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ABSTRACT

The influence of midlatitude air-sea interaction on the atmospheric anomalies associated with El Nifio is
investigated by coupling the Community Climate Model to a mixed-layer ocean model in the North Pacific.
Prescribed El Nifio conditions, warm sea surface temperatures (SST) in the tropical Pacific, cause a southward
displacement and strengthening of the Aleutian Low. This results in enhanced (reduced) advection of coid
Asian air over the west-central ( northwest) Pacific and northward advection of warm air over the eastern Pacific.
Allowing air-sea feedback in the North Pacific slightly modified the El Nifio-induced near-surface wind, air
temperature, and precipitation anomalies. The anomalous cyclonic circulation over the North Pacific is more
concentric and shifted slightly to the east in the coupled simulations. Air-sea feedback also damped the air
temperature anomalies over most of the North Pacific and reduced the precipitation rate above the cold SST
anomaly that develops in the central Pacific.

The simulated North Pacific SST anomalies and the resulting Northern Hemisphere atmospheric anomalies
are roughly one-third as large as those related to the prescribed El Nifio conditions in a composite of five cases.
The composite geopotential height anomalies associated with changes in the North Pacific SSTs have an equivalent
barotropic structure and range from —65 m to 50 m at the 200-mb level. Including air-sea feedback in the
North Pacific tended to damp the atmospheric anomalies caused by the prescribed El Nifio conditions in the
tropical Pacific. As a result, the zonally elongated geopotential height anomalies over the West Pacific are
reduced and shifted to the east. However, the atmospheric changes associated with the North Pacific SST
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anomalies vary widely among the five cases.

1. Introduction

During El Nifio events when warm sea surface tem-
perature (SST) anomalies spread across the equatorial
Pacific, SST anomalies also develop in the North Pa-
cific. The extratropical anomaly pattern often features
cold water in the central Pacific and warm water along
the coast of North America. Using atmosphere—-ocean
model simulations, Alexander (1990a, referred to as
MAA,; and 1992, Part I of this study) has shown that
changes in the atmospheric circulation associated with
El Nifio can cause realistic SST anomalies to form in
the North Pacific Ocean. In Part II of this study we
examine how air-sea feedback in the North Pacific in-
fluences the atmospheric response to prescribed El
Niiio conditions in the tropical Pacific.

The effect of SST anomalies on the atmospheric cir-
culation has been widely studied over the past 30 years.
Observational analyses by Namias (e.g., 1959, 1965,
1969, 1972), Bjerknes (1964 ), and Ratcliffe and Mur-
ray (1970) have indicated that midlatitude SST anom-
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alies influence the atmospheric circulation both in the
vicinity and downstream of the SST anomaly. Moti-
vated by these analyses, Spar (1973), Houghton et al.
(1974), Chervin et al. (1976), Kutzbach et al. (1977),
Shukla and Bangaru (1979), and Chervin et al. (1980)
investigated the response to prescribed SST anomalies
in atmospheric models. While the SST anomalies
caused changes in the model fields, the signal-to-noise
ratio was low unless unrealistically large SST anomalies
were prescribed.

Salmon and Hendershott (1976), using a two-level
atmospheric model coupled to a 10-m slab ocean,
found that the atmosphere appeared to cause anomalies
to form in the ocean, rather than the reverse. This result
was confirmed by the data analyses of Davis (1976)
and Haworth (1978), which indicated that sea level
pressure (SLP) anomalies led SST anomalies by one
month. The prediction of SLP and surface air temper-
ature from previous SST anomalies was somewhat
more encouraging when stratified by season (Davis
1978; Harnack 1979, 1982; Walsh and Richman
1981). However, the amount of explained variance was
small (<20%), and the correlation between anomalies
in the midlatitude SST and SLP may result from both
being affected by conditions in the tropical Pacific
(Frankignoul 1985b; MAA; Part I).
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In contrast to the midlatitude results, observations,
dynamical studies, and general circulation model
(GCM) simulations in the early 1980s indicated that
tropical SST anomalies had a significant impact on
both the tropical and midlatitude atmosphere. Horel
and Wallace (1981), van Loon and Madden (1981),
Pan and Oort (1983), and others found statistical ev-
idence linking the tropical SST anomalies with many
atmospheric quantities, including a series of geopoten-
tial height anomalies that closely resembled the Pacific/
North American (PNA) pattern (Wallace and Gutzler
1981). Many of the atmospheric anomalies observed
during El Nifio were reproduced in GCM experiments
(e.g., Keshevamurty 1982; Blackmon et al. 1983;
Shukla and Wallace 1983). Anomalies similar to the
PNA pattern found in simple dynamical models (Hos-
kins and Karoly 1981; Webster 1981), were attributed
to the dispersion of Rossby waves on a sphere. How-
ever, Geisler et al. (1985) and Wallace and Jiang (1987)
found that linear Rossby wave theory could not explain
several aspects of the atmospheric changes associated
with El Nifio. For example, when enhanced convection,
a Rossby wave source, moves to different locations in
the tropical Pacific, the PNA pattern remains fixed.
The dynamical link between the tropical and extra-
tropical anomalies, while still unclear, has been the
focus of several recent investigations (Simmons et al.
1983; Kang and Lau 1986; Sardeshmukh and Hoskins
1988; Webster and Chang 1988).

