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ABSTRACT

During El Nifio/Southern Oscillation (ENSO) events, the atmospheric response to sea surface temperature
(SST) anomalies in the equatorial Pacific influences ocean conditions over the remainder of the globe. This con-
nection between ocean basins via the “atmospheric bridge” is reviewed through an examination of previous work
augmented by analyses of 50 years of data from the National Center for Environmental Prediction (NCEP)
reanalysis project and coupled atmospheric general circulation (AGCM) - mixed layer ocean model experiments.
Observational and modeling studies have now established a clear link between SST anomalies in the equatorial
Pacific with those in the North Pacific, north tropical Atlantic, and Indian Oceans in boreal winter and spring.
ENSO-related SST anomalies also appear to be robust in the western North Pacific during summer and in the
Indian Ocean during fall. While surface heat fluxes are the key component of the atmospheric bridge driving
SST anomalies, Ekman transport also creates SST anomalies in the central North Pacific although the full extent
of its impact requires further study. The atmospheric bridge not only influences SSTs on interannual time scales
but also affects mixed layer depth (MLD), salinity, the seasonal evolution of upper ocean temperatures and North
Pacific SST variability at lower frequencies. The model results indicate that a significant fraction of the domi-
nant pattern of low frequency (> 10 years) SST variability in the North Pacific is associated with tropical forcing.
AGCM experiments suggest that the oceanic feedback on the extratropical response to ENSO is complex, but of
modest amplitude. Atmosphere-ocean coupling outside of the tropical Pacific slightly modifies the atmospheric
circulation anomaliesin the Pacific North America (PNA) region but these modifications appear to depend on the

seasonal cycle and air-sea interactions both within and beyond the North Pacific Ocean.

1. Introduction

While air-sea interactions responsible for El Nifio and
the Southern Oscillation (ENSO) are centered in the
equatorial Pacific Ocean, changes in tropical convection
associated with ENSO influence the global atmospheric
circulation. The ENSO-driven large-scale atmospheric
teleconnections alter the near-surface air temperature,
humidity and wind, as well as the distribution of clouds
far from the equatorial Pacific. The resulting variations
in the surface heat, momentum and fresh water fluxes
can induce changes in sea surface temperature (SST),
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salinity, mixed layer depth (MLD), and ocean currents.
Thus, the atmosphere acts as a bridge spanning from the
equatorial Pacific to the North Pacific, illustrated in Fig.
1, and to the South Pacific, the Atlantic and Indian
Oceans. The ENSO-related SST anomalies that develop
over the world’s oceans can also feed back on the origi-
nal atmospheric response to ENSO.

The “atmospheric bridge”, taken here to be the tropi-
cal Pacific Ocean => atmosphere <=> remote ocean
connection during ENSO, warrants study because it: i)
is essential for prediction of SSTs in the tropical Atlan-
tic (Penland and Matrosova 1998) and possibly in other
ocean basins as well; ii) contributes to the leading pat-
terns of SST variability on interannual and longer time
scales in the North Pacific (Graham et al. 1994, Zhang et
al. 1997, Gu and Philander 1997) and in the Indian
Ocean/Asian Monsoon region (Lau and Nath 2000); iii)
provides a rigorous test of our ability to simulate the
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global atmospheric response to ENSO, especially the
temporal evolution of surface fluxes; iv) allows for
model experiments that can cleanly separate between
atmospheric forcing - in this case the remote response
to ENSO - and oceanic feedback on the atmosphere (e.g.
Alexander 1992b); and v) strongly influences marine
ecosystems outside the equatorial Pacific (Mysak 1986;
Dayton and Tegner 1990).

Beginning in the mid 1970s, researchers related
observed SST anomalies in the tropical Pacific with
anomalies in other ocean basins, as summarized in Table
1. Using a wide range of techniques, the studies listed
in Table 1 present convincing evidence that ENSO influ-
ences the evolution of SST anomalies outside the equa-
torial Pacific, especially in the North Pacific, tropical
Atlantic and Indian Oceans. The global nature of the
ENSO SST signal, first noted by Pan and Oort (1983,
1990), is illustrated here by Fig. 2, which shows the cor-
relations between SST anomalies averaged over 5°N-
5°S, 172°E-120°W (hereafter referred to as the ENSO
index) during November-December-January (NDJ) and
SST anomalies over the global oceans during the fol-

lowing February-March-April (FMA). We chose these
periods since ENSO peaks near the end of the calendar
year (Rasmusson and Carpenter 1982), while most of
the ENSO-related SST anomalies outside of the tropical
Pacific peak 2-6 months later (Table 1). This one-to-two
season lag occurs because the atmosphere takes ~2
weeks to respond to SST anomalies in the tropical
Pacific and then the ocean integrates the forcing associ-
ated with the atmospheric bridge over the next several
months.

While many of the relationships between SST anoma-
lies in the equatorial Pacific and those in other ocean
basins were recognized prior to 1990, the processes
responsible for the generation of the remote SST anom-
alies and the feedback of the SST anomalies on the
atmospheric circulation were not yet clear. A major goal
of the Geophysical Fluid Dynamics Laboratory
(GFDL)-University Consortium, since its establishment
in 1990, has been to improve our understanding of the
impact of both tropical and extratropical SSTs on global
climate, primarily using atmospheric general circulation
model (AGCM) experiments. Through the Consortium
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FiG. 1. Schematic of thtatmospheric bridgebetween the tropical and North PiciOceans. The bridge concept also applies to the
Atlantic, Indian and south Pdi Oceans. The bridge occurs through changes in the Hadley and Walker cells, Rossby waves and inter-
actions between the quasi-stationfipw and storm tracks (see Trenberth et al. 1998},.:1? the net surface hefiux, w, the entrain-
ment rate into the mixed layer from below, which is primarily driven by surfacees, SST the sea surface temperature, SSS the sea
surface salinity and MLD the mixed layer depth.
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TABLE 1. Observational studies, grouped by region, that have examined the relationship between SST anomalies in
the equatorial Pafic with those elsewhere over the global oceans. Also listed is the method of analyses, thefperiod o
record, months when the anomalies peak in the non-ENSO region, lag in months from when SST anomalies peak in
the equatorial Pafic and the time scales of variability examined: interannual (1), decadal (D), if differentiated. The
statistical methods are abbreviated: Empirical Orthogonal Function (EOF), Singular Value Decomposition (SVD),
Singular Spectrum Analyses (SSA), Rotated principal component analyses (RPCA), Canonical Correlation Analyses

(CCA).
Data Time
Study Record Method Month Lag Scale

North Pacific

Weare et al. (1976) 1949-73 EOFs

Reynolds and Rassmusson (1983) 1947-80 Composites SON

Wright (1983) Correlations 2-3

Niebauer (1984, 1988) Correlations in Bering Sea

Wallace and Jiang (1987) 1950-79 Correlations w/SO Jul-Nov

Hanawa et al. (1989) 1961-85 Composites, Correlations JFM

Deser and Blackmon (1995) 1950-92 EOFs Nov-Mar

Zhang and Wallace (1996) 1950-94 Regression, EOFs,

Rotated EOFs, SVD

Nakamura et al. (1997) 1951-92 Prefiltered EOFs D

Zhang et al. (1998) 1950-93 Multi channel SSA I/D
Tropical Atlantic

Covey and Hastenrath (1978) 1911-71 Composites

Curtis and Hastenrath (1995) 1948-92 Composites MAM 3-5

Enfield and Mayer (1997) 1950-92 Correlations

Penland and Matrosova (1998) 1950-93 Linear Inverse Modeling

Uvo et al. (1998) 1946-85 SVD Mar 2

Giannini et al (2000) 1861-1990 CCA MAMIJ 2-4
Global Tropics

Wolter (1987,89) 1948-83 Cluster Analysis, RPCA

Lanzante (1996) 1870-1988 Complex RPCA, Correlations 3-6

Toure and White (1995) 1979-91 EOFs, REOFs

Nicholson (1997) 1948-98 Harmonic Analysis, Composites

Klein et al. (1999) 1952-92 Correlation
Global

Pan and Oort (1983, 90) 1958-73 Correlations 0-6

Hsiung and Newell (1983) 1949-79 EOFS

Yasunari (1987) 1964-81 Pre-filtered Composites I

Kiladis and Diaz (1989) 1877-1988 Composites

Nitta and Yamada (1989) 1950-87 EOFs, Difference maps I/D

Kawamura (1994) 1950-88 Rotated EOFs

Zhang et al. (1997) 1900-93 Regressions, EOFs I/D

Moron et al. (1998)* 1901-94 Multi Channel SSA I/D

Enfield and Mesta Nunez (1999)  1856-1991 Pre-filtered Complex EOFs I/D

Mesta Nunez and Enfield (1999) 1856-1991 Pre-filtered Rotated EOFs D

Garreaud and Battisti (1999) 1958-93 Regressions I/D

* Lists additional publications that have examined observed SST relationships
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FiG. 2. Correlation between SST anomalies in the ENSO region (indicated by the box in the equatdiigl iRa¢DJ with global SST anoma-
lies in the subsequent FMA for the period 1950-1999 (shaded; interval 0.1, contours; interval 0.2). The gridéietHS®/Ere constructed from
Empirical Orthogonal Functions (EOFs; Smith et al. 1996) prior to 1982 and optimum interpolation of surface and satellite data (Reynolds and

Smith 1994) for 1982-1999.

and other research efforts, our knowledge of the atmo-
spheric bridge and its role in climate variability has
advanced considerably over the past decade.

This paper is intended to serve as a review of the state
of our understanding of the atmospheric bridge. In the
context of our review, we will present results from new
observational analyses and atmosphere-ocean model
experiments, which will illustrate advances have been
made in the past and outstanding issues that remain. In
particular, we will assess the influence of air-sea feed-
back on the original atmospheric response to ENSO in
the Pacific North American (PNA) region, which has
differed among previous modeling studies (c.f. Alex-
ander 1992b, Bladé 1999; Lau and Nath 1996, 2001),
and examine emerging issues such as the relationship
between SST anomalies in the equatorial and North
Pacific Ocean at low frequencies and the extent to which
the bridge influences upper ocean conditions besides
SSTs. While a global perspective of the bridge is pro-
vided, our primary focus is on ENSO-related anomalies
in the PNA region.

