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ABSTRACT

The role of the atmospheric circulation as a *‘bridge’’ between sea surface temperature (SST) anomalies in
the tropical Pacific and those in the midlatitude northern oceans is assessed. The key processes associated with
this atmospheric bridge are described using output from four independent simulations with a general circulation
model subjected to month to month SST variations observed in the tropical Pacific during the 1946—1988 period
and to climatological SST conditions elsewhere (the “TOGA’’ runs). In episodes with prominent SST anomalies
in the tropical Pacific, extratropical perturbations in the simulated atmospheric temperature, humidity, and wind
fields induce changes in the latent and sensible heat fluxes across the air—sea interface of the midlatitude oceans.
These anomalous fluxes in turn lead to extratropical SST changes.

The relevance of the atmospheric bridge mechanism is evaluated by driving a motionless, 50-m deep oceanic
mixed layer model at individual grid points with the local surface fluxes generated in the TOGA runs. The
negative feedback of the mixed layer temperature anomalies on the imposed flux forcing is taken into account
by introducing a linear damping term with a 5-month dissipative time scale. This simple system reproduces the
basic spatial and temporal characteristics of the observed SST variability in the North Pacific and western North
Atlantic.

The two-way air—sea feedbacks associated with the atmospheric bridge are investigated by performing four
additional 43-year runs of a modified version of the TOGA Experiment. These new *TOGA-ML’’ runs predict
the ocean temperature outside the tropical Pacific by allowing the atmosphere to interact fully with the same
mixed layer model mentioned above. The results support the notion that midlatitude ocean—atmosphere inter-
action can be modeled as a first-order Markov process, in which the red-noise response of mixed layer temper-
ature is driven by white-noise atmospheric forcing in the presence of linear damping.

The amplitude of near-surface atmospheric anomalies appearing in the TOGA-ML runs is higher than that in
the TOGA runs. This finding implies that, in the TOGA-ML scenario, the midlatitude oceanic responses to
atmospheric driving could exert positive feedbacks on the atmosphere, thereby reinforcing the air—sea coupling.
The enhanced atmosphere—ocean interactions operating in TOGA-ML prolong the duration of persistent mete-
orological episodes in that experiment. A comprehensive survey is conducted of the persistence characteristics
simulated in TOGA, TOGA-ML, and several other experiments subjected to prescribed SST forcing at various
sites. Model scenarios in which observed tropical Pacific SST anomalies act in conjunction with SST pertur-
bations in midlatitudes (either prescribed or predicted) are seen to produce the highest frequency of persistent
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events.

1. Introduction

It is well known from various empirical studies that
prominent sea surface temperature (SST) signals as-
sociated with El Nifio—Southern Oscillation (ENSO)
events are present not only within the tropical Pacific,
but also in several remote sites in the World Ocean. Of
particular interest to the present study are the SST
changes in the extratropical northern oceans during
such ENSO episodes. Weare et al. (1976) noted that
above-normal SST conditions in the equatorial Pacific
are accompanied by anomalously cold waters in the
central North Pacific, warm waters off the western
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North American coasts, and vice versa. Global analyses
by Hsiung and Newell (1983 ) and Pan and Oort (1990)
further indicate that ENSO variability in the tropical
Pacific is correlated with a dipolelike structure in the
SST anomaly field in the western North Atlantic. The
physical origin of these relationships between SST
changes at distant sites is clearly an important issue in
our ongoing quest for an understanding of the global
ocean—atmosphere variability on interannual time-
scales.

The connection between SST variability in tropical
and midlatitude sites was investigated by Alexander
(1990, 1992a,b) and Luksch and von Storch (1992),
who have subjected various models of the extratropical
ocean to driving by atmospheric anomalies related to
ENSO. The midlatitude oceanic response obtained in
these studies is consistent with the observed relation-
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ship between ENSO events and the SST field in the
North Pacific. Analogous experiments by Miller et al.
(1994) using an ocean general circulation model dem-
onstrate that extratropical oceanic variability on inter-
decadal timescales, such as that associated with the pro-
nounced shift in the conditions of the North Pacific
during 1976-1977, is also related to fluctuations in the
atmospheric driving.

In a more recent study by Lau and Nath (1994, here-
after referred to as LN94), the observed month to
month SST variations during the 1946—1988 period
were inserted in the lower boundary condition of a 15-
wavenumber, nine-layer atmospheric general circula-
tion model (GCM) developed at the Geophysical Fluid
Dynamics Laboratory. Separate model runs were con-
ducted by applying the temporally varying SST forcing
in each of three different domains: near-global ocean,
tropical Pacific only, and extratropical North Pacific
only. The surface temperatures at all maritime grid
points situated outside the domain of variable forcing
for a given run were fixed at their climatological sea-
sonal values. By diagnosing the output of four inde-
pendent integrations initiated from different atmo-
spheric conditions and subjected to varying forcing in
the tropical Pacific only [referred to as TOGA (Trop-
ical Ocean and Global Atmosphere) runs by LN941], it
was reported that the imposed tropical SST variations
are particularly effective in generating a wavelike at-
mospheric response spanning over the North Pacific—
North American sector during winter. The prominent
role of tropical Pacific SST anomalies in forcing this
atmospheric pattern is also evident in other GCM ex-
periments conducted by Graham et al. (1994 ) and Fer-
ranti et al. (1994). It was noted in LN94 that the sea
level wind, temperature, and humidity perturbations as-
sociated with the characteristic wave train lead to well-
defined anomalies in the sensible and latent heat fluxes
at the surface of the North Pacific and North Atlantic
Oceans. The spatial pattern of the implied SST ten-
dency driven by these model-generated surface fluxes
is in good agreement with that of the observed extra-
tropical SST changes accompanying ENSO.

The modeling studies cited above indicate that the
atmosphere serves as a crucial link between interannual
SST fluctuations in different parts of the World Ocean.
This ‘‘atmospheric bridge’’ owes its existence primar-
ily to SST forcing in the tropical Pacific, but in turn
acts as a driving mechanism for oceanic variability in
higher latitudes. The primary objective of the present
study is to further investigate different facets of the
atmospheric bridge mechanism through more detailed
diagnoses of the existing TOGA runs, as well as
through the examination of additional model experi-
ments incorporating various degrees of interaction be-
tween the atmosphere and ocean.

The observed relationships between SST anomalies
in the tropical Pacific and in the northern extratropical
oceans are reviewed briefly in section 2. The midlati-
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tude circulation anomalies forced by SST changes in
the tropical Pacific, and the roles of such atmospheric
variations in altering various forms of heat exchange
across the local air—sea interface, are documented in
section 3 using output from the TOGA experiment. In
section 4, the influences of the surface heat flux anom-
alies upon the extratropical oceans are determined from
the responses of a simple mixed layer model to differ-
ent types of atmospheric driving. The spectral behavior
of the surface flux forcing and SST response is exam-
ined in section 5. The impact of the midlatitude SST
variations on the overlying atmosphere is explored in
section 6 by allowing two-way feedbacks between
changes in the mixed layer and the model atmosphere.

2. An index of ENSO and its covariability with SST
in the northern oceans

The basic premise of LN94 and the present study is
that the variability of the extratropical atmosphere—
ocean system is linked to SST anomalies in the tropical
Pacific. It is therefore useful at the outset to develop an
index of the principal mode of SST perturbations in the
latter region. The spatial and temporal patterns asso-
ciated with this mode are obtained by conducting a
principal component (PC) analysis of the observed
SST field in the tropical Pacific between 20°S and 20°N.
The database for this analysis consists of northern
winter means (i.e., averages over December, January,
and February) for the 1946—1988 period. These ship
measurements of SST were originally assembled in
the Comprehensive Ocean—Atmosphere Data Set
(COADS, see Woodruff et al. 1987) and were subse-
quently analyzed on a global ocean grid using an ob-
Jjective interpolation scheme (see Pan and Oort 1990).

The leading PC of the tropical Pacific SST field ex-
plains 52% of the domain-integrated variance. The time
series of the temporal coefficients associated with this
leading mode is displayed in Fig. 1a. The values shown
here are obtained by normalizing the coefficients for
individual winters by one standard deviation as com-
puted on the basis of the entire time series. The spatial
pattern for the same mode may be depicted by the dis-
tribution of the regression coefficients of the SST
anomalies at individual grid points versus the time se-
ries in Fig. 1a. This pattern, shown in Fig. 1b, indicates
the polarity and amplitude (in °C) of the local SST
anomaly for each standard deviation of the temporal
coefficients above or below zero. The chart in Fig. 1b
is reminiscent of the typical SST anomaly pattern dur-
ing the mature phase of ENSO (e.g., Rasmusson and
Carpenter 1982). Particularly noteworthy is the elon-
gated equatorial extremum extending from near the
date line to the Peru—Ecuador coast.

