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ABSTRACT

Extratropical sea surface temperature (SST) and surface turbulent heat flux monthly anomalies in the central
and eastern part of the North Atlantic are considered for the period 1952-92 on a 5° X 5° grid. In this region
where the mean surface current is small, the SST anomalies are well simulated by a simple one-dimensional
mixed layer model that is stochastically forced by the day-to-day changesin the local air—sea fluxes. A statistical
signature of the stochastic model is that the cross correlation between surface heat flux and SST anomalies
changes sign between negative and positive lags when the heat flux feedback is negative. This is observed at
each grid point of the domain for the turbulent heat flux, which thus contributes both to generating the midlatitude
SST anomalies and to damping them, once they are generated. Using properties of the lag covariance between
SST and heat flux anomalies, the turbulent heat flux feedback is estimated from the observations. It averages
to about 20 W m=2 K-t in the investigated domain, increasing toward the northwest and the northeast and
decreasing southward. It also varies seasonally, being generally largest in the fall and smaller and more uniform
in summer. There is no indication that it can become significantly positive. A negative turbulent heat flux
feedback is also suggested by the lag relation between the dominant modes of SST and turbulent heat flux
variability over the whole North Atlantic, and it is found that the spatial patterns of the associated SST and
turbulent heat flux anomalies are remarkably similar whether the atmosphere leads or lags, with only a change
of heat flux sign between lead and lag situations.

This analysis provides some observational support for the use on short timescales of a restoring condition
for SST in ocean-only simulations, but the coupling coefficient should be weaker than usually assumed and a
function of latitude and season. The associated SST—evaporation feedback has little effect on interannual surface
salinity changes. It should be significant on longer timescales, but then the restoring temperature should be
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Air—Sea Feedback in the North Atlantic and Surface Boundary Conditions for

alowed to vary and nonlocal influences should be considered.

1. Introduction

Since the atmosphere has a small heat capacity and
a fast adjustment time, it is sometimes speculated that
studies of long-term climate changes do not require the
use of a fully prognostic atmospheric model, but rather
can be based on simple representations of the atmo-
sphere. The crudest one, which reduces the role of the
atmosphere to prescribing asurface boundary condition,
is often used in ocean-only modeling studiesin theform
of mixed boundary conditions combining a restoring
boundary condition on surface temperature and an im-
posed freshwater flux. Although the thermohaline cir-
culation is stable when restoring conditions are imposed
for both surface temperature and salinity, it may have
multiple equilibria and produce oscillations ranging
from tens to thousands of years when mixed boundary
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conditions are used (e.g., Stommel 1961; Bryan 1986;
Marotzke and Willebrand 1991; Weaver and Sarachick
1991). However, the nature of the oscillations, some-
times even their existence, is dependent on the details
of the mixed boundary conditions. In particular, thether-
mohaline circulation becomes generally more stable as
the sea surface temperature (SST) restoring term be-
comes weaker (e.g., Zhang et al. 1993; Yin and Sarachik
1995; Chen and Ghil 1995). The latter can be written
as

Q =oT =T, )

where Q, has the form of a heat flux into the ocean, «
is the coupling coefficient or feedback factor, T the SST,
and T* the prescribed restoring temperature often taken
as an apparent (Haney 1971) or the observed mean air
temperature. The restoring timescale is pC H/«, where
p is the density, C, the specific heat of sea water, and
H the upper-layer thickness. M ost modeling studieshave
used a reference damping time of about one month,
which corresponds to a negative heat flux feedback fac-
tor a of 80 W m=2 K-* for H approximately equal to
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50 m. Thisistwice as much as the values derived from
climatology by Haney (1971) or Han (1984) by assum-
ing no atmospheric adjustment to SST changes. How-
ever, as the atmosphere adjusts to the underlying SST,
the heat flux sensitivity 0Q/dT should be even weaker.
Bretherton (1982) and Frankignoul (1985) have shown
that SST anomalies should be more weakly damped at
large scales, and the latter has suggested that, because
of a phase shift between SST and heat flux response,
the feedback may be positive on the eastern side of the
SST anomaly and the atmosphere may act as an eastward
propagator for the SST anomalies. Scale dependencein
the restoring boundary condition for ocean models has
been introduced by Rahmstorf and Willebrand (1995),
who considered a simple energy balance model of the
atmosphere with a diffusive heat transport and obtained
values of « decreasing from 50 W m—2 K-* at a 400-
km scale to afew W m~2 K- at the largest scales. The
more refined simplified model of the lower atmosphere
designed by Kleeman and Power (1995) also predicts a
decrease of the damping with increasing scale, and in
Power et al. (1995) the heat flux response to a North
Atlantic SST anomaly was generally restorative with «
around 20 W m~2 K-, except for a positive feedback
over its eastern flank.