We briefly describe the atmosphere and ocean models
and the experimental design in section 2. In section 3
we examine the global precipitation and atmospheric
circulation changes resulting from the tropical SST
anomalies. ENSO related SST anomalies on interannual
and decadal time scales are investigated in section 4,
while section 5 examines the atmospheric bridge
through the relationship between sea level pressure
(SLP) and SST. In section 6, we consider how changes
in the atmosphere associated with ENSO can create SST
anomalies via surface energy fluxes, entrainment of sub-
surface waters into the surface mixed layer, and Ekman
transports. We investigate the influence of the atmo-
spheric bridge on MLD, salinity and the evolution of
subsurface temperature anomalies in section 7. In sec-

tion 8 we explore the extent to which SST anomalies
generated by the atmospheric bridge feed back on the
atmospheric circulation. Outstanding issues are dis-
cussed in section 9.

2. Model Simulations

We have conducted three sets of AGCM experiments
with different ocean configurations to examine how air-
sea interaction in various ocean basins influences the
atmospheric bridge. In all of the experiments, SSTs are
prescribed to evolve according to observations over the
period 1950-1999 in the eastern tropical Pacific Ocean
(15°S-15°N, 172°E-South American Coast). The exper-
iments differ in their treatment of the ocean outside of
this region. In the “Control” experiment, climatologi-
cal SSTs, which repeat the same seasonal cycle each
year, are specified at all remaining ocean gridpoints out-
side of the tropical Pacific region. (This experiment
design is often referred to as “Tropical Ocean Global
Atmosphere” or “TOGA” in the literature.) In the
mixed layer model (“MLM”) experiment, a grid of col-
umn ocean models is coupled to the atmosphere at each
AGCM gridpoint over the ocean outside of the tropical
Pacific region. In the North Pacific — mixed layer model
(“NP-MLM”) experiment, the ocean model is only
active in the Pacific north of 21.24°N; climatological
SSTs are specified elsewhere over the world oceans
except in the eastern tropical Pacific. Due to the
absence of ocean currents and errors in the atmosphere
and ocean model, surface heat and salt flux corrections
are applied to maintain the ocean model’s mean sea-
sonal cycle close to observations. Small biases in SST
(<1°C), however, still occur in the long-term monthly
means at a few locations after the corrections are
applied. Thus, we use the long term monthly mean
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SSTs from the MLM experiment to obtain the ocean
boundary conditions in the Control and in the NP-MLM
simulations in their respective prescribed SST domains,
insuring that the same SST base state is used in the three
experiments. In all simulations sea ice is prescribed to
repeat the climatological seasonal cycle and the ocean
model is not active beneath the ice in either MLM
experiment. The experiments consist of an ensemble of
simulations where the individual members are initiated
from different atmospheric states obtained from a long
GFDL AGCM simulation. There are 8 Control, 8 NP-
MLM and 16 MLM simulations. In sections 3-7, we
focus on the MLM experiment; the Control and NP-
MLM experiments will be used to diagnose the role of
air-sea feedback on the atmospheric circulation in sec-
tion 8.

All experiments have been performed with the GFDL
R30 AGCM, which has an equivalent horizontal resolu-
tion of ~2.25° latitude by 3.75° longitude and 14 vertical
sigma levels. The model was described in detail by
Gordon and Stern (1982) and Broccoli and Manabe
(1992), while many features of the model’s climate were
presented in Alexander and Scott (1997) and Collins et
al. (2001).

The MLM consists of a grid of independent column
models that include a bulk mixed layer atop a multi-
layer system, where the latter represents conditions in
the pychnocline. The bulk model, based on the formula-
tion of Gaspar (1988), simulates the mixed layer tem-
perature (equivalent to SST), salinity and depth. The
model includes local atmosphere-ocean fluxes, penetrat-
ing solar radiation and the turbulent entrainment of
water into the mixed layer, but not mean vertical
motions or horizontal processes. Beneath the mixed
layer, heat is redistributed via convective overturning,

60N

vertical diffusion, and penetrating solar radiation. The
bottom of each column is 1000 m or the actual depth of
the ocean, whichever is shallower. For open-ocean
points there are 31 levels from the surface to 1000 m
with 15 layers in the upper 100m. All layers completely
within the mixed layer are set to the bulk model values.
The ocean model and the method used to couple it to the
R30 AGCM, including the flux correction, were
described in more detail in Alexander et al. (2000).

The fidelity of the model’s simulation of the atmo-
spheric bridge can be assessed by comparing the map of
the ENSO Index/global SST correlations averaged over
the 16 MLM simulations (Fig. 3) with its observed
counterpart (Fig. 2). The model reproduces the large-
scale signature of the atmospheric bridge but with some
differences with observations in the detailed structure.
Some of these differences might arise from internal
atmosphere-ocean variability, as indicated by the spread
among the ensemble members. The standard deviation
of the ENSO-SST correlations over the 16 MLM simu-
lations, a measure of the spread, is < 0.2 all locations
and < 0.1 in the centers of maximum and minimum cor-
relation located in the central North Pacific, Indian and
tropical Atlantic Oceans (not shown). The relationship
between SST anomalies and ENSO, including the
spread among ensemble members, is explored in sec-
tions 5 and 6.

3. Responseto ENSO: precipitation and upper
atmospheric circulation

The atmospheric response to tropical SST anomalies,
the first element of the atmospheric bridge, has been
studied extensively since Bjerknes (1966, 1969) linked
warm SST anomalies in the equatorial Pacific to a
deeper than normal Aleutian low. Our discussion and

(16 MLM runs)
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analyses of the atmospheric response to ENSO is brief,
since Lau (1997), Trenberth et al. (1998) and Hoerling
and Kumar (this issue) extensively reviewed this sub-
ject. Teleconnections between the tropical Pacific and
remainder of the globe have been found in numerous
observational analyses (e.g. Horel and Wallace 1981,
Ropelewski and Halpert 1987; Wallace et al. 1998, Win-
kler et al. 2001) and AGCM experiments (Rowntree
1972; Blackmon et al. 1983; Ferranti et al. 1994). In
AGCMs, the response to tropical SSTs (“signal”) is
embedded in internal atmospheric variability (“noise”),
requiring either long simulations or a large ensemble of
simulations to obtain statistically significant results
(Kumar and Hoerling 1995; Sardeshmukh et al. 2000).
The dynamical link between the tropics and extratropics
involves the excitation of Rossby waves by both tropical
convection (Hoskins and Karoly 1981) and the associ-
ated divergent outflow in regions of strong vorticity gra-
dients (Sardeshmukh and Hoskins 1988). The
perturbations that propagate to the extratropics are fur-
ther influenced by interactions with asymmetries in the
zonal mean flow (Simmons et al. 1983; Ting and
Sardeshmukh) and with midlatitude storm tracks (Kok
and Opsteegh 1985; Held et al. 1989).

used in many previous Consortium studies, were sub-
stantially weaker than the R30 estimates.

4. ENSO-related SST Anomalies

Along with enhanced comprehension of atmospheric
ENSO teleconnections, another key development in the
atmospheric bridge hypothesis was identifying relation-
ships between SST anomalies in various parts of the glo-
bal ocean and those in the equatorial Pacific. Previous
research focused on SST anomalies in the North Pacific,
tropical North Atlantic and Indian Oceans, where the
ENSO signal is strong (Table 1, Fig. 2).

a. North Pacific

The relationship between SST anomalies in the tropi-
cal and North Pacific was first revealed by Weare et al.
(1976) through EOF analyses of SST anomalies in all
calendar months. This study, as well as more recent
EOF analyses (e.g. Deser and Blackmon 1995, Zhang et
al. 1996), found that the dominant pattern of Pacific SST
variability has anomalies of one sign in the equatorial
Pacific and along the coast of North America and anom-
alies of the opposite sign extending from ~140°W to the

The atmospheric anomalies associated with equatoriagdpast of Asia between about 25°N-50°N. The corre-
Pacfic SST anomalies are shown in Fig. 4 by regressingponding principal component (PC, which shows the
precipitation (color shading) and 200 mb streamfunctionamplitude and polarity of the pattern over time) indi-
(contours) on an ENSO index during December-Janucates that during El Nifio events anomalously warm

ary-February (DJF). The observéiélds in Fig. 4 are

(cold) water occurs in the eastern (central) North Pacific

based on winds from the National Center for EnViI’OI’]-and vice versa during La Nifa events. Other observa-
mental Prediction (NCEP) reanalysis project (Kalnay €ttional analyses confirmed the EOF results and estab-
al. 1996; Kistler et al., 2001) and the precipitation from jished that ENSO-related SST anomalies occur in the
the Climate Prediction Center Merged Analysis of Pre-Bering Sea (Niebauer 1984, 1988) and South China Sea
cipitation (CMAP) dataset (Xie and Arkin, 1997), while (Hanawa et al. 1989) in winter and in the North Pacific

the corresponding simulatefields are from the 16-
member ensemble means of the MLM experiment.
During El Nifio (warm ENSO) events, both the
observed and model precipitation patterns are character-
ized by enhanced rainfall over the central equatorial
Pacific and below normal rainfall over Indonesia/west-
ern tropical Pacific and northern Brazil. The simulated
precipitation anomalies between 90°E-180° are weaker
and of smaller extent than in nature. A pair of anticy-
clones straddles the positive precipitation center over
the central equatorial Pacific, similar to the atmospheric
response to diabatic heating on the equator in shallow-
water models (Matsuno 1966; Gill 1980). The anoma-
lous westward flow along the equator east of the dateline
indicates eastward displacement of the Walker Circula-
tion during warm events. The extratropical flow is char-
acterized by enhanced westerlies from 20°-40° latitude
in both the North and South Pacific, and by wavelike
features with centers in the northeastern Pacific, Canada,
eastern U.S. and southern China. The MLM reproduces
most of these features quite accurately, although the
streamfunction anomalies over the tropical Pacific are
displaced west of their observed locations. The precipi-
tation and circulation anomalies from the GFDL R15
(~4.45° latitude x 7.5° longitude) AGCM, the model

during summer/fall (Reynolds and Rasmusson 1983;
Wallace and Jiang 1987). The former also appear in
Figs. 2 and 3, while the evolution of the SST anomalies
over the seasonal cycle is discussed further in section 5.

