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ABSTRACT

Midlatitude ocean—atmosphere interactions are studied in simulations from a simplified coupled model that
includes synoptic-scale atmospheric variability, ocean current advection of sea surface temperature (SST), and
air-sea heat exchange. Although theoretical dynamical (“identical twin’) predictions using this model have
shown that the SST anomalies in this model indeed influence the atmosphere, we find here that standard cross-
correlation and empirical orthogonal function analyses of monthly mean model output yield the standard result,
familiar from observational studies, that the atmosphere forces the ocean with little or no feedback. Therefore,
these analyses are inconclusive and leave open the question of whether anomalous SST is influencing the
atmosphere. In contrast, we find that compositing strong warm events of model SST is a useful indicator of
ocean forcing the atmosphere. We present additional evidence for oceanic influence on the atmosphere, namely,
that ocean current advection appears to enhance the persistence of model SST anomalies through a feedback
effect that is absent when only heat flux is allowed to influence SST anomaly evolution. Models with more
complete physics must ultimately be used to conclusively demonstrate these results.

1. Introduction

The importance of midlatitude sea surface temper-
ature (SST) anomalies in the seasonal variability and
predictability of the atmosphere has been explored and
debated for decades (e.g., Namias 1972a, 1976; Davis
1976, 1978; Chervin et al. 1980; Palmer and Sun 1985;
Pitcher et al. 1988; Lau and Nath 1990; and Frankig-
noul 1985 reviews the subject). Observational analyses
of monthly and/or seasonal mean data have revealed
strong correlation between SST and atmospheric vari-
ables when the atmosphere leads, and a somewhat
weaker contemporaneous correlation. However, the
observations show that when the ocean leads the at-
mosphere by one month and longer, there is a very
weak correlation between the two systems. These results
suggest that the primary connection between midlati-
tude ocean and atmosphere is “atmosphere forcing
ocean,” although the slow oceanic influence may sim-
ply be very difficult to pinpoint in observations. Indeed,
as Namias ( 1978) described the situation, “It is much
easier to show that the atmosphere influences SST than
vice versa.”

Various numerical modeling studies have therefore
attempted to reveal the “ocean forcing atmosphere”
side of the coin. By specifying fixed midlatitude SST
anomalies as boundary conditions in sophisticated cli-
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mate models, the perturbation of the mean flow field
of the atmospheric model can be computed and tested
for significance. Although some of the earlier numerical
studies showed a weaker contemporaneous atmo-
spheric response than observations would suggest, re-
cent numerical model results (e.g., Palmer and Sun
1985; Pitcher et al. 1988; and the study by Lau and
Nath 1990, which used observed time-varying SST
anomalies) suggest that the atmospheric perturbation
is significant and comparable in amplitude with ob-
served anomalies. However, the response of the at-
mosphere to midlatitude SST anomalies is not very
large compared to the intrinsic variability of the at-
mosphere alone, which is why statistical significance is
difficult to prove.

Although the numerical model experiments show
that midlatitude SST anomalies can influence contem-
poraneous atmospheric flows, the usefulness of these
SST anomalies in forecasts (ocean leading atmosphere)
is less certain. The need for improving extended-range
forecasting of atmospheric climate variations makes it
imperative to study the coupled system to determine
if some important facets of oceanic influence have been
slighted.

Recently, Miller and Roads (1990) found that mid-
latitude SST anomalies significantly improved theo-
retical predictions' of atmospheric flow in a coupled

! When referring to theoretical dynamical predictions, we mean
dynamical models predicting their own output with small error in
the initial conditions (*“identical twin” experiments).

273

© 1992 American Meteorological Society



274

model. When the evolving SST field was specified from
model “observed” flows, the predictions of atmospheric
time-averaged flow, for averages of one month and
longer, were significantly enhanced over predictions
based on the atmospheric model with climatological
SST. Coupled simulations like these will ultimately help
to verify the provocatively few observed indications of
ocean forcing atmosphere (e.g., Namias 1976; Davis
1978). More important, coupled models will clarify
the mechanisms involved, for, unlike the real climate
system, we can alter the model systems to include and
exclude key processes in the complexity of air-sea in-
teractions.