As discussed in Frankignoul (1985), the heat flux
feedback is dominated by the turbulent heat fluxes (la-
tent and sensible heat flux), and it can be estimated from
the response of atmospheric general circulation models
(AGCMs) to prescribed SST anomalies. However, the
relationship between the SST and heat flux anomaly
fields may be rather complex and seems model depen-
dent and, in some cases, a function of the location and
polarity the SST anomaly. Frankignoul (1985) consid-
ered the January response of three AGCMsto a(mostly)
negative SST anomaly in the North Pacific and found
that the surface heat flux would cause a negative feed-
back of 16 and 20 W m~2 K-* in two cases, but no
feedback in athird one. Using different AGCMs, Kush-
nir and Lau (1992) found a weak negative feedback for
a (mostly) positive North Pacific SST anomaly but no
simple response for a (mostly) negative one, while Latif
and Barnett (1994) found a very strong positive feed-
back to a mostly positive SST anomaly. Response stud-
ies with prescribed SST anomaliesin the North Atlantic
have also provided differing results. In Palmer and Sun
(1985) the surface evaporation response was in phase
with the SST anomaly, corresponding to a negative heat
flux feedback. Similarly, in Kushnir and Held (1996)
the surface heating was almost in phase with the SST
anomaly, yielding a negative feedback of about 20 W
m-2 K-1 in January conditions, and a slightly weaker
onein October conditions, with only asmall dependence
on the SST polarity. In Power et al. (1995), the yearly
averaged GCM responseto anegative SST anomaly was
found to be generally restorative with « = 10-20 W
m-2 K-, although the feedback was positive on the
eastern flank of the anomaly. In Peng et al. (1995), there
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was only a significant atmospheric response for a pos-
itive SST anomaly, and it strongly depended on the basic
flow. In November conditions, the turbulent heat flux
feedback was strongly positive (we estimateit from their
Fig. 21 to be about —10 W m~2 K~* for the sensible
heating alone), while in January conditions it was re-
ported to be twice as strong, but negative.

In view of this disparity, it would be of interest to
determine the heat flux feedback directly from the ob-
servations. As reviewed by Frankignoul (1985, 1995),
the extratropical SST anomalies can be well simulated
by a mixed-layer model, which is stochastically forced
by the day-to-day changes in the local air—sea fluxes.
The surface heat exchanges strongly contribute to gen-
erating the SST anomalies, but also to damping them
once they are generated. However, this damping has not
been hitherto quantified in the observations where cause
and effect are difficult to distinguish. In the present
paper, we show that a direct estimate of the heat flux
feedback can be derived from the observed lag covari-
ance between SST and heat flux anomalies if the mean
surface current is small, and we estimate the turbulent
heat flux feedback from anomaly data in the quiet part
of the North Atlantic.

In section 2, weintroduce the stochastic SST anomaly
model and discuss the nature of the turbulent heat flux
feedback. In section 3, we investigate its statistical sig-
nature and show how the observations can be used for
its estimation. In section 4, the analysisis applied to 41
years of monthly midlatitude observationsin the central
and eastern North Atlantic. The dominant spatial pat-
terns of the two-way air—sea interactions are also dis-
cussed, and their extension to the western North Atlantic
is documented. In section 5, the seasonal dependence
of the feedback factor is investigated, and in section 6
the boundary conditions for ocean-only simulations are
briefly discussed.