The temporal coefficients in Fig. 1a clearly depict
the prominent warm and cold ENSO episodes. Also
evident in this time series is the prolonged period of
mostly above-normal tropical Pacific SST from 1976
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FiG. 1. (a) Time series of temporal coefficients (referred to as TPAC in the text) and (b) spatial pattern
associated with the first principal component of the observed SST field in the tropical Pacific during the
northern winter. The temporal coefficients in individual seasons are normalized by the standard deviation
for the entire 42-winter record. Prominent warm El Nifio winters are indicated as black columns. The spatial
pattern shows the distribution of the regression coefficients of the observed SST data at individual grid points

versus TPAC. Contour interval: 0.1°C.

1977 through 1988. We shall henceforth use the time
series in Fig. 1a to delineate the covariability of se-
lected extratropical fields with ENSO-related SST fluc-
tuations in the tropical Pacific. Ample use will be made
of regression charts of pertinent variables versus this
reference time series (hereafter referred to as the
“TPAC”’ time series ). We note that the peak values in
the equatorial extremum in Fig. 1b are ~1°C per stan-
dard deviation of the temporal coefficients. The values
appearing in the regression charts to be shown in this
paper may be viewed as the typical amplitude of the
variable being examined for ~1°C of warming in the
equatorial Pacific. The correlation coefficients between
the TPAC time series and other commonly used in-
dexes of ENSO, such as the seasonal SST anomaly av-
eraged over the NINO3 (5°S—5°N, 90°-150°W) and
NINO4 (5°S-5°N, 150°W —160°E) regions, are as high
as 96% and 93%, respectively. Hence the gross char-
acteristics of these regression charts should not be sen-
sitive to our particular choice of TPAC as the reference
time series.

The relationship between tropical ENSO events and
extratropical SST changes is illustrated in Fig. 2, which

shows the regression coefficients of observed winter-
mean SST variations at individual grid points in the
North Pacific and western North Atlantic versus the
reference time series in Fig. 1a. The corresponding dis-
tribution of correlation coefficients will be presented
later in Fig. 7a. It is evident from the regression chart
in Fig. 2 that warm ENSO events are coincident with
cold SST anomalies in the central North Pacific, and
warm anomalies in the western subtropical Pacific and
along the west coast of North America. A dipole-like
pattern is also discernible in the western North Atlantic.
Much of the results presented in the following sections
are devoted to the understanding of various processes
contributing to the pattern in Fig. 2.

3. Surface fluxes associated with extratropical
atmospheric anomalies simulated in TOGA

The TOGA experiment, in which time-varying SST
conditions are prescribed in the tropical Pacific only
(see LN94 for details), is particularly suited for as-
sessing the impact of tropical ENSO on the extratrop-
ical atmospheric circulation. Here we examine a variety
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REGRESSION vs TPAC

Fic. 2. Distribution of regression coefficients of observed wintertime SST data at individual grid points in
the North Pacific and western North Atlantic versus the reference TPAC time series in Fig. 1a. Contour
interval: 0.1°C. For this and other polar stereographic charts displayed in the present paper, the plotting

domain extends from 20° to 90°N, 130°E to 50°W.

of model fields generated in TOGA that have direct
bearing on different forms of air—sea exchange. The
regression patterns of the winter-mean (a) 515-mb
height and (b) sea level pressure, as well as variations
at the lowest model level of (c¢) temperature, (d) water
vapor mixing ratio, (e) wind speed, and (f) horizontal
wind vector versus the TPAC time series, are presented
in Fig. 3. The lowest model level is situated at an al-
titude of about 85 m above sea level. All regressions
are performed using model data that have been aver-
aged over the four individual realizations of the TOGA
experiments (i.e., the ‘‘four-run ensemble averages’’
referred to in LN94).

The charts for 515-mb height and sea level pressure
(Figs. 3a—b) are indicative of an equivalent barotropic
wavelike response in the North Pacific—North Ameri-
can sector. The near-surface circulation pattern (Fig.
3f) is characterized by an anomalous cyclonic cell over
the Pacific and prevalent southwesterlies over the west-
ern Atlantic. The pattern of the changes in wind speed
(Fig. 3e) is determined by the alignment of the anom-
alous wind vector with the climatological circulation.
For the region poleward of ~30°N, where climatolog-
ical westerlies prevail, the wind speed is increased
when the anomalous flow is directed eastward, and vice
versa. The opposite situation applies in the climatolog-
ical easterly regime over the subtropical oceans. The
changes in near-surface temperature and humidity
(Figs. 3c—d) exhibit a notable relationship with the ad-
vection of temperature and moisture by the local anom-
alous circulation. Anomalous wind vectors (see Fig.
3f) originating from relatively warm and moist regions

are coincident with above normal temperature and mix-
ing ratio, and vice versa. As was noted in LN94, the
amplitude of the simulated 515-mb anomalies is
weaker than observed by a factor of 2—-3. We therefore
expect that the responses of other model variables dis-
played in Fig. 3 are also underestimated.

The regression charts of (a) latent heat flux, (b) sen-
sible heat flux, (c) radiative flux, and (d) sum of latent,
sensible, and radiative fluxes versus the TPAC time
series are displayed in Fig. 4. The winter means of the
four-run ensemble averages of the TOGA output are
used in this computation. For all surface fluxes, we
have adopted the sign convention that positive fluxes
are directed from the atmosphere to the ocean (thus
leading to positive SST tendencies). The patterns for
the latent and sensible heat fluxes (Figs. 4a,b) are qual-
itatively similar. For a given location, the amplitude of
the latent heat fluxes is higher than that of the sensible
heat fluxes in subtropical latitudes, whereas the sensible
fluxes are stronger than latent fluxes poleward of
~50°N. During warm ENSO events, the model gen-
erates negative anomalies in latent and sensible fluxes
(oceanic cooling) over the central North Pacific and
the coastal Atlantic waters off the northeastern sea-
board of North America, and positive flux anomalies
(oceanic warming ) over the Gulf of Alaska, subtropical
Atlantic, and the southwestern corner of the North Pa-
cific.

The GCM computes the latent and sensible heat
fluxes by using the bulk aerodynamic law (see for-
mulas given in section 4a), which relates the fluxes
to the product of the local surface wind speed and
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FiG. 3. Distribution of regression coefficients of four-run ensemble average wintertime data from the TOGA experiment versus the reference
TPAC time series in Fig. 1a for (a) 515-mb height, contour interval: 2.5 m; (b) sea level pressure, contour interval: 0.2 mb; (c) surface air
temperature, contour interval: 0.1°C; (d) surface water vapor mixing ratio, contour interval: 2.5 X 107°; (e) surface wind speed, contour

interval: 0.1 m s™'

air to sea difference in temperature or mixing ratio.
Since the SST conditions at all oceanic grid points
outside of the tropical Pacific have been fixed at
their climatological values in the TOGA experi-
ment, anomalies in the air to sea difference in the
extratropics are determined solely by fluctuations in
the near-surface atmospheric temperature and mix-
ing ratio. The relationships between the fluxes and
the surface atmospheric variables are discernible
from the pertinent regression charts in Figs. 3 and
4. The patterns in Figs. 4a,b bear a strong resem-

; and (f) surface wind vector (see scale at lower right).

blance to those of the temperature and humidity
fields (Figs. 3c,d), with warm moist air masses be-
ing collocated with positive heat fluxes, and vice
versa. Additional computations (not shown) also in-
dicate that the seasonal anomalies of surface heat
fluxes are more strongly correlated with the local
changes in air temperature or humidity than with
variations in the local wind speed. Hence the air—
sea exchange of latent and sensible heat is primarily
governed by fluctuations in temperature and humid-
ity in the boundary layer of the model atmosphere,
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TOGA
REGRESSION vs TPAC
Fluxes

(b) Sensible Heat

FIG. 4. As in Fig. 3 but based on TOGA data for (a) latent heat flux, (b) sensible heat flux, (c) radiative flux, and (d) sum of latent heat,

2

sensible heat, and radiative fluxes. Contour interval for (a), (b), and (d): I W m~2 Contour interval for (¢): 0.5 W m™2,

whereas variations in the surface wind speed play a
secondary role.

The spatial relationships between the latent and sen-
sible heat fluxes and the near-surface wind, tempera-
ture, and humidity fields, as inferred from the TOGA
experiment, are similar to the observational results re-
ported by Cayan (1992a), who presented correlation
charts of these fields versus an index of the Pacific/
North American pattern. However, due to underesti-
mation of the wind, temperature, and humidity anom-
alies in the model atmosphere, the amplitude of the
simulated heat fluxes are notably weaker than that re-
ported in Cayan’s study.

