the enhancement of the impacts of TNA SST on the WNP summer climate by
westward shift of coupled interactions among SST, convection and circulation over

the tropical Pacific.

5. Observational evidence

Our finding of intensification in the impacts of the TNA SST on the WNPAC
under the weakened THC is further confirmed by observational evidence. Here a
positive AMO is combined by two periods of 1948-1966 and 1998-2012 (total of 34

years), comparing with a negative AMO represented by the period of 1967-1997 (31
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years). The linkage between the TNA SST and WNPAC in the positive phase of AMO
is weaker than that in the negative phase of AMO in observations. The correlation
coefficient between the TNA SST and WNPAC without ENSO influence is only 0.265
during the positive AMO, in contrast to a significant one of 0.506 in the negative
AMO. The results indicate that the negative phase of AMO, most likely related to a
weakened THC, is more in favour for a strong teleconnection between the TNA SST
and WNP summer climate than the positive AMO.

Figure 11 shows the circulation response to the TNA warming during the
negative and positive AMO phases, respectively. The enhancement in the connection
between the TNA SST and the WNPAC is further indicated by the strong circulation
anomalies over the WNP during the negative AMO than those during the positive one.
In the lower troposphere, the TNA warming induces a cyclonic anomaly over the
eastern tropical Pacific and an anticyclonic anomaly over the WNP in both negative
and positive AMO (Figs. 11a and c). However, the WNPAC shown in Fig. 11a is
strong and well organized, indicating a strong response of the WNP summer climate
to the TNA SST during the negative AMO, similar to those in the 1Sv (Fig. 6b). In the
period of the positive AMO, however, the circulation anomaly associated with the
TNA warming is much weaker (Fig. 11b). The weakened WNPAC implies a decrease
in the teleconnection between TNA and WNP during the positive AMO. The stronger
circulation response to the TNA warming in the negative AMO than that in the

positive AMO also shows in the upper troposphere. The convergence over the tropical
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Pacific is strong and extends to the WNP in the negative AMO (Fig. 11c), in
comparison with a weakened one in the positive AMO (Fig. 11d). Thus, the strong
linkage between the TNA SST and WNP summer climate in the negative AMO during
the late 1960s-1990s further confirms that the weakened THC (a negative AMO)
provides a favorable background for the enhancement of the teleconnection between

TNA SST and the WNPAC.

6. Summary and discussion

By using two experiments (CNTL and 1Sv) with the HadCM3, this study
demonstrates that the impacts of the TNA warming on the WNP summer climate tend
to be intensified under the background of the weakened THC (the negative AMO
phase in other word). Observational analysis also confirms modeling results.

The WNP summer climate is mainly regulated by the SST anomaly over the
tropical Pacific, the Indian Ocean and the TNA in observations. However, the SST
variabilities over the Indian Ocean and tropical Pacific are closely correlated with
each other, as well as with TNA SST variability. After excluding the ENSO influence,
the relationship between the TNA SST and WNPAC is greatly intensified,
highlighting the influence of the TNA SST on the WNP summer climate.The TNA
warming is associated with anomalous WNPAC during summer. The physical
processes connecting the TNA and the WNP are illustrated by the CNTL. On the one

hand, the TNA warming is associated with anomalous divergence from the eastern
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Pacific to Atlantic Ocean and anomalous convergence from the western to central
Pacific in the upper troposphere, indicating the role of large scale tropical divergent
circulation for the connection between the TNA SST and the WNP summer climate.
On the other hand, the positive SST anomaly over the TNA enhances the local
convection which gives rise to a cyclonic anomaly over the eastern Pacific by
inducing anomalous diabatic heating. The northeasterly flow on the western edge of
the cyclonic anomaly contributes to a negative precipitation over the eastern to central
tropical Pacific, which in turn generates the anticyclonic anomaly over the western to
central tropical Pacific. Moreover, the circulation and precipitation anomalies over
the tropical Pacific have a positive feedback to intensify each other. Therefore, the
coupled convection—circulation interaction over the Pacific associated with the TNA
SST anomaly delivers the impacts of TNA SST to the WNP.

The impacts of TNA SST on the WNP summer climate are intensified under the
weakened THC. In the 1Sv, the WNPAC and associated precipitation anomaly
response to the TNA warming are enhanced. This enhancement is due to the westward
shift of the teleconnection pattern related to the TNA SST. Under the weakened THC,
the thermocline over the eastern equatorial Pacific is shallower than that in the CNTL.
The shallow thermocline increases the sensitivity of SST to surface wind anomalies in
the eastern tropical Pacific. Meanwhile, the circulation and precipitation anomalies
associated with TNA warming are shifted westward. Especially, the anticyclonic

anomaly moves to the western Pacific, which leads to an enhanced WNPAC and
21
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strong negative precipitation anomaly there. This result indicates the role of changes
in mean states over the equatorial eastern Pacific by the weakened THC in increasing
the influence of TNA SST on the WNP summer climate.