Several recent observational studies have examined
the patterns of SST anomalies in the Pacific as a func-
tion of time scale (Table 1). Zhang et al. (1997) utilized
several analysis techniques to separate interannual
ENSO variability from a residual containing the remain-
ing (> ~7 years) “interdecadal” variability. The pattern
based on low-pass filtered data north of 20°S is similar
to the unfiltered pattern, except it is broader in scale in
the eastern equatorial Pacific and has enhanced weight-
ing in the North Pacific relative to the tropics. Using
multichannel singular spectrum analyses, Zhang et al.
(1998) found that variability on quasi-quadrennial (50-
60 months) and interdecadal time scales has strong sig-
natures in both the tropical and North Pacific. While
these studies suggest that decadal variability in the
North Pacific may result from the low-frequency com-
ponent of ENSO, others (e.g. Latif and Barnett 1994,
1996; Pierce et al. 2000) have indicated that the variabil-
ity with a period of roughly 20-30 years, termed the
Pacific Decadal Oscillation (PDO) by Mantua et al.
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DJF Precipitation / 200mb Streamfunction vs NINO 3+4
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of the upper tropospheric circulation accompanying ENSO may be inferred from the contour lines: positive (negative) extremes are associ-

ated with anomalous clockwise (counterclockwiteys.

(1997), is inherent to the extratropics.

To what extent does the atmospheric bridge contribute
to decadal variability over the North Pacific, including
the PDO? We address this question by comparing the
observed and simulated dominant pattern and associated
time series of wintertime decadal SST variability over
the North Pacific (Fig. 5). The spatial patterns, obtained
from EOF analyses, are based on the monthly SST
anomalies that were first low-pass filtered to retain peri-
ods greater than ~10 years and then the filtered values
were averaged together from November to March. The
EOF obtained from the MLM was computed from the

ensemble average of the 16 simulations. The observed
and simulated EOF 1 both explain about half of the vari-
ance and are relatively well correlated in space and time,
with a spatial (temporal) correlation of 0.71 (0.69). The
temporal correlations are generally lower for the indi-
vidual ensemble members: i.e. the projection of the indi-
vidual simulations on the observed EOF 1 (Fig. 5a)
correlated with the observed PC 1 yielded a 16-member
average of 0.54 with a standard deviation of 0.2. The
observed and MLM PCs are well correlated with the
low-pass filtered ENSO index time series, with correla-
tions of 0.77 and 0.90, respectively. We also generated
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Fic. 5. EOF 1 of the low-pasiltered (> ~10 years) SST during November-March from a) observations and b) the MLM. &)Stheinci-

pal component (time series associated with EOF 1) ofittezed SST from observations (green line), the MLM (blue line) and the ENSO index
(black line). The correlations (r) between the three time series are given above c).

SST difference maps centered on 1976 (e.g. 1977-1988 and observations are similar and resemble the leading
minus 1970-1976 and 1977-1998 minus 1951-1976) at  EOF, but the amplitude of the differences is approxi-
approximately the time a rapid transition occurred in the mately half as large in the MLM and none of the 16 sim-
climate system (e.g. see Trenberth and Hurrell 1994;  ulations were able to reproduce the large change in PC 1
Miller et al. 1994). The difference patterns in the model that occurred between the 1970s and 1980s (not shown).
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Overall, the model results suggest that a significant frac-
tion (roughly 1/4-1/2) of the variance of the dominant
pattern of low frequency SST variability in the North
Pacific is associated with the atmospheric bridge.

The patterns in Fig. 5 are very similar to the dominant
pattern based on unfiltered data (not shown), which
Mantua et al. (1997) used to define the PDO. Processes
other than the atmospheric bridge, including stochastic
atmospheric forcing of the ocean and perhaps midlati-
tude air-sea interaction, also influence the leading pat-
tern of North Pacific SST variability. Thus, the PDO
likely includes both tropical and extratropical sources of
decadal variability. Other parts of the North Pacific may
be more independent from tropical influence: Deser and
Blackmon (1995) and Nakamura et al. (1997) found that
decadal variability in the North Pacific concentrated
along the subarctic front (~42°N, 145°E-170°W) was
uncorrelated with tropical SST variability.

b.  Tropical Atlantic

The link between SST anomalies in the equatorial
Pacific and those in other tropical ocean basins was first
examined shortly after the Weare et al. (1976) study.
Using SST anomalies off the Peruvian coast as a mea-
sure of ENSO, Covey and Hastenrath (1978) con-
structed composites of SST, SLP and winds in the
tropical Atlantic. They found a broad region of warm
SSTs to the north of the equator in boreal spring follow-
ing El Nifio events and roughly the opposite after La
Nifia events. Many subsequent observational analyses
(Curtis and Hastenrath 1995; Lanzante 1996; Enfield
and Mayer 1997; Klein et al. 1999, our Fig. 2) con-
firmed that positive SST anomalies occur in the north
tropical Atlantic and Caribbean during boreal spring,
approximately 3-6 months following the peak in tropical
Pacific SST anomalies. Some studies (e.g. Enfield and
Mayer 1997; Nicholson 1997) have found links between
ENSO and SSTs in the equatorial and south Atlantic,
but these relationships are weak and may not be signifi-
cant.

c. Indian Ocean

Like the tropical Atlantic, the Indian Ocean warms
during EI Nifio, with SST anomalies in that basin lag-
ging those in the central Pacific by about 3-6 months
(Lanzante 1996, Klein et al. 1999). Warming in the
Indian Ocean begins earlier than in the Atlantic, starting
during boreal summer/fall of the El Nifio year. Over
periods of 2.5-6 years, Indian Ocean SSTs have signifi-
cant variability that is coherent with Southern Oscilla-
tion fluctuations (Cadet 1985; Nicholson 1997).
Additionally, the two leading patterns of SST variability
in the Indian Ocean are associated with ENSO (Tourre
and White, 1995; Murtugudde and Busalachi 1999).
For example, during the closing stage of a very strong El
Nifio event in 1998, SST anomalies exceeded 1°C over
most of the Indian Ocean north of 20°S (Yu and Rie-

necker 1999). Prior to this basin wide warming, a
dipole SST anomaly pattern developed along the equa-
tor during the previous fall, with positive (negative)
anomalies in the western (eastern) Indian Ocean. Yu
and Rienecker proposed that the dipole pattern is
directly related to changes in the Walker circulation dur-
ing ENSO, while Saji et al. (1999) and Webster et al.
(1999) suggested that the dipole mode is independent of
ENSO and is caused by local air-sea interaction.

5. SLP - SST Rélationships: The Bridge Revealed

Until the mid-1980s, studies of ENSO-related atmo-
spheric and oceanic anomalies that formed outside of
the tropical Pacific progressed on separate tracks. The
two were linked by investigators who noted the close
association between SST anomalies and the overlying
SLP or surface wind anomalies during El Nifio events.

The relationship between the Southern Oscillation
Index (SOI, normalized Tahiti — Darwin SLP) and glo-
bal sea level pressure variations has been known since
early in the 20th century (e.g. Lockyer and Lockyer
1902; Walker 1909, 1924; Walker and Bliss 1932).
Namias (1976), Trenberth and Paolino (1981) and van
Loon and Madden (1981) confirmed many of the find-
ings from the early inquiries, noting statistically signifi-
cant relationships between various ENSO indices and
SLP in the North Pacific during winter and spring. Sim-
pson (1983) suggested that atmospheric teleconnections
during the 1982-83 El Nifio event drove changes in the
California current system. Emery and Hamilton (1985)
synthesized these studies with those concerning large-
scale ENSO-SST relationships (e.g. Weare et al. 1976;
Pan and Oort 1983) and proposed that “... the tropical
Pacific Ocean may interact with the North Pacific via an
atmospheric link.” They concluded that a stronger
Aleutian low during El Nifio events could account for
anomalously warm ocean temperatures in the northeast
Pacific. As a corollary, when the North Pacific SLP
anomalies differ from the canonical ENSO signal,
which is not unusual (Emery and Hamilton, Hanawa et
al. 1989), then the corresponding SST patterns will also
be different.

Two different modeling strategies were used to cor-
roborate the atmospheric link between SST anomalies in
the equatorial and North Pacific Ocean. Luksch et al.
(1990) and Luksch and von Storch (1992) used an ocean
GCM forced with observed surface winds and a simple
atmospheric boundary layer model to estimate surface
air temperature. Alexander (1990) used output from an
atmospheric GCM, with and without warm SSTs speci-
fied as boundary conditions in the tropical Pacific, to
drive a grid of one-dimensional mixed layer models in
the North Pacific Ocean. In a follow-up experiment,
Alexander (1992a) coupled the North Pacific Ocean
model to the same AGCM. Both Luksch et al. and
Alexander found that changes in the near surface circu-
lation associated with El Nifio induced an SST pattern in
the North Pacific that resembled observations, with cold
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water in the central North Pacific and warm water in the
Gulf of Alaska. While these studies clearly validated the
atmospheric link between the tropical and North Pacific
during ENSO, Lau and Nath (1994) were the first to call
this process the atmospheric bridge.

Following Rasmusson and Carpenter (1982) and Har-
rison and Larkin (1998), we use composite analysis to
show the evolution of SLP and SST over the lifecycle of
ENSO events. Composites are constructed based on 9
El Nifio (warm) events beginning in: 1957, 1965, 1969,
1972, 1976, 1982, 1987, 1991 and 1997 and 9 La Niiia
(cold) events: 1950, 1954, 1955, 1964, 1970, 1973,
1975, 1988 and 1998. The first 8 El Nifio and La Nifa
events were identified by Trenberth (1997), to which we
added the 1997 El Nifio and 1998 La Nifia events. From
hereon, the year in which ENSO peaks and the two fol-
lowing years, are designated by (0), (1), and (2), respec-
tively. Global maps of composite El Nifio minus La
Nifia conditions (also referred to as warm — cold or
ENSO anomalies) are presented in Fig. 6 for 3-month
periods beginning in June-July-August of the ENSO
year [JJA(0)] and ending in March-April-May of the fol-
lowing year [MAM(1)].