Studies conducted during the last decade using im-
proved models and more complete datasets suggest that
the response of the extratropical atmospheric to mid-
latitude SST anomalies may not be negligible. Hendon
and Hartmann (1982) investigated the response of a
steady-state, primitive equation model to imposed dia-
batic heat sources. The linear wave response to shallow
thermal forcing was moderately strong when the source
was placed in midlatitudes. When feedback between
the anomalous atmospheric circulation and surface
temperature was included, it enhanced the response to
the midlatitude forcing but strongly damped the mod-
el’s response to subtropical forcing. In a series of studies,
Hannoschick and Frankignoul (1985), Frankignoul
(1985a), and Frankignoul and Molin (1988a,b) de-
tected a statistically significant atmospheric response
to SST anomalies in the North Pacific in the Goddard
Institute for Space Science (GISS) GCM. However,
the response was weak and changed substantially when
a slightly improved version of the GCM was employed.
Palmer and Sun (1985) forced the U.K. Meteorological
Office GCM with large (+4°C) warm and cold anom-
alies off the Newfoundland coast and found a substan-
tial downstream atmospheric response. They also per-
formed an observational analysis which indicated that
the SST anomalies originally formed as a result of
changes in the atmospheric circulation.

The relative impact of tropical and midlatitude SST
anomalies on atmospheric variability was recently
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studied by Wallace and Jiang (1987) and Lau and Nath
(1990). Wallace and Jiang found that the observed
midlatitude atmospheric anomalies were better cor-
related with midlatitude rather than with tropical SST
anomalies, but again, the maximum correlations oc-
curred when the atmosphere led the ocean. In addition,
the geopotential height anomalies associated with
midlatitude SSTs resembled the PNA and the west At-
lantic (WA) teleconnection patterns, while the anom-
alies associated with tropical SST covered large zonal
bands. Lau and Nath used the observed monthly vary-
ing SST field for the period of 1950-79 as the boundary
conditions for a 30-year Geophysical Fluid Dynamics
Lab (GFDL) GCM integration. The major atmo-
spheric teleconnection patterns simulated by the model
were strongly tied to specific regions in the midlatitude
oceans and only weakly correlated with tropical SST
anomalies, in agreement with Wallace and Jiang’s re-
sults.

The modeling study of Pitcher et al. (1988) is par-
ticularly relevant to our experiments as both studies
have investigated the response of the same GCM to
realistic midlatitude and tropical SST anomalies.
Pitcher et al. diagnosed the response of the National
Center for Atmospheric Research (NCAR) Commu-
nity Climate Model (CCM) to the observed SST
anomaly field in the North Pacific during the winter
of 1976/77, which included some of the largest SST
anomalies on record. As in most other recent GCM
experiments (e.g., Palmer and Sun 1985; Frankignoul
1985a), equivalent barotropic height anomalies formed
downstream of the midlatitude SST anomaly. The
CCM response to the specified SST anomalies was sta-
tistically significant and resembled the PNA pattern.
In an additional simulation, the SST anomalies in the
North Pacific were combined with a warm anomaly in
the tropical Pacific, resulting in an SST pattern that
often occurs during El Nifio. The CCM response to
the combined midlatitude/tropical SST anomaly ap-
proximately equaled the sum of the model’s response
to the individual SST anomalies.

In the modeling studies discussed previously (except
Salmon and Henderschott 1976), the ocean tempera-
tures were prescribed, yet the data analyses strongly
indicate that midlatitude SST anomalies usually form
in response to changes in the atmospheric circulation.
In addition, most of the modeling studies specified large
SST anomalies that were fixed in time and space. The
atmospheric anomalies that develop in a fully inter-
active system may be quite different from the anomalies
that form when SSTs are prescribed. Clearly, using
coupled atmosphere-ocean models will facilitate our
ability to understand the relationship between midlat-
itude SST anomalies and the atmospheric circulation.

In this study, a series of CCM-North Pacific Ocean
model experiments (section 2) are used to examine
how midlatitude air-sea interaction influences the at-
mospheric response to prescribed El Nifio conditions
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in the tropical Pacific. The atmospheric response to
the tropical SST anomalies is briefly discussed in sec-
tion 3. The relationships between surface energy fluxes,
near-surface atmospheric fields, and air-sea feedback
over the North Pacific are examined in section 4. The
effects of the developing extratropical SST anomalies
on the atmosphere, discussed in section 5, are assessed
by comparing coupled CCM-North Pacific Ocean
model simulations to CCM simulations in which cli-
matological SSTs are prescribed in the North Pacific.
The results are summarized and discussed in section 6.

2. Experiment design

A detailed description of the ocean configuration,
the ocean model, and the model simulations is given
in Part I; aspects of the experiment design relevant to
the atmospheric anomalies associated with midlatitude
and tropical SSTs are presented here.

a. The atmosphere and ocean models

The CCM (version 0A) is a 9-layer, sigma-coordi-
nate, primitive equation GCM (for a detailed descrip-
tion see Washington 1982). The model uses spherical
harmonics as horizontal basis functions with rhom-
boidal truncation at wavenumber 15, corresponding
to a horizontal resolution of approximately 4.45° lat-
itude by 7.5° longitude. Physical processes include in-
teractive clouds and radiative processes (Ramanathan
et al. 1983). Sea ice, snow cover, and the surface hy-
drology are prescribed. The fidelity of the model under
perpetual January and July conditions is discussed by
Pitcher et al. (1983) and Malone et al. (1984); the
seasonal cycle version, used in this study, is described
by Chervin (1986).

