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ABSTRACT 

During El Niño-Southern Oscillation (ENSO) events, atmospheric teleconnections associated with sea surface 
temperature (SST) anomalies in the equatorial Pacific can influence the ocean thousands of kilometers away. We 
use several data sets to delineate this “atmospheric bridge” between ocean basins, focusing on two emerging 
research areas: 1) the evolution of atmosphere-ocean interactions in the tropical Indian-Western Pacific Oceans 
over the full ENSO cycle and 2) the formation of large amplitude SST anomalies in North Pacific in the summer 
before ENSO peaks. In ENSO composites [where events peak near the end of Yr(0)], an east-west SST dipole 
develops in the Indian Ocean during the summer-fall of Yr(0), followed by basin-wide warming through spring of 
Yr(1). The SST anomalies over most of the tropical west Pacific also reverse sign, from negative in summer of 
Yr(0) to positive in the following summer. Local air-sea interactions influence the evolution of these ENSO-
induced SST anomalies and related sea level pressure (SLP) and precipitation anomalies. Over the western North 
Pacific, the southward displacement of the jet stream and storm track in the summer of Yr(0) changes the solar 
radiation and latent heat flux at the surface, which results in anomalous cooling (and deepening) of the oceanic 
mixed layer at ~40ºN. The potential impact of both the tropical and North Pacific SST anomalies on the broader 
climate is discussed. 
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1. INTRODUCTION 

While the essential atmospheric and oceanic processes 
responsible for El Niño and the Southern Oscillation 
(ENSO) are contained within the tropical Pacific, ENSO 
impacts the global climate system. Some of the ENSO 
signal is communicated to remote locations via coastally 
trapped ocean waves that propagate poleward along the 
west coast of North and South America [Enfield and Allen, 
1980; Pares-Sierra and O’Brien, 1989], but most of the 
teleconnections are through the atmosphere [Alexander 
1992; Lau and Nath 1996, Alexander et al., 2002; Lau and 
Nath 2003]. The global atmospheric response to SST 
anomalies in the equatorial Pacific includes changes in the 
wind, temperature, moisture and cloud cover, which then 
alter the fluxes of heat, momentum and fresh water into the 
ocean. Through this “atmospheric bridge”, changes in the 
central and eastern equatorial Pacific Ocean are 
communicated to the global oceans via atmospheric 
teleconnections associated with ENSO.  

In general, ENSO begins in boreal spring, peaks in late 
fall/early winter and decays in the following spring. In 
addition, the extratropical atmospheric circulation 
anomalies associated with ENSO are strongest in northern 
winter. As a result, most studies of the atmospheric bridge 
have focused on boreal winter through the following spring. 
The roughly one season lag in the SST response to the 
atmospheric forcing is due to the large thermal inertia of the 
ocean. However, significant bridge-related changes in the 
climate system also occur in other seasons, including both 
the previous and following summers. 

The evolution of the atmospheric bridge is illustrated in 
Plate 1 by the difference in sea surface temperature (SST) 
between composites of El Niño and La Niña events for five 
two-month periods during the ENSO cycle: July-August 
[JA(0)], October-November[ON(0)], January-February 
[JF(1)], April-May [AM(1)] and July-August [JA(1)], 
where 0 denotes the year ENSO peaks and 1 the following 
year. Composites are constructed from ten El Niño (warm) 
events: 1957, 1965, 1969, 1972, 1976, 1982, 1987, 1991, 
1997, and 2002; and ten La Niña (cold) events: 1950, 1954, 
1955, 1964, 1970, 1973, 1975, 1988, 1998, and 1999 during 
1950-2003.   

If we first focus on boreal fall and winter (Plate 1b-c), the 
ENSO-related signal is strong with positive SSTs (>2.0ºC) 
over the eastern half of the tropical Pacific. Beyond the 
ENSO region, a reduction in the strength of the trade winds 
and the amount of cloud cover contribute to abnormally 
warm water in the tropical Atlantic by AM(1) [e.g., Covey 
and Hastenrath, 1978; Alexander and Scott, 2002; Wu et 
al., this volume] and over most of the Indian Ocean from 
ON(0) to AM(1) [e.g., Cadet, 1985; Nicholson, 1997; Klein 

et al., 1999]. In the North Pacific, strong cyclonic flow 
around an anomalously deep Aleutian low during El Niño 
events cools the central North Pacific and warms the water 
along the west coast of North America [e.g., Alexander, 
1992; Luksch, 1992; Lau and Nath, 1996; Alexander et al., 
2002, our Plates 1 and 2 b-d]. 

El Niño events, however, are already well established by 
JA(0), when warm water covers the equatorial Pacific 
(Plate 1a) and positive sea level pressure (SLP) anomalies 
are located over the eastern hemisphere and negative 
anomalies over the western hemisphere, characteristic of 
the negative phase of the Southern Oscillation [e.g. Wang 
and Picaut, this volume; our Plate 2a]. Unlike JF(1), SST 
anomalies are negative to the south of Indonesia in JA(0), 
but like the subsequent winter, they are positive over the 
western part of the tropical Indian Ocean, leading to an 
east-west dipole across the basin. The negative anomalies 
near Indonesia are part of an inter-hemispheric “horseshoe” 
pattern that extends from the North Pacific to the south-
central Pacific. Large amplitude negative SST anomalies 
have already begun to form in the western North Pacific by 
JA(0); indeed, one of the largest bridge-related signals 
occurs during late summer/early fall along ~40°N (Plate 1a 
and 1b). The composite El Niño minus La Niña SSTs 
normalized by the monthly standard deviation, shown in 
Figure 1, indicates the SST anomaly in the western North 
Pacific region reaches a minimum in September(0) of 
approximately -1½ times the standard deviation (a non-
normalized value of ~-1.5°C).   

By JA(1) ENSO has all but disappeared with negative 
SST anomalies along the equator in the eastern Pacific 
(Plate 1e). Nevertheless, many of the SST anomalies 
created by the atmospheric bridge, including those in the 
Indian Ocean, South China Sea and eastern North Pacific, 
peak in late winter or spring and then persist into early 
summer, albeit at a smaller amplitude (Plate 1 and Figure 
1).  