In nature (Fig. 6a), ENSO events are well established
by JJA(0) with warm (cold) waters during El Nifio (La
Nifia) events in the equatorial Pacific and an out-of-
phase relationship between SLP in the eastern and west-
ern hemisphere, characteristic of the Southern Oscilla-
tion. Cold SST anomalies have begun to form in the
western part of the North and South Pacific during
JJA(0) even though the anomalous circulation is quite
weak. For example, one of the largest ENSO-related
SST signals occurs during late summer/early fall along
40°N where the magnitude of SST anomalies exceed
1.0°C but the SLP anomalies are only ~Imb. Large
amplitude SST anomalies can form in summer since the
surface fluxes are distributed over a thin mixed layer.

The observed warm — cold SLP differences in the
tropics remain relatively constant over the entire year
from JJA(0) through MAM(1). During this time the
warm waters that begin to form in the tropical North
Atlantic during El Niflo events increase in magnitude
and extent, peaking in MAM(1). During JJA(0) and
SON(0), SST anomalies are positive in the western
Indian Ocean and negative south of Indonesia in the
eastern part of the basin, consistent with the idea that the
Indian Ocean SST dipole is closely tied to ENSO. As
the ENSO composite progresses, warm water spreads
throughout the Indian Ocean and South China Sea.

In the northern extratropics, the SLP anomalies are
strongest during December(0) through February(1)
[DJF(0/1)] when the Aleutian low is 9 mb deeper during
El Niflo than in La Nifia events (Fig 6a). As a result,
surface westerlies are enhanced over the central North
Pacific. During El Nifio, anomalous northwesterly
winds advect cold air over the central North Pacific,
while southerly winds advect warm moist air along the
west coast of North America. Thus, the negative (posi-
tive) temperature departures in the central (eastern)
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North Pacific are consistent with the surface forcing by
the atmospheric circulation.

The corresponding evolution of SLP and SST anoma-
lies during ENSO from the ensemble average of the 16
MLM simulations is shown in Fig. 6b. The model repro-
duces many of the features found in the observed com-
posite, especially in DJF(0/1)-MAM(1), which helps to
confirm the essence of the atmospheric bridge hypothe-
sis: that local atmospheric forcing is the primary factor
in generating SST anomalies outside of the tropical
Pacific during ENSO. However, several discrepancies
between the model and observations can be noted as
well. For example, the simulated negative SLP anoma-
lies over the North Pacific are of greater magnitude and
extent than in observations in JJA(0), SON(0) and
MAM(1), while the reverse is true in DJF(0/1). While
some of the model-data differences could be due to
internal atmospheric variability, as suggested by the
spread among ensemble members (see Fig. 8), many of
the differences are likely caused by model error and the
absence of ocean dynamics.

6. Processesthat generate SST Anomalies

The atmosphere influences SST directly through sur-
face heat fluxes and indirectly via momentum and fresh
water fluxes, which subsequently affect ocean currents
and turbulent mixing. Here we examine air-sea interac-
tions in the North Pacific, tropical Atlantic and Indian
Oceans, where the atmospheric bridge has been shown
to be strong.

a. North Pacific

The very strong but unanticipated 1982-83 El Niflo
event forced researchers to reconsider not only the fun-
damental dynamics of ENSO but also how ocean anom-
alies develop in the extratropical Pacific. Prior to the
1982-83 event, research focused on coastal Kelvin
waves as the mechanism for linking tropical and extrat-
ropical SST anomalies during ENSO. These waves,
however, are confined to a narrow region near the shore;
for example, the internal deformation radius (e-folding
scale) of coastal Kelvin waves is less than 50 (20) km at
20°N (45°N). While Rienecker and Mooers (1986) and
Johnson and O’Brien (1990) confirmed the importance
of coastally trapped waves, they, along with Simpson
(1983) and Wagner (1984), showed that changes in the
atmospheric circulation played a major role in altering
oceanic conditions along the west coast of North Amer-
ica during the 1982-83 event.

In a review of El Niflo, Mysak (1986) hypothesized
several ways in which changes in the near-surface atmo-
spheric circulation over the North Pacific could influ-
ence SSTs, including: coastal upwelling, Ekman
pumping and ocean advection — presumably through
Ekman transport. Mysak and the studies mentioned
above, however, did not consider surface heat fluxes.
The relationship between ENSO and surface fluxes was
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investigated by Zhao and McBean (1986) and Cayan
(1990), who correlated the SOI with air-sea heat fluxes
over the North Pacific and the globe, respectively. Zhao
and McBean found only a weak relationship between
the SOI and surface fluxes, while Cayan found signifi-
cant correlations with fluxes in the central North Pacific.
The discrepancy between these two studies could result
from differences in the period of record, the number and
quality of the observations used in the analyses, and the
coefficients used in the bulk formulas to compute the
fluxes.  Subsequent studies of surface fluxes (e.g.
Iwasaka and Wallace 1995) have tended to confirm
Cayan’s analyses.

Frankignoul (1985), Qiu (2000) and Scott (2002) dis-
cussed factors that influence the evolution of extratropi-
cal SST anomalies. Here we consider the three dominant
factors on interannual timescales: the net surface heat
flux (Qet), entrainment heat flux (Qye) and Ekman
transport (Qg). Alexander (1990, 1992a) showed that
Qpet Was the dominant process in generating SST anom-

180

FIG. 6. a) Observed and b) simulated Efi(warm)— La Nifia (cold) composite of SLP (contour; interval 1 mb) and SST (shading; interval
0.2°C) for JJA(0), SON(0), DJF(0/1) and MAM(1), where 0 indicates the ENSO year and 1 the year after. The observed values are from NCEP

alies in the North Pacific during ENSO, while Lau and
Nath (1994, 1996, 2001) found that these SST anoma-
lies could be fairly well simulated by a 50 m slab model
forced only with surface heat fluxes. Neither study con-
sidered Q.. The anomalous Ekman heat transport,
which depends primarily on the anomalous surface wind
stress multiplied by the mean SST gradient, is computed
here as a diagnostic, i.e. it does not influence SST in the
MLM.

The MLM warm - cold composites of Qe Qye, and
Qg during DJF (0/1) are shown in Fig. 7. Clearly, Q¢
is the dominant factor creating SST anomalies during
boreal winter, which explains why studies that use fixed-
depth ocean models can simulate SST anomalies associ-
ated with ENSO reasonably well. Consistent with the
low-level atmospheric circulation (Fig. 6b), the surface
fluxes cool the central North Pacific and warm the Gulf
of Alaska and South China Sea during El Nifio. In these
regions |Qpe(| > 40 Wm, which leads to SST tendencies
of ~0.25°C mon™! for a typical wintertime MLD of 100
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m; thus slab models where the MLD is set to 50 m over-
estimate the amplitude of SST anomalies in winter.
Consistent with Alexander (1990, 1992), the maxi-
mum Q,,, anomalies are roughly one quarter to one
third as large as those of Q¢ (Fig. 7), but have a differ-
ent pattern. During winter, Q. slightly enhances the
cold anomaly in the central North Pacific, but primarily
damps the SST anomalies over the remainder of the
basin. In the ocean model,
Que = (W/(MLD))(Tpeow—SST), where W, is the
entrainment rate and T, is the temperature just
below the mixed layer. Given that the time mean MLD
and W, are always positive, if the W, and Tpg,
departures from the time mean ( ) are relatively small,
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then Q\, = ((-We)(SST'))/(MLD), which indicates
that the anomalous heat flux at the base of the mixed
layer tends to damp SST anomalies. While this is often
the case (Frankignoul and Reynolds 1983), entrainment
can also generate SST anomalies, depending on the sea-
son and vertical temperature structure (see section 7¢).

The diagnosed Ekman heat transport is generally in
phase with Q¢ but approximately 1/3-1/2 as large.
Enhanced westerlies in the central North Pacific during
El Niflo, which increase the upward surface heat flux,
also cool the water through southward Ekman drift. The
diagnosed MLM Q. anomalies are similar to observa-
tions but the cooling over the central North Pacific is
somewhat stronger in nature (not shown).
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The net surface heat flux is composed of the short-
wave (Qgy,) and longwave (Qy,,) radiation and the sensi-
ble (Qg,) and latent (Qy,) heat flux. In mid and high
latitudes, sensible and latent heat fluxes dominate the
generation of SST anomalies in fall and winter during
ENSO (Alexander 1992, Lau and Nath 2001). In gen-
eral, Q, anomalies strongly influence SST over the
entire globe, while the magnitude of the Qg (Qgyw)
anomalies increases (decreases) when going from the
tropics towards the poles.

The evolution of ENSO-induced SST anomalies and
associated forcing terms over a region in the central
North Pacific (28°N-42°N, 180°-160°W, box on Fig. 7¢c)
are shown in Fig 8. During fall and winter Qy;, and Qg
and to a lesser extent Qg cool the mixed layer. While
the model accurately simulates the magnitude of the
SST anomalies in Feb(1)-May(1), it underestimates the
cooling from Sep(0)-Jan(1), even when the spread
among the 16 ensemble members is taken into account
(Fig. 8a). The limited magnitude of the simulated SST
anomalies in fall is somewhat surprising given that the
cooling due to Qg,+Qy;, is greater in the MLM than in
the NCEP reanalysis beginning in Aug (0) (Fig. 8b).
Several factors may contribute to the underestimate of
the SST anomaly in the central North Pacific, including:
i) errors in simulated radiative fluxes, especially Qgy,
(Scott and Alexander 1999), ii) an overestimation of
MLD in the MLM resulting in a reduced SST anomaly,
although the simulated MLD is close to observed during
fall and winter in this region, iii) amplifying feedbacks
between model errors, and iv) processes absent from the
MLM, such as Ekman transport. While the diagnosed
Q. does cool the central Pacific region in late fall/early
winter (Fig. 8c), other factors must contribute to the
model-data differences in Sep(0)-Nov (0).