The ocean model, located between 20°N and 60°N
in the North Pacific, consists of a grid of independent-
column models. Vertical processes including surface
energy fluxes, penetrating solar radiation, entrainment,
and Ekman pumping are represented in each column,
but there is no horizontal communication between
columns. The column models, which are collocated
with the CCM grid points, consist of a bulk mixed-
layer model connected to a simple convective-diffusive
model. The equations used to compute the tempera-
ture, salinity, and mixed-layer depth and the local wind-
driven currents are from Niiler and Kraus (1977) and
Pollard and Millard (1970), respectively. The convec-
tive-diffusive model simulates temperature for three
upper layers of the ocean that are 40, 80, and 120 m
thick. The temperature beneath the mixed layer is ob-
tained using empirical formulas derived from Heald
and Kim (1979) that act to conserve heat between the
mixed-layer and convective-diffusive models. Semtner
(1984) employed a similar ocean model coupled to a
simple atmospheric model to examine climate vari-
ability.
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b. Model simulations

The experiment utilizes three sets of CCM simula-
tions: uncoupled climate (UNCL), uncoupled El Nifio
(UNEL), and coupled El Niiio (COEL). Climatolog-
ical SSTs are prescribed at all ocean grid points in the
UNCL simulations.! The prescribed SST field in the
UNEL simulations includes idealized El Nifio SSTs in
the tropical Pacific and climatological SSTs at all other
ocean grid points. In the COEL simulations, the CCM
is coupled to a mixed-layer ocean model in the North
Pacific; the prescribed SSTs outside the model domain
are identical to those in the UNEL set, which are El
Nifio conditions in the tropical Pacific and climato-
logical SSTs at the remaining ocean grid points.

The sea-ice distribution and climatological SSTs,
obtained from the analysis of Alexander and Mobley
(1976), are updated daily and have the identical sea-
sonal cycle in all of the simulations. In the UNEL and
COEL simulations prescribed tropical SST anomalies
are added to the climatological field between 20°N and
30°S in the Pacific. The SST anomalies in the tropical
Pacific, which have the same evolution in all of the
UNEL and COEL simulations, are derived from the
El Nifio composite of Rasmusson and Carpenter
(1982). Following Aragdo (1986), a cubic spline is
used to interpolate the three-month average SST
anomalies from the composite to daily anomaly values.
The anomalies are then doubled in order to obtain
ocean temperatures that are more representative of a
single strong El Nifio episode and to ensure a reason-
ably strong atmospheric response (Blackmon et al.
1983; Aragio 1986). During the transition and mature
phases of El Nifio, which occur during boreal fall and
winter, positive SST anomalies cover most of the trop-
ical Pacific.

Each CCM experiment set (UNCL, UNEL, COEL)
consists of five simulations; the simulations are all nine
months in duration and extend from June through the
following February. The initial atmospheric fields are
selected from five different years of a 20-year seasonal
cycle simulation described by Chervin (1986). The
same fields are used to initialize the corresponding run
within each set; for example, the first simulation in the
UNCL, UNEL, and COEL sets are started with iden-
tical atmospheric values. The same initial conditions
are used in the North Pacific Ocean model in all five
COEL integrations. The initial ocean state, a six-year
average of conditions on 1 June, is obtained from an
extended ocean model integration driven by CCM sur-
face fields.

' COCL simulations in which the CCM is coupled to the North
Pacific Ocean model and climatological SSTs are prescribed at all
other ocean grid points have also been performed. The COCL fields
are generally similar to those in the UNCL set over most of the
Northern Hemisphere; differences between the sets are most notable
in the vicinity of Siberia.
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TABLE 1. The SST anomaly location and the associated atmospheric anomalies obtained from the difference between the three sets of
simulations. UNCL, UNEL, and COEL are the uncoupled climate, uncoupled El Nifio, and coupled El Nifio simulations, respectively. The
identifiers TP and NP refer to the SST anomalies in the tropical Pacific and North Pacific and the associated atmospheric anomalies. The

atmospheric anomalies are examined over the Northern Hemisphere.

SST anomaly location/

Location of

Difference method of obtaining anomalies Identifier atmospheric analysis
UNEL-UNCL Tropical Pacific (prescribed) TP Northern Hemisphere
COEL-UNEL North Pacific (simulated) NP Northern Hemisphere
COEL-UNCL Tropical/North Pacific TP/NP Northern Hemisphere

(prescribed/simulated)

Regional SST anomalies and the associated atmo-
spheric anomalies are obtained from the difference be-
tween the ensemble average of each of the three sets
(Table 1). Atmospheric anomalies are associated with
the SST anomalies in the tropical Pacific (TP = UNEL
— UNCL), the North Pacific (NP = COEL — UNEL),
and in both the tropical and North Pacific (TP/NP
= COEL — UNCL). The prescribed TP and the en-
semble average of the five simulated NP SST anomaly
fields during winter are shown in Fig. 1. Model fields
are presented for December-January-February (DJF),
when the influence of SST anomalies on the extra-
tropical atmosphere is strongest (Walsh and Richman
1981; Wallace and Jiang 1987; Lau and Nath 1990).
Following Chervin and Schneider (1976), the pooled
t statistic is used to assess the statistical significance of
the difference between the model sets. In this experi-
ment, which has 8 degrees of freedom, the 5% signifi-
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F1G. 1. The prescribed tropical Pacific (TP) SST anomaly field
(30°S to 20°N) and simulated North Pacific (NP) SST anomaly
field (20°N to 60°N) for the three-month period of December through
February. The contour interval is 0.3°C X 10. The tropical anomaly
is obtained by doubling the Rasmusson and Carpenter (1982) com-
posite of the SST anomaly pattern during El Nifio. The midlatitude
anomaly is obtained from the difference between prescribed clima-
tological SSTs and the North Pacific ocean model temperature, as
part of the NP experiment. (Note that the North Pacific anomalies
shown here are slightly different from those in Fig. 12 of Part I where
the climatological SSTs were obtained from ocean model simulations.)
The values at grid points located at 20°N are computed by the ocean
model; the predicted anomalies were not forced to match the pre-

scribed anomalies at the edge of the model domain.