Plate 1 and Figure 1 indicate that the bridge-related SST 
anomalies vary greatly depending on the region and the 
phase of the ENSO cycle. Some of these features are fairly 
well understood, such as the atmospheric teleconnections to 
the North Pacific Ocean during boreal winter [as reviewed 
by Alexander et al., 2002] and the bridge to the tropical 
Atlantic [Wu et al., this volume and references therein].  In 
this article, we examine two emerging research foci of the 
atmospheric bridge phenomena. First, we review recent 
literature concerning the evolution of the atmosphere-ocean 
system in the tropical Indian and western Pacific Oceans 
over the course of the ENSO cycle. Second, we perform 
new analyses of processes that cause large-amplitude SST 
anomalies in the western North Pacific during the summer 
of Yr(0). In both regions, air-sea interactions in season
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Plate 1.  Anomalous SST is constructed by subtracting the composite of 10 El Niño events from the composite of 10 La
Niña events in the 1950-2003 period, for a) July-August [JA(0)], b) October-November [ON(0)], c) January-February
[JF(1)], d) April-May [AM(1)] and e) July-August [JA(1)], where 0 indicates the ENSO year and 1 the following year. The
shading (contour) interval is 0.25 (1.0) ºC. The values are obtained from the National Center for Environmental Prediction
(NCEP) reanalysis [Kalnay et al., 1996; Klister et al., 2001].  
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Plate 2. El Niño – La Niña composite sea level pressure (contours, base interval: 1.0 mb; with additional contours for +0.5 and +1.5
mb) and precipitation (shading, see scale at side), based on ENSO events in the 1982-2003 period, for a) JA(0), b) ON(0), c) JF(1), d)
AM(1), e) JA(1). The subtropical high pressure anomaly centers are identified by the labels N, S1 and S2. Results for the pressure and
precipitation fields are obtained using NCEP/NCAR reanalysis and CMAP data, respectively.  
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other than boreal winter have the potential to feedback on 
the broader climate system. 

2. INDIAN AND SUBTROPICAL WESTERN PACIFIC 
OCEANS 

To delineate the role of the atmosphere in communicating 
ENSO’s effect on the Indo-Pacific sector, the composite 
procedure adopted in Plate 1 has been applied to selected 
meteorological fields. The results for various stages of the 
ENSO life cycle are displayed in Figure 2 for surface wind 
vectors and Plate 2 for SLP (contours) and precipitation 
(shading). The patterns in Figure 2 are based on NCEP 
reanalysis data for the 10 warm and 10 cold events. The 
SLP and precipitation composites in Plate 2 are computed 
with NCEP reanalysis and Climate Prediction Center (CPC) 
Merged Analyses of Precipitation [CMAP, Xie and Arkin, 

1997] data, respectively, for the ENSO events occurring in 
1982-2002.  We use the CMAP data as they are considered 
more reliable than the precipitation estimates from NCEP 
reanalysis. Similar ENSO-related anomalies were found 
using precipitation and SLP for the composite of the 10 
warm – 10 cold ENSO events from reanalysis (not shown). 

The tropical atmospheric response to ENSO, the first 
element in the atmospheric bridge, is well established even 
during the very early stages of the ENSO cycle: surface 
convergence and precipitation are enhanced across the 
tropical Pacific from the South American coast to 160ºE 
between 0º-10ºN in JA(0) (Figure 2a and Plate 2a). These 
anomalies increase in magnitude and meridional extent 
through JF(1), then weaken by AM(1) and dissipate by 
JA(1). Changes in diabatic heating associated with the 
precipitation anomalies over the equatorial Pacific drive 
atmospheric circulation changes connecting the ENSO 
region to the tropical portion (25ºN-25ºS) of the Indian and 
West Pacific Oceans, as discussed in the following 
subsections.  

 2.1. Indian Ocean 

The most notable development in the SLP pattern during 
the JA(0)-JF(1) period is the emergence of a high anomaly 
center (denoted as S1 in Plate 2a-c) off the northwestern 
Australian coast. Stationary wave modeling [e.g., Wang et 
al. 2000, 2003; Lau et al., 2004a] indicates that this feature 
is a Rossby wave response to the reduced latent heating 
over the equatorial western Pacific and Indonesia (mainly 
due to the reduction in precipitation seen in Plate 2a-c), 
where the subsiding branch of the anomalous Walker 
Circulation resides during El Niño events. In the northern 
summer and early autumn, the climatological flow is 
directed northwestward over much of the Indian Ocean (IO) 
basin south of the Equator, and eastward just north of the 
Equator [e.g., Figure 1 in Schott and McCreary, 2001]. 
Hence the anomalous circulation in the vicinity of S1 from 
June to October (Figure 2a-b) is associated with above-
normal wind speeds (not shown) over the waters off the 
Sumatra/Java coasts, which enhance heat loss from the 
ocean as well as coastal upwelling [e.g. Murtugudde et al., 
2000; Iizuka and Matsura, 2000; Li et al., 2002; Lau and 
Nath, 2004]. These processes contribute to the occurrence 
of cold SST anomalies forming off the southern coasts of 
Java and Sumatra, and the northwestern coast of Australia 
(Plate 1a-b and Figure 1). Conversely, the below-normal 
wind speeds on the western flank of S1 as well as over the 
central equatorial IO during austral spring are accompanied 
by decreases in the oceanic heat loss and SST warming.  
This east-west SST contrast peaks in boreal fall, as 
indicated by the difference between the composite SST 
anomalies in the northwest and southeast IO regions (Plate 
1b and Figure 1). 