It should be noted that the physical processes is obtained through the positive
TNA SST anomaly by linear regression analysis, but it also makes physical sense for
the negative TNA SST anomaly. The composite analysis of negative TNA SST
anomaly (not shown) suggested that the TNA cooling leads to a cyclonic circulation
anomaly over the western to central north Pacific in the CNTL. Moreover, under the
weakened THC, the TNA cooling extends to the eastern tropical Pacific, and the
atmospheric response to the TNA cooling are westward shifted and therefore
enhances the cyclonic circulation and positive precipitation anomaly over the WNP.
Thus, TNA cooling also have stronger impacts in the 1Sv than those in the CNTL.

In addition, considering theNifio 3 SST variability is strongest in DJF over the
tropical Pacific, the circulation response to the TNA after removing the impacts of
DJF-mean Nifio 3 variability is also investigated. The results indicate the WNPAC is
intensified in the 1Sv without the impacts of SST over the eastern tropical Pacific.
These indicate that the main conclusions are robust and they are not sensitive to how
the ENSO impacts are removed.The intensification in the impacts of TNA SST on the
WNPAC under the weakened THC is further confirmed by the stronger connection
between the TNA SST and the WNPAC in a negative phase of AMO than that in a

positive one in observations. During the late 1960s—1990s characterized as a negative
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AMO, the TNA SST is closely related to the WNP by inducing a strong WNPAC.
However, it should be mentioned that in observations, the circulation anomalies
associated with TNA warming do not exhibit a clear westward shift during the
negative phase of AMO, unlike the simulations, possibly due to the smaller sampling
size in observations and weaker SST anomalies associated with AMO compared with
those associated with substantial weakened THC.

The results presented in this study indicate the importance of the Atlantic SST
anomaly in modulating the WNP summer climate via a tropical teleconnection.
Furthermore, the changes in mean states on decadal timescale can modulate this
impact. Thus, more attention should be paid on the Atlantic SST for improving the

seasonal prediction of WNP summer climate.
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Captions

Table 1. Correlation coefficients among the indices in observations. The tropical
North Atlantic (TNA), Nifio 4, Nifio 3, North Indian Ocean (NIO), western North
Pacific (WNP) and the western North Pacific anticyclonic anomaly (WNPAC) indices
are defined as the anomalies averaged over the region (0°—20°N, 30°-80°W),
(5°S—5°N, 160°E—150°W), (5°S—5°N, 90°—150°W), (5°—20°N, 40°—100°E), (5-25°N,
110°-160°E) and (0°—25°N, 110°-145°E), respectively. The bold ones represent that
the partial correlation coefficients by removing the impacts of Nifio 4 index. One or
two asterisks represent the correlation coefficients are significant at 95% or 99%
confidence levels, respectively.

Fig. 1. Regression of normalized boreal summer months (JJA)-mean SST anomalies
onto the WNPAC index in observations. (a) Original SST anomalies. (b) SST
anomalies after removing the impact of Nifio 4 SST. The regions within the black
lines indicate where the anomalies are significant at 95% confidence level by F-test.
The dashed rectangles represent the regions to define the indices.

Fig. 2. Time series for the TNA (°C) and WNPAC (10° m?s™) indices for original data
(a) and after eliminating the Nifio 4 SST (b) from 1967 to 1997 in observations.

Fig. 3. Lead-lag correlation coefficients between monthly-mean TNA and JJA-mean

WNPAC indices from 1967 to 1997 in observations. Zero month (-1 month) means
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July (June) and left-hand (right-hand) side indicate TNA (WNPAC) leading. Black
and red lines represent the lead-lag correlation by original data and after eliminating
Nifio 4 SST impact, respectively. The dark dashed line represents the 95% confidence
level by t-test.

Fig. 4. Same as Fig. 1, but for the 160 years simulation of the CNTL.

Fig. 5. Differences of climatological mean SST (°C; a), interannual standard deviation
of SST anomalies (°C; b) and interannual standard deviation of SST anomalies after
removing the Nifio 4 index (°C; c) in JJA between the 1Sv and the CNTL. The regions
within the black lines indicate where the differences are significant at 95% confidence
level by t-test.

Fig. 6. Regression of 850-hPa stream function anomalies (10° m?s™) onto the TNA
index in the CNTL (a) and the 1Sv (b).