In the central North Pacific region, cooling by Q..
and Qy, (Figs. 8c-d) is slightly larger than the warming
due to Qg during the summer of Yr (0). Even though
the flux anomalies are of limited magnitude they can
significantly affect SSTs in summer since the mixed
layer is shallow (< 20 m).

b.  Atlantic Ocean

During the last half of the 1990s several studies inves-
tigated the processes responsible for the warming (cool-
ing) of the tropical North Atlantic in boreal spring
following the peak of El Nifio (La Nifia) events. Obser-
vational analyses (Hastenrath et al. 1987; Curtis and
Hastenrath 1995; Enfield and Meyer 1997; Klein et al.
1999) showed that weakening trade winds over much of
the Atlantic between approximately 5°N-20°N reduced
the upward latent heat flux during JFM(1). The AGCM
simulations of Saravanan and Chang (2000) reproduced
this finding but indicated that higher humidity associ-
ated with warmer surface air temperature also contrib-
utes to the reduced evaporation. A reduction in
cloudiness (Klein et al. 1999, Lau and Nath 2001), asso-
ciated with both the descending branch of the anoma-
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lous Walker Circulation and with the atmospheric
teleconnections that pass through the PNA sector, also
results in the warming of the subtropical North Atlantic
in spring via enhanced Q. ENSO may also influence
SSTs in the tropical Atlantic via changes in Ekman
pumping (Covey and Hastenrath 1995) and ocean
dynamics (Latif and Barnett 1995). However, Klein et
al. (1999) were able to reproduce much of the observed
warming associated with ENSO using only surface flux
anomalies and a linear damping term. The results from
the MLM simulations (Fig. 7) indicate that Q. has a
much larger effect on SST anomalies than Q,,, and Qg
in the subtropical North Atlantic in DJF (0/1). In the
Gulf of Mexico/eastern seaboard of the U.S., large Qo
anomalies (Fig. 7) are primarily due to anomalies in Qgy,
and Qy;, (not shown).

c. Indian Ocean

Surface heat fluxes also force SST anomalies in the
North Indian Ocean and South China Sea during ENSO
as illustrated by Fig. 7. Cadet (1985) and Klein et al.
(1999) emphasized the role of shortwave fluxes in this
region, while the observational analyses of Yu and Rie-
necker (1999) and modeling studies by Behera et al.
(2000) and Venzke et al. (2000) indicated that latent heat
fluxes are the dominant term driving SST anomalies.
Ocean dynamics also appears to influence ENSO-
related SST in parts of the Indian Ocean: easterly wind
anomalies enhance cooling in the eastern half of the
basin during SON (0) via Ekman pumping (Yu and Rie-
necker 1999), while Rossby waves generated by anoma-
lous winds in the southeastern Indian Ocean may
contribute to the basin-wide warming in the following
winter (Chambers et al. 1999). The absence of ocean
dynamics may partially explain why the MLM underes-
timates the positive SST anomalies between 0°-15°S in
the Indian Ocean (compare Figs. 6a & 6b).

7. Other ENSO-Induced Ocean Changes

Most previous studies of the atmospheric bridge
focused on the development of SST anomalies, yet
atmospheric changes associated with ENSO also influ-
ence salinity, mixed layer depth and the subsurface tem-
perature structure.

a. MLD

Regressions between the DJF ENSO index and MLD
anomalies in JFM over the North Pacific are shown for
observations and the MLM in Fig. 9. The observed
MLD provided by the Joint Environmental Data Analy-
sis Center (JEDAC; White 1995, 2001) is defined as the
depth at which the temperature is 1.0°C cooler than at
the surface and is based on bathythermograph measure-
ments for the years 1956-1996, while the MLD in the
MLM is computed explicitly from the turbulent kinetic
energy equation. The fidelity of the model in simulating
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the mean MLD in summer and winter was assessed in
Alexander et al. (2000). The observed and simulated
patterns of ENSO-related MLD anomalies are similar,
although the anomaly maxima are shifted ~15° west-
ward in the MLM, consistent with the displacement of
the model’s atmospheric response to tropical SST anom-
alies (Fig. 3). In both observations and the MLM, the
mixed layer is deeper in the center of the basin and shal-
lower in the northeast Pacific and to the south and east
of Japan. Hanawa et al. (1988) also noted shoaling of
the mixed layer south of Japan during El Nifio events.
Over the North Pacific the pattern in Fig. 9 resembles

) Regression (m)

decadal changes in MLD during winter (Polovina et al.
1995, Deser et al. 1996, Miller and Schneider 2000) as
well as the ENSO SST anomaly pattern (Figs. 2, 6 and
10) but with opposite polarity. The magnitude of the
simulated and observed anomalies is comparable over
most of the domain, although the ENSO-related shoal-
ing of the mixed layer west of Canada is weaker in the
MLM. While many factors are likely to contribute to
the model-data differences in the MLD, a particularly
important factor is that salinity is included in the ocean
model but not in the observed MLD estimates. Salinity
influences the density profile and hence the base of the
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mixed layer, especially north of ~45°N.

b.  Salinity
ENSO can influence salinity via precipitation minus
evaporation (P-E), river runoff and oceanic processes.
Changes in P-E in the MLM result in large salinity
anomalies in the tropics, where El Nifio — La Nifia salin-
ity differences exceed 0.8 parts per thousand (ppt) in the
Indonesian region from Jul(0)-Apr(1) and 0.3 ppt in the
Caribbean Sea from Oct(0)-Dec(0) (not shown).
Schmittner et al. (2000) also found a decrease in P-E to
the north of South America during El Nifio events in the
NCEP and European Center reanalysis data sets.
Schmittner et al., Latif et al. (2000) and Latif (2000)
presented evidence that P-E changes associated with
equatorial Pacific SST anomalies impact the thermoha-
line circulation when the salinity anomalies in the Car-
ibbean are advected to the sinking regions in the far
North Atlantic. Lukas and Lindstrom (1991) found that
salinity in the western equatorial Pacific strongly influ-
ences the density profile and thus the amount of cooling
due to entrainment during westerly wind bursts. They
hypothesized that regulation of SST in the warm pool
region by salinity-dependent entrainment could play an
important role in the ENSO cycle.
c. Reemergence of SST anomalies
The seasonal cycle of MLD has the potential to influ-
ence upper ocean temperatures from one winter to the
next. Namias and Born (1970, 1974) first noted that
midlatitude SST anomalies tended to recur from one
winter to the next without persisting through the inter-
vening summer. They speculated that temperature
anomalies that form at the surface and spread through-
out the deep winter mixed layer remain beneath the
mixed layer when it shoals in spring. The thermal anom-
alies are then incorporated into the stable summer sea-
sonal thermocline (30-100 m) and thereby insulated
from surface fluxes that generally act to damp the origi-
nal SST anomalies. When the mixed layer deepens
again in the following fall, the anomalies are re-
entrained into the surface layer and influence SST.
Alexander and Deser (1995) showed that this “reemer-
gence mechanism” occurs at several locations away
from strong ocean currents. Bhatt et al. (1998), Alex-
ander et al. (1999) and Watanabe and Kimoto (2000)
found evidence for large-scale reemergence of SST
anomalies over the North Atlantic and Pacific Oceans.
Here we explore whether North Pacific SST anoma-
lies accompanying ENSO in late winter of year (1) recur
in the following fall/winter without persisting through
the intervening summer. Bi-monthly maps of the
observed and simulated composite SST anomalies over
the North Pacific for FM(1), AS(1) and DJ(1/2) are
shown in Fig. 10. The strong basin-wide SST anomalies
in FM(1) weaken and in some areas reverse sign during
AS(1), but then return to a pattern in DJ(1/2) that resem-
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bles the one in the previous winter. Indeed, the pattern
correlation of SST anomalies over the North Pacific
between FM(1) and AS(1), is only 0.43 (0.22) in the
observations (MLM) but then increases to 0.65 (0.86)
between FM(1) and DJ(1/2). In nature, the recurrence
of SST anomalies from one winter to the next appears
strongest to the south of Alaska and in the central
Pacific (30°N-35°N, 180°-150°W). Recurrence of SST
anomalies is also apparent in the MLM, but the magni-
tude of the recurring anomalies is weaker than observed
and there is some tendency for persistence of SST
anomalies through summer in the Gulf of Alaska. Per-
sistence of SST anomalies in the eastern subtropical
Pacific occurs through the entire year following an
ENSO event, especially in nature.

Could the SST anomalies in the North Pacific during
fall/winter following an El Nifio or La Nifia event be
forced by concurrent SST anomalies in the equatorial
Pacific, rather than by the reemergence mechanism?
The bottom panel in Fig. 10 shows that the SST anoma-
lies in the equatorial Pacific have reversed sign one year
after ENSO peaks, so that the atmospheric bridge would
tend to create North Pacific SST anomalies opposite to
those that occur in the DJ(1/2) composite. The tropical
anomalies in DJ(1/2), which represent the biennial com-
ponent of ENSO, are ~1/5 as large as those in the previ-
ous winter and thus have a modest effect on the North
Pacific.

The simulated evolution of the composite El Nifio —
La Nifia temperature difference averaged over the cen-
tral North Pacific region (defined in section 6) is shown
in Fig. 11. Results are presented from Dec (0) to Jun (2)
over the upper 180 m of the ocean. Negative tempera-
ture anomalies, created in Jan(1)-Apr(1), extend over
the relatively deep winter mixed layer (> 100 m). While
the negative SST anomalies decrease at the surface to
near zero by August (1), the cold water is maintained
beneath the ~20 m deep mixed layer through summer.
As the mixed layer deepens in the following fall, water
in the summer seasonal thermocline is re-entrained into
the surface layer, thereby cooling the SST through Janu-
ary (2).