0 1

 
Figure 1.  a) Indo-Pacific regions where the ENSO SST signal
is strong. b) El Niño – La Niña composite SST from Feb(0) to
Aug(1) normalized by the SST standard deviation in each
calendar month for the regions shown in (a). The regions are
located in the central equatorial Pacific (ENSO; 5ºS-5ºN,
172ºE-120ºW), Western North Pacific (WNP; 35ºN-45ºN,
150ºE-180º), Central North Pacific (28ºN-42ºN, 170ºW-
150ºW), northwest Indian Ocean (0º-15ºN, 50ºE-80ºE),
southeast Indian Ocean (0º-20ºS, 100ºE-130ºE), and the South
China Sea (10ºN-20ºN, 110ºE-120ºE). While the magnitude of
the ENSO anomalies is much larger in winter than in summer,
the weak summer variability results in nearly uniform
normalized ENSO SST anomalies from August(0) to
January(1). 
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Figure 2. El Niño – La Niña composite surface vector winds (scale vector upper left corner of each panel), for (a)
JA(0), (b) ON(0), (c) JF(1), (d) AM(1), and (e) JA(1). Values are from NCEP/NCAR reanalysis data for the period
1950-2003. Note that scale vector in (a)-(c) differs from that in (d)-(e). 
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The overall SST, wind circulation, SLP and precipitation 
patterns in Plate 1b, Figure 2b and Plate 2b bear a strong 
resemblance to those associated with a prominent “dipole 
mode” of atmosphere-ocean variability in the IO basin, as 
described by Saji et al. [1999] and Webster et al. [1999]. 
The appearance of this characteristic mode in the ENSO-
based composites presented here suggests that ENSO 
events could play a considerable role in the zonally 
asymmetric SST anomaly pattern occurring in IO during the 
boreal summer and autumn. The influence of ENSO on 
atmosphere-ocean variability in the IO sector have been 
emphasized in the observational analysis of Allan et al. 
[2001] and Hendon [2003], and the modeling studies of Lau 
and Nath [2004] and Shinoda et al. [2004]. There exists, 
however, empirical and model evidence for the occurrence 
of anomalous events with an east-west SST contrast when 
ENSO is absent in the tropical Pacific [Saji and Yamagata, 
2003; Lau and Nath, 2004; Yamagata et al., this volume]. 

With the approach of the summer monsoon season over 
northern Australia, the climatological flow above the waters 
south of Sumatra/Java switches from easterly to westerly by 
November and remains westerly through February [e.g., 
Shinoda et al., 2004]. The southeasterly wind anomaly 
occurring at this time and location (Figure 2b-c) is therefore 
directed against the time mean circulation. The resulting 
decrease of the local wind speed reduces both oceanic heat 
loss and upwelling, reversing the cold SST anomaly in the 
eastern IO south of the Equator [Li et al., 2003; Lau and 
Nath, 2004]. The northwesterly wind anomalies situated to 
the west of S1, suppress the wind speed over the south 
central IO through JF(1), and thus enhance the warm SST 
anomaly in that region. The contributions of surface latent 
heat fluxes to SST changes in various parts of IO during 
ENSO have previously been emphasized in the observa-
tional analyses of Yu and Rienecker [1999] and modeling 
studies of Behera et al. [2000] and Venzke et al. [2000].  
Rossby waves generated by anomalous winds in the 
southwestern IO may also lead to basin-wide warming by 
JF(0) [Chambers et al., 1999]. 

During ON(0), below normal precipitation prevails over 
the cold SST anomaly in the eastern tropical IO, whereas 
wet conditions occur over the warm anomaly off the eastern 
African coast (Plates 1b and 2b). The dryness over the 
eastern IO is accompanied by reduced cloud cover and 
enhanced shortwave heating of the ocean surface, resulting 
in the dissipation of the cold SST anomaly in that region 
[Klein et al., 1999; Li et al., 2002; Shinoda et al., 2004].  

In the boreal winter and spring of Yr(1), a broad positive 
precipitation anomaly extends across the IO south of the 
Equator (Plate 2c-d), where above-normal SST prevails 
(Plate 1c-d). During the AM(1) period (Figure 2d), both the 
orientation of the anomalous cross-equatorial flow from the 
northern IO towards this rainbelt, and the development of 
cyclonic circulation in the surface wind field over 0º-30ºS, 

60ºE-90ºE, situated to the west of the precipitation 
maximum, suggest that these atmospheric circulation 
features are the response to the underlying SST anomaly 
pattern and the associated condensational heating aloft [e.g., 
see discussions in Hoskins and Karoly, 1981; Xie et al., 
2002]. Hence the SST changes in the IO basin, which were 
partially driven by the atmospheric bridge mechanism in the 
previous seasons, influence the atmospheric circulation in 
AM(1).  

 2.2. Subtropical Western Pacific 

The atmospheric pattern over the South China and 
Philippine Seas during the summer of Yr(0) is characterized 
by cyclonic wind anomalies (westward winds near 20ºN 
and eastward winds near 10ºN in Figure 2a) and more 
intense rainfall (Plate 2a). These features are indicative of a 
more eastward extension of the summer monsoon trough to 
the subtropical western North Pacific, and are probably 
associated with the Rossby wave response to the latent heat 
release accompanying the enhanced precipitation near the 
dateline during El Niño events (Plate 2a). The attendant 
increase in surface wind speed is conducive to below 
normal SST along the Chinese coast and the Philippine Sea. 