The amplitude of the radiative flux anomalies (Fig.
4c) is ~20%—-30% of the corresponding values for the
latent and sensible heat fluxes. Variations in the extra-
tropical radiative forcing are mainly a consequence of
the perturbations of cloud cover accompanying spatial
displacements in the midlatitude rainbelts, which are in
turn related to changes in the large-scale atmospheric
circulation (and the transient disturbances embedded
therein) as described in Fig. 3.

The sum of the simulated anomalous fluxes (Fig. 4d) is
in good agreement with the regression chart for the ob-
served SST anomaly (Fig. 2), thus indicating that the

model-generated extratropical response to tropical Pacific
SST changes could in turn drive realistic SST changes in
the North Pacific and North Atlantic. The time scale re-
quired for the simulated atmospheric driving to generate
extratropical SST anomalies with the observed intensity,
as estimated by dividing the regression coefficients for SST
(Fig. 2) by the corresponding values for fluxes (Fig. 4d)
at the same sites, is approximately 4 months for an oceanic
mixed layer with an assumed depth of 50 m.

Cayan (1992b) has documented the dominant modes of
variability in extratropical latent and sensible heat fluxes
based on ship observations. His results also indicate that
these anomalous heat flux patterns are strongly correlated
with observed month to month changes in the SST field,
especially during the cool season. These observational
findings support the notion that the midlatitude SST vari-
ations are primarily driven by the surface fluxes.

4. The atmospheric bridge in action—
Experimentation with an oceanic mixed layer
model

a. Model scenarios

The inferences on the atmospheric bridge mecha-
nism, as drawn from the model diagnosis in the pre-
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ceding section, are tested here by examining the inter-
action of a simple mixed layer model of the extratrop-
ical ocean with the overlying atmosphere. The mixed
layer at each maritime grid point is represented by a
column of motionless water with a fixed depth of 50
m. The fluctuations of the mixed layer temperature at
a certain site are determined solely by the fluxes across
the air—sea interface at the same site. No direct inter-
action is allowed between mixed layers at adjacent grid
points. Three model scenarios are used to study the
impact of the atmospheric bridge upon the mixed layer
temperature. These experiments incorporate increasing
degrees of coupling between the mixed layer and the
atmosphere and are described as follows.

1) EXPERIMENT A

The mixed layer responds passively to the surface
fluxes simulated in the TOGA experiment (see left
panel of Fig. 5). Perturbations in the mixed layer tem-
perature have no effect on the imposed fluxes and the
atmosphere. The anomalous temperature of the mixed
layer T, at individual grid points is given by
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where the prime indicates anomalies; the subscript o
indicates oceanic quantities; p, is the density of water;
C, is the specific heat of water; H = 50 m is the con-
stant depth of the mixed layer column; and Fiogs is
the sum of anomalous latent, sensible, and radiative
fluxes generated in the TOGA experiment. Monthly
mean values of the four-run ensemble average of
F1oga are used as the forcing function for the above
equation. The solution for 7'} is obtained by integrating
this equation forward with a one-month time step and
assuming that 7'/ = 0 initially.

2) EXPERIMENT B

A framework similar to that of experiment A is
adopted here, except that feedbacks between the fluc-
tuations in T, and Froca are incorporated in a simple
form (see middle panel of Fig. 5). The nature of
these feedbacks may be illustrated by the formulas
used in our GCM for computing latent heat (Fy,),
sensible heat (Fg,), and outgoing longwave fluxes
(F\); that is,

Flh = _paLCDVa(qX - qa)1

_8_ r— _F_!lﬂ (1)
ot ¢ pOC,,OH ’ Fsh = _pacpaCDVa(To - Ta)v
EXPERIMENT A EXPERIMENT B EXPERIMENT C
o) | V Tt | V T,,q,

V\ }

FULL INTERACTIONS
IN TOGA-ML EXPERIMENT

.TOGA FLUXES MODIFIED
BY DAMPING

TOGA FLUXES ONLY

Fic. 5. Schematic diagram illustrating various degrees of air—sea coupling in experiments A
(with mixed layer responding passively to surface fluxes generated in TOGA, left panel), B (with
the responses to TOGA-generated surface fluxes being modulated by linear damping, middle
panel), and C (the TOGA-ML runs, with full two-way interactions between the model atmosphere
and mixed layer, right panel). The symbols V, T, and g denote wind speed, temperature, and water
vapor mixing ratio, respectively. The subscripts a and o denote atmospheric and oceanic quantities,
respectively. Black arrows correspond to pathways by which the atmosphere influences the mixed
layer. Faint arrows correspond to pathways by which the mixed layer influences the atmosphere
or the imposed fluxes.
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DAMPING TIME SCALE A1

FIG. 6. Distribution of the damping time scale [\™" in Eq. (2)] for a 50-m deep mixed layer, as estimated
using wintertime climatological data from the TOGA runs. Contour interval: 1 month.

and
— 4
Flw - —USBTr)’

where the subscript a refers to atmospheric quantities;
p. and C,, are the density and specific heat of air, re-
spectively; Cp, is the drag coefficient, set to a constant
value of 107%; V, is the surface wind speed; T, g, are
the temperature and water vapor mixing ratio at the
lowest atmospheric level; g, is the saturation mixing
ratio at T,; L is the latent heat of vaporization; and ogg
is the Stefan—Boltzmann constant. Assuming that the
changes in T, have no effect on the atmospheric quan-
tities 7,, g, and V,, the anomalous form of the above
formulas due to perturbations in 7, can be written as

dg
Fih = —pLCpV, T
1h P D (dT)
;h = _panaCDVaTr')
Fi, = —40'SBT?)T27

where g/ has been expressed as (dg,/dT )T, The feed-
back effect of T'] on the imposed surface fluxes thus
takes the form of a linear damping term — A7), where

dq,
(paLCDVa d’; + 0iCruCpVi + 4USBT,3,>
A= , (2
P (2)
and Eq. (1) can be modified as
8 F”;“OGA
— T, =——=—\T.. 3
ot pon()H ( )

The dissipative effect of T on Fy, and F, may also
be illustrated as follows. Suppose we have initially

T, > T, and g, > q,, then Fj, < 0 and Fy < 0, which
would result in negative tendencies in 7, and ¢;. If 7, and
q, are fixed, T, and g, would gradually approach T, and q,,
respectively, so that F, and F;, would diminish with time.

The damping coefficient A can be estimated by sub-
stituting in Eq. (2) the climatological northern winter-
time values of V,, T,, and dq,/dT for the TOGA ex-
periment. The spatial distribution of ™' (which is a
measure of the damping timescale) at individual grid
points is shown in Fig. 6. In accordance with Eq. (2),
the spatial pattern of A ™' is primarily governed by vari-
ations of dq,/dT (which increases with increasing tem-
perature toward the subtropics) and V, (which attains
maximum strength in central Pacific and western At-
lantic at ~40°N). The characteristic damping time
scale is approximately 4—5 months in the midlatitude
North Pacific and North Atlantic. Henceforth we shall
present the solution for 7'; in Eq. (3) by using a con-
stant value of A\™' = 5 mo for all maritime grid points
in the northern oceans. Supplementary calculations
with \~' ranging from 2 to 10 months (not shown)
confirm that the qualitative nature of our results is not
sensitive to our choice. Separate plots of ™' corre-
sponding to the latent heat, sensible heat, and radiative
components (not shown) indicate that the damping due
to latent heat fluxes is more important than sensible
heat and radiative effects.

Frankignoul and Reynolds (1983) have estimated
the damping time scale by spectral filtering of obser-
vational data and reported a value of 2.7 months for
A~ for the North Pacific. In comparing this finding
with our result, it should be borne in mind that the two
estimates are based on rather different analysis ap-
proaches, treatments of seasonality, and assumptions of
the mixed layer depth.
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3) EXPERIMENT C

A crucial assumption made in the previous two ex-
periments is that variations in 7, have no impact on the
atmospheric quantities 7,, q,, and V,. This simplifica-
tion enables us to compute 7, using the TOGA output

in an “‘off-line’” fashion, that is, after the completion .

of the entire suite of 43-year TOGA runs, all of which
having been conducted without taking the 7, variations
into account.