cance level corresponds to a two-sided ¢-statistic value
of 2.31. :

The results, discussed in the following sections, are
likely to be influenced by the limitations of the models.
The ocean model used in this study does not include
advection, which may be important in generating and
maintaining midlatitude SST anomalies. As discussed
in MAA and Part I, a large correction of the atmo-
sphere-to-ocean fluxes is required to obtain realistic
climatological SSTs in the ocean model. The simulated
climatology and the formation of anomalies in the at-
mosphere are likely to be sensitive to the physical pa-
rameterizations used in CCMOA. For example, the
large-scale diabatic heating in the CCMOB (which has
the same model physics as CCMOA ) is generally weaker
and confined closer to the surface than in CCMI
(Hoerling et al. 1990). This could have a substantial
effect on the mean long-wave pattern and the evolution
of circulation anomalies. Errors in the CCMOA surface
fluxes and vertical transport of heat and moisture result
from the limited vertical resolution and the crude pa-
rameterization of boundary-layer processes. In general,
storms in the CCM are weak due in part to the coarse
horizontal resolution.

3. Atmospheric anomalies associated with tropical
Pacific SSTs

The Northern Hemisphere response to prescribed
tropical Pacific (TP) SST anomalies is briefly described
and compared with observations and other CCM stud-
ies. The results are subsequently used to examine
changes in the surface fluxes and low-level atmospheric
fields over the North Pacific during El Nifio and to
compare the TP anomalies with those that result from
air-sea interaction in the North Pacific.

The ensemble TP SLP and the 700-mb and 200-mb
geopotential height anomalies are shown in Fig. 2. The
large negative SLP anomaly in the central North Pacific
suggests that during El Nifio the Aleutian Low deepens
and is displaced southeastward from its climatological
position, in agreement with observations (Bjerknes
1969; Namias 1976). Positive SLP anomalies are found
throughout the high latitudes with a maximum north
of Siberia. The midlatitude anomaly pattern has an



SEPTEMBER 1992

120

N
. ;

al TP Sea Level Pressure (mh)

120

N

. 0
, 4

’ N 25
/ N R

Y
...... NN
&5 AN
:‘ £ [} \\\\\\\\: 4 §
-t SN

N

=

30

13

F

- a

b} TP 700mb Geopotential Height

T T T S

60 %

30
e

c) TP 200mb Geopotential Height

ALEXANDER

-180

N
12 RN

AT SO

N

s ==t \\\

~180
— e

_T R
T\\\‘\\\\{\\{\\\\S\\

SOOI 3

(m)

\'K{\\‘Q\i\ »
N

N

N

\:it]

(m)

963

m L

-120

50 &

RN
Mk\ 5:

-~

7

FIG. 2. The winter (Decembcr—January—Februéry) TP anomaly fields of (a) SLP, (b) 700-mb height, and (c) 200-mb
height. The contour interval is 3 mb in (a), and 30 m in (b) and (¢). Grid squares where the ¢ statistic is significant at the

5% level are shaded.

equivalent barotropic structure, and the anomalies in-
crease with height, as found in previous studies. The
upper-level TP anomaly fields contain zonal bands with
negative anomalies between 30°N and 60°N and pos-
itive anomalies north of 60°N. Within these bands
anomaly maxima are located between ~ 140°E and
140°W and to a lesser extent between 20°W and 70°W,
These anomaly centers closely resemble the west Pacific
(WP) and west Atlantic (WA ) teleconnection patterns
(Wallace and Gutzler 1981) and the observed corre-
lations between geopotential height and tropical SSTs
(Wallace and Jiang 1987). As noted by Wallace and
Jiang, the atmospheric anomalies associated with trop-

ical SSTs differ from the PNA pattern in that the
anomalies have a more zonal structure and the max-
imum amplitudes are located farther to the west in the
Pacific sector.

The TP SLP and geopotential height anomalies are
significant at the 5% level, as indicated by the shaded
grid squares, over the central North Pacific, the Arctic
Ocean, and northern Canada (Fig. 2). The small but
statistically significant SLP anomalies in the tropical
Pacific associated with the Southern Oscillation and
the positive height anomalies throughout the tropics
have been well documented in previous studies.

The positions of the anomalies in Fig. 2 are broadly
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similar to those in the experiments of Blackmon et al.
(1983) and Aragdo (1986 ), who examined the impact
of comparable tropical SST anomalies on the CCMOA.
The atmospheric anomalies in our experiment are
generally smaller than those in the perpetual January
simulations of Blackmon et al. but are substantially
larger than those reported by Aragdo. The observed
anomalies (van Loon and Madden 1981; van Loon
and Rogers 1981) are somewhat smaller than ours and
slightly larger than those found by Aragdo. Our un-
coupled El Nifio simulations are reintegrations of those
used by Aragdo, with the addition of a mass conser-
vation scheme in the CCM and the removal of small
prescribed SSTs between 20°N and 30°N. The devel-
opment of sizeable differences between the two sets of
simulations indicates the effect that small changes can
have on a GCM, a nonlinear system.