High pressure anomalies, denoted by S2 and N, appear 
over the northeastern Australian coast and the South China 
Sea in JA(0) and ON(0), respectively (Plates 2a and 2b), 
these features migrate eastward in the following months 
(Plates 2c-2d). Results from mechanistic models [Wang et 
al., 2003; Lau et al., 2004a] indicate that, in analogy with 
the forcing of S1, the high centers in the western Pacific are 
also Rossby-wave responses to the below-normal 
condensational heating in the Indonesian sector. Over the 
subtropical northwestern Pacific, the time mean circulation 
in the northern autumn and winter seasons is dominated by 
the northeasterly monsoon off the eastern Asian seaboard 
[e.g., Lau and Nath, 2000]. The southwesterly anomalous 
flow on the northwestern flank of the anticyclonic center N 
impedes the strength of the climatological monsoon 
(Figures 2b and 2c), thereby warming the waters in the 
South China and East China Seas in ON(0) and JF(1) [Plate 
1, also see Wang et al., 2000 and Lau et al., 2004a]. On the 
other hand, the northwesterly anomalous circulation located 
southeast of N in ON(0) is coincident with increased wind 
speeds and SST cooling; as discussed in greater detail by 
Wang et al. [2000]. An analogous set of local relationships 
between the mean circulation and the anomalies in the wind 
and SST fields is discernible among the features associated 
with S2. The superposition of the anomalous 
counterclockwise circulation on the climatological 
southeasterly flow in that region results in below normal 
wind speeds and warm SSTs off the southeast Australian 
coast.  
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The anomalous precipitation pattern over the 
northwestern subtropical Pacific in ON(0)-JF(1) (Plate 2b-
2c) is characterized by dryness in the vicinity of N. Due to 
weakening of the dry winter monsoon over East Asia 
[Wang et al., 2000], above-normal precipitation amounts 
are seen over the East China Sea. 

In AM(1), the anomalous anticyclonic circulation around 
the high pressure anomaly N remains clearly evident 
(Figure 2d and Plate 2d), with the center of N extending 
slightly farther to the northeast relative to its locations in 
the previous autumn and winter. The observational and 
model evidence presented by Wang and Zhang [2002], 
Wang et al. [2003] and Lau et al. [2004a] imply that local 
air-sea thermodynamic feedbacks play a crucial role in the 
sustenance and eastward migration of N. Anomalous high 
pressure and dry conditions are still evident in JA(1) over 
much of the subtropical western North Pacific from the 
Chinese coast  to ~170ºE (Plate 2e). 

2.3.Discussion 

Comparison of the composite patterns over both the 
Indian and the subtropical western Pacific Oceans for JA(0) 
and JA(1) reveals interesting differences between anomalies 
occurring during northern summer in the two consecutive 
years. Of particular note is the transition to the east of the 
Phillipines from cyclonic circulation and enhanced rainfall 
in Yr(0) to anticyclonic circulation and reduced rainfall in 
Yr(1). The switch in polarity (from cold to warm) of the 
SST anomaly in the eastern portion of the IO basin is 
related to a local reduction in precipitation in Yr(0) and 
enhanced precipitation in Yr(1). The tendency for the 
anomalies in the above locations to change their polarities 
from one year to the next is one facet of the Tropospheric 
Biennial Oscillation (TBO) of Asian-Australian monsoon 
system [see the review by Meehl, 1997]. The results and 
discussions presented in this section suggest that the 
seasonal dependence of local air-sea coupling as well as 
responses of the atmosphere-ocean system in the Indo-
Pacific to remote ENSO forcing is an important factor for 
understanding the origin of some of the phenomena 
associated with the TBO. 

Tropical SST anomalies associated with the atmospheric 
bridge influence the large-scale atmospheric circulation 
well after ENSO has peaked. The persistence of tropical 
SST anomalies outside the equatorial east Pacific 
contributes to the delayed atmospheric response to ENSO: 
e.g. the zonal mean 200 mb height anomalies between 
30ºN-30ºS are three times stronger in the summer of Yr(1) 
than the summer of Yr(0), despite stronger SST anomalies 
in the Niño region in Yr (0) [Kumar and Hoerling, 2003].  
ENSO-induced SST anomalies in the Indo-Western Pacific 
sector also exert a strong influence on the Asian monsoon 
system, where the accompanying redistribution of 
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Figure 3.  Scatter diagram of the SST anomalies (ºC) in AS(0)
relative to the 1950-2003 mean, in the ENSO and WNP
regions (domains shown in Figure 1a). The values of the ten
individual El Niño (La Niña) events are enclosed in circles
(squares) and the composite average is denoted by a W (C).   
condensational heat sources and sinks leads to marked 
changes in the strength and position of the Asian jet stream 
[Lau et al., 2004b]. The effects of these atmospheric per-
turbations are extended eastward across the extratropical 
North Pacific through dynamical interactions between the 
quasi-stationary flow and synoptic-scale transient eddies, 
such as those described in Section 3.1. Lau et al. [2004b] 
further noted that this chain of processes contributes to 
summertime anomalies in the zonally averaged circulation 
in midlatitudes, as well as the regional climate over North 
America (e.g., occurrence of droughts and prolonged heat 
waves). 

3. NORTH PACIFIC IN SUMMER OF YR(0) 

3.1. SST 

In overviews of the SST and atmospheric surface changes 
that typically occur during ENSO periods, Harrison and 
Larkin [1998], Wang [2002], and Park and Leovy [2004] 
found that cold SST anomalies are centered along ~40ºN in 
the western half of the North Pacific in summer and fall of 
Yr(0). These negative summertime SST anomalies are also 
readily apparent from the leading mode of SST variability 
based on rotated empirical orthogonal functions (EOFs) of 
Pacific SST variability in all calendar months [Barlow et 
al., 2001]. We examine the association between SST 
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anomalies in the central-eastern equatorial Pacific and the 
western North Pacific (the ENSO and WNP regions shown 
in Figure 1a) via a scatter diagram of the departures of 
SSTs in Aug-Sep in the years 1950-2002 from their long-
term mean over this period in Figure 3. The relationship 
between SSTs in the ENSO and WNP regions is quite 
strong: i) the correlation between the two regions over all 
52 summers is -0.49 (significant at the 99% level), ii) the 
composite difference between the warm and cold phases of 
ENSO is ~-1.45ºC in the northwest Pacific (significant at 
the 99% level), and iii) the SST anomalies in the northwest 
region are negative in 9 of 10 El Niño events and positive in 
8 of 10 La Niña events.  While the negative SST anomalies 
in the northwest Pacific region are somewhat larger in 
amplitude and exhibit less scatter then the positive 
anomalies, it is unclear whether this represents a non-linear 
difference in the remote oceanic response to the warm and 
cold phases of ENSO, or is merely due to the limited 
number of samples. The atmospheric and oceanic processes 
that contribute to the formation of North Pacific SST 
anomalies during the summer of ENSO events are 
examined in the following subsections. 