To allow for a two-way air—sea coupling, a modified
version' of the TOGA experiment is conducted (see
right panel of Fig. 5). The same 15-wavenumber, nine-
level atmospheric GCM used in LN94 (see also Gor-
don and Stern 1982) is subjected to month to month
SST anomalies observed in the tropical Pacific (25°S—
25°N) during 1946-1988. The physical processes
treated in the model include a full hydrological cycle,
radiative transfer, sea ice formation, and soil moisture
variations. Realistic orography and ocean-—continent
contrast are represented at the lower boundary. The
new experiment (hereafter referred to as TOGA-ML,
with ““ML’’ denoting the use of a mixed layer) differs
from the previous TOGA runs in the treatment of the
lower boundary condition at maritime grid points out-
side of the tropical Pacific. Instead of prescribing the
climatological SST conditions at these locations, the
TOGA-ML experiment computes the 7, variations
once per day in the course of the GCM integration. The
same 50-m static mixed layer described earlier is used
to obtain 7. In this scenario, variability in the heat and
radiative fluxes at the air—sea interface not only leads
to fluctuations in 7, but also simultaneously to changes
in the model atmosphere (in particular, 7,, ¢,, and V).
As in TOGA, altogether four independent 43-year in-
tegrations have been performed, with each run being
initiated from a different set of atmospheric conditions.

To facilitate a smooth transition from the prescribed
SST observations in the tropical Pacific to the predicted
T, variations farther north and south, two buffer zones
are incorporated along the rows of grid points near
25°N and 25°S in the Pacific. At any given time in the
integration, the temperature in these zones is taken to
be the average of the local SST observation and the
predicted T, at that time.

To ensure that the long-term-averaged seasonal,cy-
cle of T, resembles that of the observed climate, the
flux correction procedure developed by Manabe and
Stouffer (1988) has been applied to all maritime grid
points outside of the tropical Pacific. The corrections
over the wintertime extratropical North Pacific and
North Atlantic typically amount to 10%-20% of the
local climatological mean values for the total surface
fluxes. We emphasize here that these flux corrections
are first computed on the basis of the seasonal clima-
tology of the specific GCM used here. For a given
phase of the seasonal cycle and a given grid point, the
same correction is then applied to the mixed layer
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throughout the experiment, regardless of the strength
and polarity of the SST anomalies generated in the
course of the model run. This procedure would there-
fore minimize the impact of the correction on the re-
lationship between the anomalous SST and flux behav-
ior being examined here.

An analogous set of three experiments have earlier
been performed by Alexander (1992a), who inter-
preted the modes of interaction in experiments A, B,
and C as ‘‘one-way forced,”” ‘‘partially coupled,”” and
““fully coupled,”’ respectively. The present study com-
plements Alexander’s work by reexamining the atmo-
spheric bridge mechanism through the detailed analysis
of a more extended suite of model integrations.

b. Response patterns of T,

The response of T, to forcing by the atmospheric
bridge, as computed using the three methods described
in the previous subsection, is compared with the cor-
responding observations in Fig. 7. The left panels of
this diagram show the spatial distributions of the tem-
poral correlation coefficient between the TPAC time
series (see Fig. la) and T, at individual grid points.
The corresponding charts for correlation between
TPAC and tendency of T, are displayed in the right
panels. These tendency charts are intended for discern-
ing the existence, if any, of quadrature relationships
between ENSO-related forcing and the T, response.
The patterns for the observed SST data are presented
in the top row, followed by the results based on exper-
iments A, B, and C in the second, third, and fourth
rows, respectively. All model fields are computed using
four-run ensemble averages. The patterns in the left
column are derived from SST or T, data averaged over
the winter months of December, January, and February.
The temperature tendency field used in constructing the
patterns in the right column is defined as the difference
between the data averaged over October and November
from those averaged over March and April. This defi-
nition is admittedly only a crude measure of the SST
tendency. It is, however, worth noting that results
based on slight variations in the definition of this ten-
dency (not shown) lead to essentially the same conclu-
sions.

Use of the normalized correlation coefficients in Fig.
7, instead of the regression coefficients displayed in
previous figures, facilitates the comparison of the co-
variability of TPAC with various fields that have dif-
ferent physical units [e.g., SST (in °C) and SST ten-
dency (in °C mo™!')] and different characteristic am-
plitudes (e.g., observed SST anomalies are stronger
than simulated anomalies; see Figs. 2 and 8).

The correlation pattern based on observed SST data
(Fig. 7a) resembles the corresponding regression pat-
tern shown earlier in Fig. 2. Comparison between Figs.
7a and 7b indicates that the level of correlation between



SEPTEMBER 1996 LAU AND NATH 2045

CORRELATION vs TPAC
SST SST Tendency

(@) Observed (b)

Experiment B
o\ =5 months) 6

Experiment C
(TOGA-ML)

FIG. 7. Distribution of temporal correlation coefficients of the reference TPAC time series in Fig. 1a versus winter-mean (left panels) and
tendency (right panels) of SST or mixed layer temperature at individual grid points, as computed using data from observations (first row)
and output from experiments A (second row), B (third row), and C (fourth row). Contour interval: 1 X 107'. The winter-mean values
correspond to averages over December, January, and February. The tendency values are obtained by subtracting the March—April average
from the October—November average.
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FiG. 8. As in Fig. 2, but based on four-run ensemble averaged data for mixed
layer temperature produced in the TOGA-ML experiment.

TPAC and observed SST in the northern oceans is gen-
erally higher than that between TPAC and observed
SST tendency. ,

For experiment A, TPAC exhibits strong correlations
with the tendency of T, (Fig. 7d), while the correla-
tions with 7, itself (Fig. 7c) are much weaker. This
finding is consistent with the form of Eq. (1), which
states that the extratropical surface fluxes accompany-
ing SST fluctuations in TPAC are in quadrature with
T, in midlatitudes. Indeed, comparison between Figs.
7d and 4d confirms that the distribution of 7, tendency
is almost identical to that of the anomalous surface flux
pattern accompanying ENSO.

The addition of the damping term in experiment B
yields a pattern for T, (Fig. 7e) with higher corre-
lation values than those in the corresponding pattern
for T, tendency (Fig. 7f), in agreement with the ob-
servations (Figs. 7a,b). The more realistic results in
experiment B can be understood in light of Eq. (3).
For interannual variations of T,, the tendency term
on the lhs of this equation is much smaller than the
damping term —\T), since X' is set to equal to 5
months (see Fig. 6). For ENSO timescales, the
damping term is essentially balanced by the flux
term, that is,

!
F TOGA

——— =~ \T,,
pOCpOH

with 7] being in phase with F1oca (and hence with
TPAC).

The correlation chart for 7, based on output from
the TOGA-ML runs in experiment C (Figs. 7g) is

similar to-its counterpart for experiment B (Fig. 7¢)
with regards to both correlation strength and spatial
pattern. However, unlike experiments A and B, the
correlation level for T, (Fig. 7g) produced by
TOGA-ML is comparable to that for its tendency
(Fig. 7h). One of the factors contributing to the latter
result is the potential role of the atmospheric re-
sponse to T, fluctuations (a process not considered
in experiments A and B) in intensifying the surface
fluxes or in lessening the damping effect, thus mak-
ing possible a three-way balance among all of the
terms in Eq. (3). The implications of midlatitude
air—sea coupling on the atmospheric circulation is a
subject for further discussion in section 6.

The magnitude of the T, anomalies simulated in
experiments B and C may be inferred from the dis-
tribution of regression coefficients of 7, versus the
reference TPAC time series (Fig. la). The result
based on the wintertime, four-run ensemble average
of T, from experiment C (the TOGA-ML runs) is
shown in Fig. 8. The corresponding regression chart
for experiment B (not shown) is similar to this pat-
tern. Comparison between Fig. 8 and its observa-
tional counterpart (Fig. 2) indicates that the ampli-
tude of the signals in the model result is about half
of that actually observed. A major contributing fac-
tor to this discrepancy is that the simulated midlat-
itude atmospheric response (which in turn drives the
mixed layer underneath) to SST forcing in the trop-
ical Pacific is typically weaker than the observed
response by a factor of 2-3 (e.g., see Fig. 14 of
LN94).
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5. Spectral characteristics of surface fluxes and T,
response

a. Theory of stochastic model

The agreement between the results from experiment
B (Figs. 7e,f) and the observations (Figs. 7a,b) indi-
cates that Eq. (3) constitutes an appropriate framework
for describing the nature of ENSO-related SST vari-
ability in the extratropics. If the characteristic timescale
of T'; is much longer than that of the atmospheric driv-
ing F1oca/(poCroH), and if F1oga does not exhibit any
strong frequency dependence (i.e., it has a ‘‘white”’
spectrum), Eq. (3) is equivalent to the definition of a
first-order Markov process. The central role of this pro-
cess in the theory of stochastic climate models has been
pointed out by Hasselmann (1976). Such conceptual
models have been applied by Frankignoul and Hassel-
mann (1977), Frankignoul and Reynolds (1983),
Lemke et al. (1980), and Delworth and Manabe
(1988) in analyzing the variability of SST, sea ice, and
soil moisture. Treating the 7'/, response as the output
of a Markov process, the spectrum Sp(w) of T
can be related to the (constant) spectrum Sy of
F',FOGA/(pOCpOH) as

Sk

St =g

(4)
where w is the frequency. Equation (4) indicates that
Sr ~ Sp/w? for w > \, whereas Sy approaches the con-
stant value of Sz/\? for w < \. The variance of the
fluctuations in 7, hence resides mostly in the low-fre-
quency portion of Sy (i.e., the spectrum is ‘‘red’’). An-
other well-known property of a first-order Markov pro-
cess is that the autocorrelation function R(7) of the
output 7', can be written as

R(t)=e™", (5)

where 7 is the time lag. We now proceed to examine
whether the midlatitude atmospheric forcing generated
in the TOGA and TOGA-ML runs meet the basic as-
sumptions for a first-order Markov process and evalu-
ate the adequacy of the relationships expressed in Eqs.
(4)—(5) in describing the spectral behavior of the out-
put of T from TOGA-ML.