For example, Palmer and Sun (1985) have suggested
a mechanism of ocean-atmosphere interaction that
may result in enhanced persistence of atmospheric
anomalies in a coupled system. Their mechanism
(which was adumbrated by Namias 1963 ) relies on the
anomalous Ekman advection of warm water from the
south by an anomalous atmospheric high, associated
with a warm SST anomaly. The anomalous advection
then reinforces the warm SST anomaly, which in turn
reinforces the atmospheric anomaly. Does enhanced
persistence occur in a coupled model, with synoptic-
scale atmospheric variability, when it includes heat flux
and ocean current advection, compared to a system
that includes only heat flux in air-sea interaction?

As another example, Ratcliffe and Murray (1970)
demonstrated oceanic influence by using composites
of strong monthly mean SST anomalies of the Atlantic,
off the coast of Newfoundland. They showed that, for
certain fall/winter months, atmospheric circulation
anomalies over the North Atlantic and Europe in the
subsequent month are significantly correlated with the
SST anomalies. Palmer and Sun (1985), however,
computed similar composites of these SST observations
that included all fall/winter months and found no sig-
nificant composited atmospheric response in the sub-
sequent month. If one applies the technique of com-
positing to the output from a coupled model, are the
results of Ratcliffe and Murray substantiated?

Last, the negative results associated with cross-cor-
relation analysis have been countered by the arguments
of Wallace and Jiang (1987) who emphasize that, while
the lagged cross correlation indicates an atmosphere
forcing ocean, the contemporaneous cross correlation
between SST and atmospheric fields may be indicative
of an ocean forcing atmosphere because the atmo-
spheric response is nearly instantaneous for monthly
mean variables. In a coupled system in which the ocean
significantly forces the atmosphere, do the standard
negative results of cross-correlation analysis prevail?

As a first step in the direction of analyzing coupled
models for large-scale, midlatitude, ocean-atmosphere
interaction, we examine the output from two coupled
models developed by Miller and Roads (1990) and

*described in section 2. One system includes only heat
flux in SST evolution, while the second includes both
heat flux and ocean current advection in SST vari-
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ability. In section 3, we employ standard correlation
and empirical orthogonal function (EOF) analyses to
investigate and compare the large-scale ocean—atmo-
sphere interactions that occur in the two coupled sys-
tems, and address the aforementioned questions. The
results are summarized in section 4.

2. Coupled model description

The model output is taken from two of the simplified
climate systems modeled by Miller and Roads (1990).
The atmosphere is a perpetual January, Northern
Hemispheric, quasigeostrophic, two-layer model with
orography and steady empirically derived forcing as
well as time-dependent forcing from surface heat flux.
The heat flux is taken to be a linear function of the
difference of SST and atmospheric temperature, 7,
proportional to the baroclinic streamfunction (500-mb
temperature). The SST is calculated from a heat equa-
tion, namely,

T N
-5+u-VT=K(T,,— TY+«V'T+ F (2.1)
for a mixed layer of constant 50-m depth, with K~}
= 58 days and « = 500 m? s~!. The surface current,
u, hastwo parts: the Ekman velocity, directly computed
from and perpendicular to the atmospheric model wind
stress, and geostrophic velocity, predicted by an un-
derlying, quasigeostrophic, two-layer, flat-bottom
North Pacific Ocean model, forced directly by the fluc-
tuating wind stress curl. The steady forcing, F, is em-
pirically computed and serves to maintain a realistic
SST climatology. Heat flux and ocean current advec-
tion can affect SST in the North Pacific, while the At-
lantic and Indian oceans are affected only by heat flux.
Equatorial influences are excluded from these model
systems. (See Miller and Roads 1990 for complete de-
tails of the models.)