3.2. Atmospheric Circulation 

The atmospheric response to ENSO is not confined to the 
tropics, and teleconnections to the Pacific North American 
sector occur during much of the ENSO cycle. The 
dynamical link between the tropics and extratropics [as re 

viewed by Trenberth et al., 1998] are complex involving 
the excitation of Rossby waves by tropical convection, the 
propagation of these waves to midlatitudes and their 
subsequent interaction with asymmetries in the zonal mean 
flow and with midlatitude storm tracks.  

 
 

Figure 4. The climatological mean zonal wind (contours, interval: 5 m s-1) during July-August and composite El Niño – La Niña
zonal wind (shading, scale at bottom; regions > 3 m s-1 enclosed by a dot-dash line) during JA(0) from NCEP reanalysis for ENSO
events between 1950-2003. 

While most studies of the atmospheric processes linking 
the tropics and extratropics were based on conditions during 
boreal winter, the few investigations that considered other 
seasons found that there could be strong teleconnections in 
summer as well. The initial analyses of ENSO-related 
teleconnections in summer were motivated by the severe 
drought in the central United States during the summer of 
1988 [Trenberth et al., 1988; Mo et al., 1991; Palmer and 
Brankovic, 1989; Trenberth and Branstator, 1992]. Several 
factors may enable ENSO to influence the extratropical 
circulation in summer despite the broad latitudinal extent of 
the mean easterlies in the tropical troposphere that act as a 
barrier to Rossby wave propagation. These include SST and 
precipitation (heating) anomalies in the subtropics (e.g. see 
Plates 1a and 2a), Rossby waves created by local divergent 
circulations, and longitudinal and/or height variations in the 
mean zonal wind that allow Rossby waves to propagate to 
the midlatitudes [Nitta 1986, 1987; Lau and Peng, 1992; 
Chen and Yen, 1993; Trenberth and Branstator, 1992; 
Grimm and Silva Dias, 1995; Newman and Sardeshmukh, 
1998]. Heating anomalies associated with the Asian 
monsoon [Lau and Weng, 2002] and ENSO induced 
changes in extratropical transients [Kok and Opsteegh, 

 8
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19

enc

85] may also contribute to the height anomalies over the 
North Pacific in summer.  

Here we examine the circulation and storm track 
anomalies over the North Pacific in summer of Yr(0). 
During JA (0), positive (negative) zonal wind anomalies 
form to the south (north) of the climatological mean jet axis 
at ~40ºN over eastern Asia and the western half of the 
North Pacific (Figure 4). The anomalies are approximately 
25-50% of the mean winds, representing a substantial 
southward shift in the Asian-Pacific jet. (The mean jet is 
about ½ as strong and ~15º farther north in summer than in 
midwinter). The El Niño-La Niña composite differ e in 
the Pacific storm track, as measured by the band pass (2-8 
day) filtered meridional heat transport at 850 mb ( ' 'v T ), is 
shown in Figure 5. Like the seasonal mean changes in the 
jet stream, the anomalous eddy heat transport also indicates 
a 

i

A (0
derived from the contribution of the band pass filtered eddy 

southward shift in the storm track over much of the North 
Pacific.  

Following previous studies of the relationship between 
the low frequency circulation anomalies and synoptic 
eddies in winter [e.g. Lau and Holopa nen, 1984; Lau, 
1988], we compare the anomalous geopotential height (z) 
and eddy induced height tendency ( tz ) in the upper 
troposphere in summer; presented here as the difference 
between El Niño and La Niña composites of both quantities 
at 200 mb averaged over J ). The synoptic forcing is 

vorticity flux divergence ( ' 'v ς∇ ⋅ r ) to the vorticity tendency 
at the 200 mb level, and then converting the vorticity 
tendency to height tende  assuming geostrophy, e.g. ncy by

 
Figure 5. The climatological mean eddy meridional heat transport ( ' 'v T ) (contours, interval: 0.5ºCm s-1) during July-August and El
Niño – La Niña composite 'v T '  (shading, scale at bottom; regions > 0.5ºCm s-1 enclosed by a dot-dash line) at 850 mb during JA(0).
The prime denotes the departure from the monthly mean that is then band pass (2-8 day) filtered and an overbar denotes the time
average over JA. The values were obtained from NCEP reanalysis for ENSO events between 1950-2003. 

( )2 ' 'fz v ς−= ∇ ∇ ⋅ rt g
where f the Coriolis parameter, g the acceleration due to 
gravity, vr  the horizontal wind vector, ς  the vorticity. The 
changes in the jet (Figure 4) are consistent with geostrophic 
flow around a negative z anomaly that extends from central 
Asia to the central Pacific along 45ºN and positive anomaly 
over eastern Siberia (contours in Figure 6); this pair of 
anomalies resembles the Pacific-Japan pattern [Nitta, 1987] 
and the North Pacific teleconnection pattern (Barnston and 
Livezey, 1987). The synoptic forcing (shading) is large 
( tz >5 md-1) and nearly collocated with the height 
anomalies, suggesting that the synoptic eddies strong  
contribute to the seasonal circulation anomalies. The tz  
anomalies, however, are displaced slightly to the we f 
the z anomalies. The time scale of the eddy forcing, / tz z , 
is ~10 days, indicating that horizontal eddy forcing in the 
upper troposphere is rapid enough to generate the observed 
summer height anomalies. Results from previous studies 
[e.g. Ting and Lau, 1993] indicate that other processes, 
such as eddy heat flux forcing, diffusion, etc

ly

st

 ., som  
pensate the height changes initiated . 

 o

hatew
co

 
 by tz

,                        (1) 

m
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exceeds 60% north of ~40ºN and rapidly decreases towards 
the subtropics [Weaver and Ramanathan, 1996; Norris and 
Leovy, 1994]. The leading interannual pattern of stratus 
cloud variability in summer is located where the gradient in 
the mean cloud amount is strongest, i.e. the central and west 
Pacific between about 30ºN-45ºN, and is associated with 
meridional displacements in the storm track and the 
underlying SST [Norris, 2000]. Recently, Park and Leovy 
[2004] found that much of the interannual fluctuations in 
the storm track, cloud amount and SST over the North 
Pacific in summer are associated with ENSO variability.  
The changes in the storm track and cloud amount (not 
shown) are consistent with enhanced precipitation and 
reduced SLP in the vicinity of 40ºN, 170ºW during El Niño 
relative to La Niña events (Plate 2a). The passage of more 
and/or stronger synoptic disturbances cools the ocean by 
increasing cloudiness, which reduces the solar radiation 
reaching the surface. 