—

b. SVD analysis

Computation of the spectra and autocorrelation func-
tions described in the previous subsection requires con-
tinuous time series of indexes depicting the behavior
of the surface flux and mixed layer temperature fields
through all 12 months of the seasonal cycle. We shall
devote our attention to representative indexes of sur-
face fluxes and 7T/ in the North Pacific that exhibit
strong correlations with anomalous SST episodes in the
tropical Pacific. The desired temporal coefficients can
readily be identified using the method of singular value
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decomposition (SVD) analysis, as described by Breth-
erton et al. (1992) and Wallace et al. (1992). In the
present application, the SVD analysis has been per-
formed separately on four pairs of fields. These four
analyses will be referred to as SVDa, SVDb, SVDc,
and SVDd. The left input field in all four computations
is the observed tropical Pacific SST between 20°S and
20°N (hereafter abbreviated as OBS.TPAC.SST). The
right input fields in the four individual SVD analyses
correspond to the following variables in the North Pa-
cific between 25° and 55°N:

¢ observed SST (OBS.NPAC.SST), for SVDa

e total surface heat flux simulated in the TOGA ex-
periment (TOGA.NPAC.FLUX), for SVDb

e total surface heat flux simulated in the TOGA-ML
experiment (TOGA-ML.NPAC.FLUX), for SVDc

e mixed layer temperature simulated in the TOGA-
ML experiment (TOGA-ML.NPAC.SST), for SVDd.

The input data for both the left and right fields are com-
prised of 12 monthly means for each year in the 1946
1988 period.

We shall focus our attention on the leading mode in
each of the four SVD analyses, which accounts for the
highest squared covariance fraction (SCF) between the
left and right fields. The SCF as explained by these
modes are 83%, 73%, 66%, and 69% for SVDa, SVDb,
SVDc, and SVDd, respectively. Each SVD mode is
associated with a time series of monthly expansion co-
efficients (hereafter referred to as a) for the left field,
and another time series for the right field (hereafter
referred to as b). The spatial structure associated with
a given mode can be discerned by a pair of heteroge-
neous correlation charts. The chart constructed by cor-
relating b with the gridpoint data for the left field will
be referred to as C,.. The corresponding chart depicting
the correlation between a and right field will be referred
to as Cg. For comparison with other results in this pa-
per, C, and Cy have been computed using four-run en-
semble averages of the seasonal means for winter only.
As a measure of the degree of coupling between the
left and right fields for a given SVD pair, the temporal
correlation coefficient (hereafter denoted as r) between
the four-run, wintertime averages of a and & for that
pair has also been evaluated. The values of r as com-
puted in this manner are 59%, 62%, 71%, and 75% for
SVDa, SVDb, SVDc, and SVDd, respectively.

The patterns of C, as determined by all four SVD
computations are similar to each other, thus indicating
that the four different right fields considered here are
most strongly coupled to essentially the same tropical
Pacific SST anomaly. The pattern for this characteristic
anomaly (not shown) resembles that of the ENSO-re-
lated SST field in Fig. 1b. The pattern of Cy for SVDa,
shown in Fig. 9a, confirms that warm anomalies in the
equatorial Pacific are accompanied by cold anomalies
in the central North Pacific and by warm anomalies off
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F1G. 9. Heterogeneous correlation patterns Cy of the leading modes for four indi-
vidual SVD analyses, as computed by correlating the expansion coefficients of the
left field with the data for the right field at individual grid points. The left field for
all four SVD analyses is the observed tropical Pacific SST (OBS.TPAC.SST). The
four panels shown here correspond to the distributions of C in the North Pacific of
(a) observed SST (OBS.NPAC.SST) in SVDa, (b) TOGA-simulated total surface flux
(TOGA.NPAC.FLUX) in SVDb, (¢) TOGA-ML-simulated total surface flux (TOGA-
ML.NPAC.FLUX) in SVDc, and (d) TOGA-ML-simulated mixed layer temperature
(TOGA-ML.NPAC.SST) in SVDd. Contour interval: 1 X 107!, All correlation charts
are based on four-run ensemble means of the seasonal averages over December, Jan-
uary, and February. In computing SVDb, SVDc, and SVDd, the data for the four
individual TOGA or TOGA-ML runs are concatenated, so that each input time series
has a total length of 4 (runs) X 43 (years) X 12 (months). All computations are based
on monthly departures from the climatological seasonal cycle. The SVD analyses are
performed on a matrix consisting of covariances between the left and right fields. The
correlation coefficient r between the four-run, wintertime averages of the expansion
coefficients for the left and right fields of a given SVD mode is displayed at the upper-
right-hand corner of the pertinent pattern.
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the North American coasts and in the subtropical wa-
ters south of Japan.

The patterns of Cg for SVDb and SVDc, shown in
Figs. 9b,c, indicate that the surface fluxes simulated in
the TOGA and TOGA-ML runs during warm ENSO
episodes result in cooling of the surface waters in the
central North Pacific and warming in eastern and south-
western North Pacific. The distribution of Ci for SVDd
(see Fig. 9d) illustrates that the response of T, in
TOGA-ML during the warm phase of ENSO is char-
acterized by a cold anomaly in the central North Pacific
and warm anomalies farther east and west.

In much of the North Pacific, considerable similari-
ties exist among the patterns of Cy for the four individ-
ual SVD analyses shown in Fig. 9. Inspection of the
patterns of Cy obtained using the SVD technique and
the corresponding regression or correlation charts
based on the TPAC reference time series in Fig. 1a (i.e.,
compare Fig. 9a with Fig. 2; Fig. 9b with Fig. 4d; Fig.
9c¢ with Fig. 12f; and Fig. 9d with Fig. 7g) reveal no-
table agreement between the products of these two
analysis methods. We hence anticipate that the infer-
ences drawn in the following subsections from the be-
havior of the expansion coefficients a and b are not
overly dependent on the SVD methodology adopted
here.

¢. Spectra

The first-order stochastic model as formulated in sec-
tion Sa is strictly applicable to local flux forcing and
temperature response on a pointwise basis. In the fol-
lowing discussion, we shall extend this interpretation
to the fluctuations in a and b, which actually represent
the temporal variability of large-scale spatial patterns.

The power spectra of b associated with surface fluxes
(hereafter abbreviated as Sy) in the SVDb and SVDc
computations are presented in Fig. 10a. The spectra of
b for T, (hereafter abbreviated as S7 ) from observations
(SVDa) and TOGA-ML output (SVDd) are shown in
Fig. 10b. A logarithmic scale is used in both axes of
these spectral plots.

It is evident from Fig. 10a that S generated in both
TOGA and TOGA-ML runs exhibit only a weak de-
pendence on frequency. These results verify the as-
sumption that the atmospheric driving term in Eq. (3)
can be approximated as white-noise input to a first-
order Markov process. On the other hand, the charac-
teristics of the observed and model-simulated S in Fig.
10b are typical of those for red-noise phenomena, with
increasing power toward low frequencies. The shape of
Sr based on TOGA-ML output bears a notable resem-
blance to that based on observations. For relatively
short periods between 2 and 10 months, both spectra
exhibit a uniform slope in the log—log plot shown in
Fig. 10b. The values of this slope for the observed and
TOGA-ML data, as determined by linear regression
(see the bold straight lines superposed on Sr), are
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Fic. 10. Log—log plot of the spectra of monthly expansion coef-
ficients b for the right fields in the North Pacific as obtained from (a)
SVDb (TOGA-simulated surface fluxes, solid curve) and SVDc
(TOGA-ML-simulated surface fluxes, dashed curve) and (b) SVDa
(observed SST, solid curve) and SVDd (TOGA-ML-simulated mixed
layer temperature, dashed curve). The bold straight lines and numer-
ical values in panel (b) indicate the linear regression slope of the
spectra within the period range of 2—10 months. The spectra are
computed using the lag correlation method with a maximum lag of
50 months. For the model-generated fields, a power spectrum is first
obtained separately for each of the four TOGA or TOGA-ML runs,
and the four sets of spectral estimates are then averaged to form the
mean spectrum.