4. Surface fluxes, low-level atmospheric fields, and
air-sea fgedback

The sensible and latent heat flux equations, given in
section 2d of Part I, depend on the product of variables;
therefore, flux anomalies are influenced by both mean
(—) and anomalous (') conditions; for example,

s~ U(T, — To) + U(T, — T,)'
+U(T,—T) - U(T, - T.), (1)

where Q,, is the sensible heat flux, U the wind speed,
T, the ocean surface temperature, and T, the air tem-
perature. ( The drag coefficient used to compute Qyy, is
a constant in the CCMOA.) The TP anomalies are ob-
tained from the difference between the UNEL and
UNCL simulations, where the UNCL values represent
mean conditions; with this construct U'(T, — T,)" is
defined to be zero in (1). In the following analysis we
focus on the near-surface wind and temperature fields
and their relationship to the surface sensible heat flux
anomalies; the formation of 7, anomalies and their
influence on the surface fluxes in the North Pacific is
discussed in MAA and Part L

The climatological wind and temperature fields at
the lowest model level (¢ = 0.991, approximately 100
m above the surface) are shown over the North Pacific
in Figs. 3a and 3b. Cyclonic circulation associated with
the Aleutian Low is centered at 55°N, 175°W. To the
south of the low, strong westerlies are located between
35°N and 50°N, and the winds have a northward
component that is greatest in the vicinity of the date
line. Weak winds (U < 2 m s™!) associated with the
subtropical high extend across much of the Pacific at
30°N, and the northeast trades are found along the
southern edge of the domain. Off the Asian coast,
northwesterly winds advect cold continental air over
the Pacific; as a result, the isotherms are aligned from
the southwest to the northeast in the western half of
the basin but become more zonal to the east of the
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date line. The temperature gradient is strongest in the
northwest Pacific and decreases to the south and east.

Comparing Figs. 3a and 3b with observations from
the Comprehensive Ocean-Atmosphere Data Set
(COADS) indicates that the wind direction in the CCM
is realistic over most of the domain but the strong
northward component in the central Pacific is absent
in the data. The model’s wind speed is about 25%
greater than observed while the surface air temperature
is roughly 10°C too cold in the northwest Pacific. The
over (under) estimation of U(T,) in the CCMOA pri-
marily results from using unmodified values at the
lowest sigma level to represent conditions at 10 m above
the surface (Graham et al. 1989).

The anomalous TP (UNEL-UNCL ) wind speed (U")
and direction (v) are shown in Fig. 3c. (Recall that the
SSTs in the North Pacific are prescribed in these sim-
ulations.) The wind vectors suggest a southeastward
displacement of the cyclonic circulation, consistent
with the negative SLP anomaly in the central Pacific
(Fig. 2a). The resulting southward shift of the westerlies
causes decreased wind speeds across most of the Pacific
north of 45°N and increased wind speeds between
30°N and 45°N to the west of 140°W. The maximum
absolute values of U’ are found in the central Pacific.
The northward wind anomalies located in the eastern
part of the basin are strongest at 45°N, 150°W,

An analysis of the near-surface thermal budget in-
dicates that the TP air temperature anomalies in Fig.
3d are primarily caused by advection and vertical mix-
ing. In the west Pacific, the southward shift of the ad-
vection of cold Asian air results in negative (positive)
temperature anomalies south (north) of 45°N, while
in the east Pacific, anomalously warm air is associated
with southerly wind anomalies. The magnitude of
T, is greatest over Alaska and Siberia where the limited
surface heat capacity is unable to buffer anomalous
temperature advection associated with strong land-
ocean thermal contrasts. Over the ocean, the 7, anom-
alies caused by advection are partially compensated by
changes in Q. For example, the enhanced advection
of cold air to the east of Japan results in U’ > 0 and
T, < 0, which increases the upward flux of heat from
the ocean. Convective adjustment and vertical diffusion
then mix the heat within the lowest few layers of the
CCM. In the central Pacific (~35°N, 180°), where
the anomalous temperature advection is weak, 7', is
negative due to the mixing of cold air down to the
surface and a small amount of additional cooling by
longwave radiation and adiabatic adjustment.

Both the wind speed and air temperature contribute
to the TP sensible heat flux anomalies over the North
Pacific. Weaker winds and warmer air temperatures
cause positive flux anomalies into the ocean in the
north and east Pacific; the opposite occurs to the west
of 165°W between 30°N and 45°N (the TP flux
anomalies are shown in Fig. 18 of Part I). An exami-
nation of the three terms in (1) indicates that QY is
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FIG. 3. The winter UNCL (a) wind speed (U) and direction (v) and (b) air temperature ( T,) at the lowest model layer (¢ = 0.991) over
the North Pacific. The contour interval is 2 m s™' in (a) and 5°C in (b). The wind and temperature TP, NP, and TP/NP anomaly fields
are given in figures (c) and (d), (e) and (f), and (g) and (h), respectively. Note that the contoured values of U’ are computed from the
daily wind speed differences that are then seasonally averaged, while V' is obtained from the difference between the seasonally averaged
wind vectors. The contour interval for the TP and TP/NP anomaly fields is 1 m s~ for U and 1°C for 7,. The NP contour interval is 0.5

m s~ for U and 0.5°C for 7.

primarily controlled by U(T,— T,) in the east Pacific,
U(T,— T,) and U'(T, — T,)' in the northwest Pacific,
and U(T, — T,) and U'(T, — T,) west of 160°W be-
tween 30° and 45°N. Time filtering O/, (see Alexander
1990b) indicates that the surface forcing associated with
storms and planetary-scale waves are of comparable
strength, but the storm-scale forcing is slightly larger
in the west Pacific while the planetary-scale forcing is
larger in the far North Pacific.