 

Figure 6. The El Niño – La Niña composite geopotential height (contours, interval: 10 m) and the eddy induced height tendency
(shading, scale at bottom; regions > 2m d-1 enclosed by a dot-dash line) at 200 mb during JA (0). The height tendency, is given by
equation (1). The values were obtained from NCEP reanalysis for ENSO events between 1950-2003. 

3.3. Surface fluxes 

The ENSO-driven atmospheric circulation changes over 
the North Pacific influence the SST directly via the net heat 
flux and indirectly via momentum and fresh water fluxes 
that subsequently affect ocean currents and turbulent 
 
Figure 7.  Composite El Niño – La Niña a) net heat flux into the
ocean (Qnet) and b) Ekman heat transport in flux form (Qek) in
JA(0) during ENSO events from 1983-2000. In (a) the contour
interval is 10W m-2 and shading transitions occur at –10, -20 and
–40 W m-2, in (b) the shading and contour intervals are both 5 W
m-2. The radiative fluxes used in Qnet are derived from satellite
data [Zhang and Rossow; 2003], while the sensible and latent
fluxes used to compute Qnet are derived from NCEP reanalysis.
Reanalysis is also used to compute Qek in equation (2).  
In addition to interacting with the large-scale circulation 
patterns, synoptic eddies also influence clouds. Low clouds 
associated with traveling cyclones are prevalent over the 
North Pacific during summer, where the cloud fraction 

mixing. Here we consider two key factors that influence 
SST anomalies on interannual time scales: the net surface 
heat flux (Qnet) and the Ekman heat transport in flux form:  
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ek y x
cQ SST SST
f x y

τ τ ∂ ∂= − + ∂ ∂ 
,              (2) 

where c is the specific heat of seawater, parameter, τx and τy 
are the zonal and meridional components of the surface 
wind stress.  

The net surface heat flux depends on four components: 
the short wave (Qsw) and long wave (Qlw) radiation, and the 
sensible (Qsh) and latent (Qlh) heat flux. The Qsh and Qlh 
values used here are from NCEP reanalysis. However, the 
Qsw values from reanalysis have been shown to have large 
errors [e.g. Scott and Alexander, 1999], so we use the Qsw 
and Qlw estimates derived from the International Satellite 
Cloud Climatology Project [ISCCP; Zhang et al., 1995; 
Rossow and Zhang, 1995, Zhang and Rossow, 2004]. The 
flux composites presented in Figures 7 and 8 are based on 
ENSO events from 1983-2000, the period when radiative 
fluxes derived from ISSCP data are available. The El Niño 
– La Niña composites of Qnet and Qek for JA(0) are 
displayed in Figure 7, when the SST decreases rapidly in 

the western North Pacific (WNP) region (Plate 1 and Figure 
1). The WNP region is strongly cooled by Qnet, as indicated 
by negative values (< -40 W m-2) between approximately 
150ºE-180º, 35ºN-42ºN. The Qek anomalies, while much 
smaller, also cool the ocean between 30ºN-45ºN from Japan 
to the dateline (Figure 7b). This anomalous cooling is 
located about ~5º further south in the ENSO composite 
based on all events between 1950-2003 (not shown), which 
s consistent with the anomalous westerly winds between 
approximately 25ºN-38ºN (Figure 2a) that enhance the 
southward transport of cold water in the western North 
Pacific.   

 

Figure 8. Composite El Niño – La Niña surface a) shortwave
(Qsw), b) longwave (Qlw)  c) sensible (Qsh) and d) latent (Qlh),
fluxes in JA(0) during ENSO events from 1983-2000. The contour
interval is 5 Wm-2. Shading interval indicated by scale at bottom. 

The ENSO composite anomalies for each of the four flux 
components are presented in Figure 8. Unlike winter, when 
Qsw anomalies are negligible, during JA(0) the ENSO-
related shortwave radiation anomalies have the largest 
magnitude of the four components. Qsw cools the ocean in 
the vicinity of 35ºN, 170ºE, consistent with the ENSO-
induced increase in low-level clouds [Park and Leovy, 
2004] and precipitation over the northwest Pacific (Plate 
2a). The Qlw and Qsw radiation anomalies tend to be of 
opposite sign but the former are of modest amplitude. The 
anomalous Qlh and to a lesser degree Qsh also cool the WNP 
region, although they are located slightly west of the main 
Qsw anomaly center. 