—1.87 and —2.18, respectively. These estimates are in
good agreement with the —2 slope predicted by Eq. (4)
for high frequencies. For very long periods, the ob-
served and simulated Sy level off at a constant value,
with no further increase of power toward still lower
frequencies. This behavior is again consistent with Eq.
(4) forw < A

The gross characteristics of the spectra for model-
simulated fluxes and SST in Fig. 10 are similar to those
derived from weather ship data, as presented by Fran-
kignoul and Hasselmann (1977, Fig. 6). Reynolds
(1978) has also noted that the power spectrum as given
by Eq. (4) provides a good fit of the SST observations
over much of the central North Pacific.

The higher power densities in S based on TOGA
output (solid curve in Fig. 10a) as compared to those
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based on TOGA-ML output (dashed curve) are in part
due to incorporation in the TOGA-ML experiment of
the damping mechanism discussed in section 4a [see
Eq. (3)]. The higher power densities in the observed
Sr (solid curve in Fig. 10b) as compared to the corre-
sponding result for TOGA-ML (dashed curve) indicate
that the amplitude of the SST fluctuations is underes-
timated in the latter experiment. This finding is consis-
tent with the weaker regression signals based on
TOGA-ML data (Fig. 8) relative to the observed data
(Fig. 2). ‘ :

d. Autocorrelation function

As a further test of the applicability of the Markov
. model for describing air—sea coupling in the North Pa-
cific, the autocorrelation function R(7) has been com-
puted using the time series b associated with the SVD
patterns of SST based on observed and TOGA-ML
data. The distributions of R(7) as predicted by Eq. (5)
for idealized Markov processes are indicated using thin
straight lines in the same figure, with each line corre-
sponding to a different damping coefficient \.

It is seen that R( ) for the TOGA-ML data (dashed
curve in Fig. 11) is in reasonable agreement with the
functional form of Eq. (5). The damping timescale
(\"") associated with the model-simulated fluctuations,
as deduced from the slopes of the corresponding R(7),
is 8—10 months. Ignoring effects of atmospheric feed-
backs due to changes in V,, T,, and g, (see discussion
of experiment B in section 4a), the characteristic A ™'
associated with the 50-m mixed layer, as estimated by
substituting model climatological data into Eq. (2), is
approximately 5 months (see Fig. 6). The longer A ™!
of the TOGA-ML output as compared to this estimate
suggests that two-way interactions between the mixed
layer and the atmosphere, which have been incorpo-
rated in TOGA-ML (see right panel of Fig. 5), include
. processes that counteract the damping mechanism rep-
resented in Eq. (2). The possibility of positive feed-
backs between the mixed layer and atmosphere in the
TOGA-ML scenario is pursued in the next section.

For 7 < 8 mo, the distribution of R(7) for obser-
vational data (solid curve in Fig. 11) is aligned with
that of idealized Markov processes with A~' ~ 10 mo.
For longer 7, the slope of the observed R(1) decreases
noticeably and corresponds more closely to that of
Markov processes with A\~! ~ 16—18 mo. The longer
A ~! of the observed SST variations,as compared to the
TOGA-ML result may be attributed to a variety of oce-
anic processes not considered in the model experiment.
Moreover, the prescribed mixed layer depth of 50 m in
TOGA-ML is probably too shallow, especially during
winter. A thicker mixed layer (i.e., larger H) should
lengthen \~', as Eq. (2) indicates. Frankignoul and
Hasselmann (1977, Fig. 7) have also computed R(7)
using observed SST data and reported that this function
exhibits an exponential dependence on 7. Reynolds
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F1G. 11. Plot of the natural logarithm of the autocorrelation func-
tion versus time lag, as computed using monthly expansion coeffi-
cients b for the right fields in SVDa (observed North Pacific SST:
solid curve) and SVDd (TOGA-ML-simulated mixed layer temper-
ature: dashed curve). The thin straight lines denote the autocorrela-
tion function for first-order Markov processes corresponding to var-
ious damping timescales ™! [see Eq. (5)]. To obtain the result for
TOGA-ML, the covariance and variance statistics required for the
estimation of R(7) are evaluated separately from b for each individual
43-yr run, and ensemble averages of these statistics over the four
TOGA-ML runs are then taken.

(1978) has estimated A\ ™! on the basis of SST mea-
surements in the North Pacific. His results yield a mean
damping timescale of 0.9 yr.

6. Nature of air-sea coupling in TOGA-ML
a. Regression patterns

As far as the model atmosphere is concerned, the
most important distinction between the TOGA and
TOGA-ML runs is that the former experiment is sub-
jected to climatological SST conditions at all maritime
grid points outside of the tropical Pacific, whereas the
latter integration allows for mutual interactions be-
tween the atmosphere and an idealized mixed layer at
the same grid points (see right panel of Fig. 5). We
proceed to evaluate the impact of these interactions on
the simulated atmospheric behavior by comparing the
output from the TOGA-ML and TOGA experiments.

In Fig. 12 are shown the regression patterns versus
the reference TPAC time series of TOGA-ML data
for (a) 515-mb height, (b) sea level pressure, (c)
temperature, (d) water vapor mixing ratio, and (e)
wind speed, and (f) total atmosphere-to-ocean sur-
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Fi1G. 12. As in Fig. 3 but based on four-run ensemble averages produced in the TOGA-ML experiment. The variables in panels (a)—(e)
are the same as the corresponding panels in Fig. 3. The stippling in these five panels include those grid points where the amplitude of the
regression coefficients for TOGA-ML is significantly higher than that for TOGA (see the scale bar at the bottom of the figure for various
statistical significance levels exceeded in different sites). Panel (f) shows the regression coefficients for the sum of latent heat, sensible heat,

and radiative fluxes in TOGA-ML (contour interval: 1 W m™2),

face flux. Panels (c)—(e) are based on data for the
lowest sigma level of the model. Contrasting the pat-
terns in Figs. 3 and 12 reveals that the TOGA-ML
charts for the height, pressure, 7,, q,, and V, fields
bear a strong qualitative resemblance to the corre-
sponding TOGA charts. The regression values in the
TOGA-ML results are uniformly larger than those in

the TOGA charts by ~30% for the 515-mb height
and sea level pressure fields, and by as much as 50%—
100% for the T,, g,, and V, fields. Hence the pres-
ence of two-way air—sea coupling has the net effect
of enhancing the strength of the meteorological
anomalies associated with the atmospheric bridge.
Manabe and Stouffer (1996) have compared the vari-
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ability of T, simulated in GCM experiments with and
without coupling to an oceanic mixed layer. Their
results also indicate that two-way air—sea interaction
does enhance the variance of 7,.

The statistical significance of the differences be-
tween the two sets of regression coefficients in Figs. 3
and 12, as estimated by applying a one-tailed Student’s
t-test in the manner described in Spiegel (1961) and
making the crude assumption that the sample ha$ 42
— 2 = 40 degrees of freedom, is indicated in the re-
spective panels of Fig. 12 by stippling. This statistical
testing is performed only over those grid points that
satisfy both of the following criteria: 1) the local re-
gression values based on TOGA-ML and TOGA data
must share the same polarity and 2) the absolute value
of the regression coefficient for TOGA-ML must be
larger than that of the TOGA result. It is seen that the
near-surface atmospheric pressure, temperature, hu-
midity, and wind anomalies associated with the deeper
low pressure center in the central North Pacific in the
TOGA-ML experiment are significantly more intense
than those in TOGA, at a confidence level exceeding
~95%.