Fig. 7. Same as Fig. 6, but for the 200-hPa velocity potential anomalies (10° m?s™).
Fig. 8. Same as Fig. 6, but for the precipitation anomalies (mm day™) and 850-hPa
wind anomalies. For 850-hPa wind, only the anomalies are significant at 95%
confidence level by F-test are shown.

Fig. 9. Same as Fig. 6, but for the SST anomalies (°C).

Fig. 10. Differences of climatological mean depth of 20°C thermocline (D20; m) in
JJA between the 1Sv and the CNTL. The regions within the black lines indicate where
the differences are significant at 95% confidence level by t-test. The dashed rectangle

represents the region to calculate the difference of D20.
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672  Fig. 11. Same as Fig. 6, but for the 850-hPa stream-function anomalies (10° m*s™; left
673  panel) and 200-hPa velocity potential anomalies (10° m?s™; right panel) during the

674  negate phase of AMO (a, c) and the positive phase of AMO (b, d) in observations.
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Table 1. Correlation coefficients among the indices in observations. The tropical
North Atlantic (TNA), Nifio 4, Nifio 3, North Indian Ocean (NIO), western North
Pacific (WNP) and the western North Pacific anticyclonic anomaly (WNPAC) indices
are defined as the anomalies averaged over the region (0°—20°N, 30°—80°W),
(5°S—=5°N, 160°E—150°W), (5°S—5°N, 90°—150°W), (5°=20°N, 40°-100°E), (5—25°N,
110°-160°E) and (0°—25°N, 110°-145°E), respectively. The bold ones represent that
the partial correlation coefficients by removing the impacts of Nifio 4 index. One or
two asterisks represent the correlation coefficients are significant at 95% or 99%

confidence levels, respectively.

TNA Nifio 4 Nifio 3 NIO WNP

WNPAC 0.344 -0.375* -0.374* 0.194 0.316

Nifio 4 0.281 1.000 0.657** 0.417* 0.131
WNPAC

0.506** / -0.183 0.415* 0.398*

(-Nifio 4)
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Fig. 1. Regression of normalized boreal summer months (JJA)-mean SST anomalies
onto the WNPAC index in observations. (a) Original SST anomalies. (b) SST
anomalies after removing the impact of Nifio 4 SST. The regions within the black
lines indicate where the anomalies are significant at 95% confidence level by F-test.

The dashed rectangles represent the regions to define the indices.
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Fig. 2. Times series for the TNA (°C) and WNPAC (10° m?s™) indices for original

data (a) and after eliminating the Nifio 4 SST (b) from 1967 to 1997 in observations.
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Fig. 3. Lead-lag correlation coefficients between monthly-mean TNA and JJA-mean

WNPAC indices from 1967 to 1997 in observations. Zero month (-1 month) means

July (June) and left-hand (right-hand) side indicate TNA (WNPAC) leading. Black

and red lines represent the lead-lag correlation by original data and after eliminating

Nifio 4 SST impact, respectively. The dark dashed line represents the 95% confidence

level by t-test.
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(a) original
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Fig. 4. Same as Fig. 1, but for the 160 years simulation of the CNTL.
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(a) Clim_1Sv minus CNTL
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Fig. 5. Differences of climatological mean SST (°C; a), interannual standard deviation
of SST anomalies (°C; b) and interannual standard deviation of SST anomalies after
removing the Nifio 4 index (°C; c) in JJA between the 1Sv and the CNTL. The regions
within the black lines indicate where the differences are significant at 95% confidence

level by t-test.
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Fig. 6. Regression of 850-hPa stream function anomalies (10° m?s™) onto the TNA

index in the CNTL (a) and the 1Sv (b).



(a) CNTL_VP200
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Fig. 7. Same as Fig. 6, but for the 200-hPa velocity potential anomalies (10° m?s™).
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Fig. 8. Same as Fig. 6, but for the precipitation anomalies (mm day™) and 850-hPa
wind anomalies. For 850-hPa wind, only the anomalies are significant at 95%

confidence level by F-test are shown.
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Fig. 9. Same as Fig. 6, but for the SST anomalies (°C).
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Clim—D20_1Sv minus CNTL

70W 60W

Fig. 10. Differences of climatological mean depth of 20°C thermocline (D20; m) in
JJA between the 1Sv and the CNTL. The regions within the black lines indicate where
the differences are significant at 95% confidence level by t-test. The dashed rectangle

represents the region to calculate the difference of D20.
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Fig. 11. Same as Fig. 6, but for the 850-hPa stream-function anomalies (10° m?s™; left
panel) and 200-hPa velocity potential anomalies (10° m?s™; right panel) during the

negative phase of AMO (a, ¢) and the positive phase of AMO (b, d) in observations.
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