The composite evolution of MLD in the central North
Pacific region during both El Nifio and La Nifia events is
also shown in Fig. 11. Relative to La Nifia, the mixed
layer is deeper as well as colder during Dec(0)-Apr(1)
of El Nifio events. The SST and MLD changes during
winter of year (0/1) are inversely related, since surface
heat fluxes that create negative SST anomalies also lead
to enhanced convective mixing and thus positive MLD
anomalies. In contrast, the SST and MLD anomalies are
positively correlated in the winter of year (1/2): anoma-
lously cold water is associated with a shallower mixed
layer. Alexander et al. (2001) found that this reversal in
the SST-MLD relationship results from the seasonal
cycle of MLD and the reemergence process. When the
deep winter mixed layer shoals, the water left behind
subsequently affects the density profile in the seasonal
thermocline. When the winter mixed layer is colder
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(and/or saltier) than normal, the vertical stratification is
enhanced in the seasonal pycnocline. As a result, the
penetration depth of the mixed layer will decrease for
the same amount of surface forcing, especially during
the main period of deepening in the following fall and
winter. Thus, the negative SST anomaly formed during
El Nifio (La Nifia) winters leads to negative (positive)
MLD anomalies in the following fall/winter.

8. Oceanic feedback on the atmospheric bridge

Given the influence of the atmospheric bridge on the
global oceans, to what extent do the remote ENSO-
related SST anomalies feed back upon the atmosphere?
Previous studies have focused on how regional air-sea
interaction influence the atmospheric bridge, e.g. how
North Pacific SST anomalies influence the atmospheric

response to ENSO in the Pacific/North America (PNA)
region.  Here, we examine how global as well as
regional air-sea coupling impacts this response. Non-
local air-sea interaction can affect the response via
"multiple bridges"; for instance, ENSO-related SST
anomalies that develop in the Indian Ocean, western
Pacific or other ocean basins can subsequently influence
the atmosphere over the PNA region.

a. Previous results

Hendon and Hartmann (1982) suggested that the
extratropical atmospheric response to ENSO is weak-
ened by the presence of an ocean, which thermally
damps the atmosphere via surface heat fluxes. This
damping is reduced if the SSTs are allowed to adjust to
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the overlying atmosphere, so that low-level low-fre-
quency thermal variance is enhanced in a coupled atmo-
sphere-ocean model compared to a model with fixed
climatological SSTs (Barsugli 1995; Manabe and
Stouffer 1996; Bladé 1997, 1999; Barsugli and Battisti
1998, Saravanan 1998). Several of these studies found
that "reduced thermal damping" increases the variance
and persistence of certain atmospheric circulation
anomalies but the reasons why particular patterns are
enhanced is unclear. Frankignoul (1985), Robinson
(2000), and Kushnir et al. (2002, this issue) discuss
other physical mechanisms by which midlatitude SST
anomalies influence the atmosphere, including Rossby
wave propagation from the associated low-level heat
source/sink (e.g. Hoskins and Karoly 1981), stationary
waves driven by large-scale changes in precipitation
(e.g. Rodwell et al. 1999), storm track changes that
affect the large-scale flow (e.g. Ting and Peng 1995),
and changes in the mean climate due to air- sea coupling
(Robinson 2000).

The more specific question of how extratropical air-
sea coupling influences ENSO teleconnections in the
PNA region has been examined by Alexander (1992b),
Bladé (1999), and Lau and Nath (1996, 2001) using sets
of atmospheric GCM simulations in which the atmo-
sphere is forced with observed or idealized ENSO SST
boundary conditions in the tropical Pacific. The impact

of the extratropical ocean on the atmospheric response
to ENSO was assessed by comparing "uncoupled simu-
lations", in which climatological SSTs was prescribed
outside the tropical Pacific, with "coupled" simulations,
in which the atmosphere was allowed to interact with a
mixed layer ocean model. However, the location of the
tropical SST forcing, the mixed layer domain and phys-
ics, and the treatment of the seasonal cycle, differed
from one experiment to another.

The studies by Alexander, Bladé, and Lau and Nath
reached different conclusions. For instance, using an
ensemble of five simulations with an idealized ENSO
event specified in the Community Climate Model (CCM
version 0A, an AGCM from the National Center for
Atmospheric Research with R15 resolution), Alexander
(1992b) found that midlatitude air-sea feedback damped
the anomalous upper-level winter circulation in the PNA
sector. Bladé (1999) reached a similar conclusion, using
long perpetual January integrations of the R15 GFDL
GCM and synthetic tropical SSTs. In contrast, Lau and
Nath (1996) found that coupling greatly enhanced the
winter near- surface ENSO-related atmospheric anoma-
lies (temperature, humidity and wind speed) in the PNA
region and, to a lesser extent, the upper level response.
Their results were obtained from an ensemble of four
integrations with the R15 GFDL model forced with
observed tropical SSTs for the 1946-1988 period. In
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Bladé's study, only the low-level temperature response
was amplified in the presence of coupling with
increased persistence of the response evident at lags of
3-6 months, consistent with reduced thermal damping.
In these studies, however, differences between the cou-
pled and uncoupled upper-level circulation were not
always statistically significant. Furthermore, models
with R15 or similarly coarse resolution underestimate
tropical precipitation and storm track variability, usually
resulting in a weaker atmospheric response to both trop-
ical and midlatitude SST anomalies.

Lau and Nath (2001, hereafter LN) repeated their
series of 4-member ensemble experiments using the
R30 GFDL model for the 1950-1995 period. They
found that the differences between the coupled and
uncoupled response over the Northern Hemisphere
depended on the seasonal cycle and the polarity of
ENSO events. For El Niflo events, coupling did not
modify the amplitude of the 500-mb height anomalies
during the peak in response to ENSO which occurs in
Jan(1)-Feb(1), (hereafter JF), but for La Nifia events, it
doubled the amplitude of the JF anomalies over the PNA
sector. This apparent nonlinearity in the impact of mid-
latitude coupling, with positive oceanic feedback occur-
ring only in the presence of positive midlatitude SST
anomalies, is consistent with the lack of sensitivity of
AGCMs to negative midlatitude SST anomalies (Kush-
nir et al. 2001). On the other hand, because LN's mixed
layer extends to all oceans outside the tropical Pacific,
the coupled response could be influenced by multiple
bridges in addition to local air-sea coupling.

Newman et al. (2000) diagnosed the midlatitude
ocean-atmosphere interactions in LN's coupled experi-
ment using a linear inverse modeling (LIM) technique
(e.g., Penland and Sardeshmukh 1995). Their results
suggest that the linear feedback of extratropical SSTs
upon the atmosphere is weak and enhances the local
atmospheric thermal variability, in agreement with Bar-
sugli and Battisti (1998). The feedback also appears to
damp barotropic variability in the central North Pacific,
which concurs with Alexander's and Bladé's findings.

With the exception of Bladé's (1999) study, the model
experiments discussed above were based on a relatively
small number of realizations, so discrepancies among
them may simply be due to sampling variability. Given
that the response to prescribed mid-latitude SSTs is
modest in most recent AGCM experiments (Kushnir et
al. 2002), suggests that large ensembles and/or long
integrations are necessary to resolve the effect of midlat-
itude oceanic feedback on the atmosphere. Moreover,
the 50-m slab ocean employed by Bladé and Lau and
Nath does not accurately represent ocean conditions in
late winter, since the observed MLD exceeds 100 m in
the central North Pacific and most of the North Atlantic
from January through March (e.g., Monterey and Levi-
tus 1997).
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b. Revisiting the effect of coupling on the extratropical
ENSO response

We have performed model experiments with larger
ensembles and improved mixed layer physics to address
sampling variability issues and to examine the relative
roles of local and remote air-sea feedback on ENSO
teleconnections. In addition to the MLM experiment,
two complementary sets of ensemble integrations, the
Control and NP-MLM experiments, have been con-
ducted. Recall from section 2 that all three experiments
have the same SST forcing in the eastern tropical
Pacific, but the MLM has an interactive model over the
remainder of the global ocean, the NP-MLM has an
interactive ocean only in the North Pacific (north of
21°N) and the Control has no interactive ocean. At the
outset, the expectation is that differences between the
NPMLM and Control responses can be attributed to
local coupling effects in the North Pacific, whereas dif-
ferences between the MLM and NPMLM are due to air-
sea coupling outside the North Pacific.

The extratropical atmospheric response to ENSO is
examined using regression and composite analyses. The
statistical significance of the difference in these quanti-
ties between experiments is estimated using Monte
Carlo methods (e.g. Wilks 1995), as follows. The regres-
sion (or composite) values from the individual simula-
tions of the experiments being compared are pooled
together. At each grid point, 6000 pairs of random
ensemble averages are constructed allowing for replace-
ment. Differences between pairs of ensemble averages
selected from this pool are then used to generate a near-
normal distribution of values. The difference between
experiments is deemed to be significant at the 95% level
if the magnitude of the actual value exceeds the top or
bottom 2.5% of the Monte Carlo distribution values. In
general, traditional Student's t tests produce similar
results to those shown here.

The evolution of the atmospheric response to ENSO
during the winter months, illustrated by linearly regress-
ing monthly-mean 500-mb heights against the January
ENSO index (Fig. 12), is broadly similar in the three
experiments. The tropically-forced wavetrain arches
across the North Pacific, North America and the North
Atlantic, with maximum amplitude in JE. The JF height
anomalies throughout the PNA sector are weaker in the
MLM experiment relative to the Control. The damping
effect of global coupling from mid-January through
mid-February is more clearly evident in Fig. 13, which
shows the time evolution of the 30-day running-mean
warm-cold composite of the height anomaly averaged
over the North Pacific (32°N-48°N, 176°E-142°W).
Alexander (1992b), Bladé (1999) and Newman et al.
(2000) also found that coupling slightly damped ENSO-
related atmospheric anomalies over the North Pacific in
winter. Similar results are also seen in other fields, such
as SLP and 200-mb zonal wind (not shown).