For this study, we consider two coupled atmosphere~
ocean climate systems within which:

(Case 1) heat flux alone drives the SST anomalies,
and

(Case 2) both heat flux and ocean current advection
influence Pacific SST anomalies.

For realistic representation of the magnitude of large-
scale wind stress and heat flux variability, Miller and
Roads found that ocean current advection and anom-
alous heat flux had comparable importance in driving
model SST anomalies. This may be an overemphasis
of the effects of currents since Frankignoul and Reyn-
olds (1983), Luksch et al. (1990), and Cayan (1990),
among others, have shown that heat fluxes can explain
the greatest fraction, although less than approximately
half, of the variance of observed SST anomalies. Haney
(1980, 1985), on the other hand, has shown that cur-
rent advection makes an important contribution to the
development of model North Pacific SST anomalies,
which he found to be correlated with observations.
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The structure of the SST anomalies in the present
model depends on the structure of the forcing function.
Since the heat flux is assumed to be proportional to
the air-sea temperature difference, SST anomalies
driven by heat flux alone have O(3000 km) length
scales commensurate with the length scales of the at-
mospheric temperature variability. Ekman-induced
anomalies (Fig. 1b) have much larger spatial scale than
the geostrophic-induced anomalies (Fig. 1a) and pre-
sumably couple more efficiently to the thermal field of
the atmosphere. In the following discussion, therefore,
Ekman-induced anomalies are likely to be more im-
portant than geostrophically induced anomalies in in-
fluencing large-scale air-sea interaction.

3. Analysis of model output

For both cases, 72 months of coupled model output
from the Pacific Ocean sector were analyzed by com-
puting EOFs of a variety of monthly mean model vari-
ables, including SST, air temperature (7,), lower-layer
atmospheric streamfunction (analogous to the 750-mb
height), heat flux, and SST tendency (subsequent
month minus antecedent month ). The structure of the
first several EOFs of the atmospheric variables differed
very little between the two cases. This is consistent with
the results of Salmon and Hendershott (1976), who
found no significant differences in model atmospheric
energy cycles with and without coupling to an inter-
active mixed layer. The first EOF of atmospheric tem-
perature for case 2 (Fig. 3¢) has a more elongated,
basin-scale structure than for case 1 (Fig. 2¢), but the
other atmospheric EOFs of case 2, except for some
weak scrambling among themselves, substantially re-
semble the EOFs of case 1. The EOFs of 750-mb height
are virtually identical for these two systems.

One would expect the EOFs of SST to be quite dif-
ferent for the two cases, because the rms SST anomaly
increases by a factor of two in much of the basin when
ocean current advection is included in this model.
However, of the top six EOFS, which together account
for over 90% of the variance in each case, only the first
EOF of SST (Fig. 3a) appears to be unique to case 2.
The other EOFs of case 2 occur with rather similar
shapes to those of case 1 (e.g., Figs. 2b, 3b). They are
apparently only weakly deformed by the presence of
ocean currents.

The cross correlation, however, between the time
series of EOFs of the atmospheric variables and SST
differs for the two cases. For example, in case 1 the
largest-scale EOFs of atmospheric temperature and SST
are correlated (in time and in spatial structure) in a
one-to-one fashion (Table 1). For case 2 the cross cor-
relations of the EOF time series (Table 2), as well as
the spatial structure, reveal less distinct correspondence
because the inclusion of ocean current advection
scrambles the relations between the EOFs. This is not
always true, as evidenced, for example, by the second
EOF of air temperature in case 2 (not shown but anal-
ogous to Fig. 2d), which seems to force a nearly pure
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heat flux response in SST (third EOF, analogous to
Fig. 2a), virtually identical to the response in case 1
(second EOF of T, forcing the first EOF of SST).

a. Does standard lagged cross-correlation analysis re-
veal the fact that anomalous SST forces the at-
mosphere?