2. The stochastic SST anomaly model

In a simple slab mixed-layer model where the tem-
perature T and the horizontal current u are constant
within amixed layer of depth h, the vertically integrated
temperature equation can be written

h@, T + u-VT) + I'(W)w,(T — T-)
Q- Q
rC,

where I' is the heaviside function; w, the entrainment
velocity; k the horizontal mixing coefficient; Q the sur-
face heat flux into the ocean (positive downward) given
by the sum of latent heat flux Q, , sensible heat flux Qg,
shortwave radiation Qg,,, and longwave radiation Q, ,;
Q- is the heat flux at the mixed-layer base, and the
minus index indicates val ues just below the mixed layer.

If the mixed layer is deepening, there is entrainment of
colder water, wheresas if it is becoming shallow, there

+ khveT, @



2312

is detrainment and fluid is left behind without changing
the SST. On short timescales, the mixed layer depth h
is primarily determined by the turbulent kinetic energy
budget, which is dominated by the energy transfer from
the wind, surface heat exchanges, and turbulent dissi-
pation.

Each field can be decomposed into a seasonally vary-
ing mean (denoted by an overbar) and an anomaly (de-
noted by a prime). To a good approximation, the equa-
tion for large-scale SST anomalies on the monthly to
yearly timescales can be written (Frankignoul 1985) as

daT’  uL-vT B Ea? C [Pwwe(T — TH)]'
dt h h™ h
QI _ Q,/
+ = + V2T
»Ch kV2T’, ©)]

where d/dt = 9, + U -V isthe time derivative following
the mean motion and ug is the Ekman transport. We
have omitted the stirring by the mesoscal e eddies, which
primarily contributes a small-scale noise, and the mod-
ulation by variable large-scale geostrophic currents,
which contributes to very low frequency SST changes.

In extratropical latitudes, the atmospheric forcing is
dominated by the day-to-day changes in the weather and
has a primarily white frequency spectrum at low frequen-
cies. Over most of the extratropical oceans, the main SST
anomaly forcing is by surface heat exchanges and vertical
entrainment, although anomalous Ekman advection also
plays a role in frontal zones. The turbulent heat fluxes
dominate the heating anomalies in fall and winter, while
Qy, is of comparable magnitude in spring and summer.
Heat flux forcing dominates wind stirring from late fall to
early summer, whereasthe reverseistrue from midsummer
to midfall (Frankignoul 1985; Cayan 1992a; Alexander
and Deser 1995). Because of its small mechanical inertia,
the oceanic mixed layer responds rapidly to this forcing
and h' also has a short characteristic timescale and awhite
spectrum at low frequencies, as shown by observed and
simulated data (Cane and C. Frankignoul 1997, unpub-
lished manuscript; Alexander and Penland 1996). The
forcing part of the terms in (3) can thus be represented at
low frequencies by a white noise process, which will be
hereafter denoted by F’. This white noise forcing creates
growing SST anomalies whose amplitude is limited by
dissipation and feedback processes (Frankignoul and Has-
selmann 1977).

Asdiscussed by Frankignoul (1985), the main oceanic
feedback involves entrainment and mixing, although the
effective diffusion by surface current fluctuations may
also play a role (Molchanov et al. 1987). The atmo-
sphere primarily feeds back onto the SST anomalies,
once they have been generated, via the turbulent heat
fluxes; however, in the AGCM experiments of Palmer
and Sun (1985), the atmospheric agjustment was hy-
pothesized to induce a positive feedback via Ekman
advection. A small feedback may also be associated with
SST anomaly-induced changes in the radiation fluxes.
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For small SST anomalies, dissipation and feedback can
be represented to a good approximation by linearizing
the (in part hidden) T’ dependence of the right-hand
side of (3), that is, by only keeping the first two terms
of its Taylor expansion in T'.