3.4. Mixed layer depth 

The surface layer of the ocean is generally well mixed, 
and as a result, the temperature and salinity is nearly 
uniform over this layer. In winter, the climatological MLD 
over the North Pacific ranges from approximately 100 m 
along the west coast of the United States to 250 m to the 
east of Japan [e.g. White, 1995; Monterey and Levitus, 
1997], and the mixed layer depth (MLD) anomalies 
associated with El Niño events exceed 15 m in the central 
North Pacific [Alexander et al., 2002]. As the wind stirring 
and negative buoyancy forcing (surface cooling) decrease 
from winter to spring, the climatological mixed layer shoals 
rapidly and is on the order of 15-20 m during the summer 
over the North Pacific Ocean [Monterey and Levitus, 1997, 
our Figure 9]. During El Niño events, the southward shift in 
the storm track, and the associated changes in surface winds 
and heat flux, act to deepen (shoal) the mixed layer from 
35ºN-46ºN (48ºN-55ºN) across much of the Pacific in JA(0) 
(Figure 9). While the amplitude of the ENSO-related mixed 
layer depth anomalies is smaller in summer compared to 
winter, the MLD is approximately 10-30% greater during 
El Niño than La Niña events during late summer/early fall 
in the WNP region and 30-50% in a sub-region centered 
slightly to the east (Figures 9 and 10), comparable to or 
even larger than the fractional change in MLD during 
winter.  
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3.5. SST Tendency 

The vertical distribution of the temperature anomalies in 
the WNP region as a function of the ENSO cycle is shown 
in Figure 10a, based on output from the NCEP Ocean 
assimilation system [Derber and Rosati, 1989; Ji. et al., 
1995] during 1982-2003. Clearly, the ENSO-induced 
temperature anomalies in the WNP region are confined to 
the mixed layer through the first year of the ENSO cycle. 
The mixed layer temperature is influenced by the surface 
heat flux, Ekman and geostrophic transports, penetrating 
solar radiation, and entrainment of water through the base 
of the mixed layer [e.g. Frankignoul, 1985]. For well-mixed 
surface layers the SST tendency is determined by the fluxes 
into the mixed layer integrated over the MLD. As a result, 
the ENSO-induced SST response to the same forcing is 
much greater in AS(0) compared to JF(1), since the mean 
MLD in the northwest Pacific is approximately an order of 
magnitude smaller during summer compared to winter. 

The ENSO-related ocean temperature anomalies are 
likely driven by local processes, since they develop rapidly 
and are confined to the thin surface layer; advection by 
geostrophic currents is a relatively slow process and 
operates over depths that are much greater than the MLD.  
We examine the extent to which the North Pacific SST 
anomalies are driven by surface fluxes and Ekman transport 
by comparing the inferred SST tendency, given by 

[ ]t net ekQ Q Q cMLDρ= + ,                      (3) 

where ρ is the density of seawater) to the actual SST 
tendency (SSTt). Qt is computed using three data sets: Qlh 
and Qsh are from NCEP reanalysis [Kistler et al., 2001], Qsw 
and Qlw are derived from ISCCP data [Zhang and Rossow, 
2003] and the MLD is based on ocean temperature profiles 
[White, 1995]. The composite ENSO anomalies of Qt 
(contours) and SSTt (shaded) are shown over the North 
Pacific during JA(0) in Plate 3. Both Qt and SSTt indicate 
rapid cooling in the western North Pacific (32ºN-45ºN, 
150ºE-180º), with smaller areas of anomalous warming and 
cooling in the central and eastern parts of the basin, 
respectively. In the WNP, the deeper MLD during El Niño 
compared to La Niña events (Figures 9 and 10) acts to 
amplify the anomalous SST tendency in the latter, since the 
forcing is integrated over a thinner layer. During JA(0) the 
anomalous Qt and SSTt, are -2.4ºC and -2.2ºC, respectively, 
when averaged over the northwest Pacific region. The 
agreement between the observed forcing and the SST 
response is surprisingly good, given the errors inherent in 
observations (especially considering that three independent 
data sources were used to compute Qt) and that several 
forcing terms were neglected in equation (3).  

 
 

Figure 9. The climatological mean mixed layer depth (contours: interval 3 m) during Jul-Aug and composite El Niño – La Niña mixed
layer depth (shading: scale at bottom; values > 2 m are enclosed by a dot-dash line) during JA(0). The mean and ENSO MLD values,
derived from ocean temperature observations as described by White [1995] for the period 1955-2001, have been spatially smoothed
using a 9-point filter.   

3.6. Discussion 

The atmospheric teleconnections associated with ENSO 
appear to strongly influence North Pacific SST anomalies in 
the summer of Yr(0), but do these anomalies have a broader 
impact on climate variability; i.e. does the summertime 
bridge influence the basin-wide SST characteristics and to 
what extent does the ENSO-generated SST changes 
feedback on the atmosphere? 
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N
v

leading pattern in summer was similar to that in winter, but 
with the largest signal located along 40ºN between 160ºE-
180º, approximately 30º west of its wintertime position. In 
addition, the summer and winter patterns were highly 
correlated, which lead them to conclude that the SST 
anomalies persisted from one season to the next, possibly 
due to SST-stratus cloud interactions [Norris et al., 1998].  
However, the leading EOF of North Pacific SSTs in 
summer and winter [Figures. 4 and 6 in Zhang et al., 1998] 
closely resemble the SST anomalies induced by the 
atmospheric bridge (Plate 1), including the westward 
displacement of the anomaly center in summer relative to 
winter. The rapid decorrelation time of summertime SST 
anomalies [Deser et al., 2003] and the strong relationship 
between tropical and North Pacific SST anomalies in all 
seasons, suggests that the connection between summer and 
winter SSTs in the North Pacific is not primarily due to 
local persistence, but rather to atmospheric forcing 
associated with ENSO, a conclusion reached by Newman et 
al. [2003] as well. 

Once SST anomalies form in the North Pacific, they can 
influence the atmosphere both locally and perhaps remotely 
as well. The basic local atmospheric response to 
extratropical SST anomalies, is such that the near-surface 
air temperature and underlying ocean will adjust to each 
other, reducing the ocean-to-atmosphere damping of 
surface air temperature anomalies by Qsh, Qlh, and Qlw, 
which all depend on the air-sea temperature difference [e.g., 
Barsugli and Battisti, 1998; Bladé, 1999]. The effect of this 
“reduced thermal damping” is to enhance air temperature 
variance at interannual and longer time scales in coupled 
atmosphere-ocean models relative to atmospheric GCM 
simulations in which climatological SSTs are specified as 
boundary conditions. 