The NP wind and temperature anomalies are shown
in Figs. 3e and 3f. Recall that NP anomalies, obtained
from the. difference between the COEL and UNEL
simulations, indicate the modification of the atmo-
spheric response to tropical forcing due to air-sea feed-
back in the North Pacific. The anomalies in the at-
mospheric fields associated with the North Pacific SST
anomalies are generally smaller and not as coherent as
those due solely to the prescribed tropical SST anom-
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alies. Air-sea feedback is associated with cyclonic cir-
culation centered at 52°N, 135°W (Fig. 3e), approx-
imately 10° downstream of the maximum warm SST
anomaly in the northeast Pacific. Anticyclonic circu-
lation centered at 48°N, 175°E is located to the north
of the cold SST anomaly. The NP wind anomalies,
which generally oppose the TP anomalies, are easterly
over the north-central Pacific and northerly between
145°W and 170°W over the entire meridional extent
of the domain. Negative U’ values (where primes now
denote NP anomalies) are found in the northeast Pa-
cific and positive values in the north central Pacific.

A detailed heat budget of the lowest CCM layers
indicates that the anomalous NP heating/cooling
caused by QY is primarily compensated by temperature
advection, convective adjustment, and vertical diffu-
sion. If the surface heat exchange were the only process
operating, then the air temperature would adjust to the
underlying SST anomalies, and the T/, pattern in Fig.
3f would match the North Pacific SST anomaly pattern
shown in Fig. 1. Anomalously warm air overlies warm
SST anomalies in the vicinity of 25°N, 150°E and
along the west coast of North America, and cold air is
found above the cold SST anomalies between 140°W
and 160°W at around 30°N. However, the fields have
different signs over more than half of the domain, in-
dicating that 7', cannot be explained by adjustment
alone. The low air temperatures between 150°W and
170°W coincide with anomalous cold-air advection by
northerly winds. In the northwest corner of the domain,
negative 7T, values are associated with anomalous
westerlies that transport cold air from Asia. In general,
the NP T, anomalies (Fig. 3f) are opposite to the TP
anomalies (Fig. 3d), indicating that air-sea feedback
in the North Pacific is acting to damp the atmospheric
response to tropical SST anomalies.

The TP/NP wind and temperature anomalies are
shown in Figs. 3g and 3h, respectively. When the effects
of the tropical and midlatitude SST anomalies are con-
sidered together, the anomalous cyclonic circulation
becomes more concentric and shifts slightly eastward
compared with the response to tropical SST anomalies
(Fig. 3c). The magnitudes of the TP/NP negative
temperature anomalies are larger in the far west and
south-central Pacific, and the positive anomalies are
smaller in the northern part of the domain when con-
trasted with the TP anomalies.

The anomalous NP net surface energy flux (Qp) is
shown in Fig. 4, where positive values indicate upward
flux anomalies. The NP surface flux and SST anomaly
patterns generally resemble each other, suggesting a
negative feedback between Qg and SST' (Cayan 1990,
Part I) since heat is removed (added) where the mixed
layer is anomalously warm (cold). The influence of
NP T, and U’ on the flux field is also apparent. For
example, at S0°N, 140°W positive surface flux anom-
alies are found above warm SST anomalies, but de-
creased wind speed and increased surface air temper-
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FIG. 4. NP surface energy flux anomaly field during winter (contour
interval is 10 W m™2), Positive values denote anomalous upward
fluxes.

ature (Figs. 3e and 3f) limit the magnitude of Qg. Pos-
itive air-sea feedback occurs in a small area near 45°N,
125°W where the SST and flux anomalies have op-
posite signs.

5. Atmospheric anomalies associated with North
Pacific SSTs

The NP surface energy flux anomalies are associated
with changes in the Northern Hemisphere SLP, geo-
potential height, and precipitation fields. However,
these changes vary widely among the individual cases;
therefore, we will limit our discussion of features in
the composite fields to those that are prevalent in the
individual cases. The composite NP SLP and 700-mb
and 200-mb height anomaly fields are shown in Fig.
5. The similarity of the patterns at the three levels in-
dicates that the NP anomalies are approx1mately
equivalent barotropic. The anomalies have an equiv-
alent barotropic structure over most of the Northern
Hemisphere in all five cases, but due to one case, the
composite includes negative SLP anomalies beneath
positive geopotential height anomalies over central
Canada. The magnitude of the composite NP anomaly
centers range between 2.5 and 4 mb at the surface and
20 to 65 m at upper levels.