The amplitude of the regression pattern for total sur-
face flux based on TOGA-ML (Fig. 12f) is lower than
that based on TOGA (Fig. 4d). This finding is consis-
tent with the generally lower power in the spectrum of
the SVD expansion coefficients for surface fluxes in
TOGA-ML as compared to the corresponding result for
TOGA (Fig. 10a). The difference between the surface
fluxes in TOGA and TOGA-ML is the net result of two
opposing processes incorporated in the latter experi-
ment: the feedback of 7'/, on the fluxes [ which weakens
air—sea exchange, see discussion related to Eq. (3)]
and enhancement of the near-surface atmospheric
anomalies (which strengthens the atmospheric driving
and hence the surface fluxes). The reduced surface flux
amplitude simulated in the TOGA-ML signifies that the
damping effect due to T, fluctuations is relatively more
important.

b. Persistence characteristics

We now turn our attention to those aspects of the
day to day atmospheric fluctuations that contribute to
amplitude enhancements of the seasonal mean anom-
alies appearing in the TOGA-ML runs. In order to de-
velop suitable temporal indexes depicting the high-fre-
quency atmospheric changes, a principal component
(PC) analysis is performed on the daily data for 515-
mb height in various model runs. The climatological
seasonal cycle is removed by subtracting the 5-day run-
ning mean of the long-term average of each calendar
day from the daily time series for individual years. The
detrended data are further processed through a 21-point
low-pass digital filter analogous to that used by Black-
mon and Lau (1980) so as to retain fluctuations with
timescales of 5 days and longer. The domain for the
PC analysis extends eastward from 130°E to 50°W.
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The same PC analysis has been applied separately to
the output from TOGA-ML and TOGA, as well as to
three other experiments described elsewhere: GOGA
(in which observed monthly SST fluctuations are pre-
scribed in the near-global ocean domain, see LN94),
MOGA (in which the monthly varying SST forcing is
prescribed in the midlatitude North Pacific only, see
LN94), and a 100-yr control experiment subjected to
climatological SST conditions throughout the World
Ocean, with no interannual variation in the oceanic
forcing anywhere (see Ting and Lau 1993). These five
individual experiments yield essentially the same set of
spatial patterns for the first several PC modes. The pat-
tern associated with the second PC mode for the
TOGA-ML experiment is presented in Fig. 13. This
particular mode is selected for further diagnosis by vir-
tue of its resemblance to the regression pattern accom-
panying ENSO events in the tropical Pacific (compare
Fig. 13 with Figs. 12a and 3a). The patterns of the
second PC mode for the other four experiments (not
shown) are almost identical to Fig. 13. The fraction of
domain-integrated variance explained by the second
PC mode is 11.8%, 12.2%, 12.1%, 12.9%, and 12.1%
for the TOGA-ML, TOGA, GOGA, MOGA, and con-
trol experiments, respectively. The first PC mode (not
shown), which explains slightly more variance (14.6%
in the TOGA-ML run), is characterized by a primary
center over Alaska and bears little resemblance to the
patterns in Figs. 12a and 3a.

The expansion coefficients (hereafter referred to as
¢) for a given PC mode depict the temporal evolution
of the amplitude and polarity of height anomaly pat-
terns with a spatial structure similar to that mode. The
time series of ¢ associated with the second PC mode
for the TOGA-ML and TOGA experiments is shown
in Fig. 14 for the 1982/83 winter (which corresponds
to the most prominent warm ENSO event in the period
considered here, see Fig. 1a) and for all four individual
runs in each experiment. These sample time series sug-
gest that fluctuations in ¢ in the TOGA-ML runs tend
to maintain a given polarity for longer durations than

~ the corresponding TOGA variations. The strengthening

of the seasonally averaged anomalies in the presence
of midlatitude air—sea coupling, as noted earlier in the
comparison between regression maps of seasonal
means for TOGA-ML and TOGA, is hence related to
the enhanced temporal persistence in the day to day
evolution of a principal mode of variability in TOGA-
ML. The role of extratropical air—sea interactions in
maintaining a more persistent cold SST anomaly in the
central North Pacific has also been identified in the re-

‘cent model runs of Gallimore (1995).

Another striking feature of the time series displayed
in Fig. 14 is the large variability among the four indi-
vidual sample runs for a given experiment (TOGA-ML
or TOGA). The considerable scatter among different
realizations of the model response to a given SST forc-
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OBSERVED SST
REGRESSION vs TPAC

FiG. 13. Spatial pattern of the second principal component of the low-pass filtered wintertime daily 515-
mb height field simulated in the TOGA-ML experiment, as constructed by mapping the distribution of the
temporal correlation coefficients of the daily 515-mb height values at individual grid points versus the time
series of temporal coefficients associated with the second principal component. Contour interval: 1 X 107",
The input data for the PC analysis consist of unnormalized daily values for all winters and all four individual
realizations of the TOGA-ML experiment. The winter season is defined as the 131-day period from 11
November to 21 March.

SECOND PC
515mb Z

Jal!lis Feblls Mn.lrls No;rls [)0;:15 JI.;HS Febl5 Marl5
1982/83 1982/83

Nov1s Decl15

FiG. 14. Time series of temporal coefficients ¢ associated with the second principal component of the low
pass filtered wintertime daily 515-mb height simulated in the four individual runs of the TOGA-ML (left
panel) and TOGA (right panel) experiments during the warm ENSO winter of 1982/83. All values of ¢ are
expressed in units of standard deviation o as determined from data for the entire length of a given experiment.
Examples of several persistent episodes satisfying various amplitude/duration criteria are given in the left
panel.
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ing is also evident in the runs analyzed in LN94 (see
their Fig. 7).

The above qualitative inferences on persistence be-
havior of the model atmosphere are drawn from the
simulation during a single winter by two specific ex-
periments. We proceed to broaden the scope of this
investigation by conducting a more quantitative and ob-
jective survey of the persistence characteristics in all
five available model scenarios and in a larger set of
winters. The frequency of occurrence of persistent
events in a given experiment is obtained by scanning
the time series of ¢ for the second PC mode of 515-mb
height for selected winters in all individual model runs
available for that experiment. Following a procedure
analogous to that used by Dole and Gordon (1983),
each persistent event is characterized by two attributes:
the duration of the event T and the (preset) threshold
value M that ¢ for each consecutive day in this event
must exceed. Examples of several persistent events sat-
isfying various (M, T) criteria are illustrated in Fig.
14. The number of persistent events in various (M, T)
categories is determined separately for the TOGA-ML,
TOGA, GOGA, MOGA, and control experiments.
With the exception of the control run, the analysis is
applied to the set of eight major warm ENSO events
occurring in the 1946—1988 period (i.e., the winters
beginning with the Decembers of 1957, 1965, 1969,
1972, 1976, 1982, 1986, and 1987, see black columns
in Fig. 1a). For the control experiment, the scanning is
performed for all 99 winters available.

Results of the above survey of persistent episodes
are summarized by partitioning the duration T into
three broad classes: 6-10d, 11-20d, and >20d. The
M values chosen for these three classes are +2o,
+1.50, and +10, respectively. Here o is the standard
deviation of the entire temporal record of ¢ for a given
experiment. Progressively lower thresholds are used for
events of increasing T, so as to gather sufficient sam-
ples of the relatively rare episodes with long lifetimes.
The frequency of persistent events satisfying the cri-
teria associated with the three selected combinations of
(M, T), as expressed in number of detected events per
total number of winter seasons being scanned, is dis-
played in Fig. 15 for all five model experiments. Gen-
erally speaking, the persistent events are most frequent
in the GOGA and TOGA-ML runs for all three classes
of (M, T). In comparison with GOGA and TOGA-ML,
the number of persistent events is much less (by a fac-
tor of 2—4) in the control and MOGA experiments. For
the combinations of (20, 6—-10 d) and (1o, >20 d),
the occurrence of persistent episodes in TOGA-ML is
two and three times more frequent than in TOGA, re-
spectively, thus confirming the qualitative impression
gained from inspection of Fig. 14. For the combinations
of (20, 6-10 d) and (1.50, 11-20 d), the number of
events simulated in TOGA is more than twice that-ap-
pearing in MOGA. This result is consistent with the
much stronger seasonally averaged atmospheric re-
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FiG. 15. Frequency of persistent events (expressed in number of
episodes per winter season) appearing in the control, MOGA, TOGA,
TOGA-ML, and GOGA experiments (see columns of various hatch-
ing pattern density and legend in the upper right). The census is based
on the temporal coefficients ¢ associated with the second principal
component of the low-pass filtered 515-mb height in the respective
experiment (see Fig. 13). For the latter four experiments in the above
list, the survey is conducted only on the eight warm ENSO winters
occurring within the 19461988 period (i.e., winters highlighted by
black columns in Fig. 1a). Persistent events are identified separately
using three pairs of amplitude (M)/duration (7) criteria: M = +2 o,
6 < T =< 10 d (left columns); M = +1.50, 11 < T =< 20 d (middle
columns); and M = +1 o, T > 20 d (right columns), where ¢ is the
standard deviation of ¢ as determined from data for the entire length
of a given experiment.

sponse in TOGA than in MOGA, as was noted in
LN94.

The statistics presented in Fig. 15 illustrate that in-
corporation of SST anomalies in both the tropical Pa-
cific and maritime sites beyond, either by direct pre-
scription of observational data (as is done in GOGA)
or by allowing the atmosphere to interact with a simple
model of the oceanic mixed layer outside the tropical
Pacific (as is done in TOGA-ML), leads to a higher
degree of atmospheric persistence when compared to
the simulation with SST forcing in the tropical Pacific
only (TOGA). The comparable frequency of events in
the MOGA and control runs in all classes of T indicates
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that the persistence behavior of the model atmosphere
is not significantly altered by insertion of SST anom-
alies in the midlatitude North Pacific alone. The ap-
pearance of the second PC mode (Fig. 13) in MOGA
may hence be attributed mostly to internal atmospheric
variability, with extratropical SST forcing playing a
negligible role.