An additional atmosphere-ocean interaction process in 
the North Pacific during summer involves positive 
feedbacks between stratus clouds and SSTs [e.g., Klein and 
Hartmann, 1993; and Norris and Leovy, 1994]. An increase 
in low clouds reduces Qsw thereby cooling the SST, while 
colder SSTs enhance the static stability, which increases the 
strength of the surface inversion trapping the moisture that 
forms stratus clouds. In addition to the direct generation of 
clouds by atmospheric processes associated with storms, 
enhanced cloudiness over the North Pacific in summer may 
be due in part to the advection of warm air over cold SSTs 
in the regions of southerly flow between storms. Thus, the 
initial ENSO-driven increase in clouds and decrease in  

SSTs over the northwest Pacific in summer may be 
enhanced by positive stratus cloud-SST feedbacks. Another 

 

 
Figure 10. a) Composite El Niño – La Niña ocean temperature
(shading, scale at bottom; values <-0.5ºC are enclosed by a
dot-dash line) from May(0) to Dec(0) and the composite MLD
(m) during El Niño (black squares) and La Niña (open
squares) events in the western North Pacific region (see Figure
1). b) The percent change in the composite MLD during El
Niño relative to La Niña events in the Western North Pacific
region (black squares) and the north eastern portion of that
region (170ºE-180º, 39ºN-43ºN; open squares). The
temperatures are from the NCEP Ocean Analyses (Derber and
Rosati, 1989; Ji et al., 1995] and the MLD from [White, 1995]
for the period 1980-2001, the period when the ocean analyses
are available.   
Zhang et al. [1998] examined the seasonal persistence of 
orth Pacific SST anomalies based on EOF and singular 
alue decomposition (SVD) analyses. They found the 

local sea-air feedback involves the influence of static 
stability in the atmospheric boundary layer on vertical 
mixing of momentum. As the SST – air temperature 
difference increases, the static stability decreases, which 
enhances the vertical mixing of strong upper-level winds 
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down to the surface. Recent satellite data indicates, that 
while this process is strongest in winter, it also operates in 
the western North Pacific during summer [Nonaka and Xie, 
2003]. Thus, surface wind speeds tend to be higher (lower) 
above warm (cold) SSTs, which would tend to reduce the 
wind speed in the WNP during El Niño events. The 
negative ENSO-related SST anomalies also enhance 
(reduce) the strong mean meridional SST gradient from 
140ºE-180º to the south (north) of ~40ºN (not shown). In 
regions where ocean temperature gradients are strong, SST-
induced changes in static stability can influence the 
divergence and curl of the near-surface winds [Chelton et 
al., 2001], which in turn can drive circulation changes 
beyond the boundary layer in both the atmosphere and 
ocean.   

 
Plate 3.  Composite El Niño – La Niña observed SST tendency and the SST tendency inferred from the net heat flux and Ekman
transport (Qt) during JA(0) for ENSO events between 1983-2000.  SST tendency is shaded and Qt is contoured, both with an interval of
0.5ºC over the 2 month period. The SST tendency is based on the difference in temperature between AS(0) and JJ(0). Both fields have
been spatially smoothed using a 9-point filter. 

Several recent studies of extratropical atmosphere-ocean 
interaction in summer have investigated the relationships 
between, rainfall over Asia and/or North America, the 
large-scale atmospheric circulation and Pacific SST 
anomalies. Of the two leading patterns of precipitation and 
circulation variability, one involves a wave train that 
extends from eastern Asia to North America that is 
primarily associated with North Pacific SST anomalies, 
while the other resembles the ENSO-signal with zonally 
elongated height anomalies over the western North Pacific 
and SST anomalies of opposite sign in the tropical and 
North Pacific Ocean [Ting and Wang, 1997; Lau and Weng, 
2002; Lau et al., 2003]. Both patterns affect the North 
Pacific SST gradients, which in turn, may influence the 
near surface baroclinicity and thus the strength/position of 
the storm track and jet stream [Tanimoto et al., 2003].   

4. CONCLUSIONS 

While the atmospheric circulation anomalies associated 
with ENSO are strongest in boreal winter, significant SST 
anomalies develop outside the equatorial Pacific in summer 
soon after ENSO events begin, while others persist into the 
following summer, well after ENSO has dissipated. Here 
we have focused on two aspects of the remote atmosphere 
and ocean processes during ENSO: air-sea interaction in the 
tropical Indian and West Pacific Oceans over the seasonal 
cycle and the atmospheric bridge to the North Pacific in the 
summer of the ENSO year.   

Anomalous cold (warm) water forms on the eastern 
(western) side of the tropical Indian Ocean, suggesting that 
ENSO contributes to the Indian Ocean SST dipole, the 
leading pattern of variability in boreal summer and fall.  
The eastern side of the basin warms rapidly in late fall and 
early winter resulting in positive SST anomalies across the 
entire Indian Ocean by the following spring. The SST 
anomalies in the tropical west Pacific also reverse sign, 
from negative in summer of Yr(0) to positive in the summer 
of Yr(1). The evolution of SST, SLP and precipitation 
anomalies shown here, and additional observational and 
modeling studies by Wang et al. [2003], Lau and Nath 
[2004] and Lau et al. [2004a], suggest that local air-sea 
interactions play an important role in the progression of 
ENSO-related anomalies over the tropical Indian and west 
Pacific Oceans. During the summer of Yr(0), the 
atmospheric response to ENSO includes a southward shift  
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in the Pacific storm track and jet stream, where the 
changes in synoptic eddy activity  

appear to strongly influence the large-scale circulation. 
An increase in cloudiness along 40ºN, to the west of the 
dateline, accompanies the bridge-induced circulation 
anomalies. While the atmospheric surface circulation 
anomalies are much weaker than in winter, SST anomalies 
can develop rapidly in the western North Pacific during 
summer as the solar radiation and latent heat flux anomalies 
are large and this surface forcing is integrated over the 
relatively shallow mixed layer. ENSO likely influences the 
large-scale upper-ocean variability in the North Pacific, as 
the bridge-related SST anomaly pattern in AS(0) is very 
similar to the leading EOF of SST  poleward of 20ºN in 
summer. 
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