Comparing Fig. 5 with Fig. 2 indicates that the SLP
and geopotential anomalies associated with the North
Pacific SST anomalies have a similar pattern but op-
posite sign as the atmospheric response to the pre-
scribed tropical SST anomalies. Air-sea feedback in
the North Pacific acts to damp the response to the TP
SST anomalies in four of the five cases. The NP anom-
alies are approximately 25% to 40% as large as the TP
anomalies, which is roughly the same as the ratio of
the NP to the TP SST anomalies (Fig. 1). The TP/NP
anomaly fields (not shown) are equivalent to adding
the corresponding fields in Figs. 2 and 5. As a result
of air-sea feedback in the North Pacific, the composite
TP /NP anomaly centers near the date line are reduced
and shifted eastward compared with the TP fields. The
TP /NP fields are in better agreement with the mag-
nitude and patterns of the observed anomalies asso-
ciated with El Nifio (van Loon and Madden 1981; van
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Loon and Rogers 1981; Mo and Livezey 1986) than
the response to tropical anomalies alone. However, the
influence of air-sea feedback in the North Pacific on
the anomaly patterns is uncertain due to the large in-
tersample variability, as discussed in the following para-
graphs.

The NP SLP fstatistic values ( Fig. 5a) are significant
at the 5% level over a small region in the central Pacific
and at a few other grid points in the subtropics. At 700
and 200 mb, the NP anomaly centers do not contain
grid squares with significant ¢ values. The relatively
low number of significant grid squares indicates that
the magnitude of the anomalies is small with respect
to the variability of the anomaly pattern. The difficulty

of detecting changes associated with realistic (<|2°C])
midlatitude SST anomalies above the internal vari-
ability in a GCM was also noted by Palmer and Sun
(1985).

The variability of the individual NP samples is
readily apparent from the five 200-mb geopotential
height anomaly fields (Fig. 6) that are used to construct
the ensemble average (Fig. 5¢). Only the first field re-
sembles the composite, and the five cases are distinctly
different from each other. The first NP field includes
alternating positive and negative geopotential anom-
alies along 45°N. The anomalies in fields 2 and 4 are
elongated in the zonal direction with negative geopo-
tential anomalies at high latitudes, positive anomalies
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at midlatitudes, and weaker negative anomalies in the
subtropics. Field 5 also shows a zonal structure but the
bands are opposite in sign to those in field 2. The stron-
gest feature in field 3 is an east-west dipole with a
trough over the Labrador Sea and a ridge over western
Europe. While there are differences between the North
Pacific SST anomalies in the five samples, the amount
of variability is not nearly as large as in the NP at-
mospheric anomaly fields; that is, all five SST anomaly
fields have cold water in the central Pacific and warm
water in the northeast Pacific and off the coast of
Mexico.

Figure 7 shows the ensemble NP precipitation
anomaly field superimposed on the simulated Pacific
storm tracks in the UNEL composite. The storm tracks
were sketched from precipitation maxima, roughly
where the daily precipitation rate exceeded 4 mm d ™!
when averaged over the winter season. Palmer and Sun
(1985) and Lau and Nath (1990) also used precipi-
tation anomalies to identify changes in the oceanic
storm tracks due to midlatitude SST anomalies. Com-
paring the NP precipitation anomalies to the UNEL
composite indicates how air-sea feedback in the North
Pacific alone may influence the position and strength
of activity making up the storm tracks.

The NP precipitation anomalies over the North Pa-
cific may be partially related to the local SST anomalies.
Precipitation is reduced by over 1.0 mm d ~! above the
cold NP SST anomaly in the central Pacific. There is
also a reduction in the net surface energy flux (Fig. 4)
and evaporation upstream from the negative precipi-
tation anomaly, which would reduce the oceanic input
of energy and moisture available for the development
and maintenance of storms. The decrease in precipi-
tation suggests that local air-sea feedback may cause
a weakening of activity in the southern branch of the
Pacific storm track (Fig. 7). While the reduction in
precipitation in the central Pacific is significant at the
5% level and appears in all five cases, a local anomaly
may still be a chance occurrence, as we have not tested
the significance of the entire field.

The NP SST and precipitation anomalies do not
always vary in unison; for example, precipitation is

-180 -120 -60

frans H
it

0 " . i A ; .
NP Precipitation (mm/day) and TP Storm Tracks
FIG. 7. The winter NP precipitation anomaly field (contour interval
s 0.5 mm d~'). Storm tracks, indicated by the wide stippled arrow,
are derived by tracing the maximum precipitation values (which
generally exceed 4 mm d~') in the UNEL composite.
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reduced above the warm SSTs in the Gulf of Alaska.
In this region, decreased precipitation is associated with
anomalous subsidence, low-level divergence, and
northwesterly winds (Fig. 3e). The latter reduces the
advection of moisture into the storm-track axis that
passes just to the south of Alaska.

6. Summary and conclusions

Using a series of model simulations, we examined
the influence of air-sea interaction in the North Pacific
during El Nifio on the formation of atmospheric
anomalies. As a first step, we analyzed the atmospheric
changes due solely to prescribed El Nifio SST anomalies
in the tropical Pacific, focusing on the near-surface
fields over the North Pacific during winter. The wind
and temperature anomalies and surface flux anomalies
were related to a southeastward shift and deepening of
the Aleutian Low. The wind-speed anomalies were
greatest in the central Pacific; westerlies were reduced
(enhanced) to the north (south) of the zonally elon-
gated low-pressure anomaly centered at 45°N. En-
hanced wind speeds to the south of the anomalous low
and the associated advection of cold continental air
result in lower air temperatures to the east of Japan,
while anomalous southerly winds advect warm air over
the northeast Pacific. As a result, the downward surface
heat flux anomalies are positive (negative) in the
northeast (central) Pacific.