Differences between the mid-winter response to
ENSO in the NP-MLM and Control experiments are
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FiG. 12. Regression cdiéfients of monthly-mean 500-mb height anomalies versus the January ENSO index from the previous December to
the following March, for the MLM, NRMLM and Control experiments. Contour interval is 10 m; positive (negative) contours are red (blue).
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The shading indicates two-tailed 95% statistical $igance of the difference between coupled and uncoupled regressions.

modest and do not pass the significance test at the 95%
level (Figs. 12 and 13). More striking is that the
wavetrain in the NP-MLM is strongly enhanced relative
to the Control and MLM experiments in March. The
anomaly centered over the northeastern Pacific in March
is also enhanced in the MLM relative to Control but this
difference is small and not significant at the 95% level.
The North Pacific height anomaly expands towards the
west from February to March in both the MLM and NP-
MLM simulations.

While coupling appears to influence the mean
response, does it impact the distribution of the response,
i.e. how does the anomaly vary among ensemble mem-
bers? Does the impact of coupling differ between warm
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and cold events? Do the observed anomalies lie within
the model spread? To address these questions, the warm
and cold composite 500-mb North Pacific height anom-
aly for each ensemble member in the three experiments
and observations as well are shown in Fig. 14. There is
a large amount of spread among ensemble members,
and by eye there are notable differences in the distribu-
tions between experiments. However, we cannot deter-
mine if the ensembles being compared are significantly
different from each other by visual inspection, i.e. they
could be subsamples from the same underlying distribu-
tion. To test if the difference between ensemble distribu-
tions is significant, we use the nonparametric two-
sample Kolmogorov- Smirnov measure, D, the maxi-
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North Pacific (176°E-142°W; 32°N-48°N) for all three experiments. Open circles indicate 95% significance of the differences between the anoma-

lies in MLM or NP-MLM and the Control, while full circles indicate significant differences between anomalies in the NP-MLNiind M

mum difference between the cumulative distribution
functions of the ensembles being compared (Kendall
and Stewart 1977; also see the appendix in Sardesh-
mukh et al. 2000).

The warm and cold composite distributions can only
be distinguished from each other at the 95% confidence
level for the MLM experiment in February and the NP-
MLM experiment in March. Thus, we refrain from a
discussion of nonlinearity in the response to ENSO and
how coupling might impact it. The MLM differs from
the other two experiments at the 95% level for warm-
cold composites in January and for cold events in Febru-
ary. The warm and cold NPMLM distributions differ
from both the MLM and Control distributions at the
99% confidence level in March. However, the observed

AMPLITUDE

March composite value lies beyond the NP-MLM distri-
bution for La Nifia events and is smaller than all but one
NP-MLM member for El Nifio events. In contrast, the
observed values lie well within the distributions of the
other experiments, suggesting that a crucial damping
process coming from other ocean basins is missing in
the NP-MLM experiment.

The impact of multiple bridges upon the North Pacific
height anomaly in the MLM experiment is diagnosed
using an "influence function" (Branstator 1985; New-
man and Sardeshmukh 1998). The influence function (g)
can be thought of as an inverse Green's function. That is,
rather than showing how the response at all locations is
affected by a specified source of forcing, g shows how
the forcing from all locations affects a specified
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Fic. 14. Warm (EI Nifio) and cold (La Nifia) composites of monthly-mean 500-mb North Pacific height anomalies in all three experiments (aver-
aged over the same box as in Fig. 13), for all members in each experiment during Jan, Feb and Mar of yr(1). The black crosses indicate the ensem-
ble averages, while the black circle indicates the observed composite value.
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response. Here, g represents the sensitivity of a target
atmospheric response, specified as a barotropic height
anomaly over the central North Pacific, to prior global
SST anomalies. This sensitivity is determined using
lagged multiple linear regression applied to the Novem-
ber-March MLM output (see the Appendix for more
details). Note that the height response depends not only
on the influence function but also on the actual pattern
of the anomalous SSTs: a region will have a substantial
impact on the response only if both g and the ENSO-
induced SST anomalies are large in that region.

The sensitivity of a negative height anomaly over the
central North Pacific (a deeper Aleutian low) in winter
to anomalous SST 60 days earlier is shown in Fig. 15;
qualitatively similar results are obtained for shorter or
longer lags. As expected, the largest negative (positive)
North Pacific height response can be generated by
anomalously warm (cold) SSTs in the equatorial Pacific.
To a lesser degree, the height anomaly is also sensitive
to local SST forcing: a warm (cold) SST anomaly in the
central North Pacific (~35°N, 160°W) strengthens
(weakens) the trough 60 days later, as would a cold
(warm) SST anomaly along the west coast of North
America. Since the SST anomalies associated with the
bridge in the eastern half of the North Pacific (Fig. 6b)
are opposite to g (Fig. 15), local air-sea interaction
appears to weakly damp the direct atmospheric response
to ENSO.

The bridge induces SST anomalies of the same sign as
those in the eastern equatorial Pacific throughout most
of the tropical oceans, particularly in the Indian and
Atlantic basins (Fig. 6). The influence function indicates
that SST anomalies in these basins force a North Pacific
height response opposite to that forced by eastern tropi-
cal Pacific SST anomalies. The sensitivity of height
anomalies in the PNA sector to Indian Ocean SST

anomalies is consistent with simulations in which SST
were specified in the Indian Ocean in the NCEP AGCM
(Kumar and Hoerling 1998; Barsugli and Sardeshmukh
2002) and in the CCM3 (Hoerling, personal communi-
cation). The sensitivity to conditions in the tropical
Atlantic Ocean, while unexpected, is supported by
recent CCM simulations in which SST anomalies are
specified only in the tropical Atlantic (Saravanan, per-
sonal communication). The absence of coupling in the
tropical Indian and Atlantic Oceans, and thus the
absence of damping from these regions, may explain the
stronger wintertime response in the NP-MLM relative to
the MLM experiment (Figs. 12 and 13).

The dipole in g near Japan (Fig. 15) implies that
changes in the SST gradient across the Kuroshio Cur-
rent extension forced by the bridge (Fig. 6) amplify the
North Pacific height anomaly. AGCM experiments con-
ducted by Peng et al. (1997) and Yulaeva et al. (2001)
also suggest that conditions in the western North Pacific
Ocean can influence the atmospheric circulation in the
PNA region. Monthly SST anomalies near Japan do not
reach significant amplitude until late winter and early
spring (not shown, but compare the DJF and MAM pan-
els in Fig. 6), while the central North Pacific SST anom-
aly is well- established earlier in the winter. Thus, the
net feedback from the Pacific north of 21°N could result
in damping of the height anomaly during mid-winter,
but weaker damping and perhaps even amplification by
late winter and early spring, which is consistent with the
differences between the NP-MLM and Control experi-
ments (and to a lesser degree the MLM and Control) in
Figs. 12 and 13. Note that the relationship between
anomalous SST and the atmospheric height anomalies
also exhibits month-to-month variations (Newman and
Sardeshmukh 1998; Wang and Fu 2000), which is not
considered here.

Sensitivity of NP height anomaly to anomalous SST 60 days earlier
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Fic. 15. Sensitivity map or influence function of a negative height anomaly over the North Pacific to anomalous SSTs 60 days earlier in the
MLM. The influence function is contoured at an interval of 0.002 K;rthe zero contour is removed for clarity and positive (negative) values are
red (blue). The target height response at 200 mb is indicated by gray shading with a 0.25 m interval.
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c. Discussion

Our results suggest that the impact of air-sea coupling
on the extratropical atmospheric response to ENSO is
complex. Both local and remote air-sea interaction influ-
ence ENSO teleconnections over the PNA region and
coupling effects vary with the seasonal cycle. The net
effect of global coupling on the ENSO response in the
PNA sector is smaller than both the ENSO signal forced
directly from the eastern Pacific and internal atmo-
spheric variability (Fig. 14), which implies that very
large ensembles are needed to determine the full effect
of air-sea interaction on the response to ENSO at sub-
seasonal timescales (Sardeshmukh et al. 2000).

The net global effect of coupling may be modest,
however, because large atmospheric responses to SST
anomalies in separate areas partly cancel over the PNA
region. Since the global SST anomaly pattern resulting
from multiple bridges varies from event to event, the net
effect of coupling will also differ. Thus, to better under-
stand the full atmospheric response to ENSO and to
simulate the response during individual ENSO events
will require GCMs to correctly model a series of pro-
cesses including: the SST evolution in the Indian, Atlan-
tic and North Pacific Oceans, the local atmospheric
response to these SST anomalies and the teleconnec-
tions from these regions to the PNA sector.

Given the complexity of the model results, the physi-
cal mechanisms responsible for the ocean-to-atmo-
sphere feedback during ENSO events are not readily
apparent and likely involve both tropical and extratropi-
cal processes. Air-sea interaction might influence the
extratropical height response to ENSO via changes in
tropical precipitation. The warm-cold composite precip-
itation in both coupled experiments minus the Control
during Feb(1) and the evolution of the precipitation
anomalies in the central and western equatorial Pacific
for all three experiments are shown in Fig. 16. Coupling
decreases the tropical precipitation associated with
ENSO in midwinter by reducing the amplitude of the
precipitation anomalies over the central and western
equatorial Pacific (Fig. 16¢). Surprisingly, this signal is
present even in the NP-MLM experiment, along with
corresponding changes in the 200 mb zonal winds (not
shown), even though the SST boundary conditions south
of 20°N are identical in the NP-MLM and Control
experiments.

The reduced precipitation in the central equatorial
Pacific in the coupled experiments during JF weakens
the diabatic forcing of the extratropical atmospheric cir-
culation. The enhanced precipitation over 0°-10°N in the
Indian Ocean and the reduced precipitation near the
Philippines in the MLM relative to the NP-MLM (not
shown but compare Figs. 16a and b) are qualitatively
similar to changes in the forcing necessary to further
weaken the extratropical wavetrain (e.g., Ting and
Sardeshmukh 1993). The difference in the precipita-
tion/circulation over the tropical Pacific between the
NP-MLM and Control experiments is unexpected and
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may be due to insufficient sampling. However, the dif-
ference between the precipitation between the NP-MLM
and Control experiments is statistically significant in the
central and western equatorial Pacific. Air-sea coupling
in the North Pacific (including the subtropics) could
influence tropical precipitation through processes that
span from the midlatitudes to the tropics, such as cold
surges that propagate from Asia to the western equato-
rial Pacific.