7. Conclusions and discussion

The present study complements the works of several
earlier investigators and LN94 on the atmospheric
bridge linking SST anomalies in the tropical Pacific
with those in the midlatitude oceans. A more thorough
documentation is offered on the atmospheric circula-
tion patterns and atmosphere—ocean energy exchange
associated with this mechanism (Figs. 3 and 4). The
effects of the atmospheric response to ENSO on the
midlatitude North Pacific and western North Atlantic
are tested directly by conducting a suite of experiments
with increasing degree of interaction between the at-
mosphere and a simple mixed layer model of the ocean
(Fig. 5). It is demonstrated that this idealized mixed
layer, when driven by surface fluxes generated in the
TOGA run and modulated by a linear damping process,
captures the essential temporal and spatial behavior of
SST variations observed in the northern oceans (Fig.
7). The analogy between the first-order Markov pro-
cess and the simple system relating mixed layer tem-
perature tendency to surface flux forcing and damping
is then critically examined. The predominantly white
spectrum of the input data for surface fluxes (Fig. 10a),
and red spectrum of the temperature response (Fig.
10b), as well as the exponential form of the lagged
autocorrelation function of the temperature output (Fig.
11), confirms that the first-order stochastic process
with a characteristic damping timescale is a relevant
conceptual framework for viewing midlatitude air—sea
interaction.

Comparison between the simulations in the TOGA
and TOGA-ML runs (Figs. 3 and 12) indicates that
incorporation of two-way air—sea coupling in the latter
experiment significantly enhances the amplitude of the
near-surface atmospheric anomalies. Such intensifica-
tion of the seasonally averaged atmospheric circulation
is then traced to the more frequent appearance of per-
sistent anomalous episodes in the TOGA-ML experi-
ment (Figs. 14). A survey of persistence characteristics
of the model output from five different model scenarios
(Fig. 15) offers a broad perspective on the impact of
SST anomalies in different regions on low-frequency
atmospheric behavior. This analysis indicates that the
ranking of the maritime sites, in order of decreasing
influence on extratropical atmospheric variability, ap-
pears to be as follows: tropical Pacific in combination
with other sites in the World Ocean (GOGA and
TOGA-ML), tropical Pacific only (TOGA), and mid-
latitude ocean only (MOGA).
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It is noteworthy that, despite the deterministic pre-
scription of observed tropical Pacific SST episodes in
the TOGA and TOGA-ML experiments, the spectra of
the simulated extratropical heat flux forcing related to
ENSO remain essentially white (see Fig. 10a), with
power densities at ENSO timescales (i.e., 2 yr and
longer) being only slightly higher than those associated
with month to month fluctuations. The latter, short-term
variability is primarily a manifestation of internal dy-
namical processes operating within the midlatitude at-
mosphere. These ‘‘background’” fluctuations exist re-
gardless of the presence or absence of any tropical SST
forcing. By coupling a model atmosphere with a mixed
layer similar to that used in this study, Gallimore
(1995) and Delworth (1996) have discerned well-de-
fined modes of air-sea coupling in the North Pacific
and North Atlantic, respectively, even when no SST
anomaly is prescribed anywhere in the World Ocean.
Signals related to the ENSO forcing and the atmo-
spheric bridge mechanism would hence have to com-
pete with the considerable level of variability associ-
ated with random, internally generated atmospheric
disturbances. It is also important to bear in mind that
the midlatitude atmospheric response to ENSO forcing
is known to be strongest in the winter season (e.g., see
Chen 1982). As a result, spectra based on time series
for all months of the year are not particularly effective
in revealing the impact of ENSO on extratropical at-
mospheric variability. On the other hand, diagnostic
techniques that focus on the spatial pattern of the win-
tertime atmospheric circulation (e.g., see the regression
charts in Figs. 3, 4, and 12) and temporal persistence
statistics of carefully selected wintertime events (e.g.,
see Fig. 15) are more successful in delineating the mid-
latitude effects of ENSO.

This study is devoted to the understanding of the
relationship between SST changes in the tropical Pa-
cific and those in the extratropical oceans in the
Northern Hemisphere. Equally striking in the global
SST anomaly chart during ENSO events (e.g., see Fig.
3b of LN94) is the positive correlation between tem-
peratures in the tropical Pacific and Indian Oceans. The
latter connection may be partially attributed to the east—
west movements of the rainbelt in the tropical Indian
Ocean and the western Pacific during ENSO episodes.
The attendant shifts in the distribution of cloud cover
would lead to changes in the amount of incident solar
radiation at the ocean surface, thereby altering the local
SST (see LN94). Other possible contributing factors
to the link between the tropical Pacific and Indian
Oceans are the changes in equatorwide tropospheric
temperature ( Yulaeva and Wallace 1994 ) and near-sur-
face atmospheric circulation (LN94). These tempera-
ture and wind anomalies could in turn affect the SST
over the Indian Ocean.

The mixed layer temperature simulated by the
TOGA-ML experiment in the tropical Indian Ocean
(not shown) is indeed positively correlated with the
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prescribed SST forcing in the tropical central Pacific,
although the amplitude of these model-generated
anomalies is noticeably weaker than the observed val-
ues. This preliminary finding supports the notion that
atmospheric processes do play a role in linking the oce-
anic variability in different tropical basins. However,
more investigations remain to be made to improve our
understanding of the nature of the atmospheric bridge
spanning the tropical Pacific and Indian Oceans, as well
as the relationships (if any) among the tropical Pacific,
tropical Atlantic, and the southern oceans. The avail-
able ship and satellite measurements in the tropical
oceans (e.g., Liu and Gautier 1990) need to be scruti-
nized for coherent signals in various forms of energy
‘exchange during ENSO events. Additional model ex-
perimentation (e.g., TOGA-ML runs with and without
cloud—radiation feedbacks and simulations with more
realistic ocean dynamics) and diagnosis need to be per-
formed to identify the mechanisms contributing to the
covariability among different tropical maritime sites.

The stronger atmospheric signal in the North Pacific/
North American sector in TOGA-ML as compared to
that in TOGA (see discussion in section 6a) could re-
sult from the incremental forcing associated with the
mixed layer temperature anomalies in the Indian Ocean
generated in TOGA-ML. Observational studies (e.g.,
Kawamura 1994) have presented evidence on the link
between SST variations in the Indian Ocean and the
Pacific/North American pattern. Further analysis is re-
quired to assess the relative roles of in situ air—sea
interaction in the extratropics and remote SST forcing
originating from the Indian Ocean in amplifying the
midlatitude atmospheric response.

Since the mixed layer examined in this study is mo-.

tionless and has a constant, spatially uniform depth, the
model atmosphere and ocean can influence each other
only through the heat fluxes across the interface be-
tween the two media. The virtue of the highly simpli-
fied mixed layer used here lies in the ease with which
it can be incorporated into various model experiments
and the straightforward manner in which the model out-
put can be interpreted. Experiments by Alexander
(1992a) using mixed layers with more complete ocean
physics confirm that surface energy exchange is the
most important coupling mechanism for the problem at
hand. Nonetheless, it would still be of interest to as-
certain the contributions to midlatitude air—sea inter-
action by other mixed layer processes such as Ekman
pumping, vertical displacement of the thermocline, ad-
vection by surface ocean currents, and entrainment of
deep ocean water. Those processes in which the sea-
sonal cycle or the deep ocean are active participants
could modify the nature of air—sea feedbacks associ-
ated with the atmospheric bridge on multiyear time-
scales and thereby exert considerable influences on the
low-frequency variability of the coupled system in the
extratropics.
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In the present study, the correlation/regression anal-
ysis of the linkages between the TPAC time series (see
Fig. 1a) and ocean—atmosphere fluctuations in the ex-
tratropics has been performed using unfiltered winter
averages for individual years. Hence a large variety of
fluctuations with timescales ranging from interannual
(such as the individual ENSO cycles) to interdecadal
(such as the prolonged warm episode in TPAC during
1976-1988) periods could conceivably contribute to
the statistics presented here. Deser and Blackmon

. (1995) have identified an interannual mode of ob-

served SST variability in the North Pacific (similar to
Fig. 2) that is linked to ENSO, as well as an interdec-
adal mode that is independent of ENSO. In view of this
notable timescale dependence of the connection be-
tween SST anomaly patterns in the tropical and North
Pacific, a more detailed diagnosis of the model output
(e.g., by applying temporal filters) could yield fresh
insights in the differences and similarities between
modes of tropical —extratropical interactions in various
frequency regimes. '
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