The SST and atmospheric anomalies that result from
midlatitude air-sea interaction (with El Nifio condi-
tions still prescribed in the tropical Pacific) were ob-
tained from the difference between two sets, each con-
taining five simulations: in one set the CCM was cou-
pled to a mixed-layer model in the North Pacific while
in the second set climatological SSTs were prescribed
in the North Pacific. The simulated North Pacific SST
anomalies resulted in regional changes in temperature,
wind, and precipitation. The near-surface air temper-
ature anomalies primarily reflected the effects of ad-
vection, local adjustment to the SST anomalies, and
the heat transfer by convective adjustment and vertical
diffusion. A reduction in precipitation, which occurred
above the cold SST anomaly in the central Pacific, sug-
gested a possible decrease of activity in the Pacific storm
track in the vicinity of the date line. While this local
decrease in precipitation was significant, it may still
have been a chance occurrence, as the field significance
was not tested.

The simulated North Pacific SST anomalies and the
resulting Northern Hemisphere atmospheric geopo-
tential height anomalies were roughly one-third as large
as those due solely to prescribed El Nifio conditions in
the tropical Pacific. The atmospheric response to the
tropical SST anomalies featured a zonally banded
structure with maxima in the Pacific and Atlantic sec-
tors. Including air-sea feedback in the North Pacific
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damped the tropically induced anomalies in four out
of the five cases.

While the North Pacific SST anomalies clearly re-
flected the atmospheric forcing associated with El Niiio
conditions in the tropical Pacific (Part I), the influence
of the midlatitude SST anomalies on the large-scale
atmospheric circulation was much more ambiguous.
The changes in the SLP and geopotential height as-
sociated with the North Pacific SST anomalies were
statistically significant at only a few grid points over
the entire Northern Hemisphere. Large differences be-
tween the five independent samples used to construct
the ensemble average indicated that if a consistent sig-
nal was present it was obscured by noise.

The anomaly patterns and the amount of intersam-
ple variability found in our experiment differ from that
of Pitcher et al. (1988) even though both studies ex-
amined the adjustment of the CCMOA to comparable
North Pacific SST anomaly fields. For example, the
positive anomaly over the west Pacific in our simula-
tions does not appear in their study, and they obtained
statistically significant anomalies in the PNA region,
in contrast to our results. Several factors may contribute
to these differences. 1) The SST anomalies used by
Pitcher et al. were larger and had a somewhat different
configuration than those that formed in the mixed-
layer ocean model. The GCM experiments of Palmer
and Sun (1985) suggest that if larger SST anomalies
had formed in the North Pacific Ocean model the at-
mospheric response would likely be larger and possibly
more consistent. In addition, the dominant atmo-
spheric teleconnection patterns are sensitive to the exact
location of the midlatitude SST anomalies (Namias
1972; Wallace and Jiang 1987; Lau and Nath 1990).
2) Air-sea feedback, included in our study, may act to
enhance or damp certain modes or scales of motion
(Frankignoul 1985b). Our study supports the findings
of Hendon and Hartmann (1982) in that midlatitude
air-sea feedback suppressed the extratropical atmo-
spheric anomalies associated with tropical heating. 3)
The anomalies in our study were defined with respect
to a background state that included strong tropical
forcing. Linear models suggest that the evolution of
atmospheric anomalies is very sensitive to the back-
ground state. 4) The simulations in this study were
performed using the seasonal-cycle version of the CCM,
while Pitcher et al. used perpetual January simulations.
Anomalies are likely to be more variable and have a
different evolution when the model climate evolves
with the seasons. 5) Independent sets of GCM simu-
lations are likely to show some differences as a result
of internal variability.

Pitcher et al. also performed CCMOA simulations
with the reverse SST anomaly pattern specified in the
North Pacific, warm (cold) water in the central (east)
Pacific. The CCM response to opposite SST anomaly
fields was surprisingly similar, indicating that model
deficiencies may selectively influence the results or that
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the atmospheric response to midlatitude SST anomalies
is highly nonlinear.

In some regards, the atmospheric anomalies asso-
ciated with midlatitude air-sea interaction are similar
to the results of several modeling studies utilizing re-
alistic prescribed SSTs (Palmer and Sun 1985; Pitcher
et al. 1988; Lau and Nath 1990) in that the geopotential
anomalies are equivalent barotropic, increase with
height in the troposphere, and have an ensemble-av-
eraged amplitude of about 30-50 m per 1°C SST
anomaly at the 500-mb level. However, in contrast with
our results, Wallace and Jiang (1987) and Lau and
Nath (1990) found that midlatitude atmospheric
anomalies are more closely associated with midlatitude
than with tropical SST anomalies. This study examines
only the anomalies that develop under El Nifio con-
ditions, where the prescribed tropical SST anomalies
are large (twice the El Nifio composite of Rasmusson
and Carpenter 1982) and have the same evolution in
all of the experiments. The observed midlatitude at-
mospheric circulation and North Pacific SST fields ex-
hibit considerable variability among the different El
Nifio events. Wallace et al. (1990) found that the first
EOF of December-February SSTs in the North Pacific
exhibits a modest temporal correlation (—0.54) with
an index of SSTs in the equatorial Pacific. The results
from Wallace and Jiang, Wallace et al., and Lau and
Nath suggest that midlatitude processes not associated
with El Nifio strongly contribute to the connection be-
tween atmospheric and oceanic anomaly patterns in
the Northern Hemisphere.
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