In addition to changes in tropical forcing, differences
between the experiments may result from extratropical
processes. For example, reduced thermal damping could
contribute to the enhancement of the NPMLM response
relative to the Control in March. Indeed, the loss of
energy from the atmosphere to the ocean via surface
heat fluxes is 20- 30% weaker by February in the NP-
MLM experiment (not shown, but see Figs. 4-12 in Lau
and Nath 1996), consistent with the slow adjustment of
midlatitude SST anomalies to the overlying atmosphere.
However, the ENSO-related SST anomalies in the North
Pacific are driven not only by surface temperature varia-
tions but also by anomalous low- level winds, which are
not considered in the reduced thermal damping para-
digm. The sensitivity of central North Pacific heights to
SST changes near Japan (Fig. 15) suggests that changes
in the storm track could also be relevant. In March, the
precipitation just south of Japan and transient eddy flux
convergence over the west Pacific are enhanced in the
NP-MLM relative to the Control (not shown). While
these differences in storm-track parameters are signifi-
cant at the 99% and 95% levels, respectively, it is not yet
clear whether the changes in the transient eddies caused
or resulted from the large-scale circulation anomalies.

Finally, we note that one advantage of our experimen-
tal design compared to coupling an AGCM to an OGCM
is that, by construction, SST anomalies are realistic in
the ENSO region. Recent research (Pierce et al. 2000;
Vimont et al. 2001), however, has suggested that winds
in the extratropics may affect the development of tropi-
cal SST anomalies, a potentially important feedback
missing from our experiments.

d. Oceanic feedback in other locations

While we have focused on the impact of air-sea inter-
action in the ENSO response in the PNA sector, air-sea
feedback influences the atmospheric bridge in other
regions as well. Wang et al. (2000) proposed that a
strong anticyclone that forms to the east of the Philip-
pines during El Nifio winters creates cold SST anoma-
lies near 10°N, 140°E via evaporative cooling and
enhanced entrainment. These cold SSTs reinforce the
anticyclone, enabling it to persist for several months. By
comparing the local atmospheric response in a coupled
and an uncoupled simulation, Lau and Nath (2000)
found that the ENSO-related SST anomalies in the
Indian Ocean tend to enhance (reduce) the precipitation
and flow in the summer Asian monsoon, in opposition to
the direct response to warm (cold) SST anomalies in the
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FIG. 16. a) MLM minus Control and b) NP-MLM minus Control warm—cold composite tropical precipitation during Feb(1). Contour (shad-
ing) interval is 0.1 (0.05) cm day™!. ¢) Warm-cold composite of the 30-day running mean precipitation (cm day™!) in the MLM, NP-MLM and
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rial Pacific. Precipitation anomalies in the central (western) Pacific are shown by solid (dashed) lines, open circles indicate that the differences
between the anomalies in the MLM or NP-MLM and the Control are significant.
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tropical Pacific Ocean.

9. Outstanding issues

The full extent of the atmospheric bridge spans sev-
eral different processes, including: the global atmo-
spheric response to ENSO SST anomalies, the resulting
changes in heat, momentum, and freshwater fluxes
across the air-sea interface outside of the equatorial
Pacific, the ocean's response to these surface flux anom-
alies, including changes in SST, MLD and salinity, and
the feedback of the remote SST anomalies onto the
atmosphere. While considerable progress has been
made in our understanding of each of these subtopics,
several outstanding issues remain.

A detailed discussion of unresolved issues concerning
the atmospheric response to tropical SST anomalies can
be found in Section 6 of Trenberth et al. (1998). Of rel-
evance here is how the large-scale atmospheric changes
associated with ENSO are communicated to the surface
via changes in solar radiation, precipitation and bound-
ary layer processes, which are not well simulated in
AGCMs. Perhaps the most important requirement, in
terms of improved simulation of the ENSO-related SST
anomalies, is a better representation of clouds and their
influence on solar radiation.

Most studies that have examined the remote oceanic
response to ENSO have focused on SST anomalies in
the Northern Hemisphere during winter. Relatively
large ENSO-related SST anomalies in the Southern
Hemisphere during winter and in the North Pacific dur-
ing summer have received much less attention. Ques-
tions also remain about the Indian Ocean response to
ENSO; while most studies have found a basin-wide
warming in Dec(0)-May(1), it is not clear how much of
the east-west SST dipole that develops along the equator
in boreal fall is also due to the atmospheric bridge. In
addition, the remote influence of ENSO on other ocean
fields such as mixed layer depth, and temperature, salin-
ity and currents as a function of depth requires further
study.

A complete picture of the climate system response to
ENSO should incorporate both the atmospheric bridge
and the dynamical ocean response to tropical SST
anomalies. Kelvin and other coastally trapped ocean
waves generated by ENSO clearly influence SST along
the west coast of North and South America. Baroclinic
Rossby waves are generated by the passage of these
waves and by changes in wind stress curl associated
with atmospheric teleconnections, especially variations
in the Aleutian low (Pares Siera and O'Brien 1989;
Jacobs et al. 1994; Miller et al. 1997). Since baroclinic
Rossby waves take approximately 5-10 years to cross
the North Pacific, dynamical ocean processes are impor-
tant in slow basin-wide thermocline changes and may
influence SST anomalies at low frequencies. Wind and
buoyancy driven changes in the ocean circulation may
also result from the atmospheric response to low fre-
quency changes in SST in the equatorial Pacific. In prin-
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ciple, coupled GCMs can be used to assess the roles of
the atmosphere and oceans in the global response to
SST anomalies in the equatorial Pacific, provided the
models have a reasonable representation of ENSO.

Perhaps the most outstanding issue concerning the
atmospheric bridge is the extent to which and by what
means SST anomalies beyond the equatorial east Pacific
feed back on the atmosphere. The effect of midlatitude
air-sea feedback on the atmospheric circulation during
ENSO has differed among previous modeling studies.
The GCM simulations we have performed suggest that
global air-sea interaction damps the mid-winter
response to ENSO in the PNA region while air-sea inter-
action in the North Pacific results in a stronger response
trough in March following an El Nifio event. However,
several questions remain. Are both signals robust and
reproducible in other models? If so, what physical pro-
cesses are responsible? Is reduced thermal damping,
which enhances persistence of atmospheric anomalies
(e.g. Barsugli and Battisti 1998) critical, and/or are
dynamical changes, perhaps a change in the intensity or
location of the storm tracks, important as well? How
does air-sea interaction, including interactions in the
North Pacific, influence tropical precipitation? Does the
reemergence of ENSO-related SST anomalies in the fol-
lowing fall/winter affect the atmosphere? How does air-
sea interaction during ENSO in other locations, e.g. the
tropical Atlantic, Indian Ocean and Southern Hemi-
sphere influence the atmospheric response to ENSO?
More definitive answers to these questions may require
a very large ensemble of coupled and uncoupled simula-
tions.
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Appendix

The linear evolution of an anomaly vector x(f) over a
time interval [¢, #++T] can be expressed as

x(#+71) = G(D)x(f) + s(¢ + 1), (1)
where G(T) is a linear operator (or propagator) matrix
and s(#+7) is the corresponding error vector. G(T) can be
determined from the zero-lag and time-lag covariability
statistics of x(#) in a least squares sense (e.g., Wilks
1995) using multiple linear regression (MLR). Now
suppose we are interested in a particular pattern of the
response to prior anomalous initial conditions, say the
height anomaly over the North Pacific that results from
anomalous SST forcing 60 days earlier. Let w be a vec-
tor that represents this response of interest. Then a mea-
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sure of the magnitude of this response is the projection
of w on the total field x(z+T), or

R = WIX(t+1). )

From (1) and (2) the expected response for a given
initial state x(¢) is:

<R>=wIGT)x(d), (3)

where the brackets indicate an ensemble average so
that <s>=0. Thus, the sensitivity of the response w to
initial conditions in any location can be determined
from (3) as:

ot =wlG(). (4)

An element of this sensitivity map, or influence func-
tion g(6,A), is the contribution to the target response
from a point with unit initial condition located at lati-
tude 8 and longitude A.

The influence function shares two notable similarities
with the Green's function. First, convolving g with an
actual pattern of SST forcing at any given time will pro-
duce a corresponding height response. Second, g mea-
sures the cumulative effect of forcing over the time
interval T. For example, a point source of anomalous
SST in the tropics may directly produce a North Pacific
height response, but it may also induce anomalous SST
in other locations that could in turn further enhance or
reduce the height anomaly.

In this analysis, we apply MLR to the anomaly vector
defined as:

T
X = |Zgsg

Z200

where T is anomalous SST, and Z,, and Zgs are 200
mb and 850 mb geopotential height anomalies. Data
north of 30°S are interpolated to a 5°x5° grid. Anomalies
are determined during November-March (NDJFM) as
departures of daily values from an annually- varying cli-
matology, where the climatology is defined as both a
time and ensemble mean. Anomalies are then filtered
with a 30-day running mean. Finally, anomalies are
truncated in EOF space to the 40 leading geopotential
height and SST EOFs. This truncation retains more than
80% of domain-integrated variance for each field. A lag
of 20 days is wused to compute G(T), as
G(1) = [G(20)]V20.

Results are not qualitatively sensitive to either trunca-
tion or lag. Apart from sampling, results are also similar
if we compute G(T) from other lags; for example,
G(60) = [G(20)]® =[G(30)]?, suggesting that the evolu-
tion of x can be described by a simple linear dynamical
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equation (Winkler et al. 2001). Note that since the influ-
ence function in Fig. 15 shows sensitivity of a height
response alone, the SST subvector of w is set to zero. In
addition, only the SST portion of g is shown in Fig. 15,
but similar maps result at 200 Smb and 850 mb for the
sensitivity of the North Pacific height anomaly to previ-
ous height anomalies.
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