Consider Tables 1 and 2, which list the square of
the lagged cross correlation of the EOF coefficient time
series of the monthly means of SST and air temperature
over the model Pacific. For negative lags, such that
atmosphere forces ocean, we see a maximum in the
squared correlation. For simultaneous correlations, the
squared correlations are reduced but still rather large.
For positive lags, such that the ocean leads the atmo-
sphere, we find little or no correlation. These results
are entirely consistent with observed cross correlations
(e.g., Wallace and Jiang 1987). Shorter time-averaging
intervals yielded substantially similar cross-correlation
relationships. This suggests that even in a system where
midlatitude SST does influence the overlying atmo-
sphere, SST lag correlations with monthly mean at-
mospheric variables can be expected to fail to indicate
significant correlations with positive lags. The intrinsic
atmospheric variability of weather obscures the influ-
ence of SST. (Similar results hold for the lower-layer
streamfunction and SST since the atmospheric re-
sponse tends to be equivalent barotropic in the sense
of hot highs and cold lows.)

b. Does heat flux variability correlate more strongly
with SST anomalies or SST anomaly tendency?

Another measure of the influence of ocean upon
atmosphere is through analyzing the relationship be-
tween heat flux and SST. If heat fluxes are the dominant
forcing function in (2.1) so that the ocean responds to
atmosphere forcing, then one would expect heat flux
to be correlated more strongly with SST tendency. If
other processes (such as current advection) drive SST
anomalies so that the atmosphere responds to the
changing SST, then the heat flux would correlate more
strongly with SST. Table 3 (top) lists the squared cor-
relations between the leading EOFs of heat flux and
those of the SST tendency from case 2. The results are
consistent with those of Cayan (1990), who showed
that, throughout the Northern Hemisphere but outside
the equatorial strip, observed heat flux anomalies are
correlated much better with SST anomaly tendency
than SST anomalies themselves (cf. Wallace et al.
1990). A weak correlation between heat flux and SST
anomalies, as shown in Table 3 (bottom) for the cou-
pled model, was also found in observations by Fran-
kignoul and Reynolds (1983).

¢. Do composites of strong warm/cold events of SST
reveal ocean forcing atmosphere?

It is of interest to composite the coupled model out-
put to see if we can obtain results similar to the Ratcliffe
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FIG. 1. Examples of the generation of SST anomalies due to time-dependent forcing by ocean currents. In each case the SST anomaly is
set initially to zero, based on a 60-month perpetual January climatology. SST anomaly after 30 days of (a) geostrophic current variability
alone, (b) Ekman current variability alone, and (c) geostrophic and Ekman current variability combined (contour interval: 0.2°C). The
spatial scale discrepancy between Ekman and geostrophic currents is evident in the corresponding SST anomaly fields.
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FiG. 2. Empirical orthogonal functions of SST and atmospheric baroclinic streamfunction
(air temperature ) for case 1, wherein heat fluxes alone contribute to SST variability. (a) SST
EOF]1, 29% of the variance; (b) SST EOF2, 24%; (c) baroclinic streamfunction EOF1, 35%;
and (d) baroclinic streamfunction EOF2, 23% (CIL arbitrary). As evident in Table 1, SST
EOF1 and EOF2 are directly related to the baroclinic streamfunction EOF2 and EOF], re-
spectively.
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F1G. 3. Asin Fig. 2, but for case 2, wherein heat fluxes and ocean current advection contribute
to SST variability. (a) SST EOF1, 30% of the variance; (b) SST EOF2, 21%; (¢) baroclinic
streamfunction EOF1, 34%; and (d) baroclinic streamfunction EQOF4, 12% (Cl: arbitrary).
As seen in Table 2, these four EOFs form an interactive set in the model response. Note that
baroclinic streamfunction is correlated, in the sense of hot highs and cold lows, with lower-
layer streamfunction from which wind stress and, hence, the Ekman current field is derived.
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