In regions of small mean current, the SST anomaly
equation then takes the approximate form

T =F — AT/, (4

where F’ represents the stochastic forcing component
of the right-hand side of (3), that is, the part that is not
significantly affected by the SST anomalies but con-
trolled by the dynamics of the free atmosphere,* and A
is a scale-dependent feedback factor, which includesthe
atmospheric boundary layer adjustment to the SST
anomalies. The feedback factor is positive when the
feedback is negative. If the seasonal modulation is ne-
glected and the forcing white, (4) represents afirst-order
autoregressive or Markov process. The frequency spec-
trum of the SST anomalies is red and their autocovar-
iance function given by

Rrr(7) = 7XTFFF(O)efMTIy ®)

for 7 > 7., where 7. denotes the atmospheric corre-
lation timescale. Here F.(0) is the white noise level of
the forcing, Ry (7) = (X'(t + 7)Y'(t)) is the covariance
between X’ and Y’ at lag , and the angle bracketsdenote
ensemble mean. From (4), one finds

9.Rre = Reg — ARy, (6)

s0 the covariance between T’ and F’ can be calculated,
providing a statistical signature of the air—sea interactions
(section 3). The stochastic forcing model can easily include
the advection by the mean flow and can provide a valid
representation of the SST anomalies over most of the mid-
latitudes, with an SST anomaly decay time A~* on the
order of 3 months (Reynolds 1978; Frankignoul and Reyn-
olds 1983; Herterich and Hasselmann 1987).

The atmospheric feedback is dominated by the fluxes
of sensible and latent heat, which can be estimated from
the bulk formulas

Qs = PaC?)Csua(Ta - T) and (7)

Q. = p?LC u3(g* — qJ), (8)
where the superscript a indicates atmospheric variables
at 10 m, L is the latent heat of evaporation, u the wind
speed, q the specific humidity, g, the saturation specific
humidity at the sea surface, C3 the air specific heat at
constant pressure, and Cg and C, bulk exchange coef-
ficients. Assuming in afirst approximation that u@ is not
affected by T’ leads to the sensible heating feedback,
which is given in the same units as in (1) by

t This neglects the possible, but small, modulation of the statistical
properties of F' by T'.
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a
a1’

pChAg, = prCaCour—(T' — (T?')), 9
where the angle brackets denote ensemble mean for giv-
en T’ (or an average over many realizations of the at-
mospheric fields) and u? is an appropriate wind speed.
Assuming that the relative humidity remains constant
and using the Clausius—-Clapeyron equation to relate the
saturation vapor pressure to the temperature yields sim-
ilarily the feedback due to evaporation, givenin Sl units

by

. 1.2 X 10w _ 9
pCph Ag = paLCLuaTessss/T_

aT’
X T = R(T))]. (10)

The degree of adjustment of the atmospheric bound-
ary layer to an SST anomaly determines the feedback
strength. If the air temperature was not affected by the
SST anomaly, one would have (9/0T'){T2") = 0 and
there would be a strong negative feedback. Indeed, for
T=20K,ur=8ms?! R, =08Cs,=C, =13
X 1073, one finds

pChig, = 12Wm2K* and (11)

pChig =~ 38W m2K, (12)

which together amount to 50 W m-2 K. Such a strong
heat flux feedback is not realistic since it alone would
imply a 2-month SST anomaly decay time for h = 70
m. However, the air temperature in the atmospheric
boundary layer adjusts somewhat to an SST change and
the feedback critically depends on the dynamic response
of the atmosphere to the SST anomaly. Barsugli and
Battisti (1998) have recently extended the model (4) to
include the latter, albeit in a simple, one-dimensional
way. They assumed that the heat flux was proportional
to the air—sea temperature difference and the surface air
temperature linearly related to a free atmosphere tem-
perature. The latter was determined by a simplified en-
ergy equation where the atmospheric dynamicswas rep-
resented by a stochastic forcing term, so an explicit
modulation of the heat flux forcing by the SST anom-
alies was allowed.

However, as discussed by Kushnir and Held (1996),
there is no fully accepted theoretical framework to fully
understand the dynamic response of the atmosphere to
extratropical SST anomalies. While the linear atmo-
spheric response to extratropical heat sources in a zo-
nally symmetric flow is weak and baroclinic in the vi-
cinity of the heat source, that of models linearized about
zonally asymmetric basic states can be resonant and
equivalent barotropic. AGCM experiments show much
disparity. In some experimentsthe responseisbaroclinic
(e.g., Kushnir and Held 1996), but in most cases the
SST anomaly primarily displaces the storm track and
alters the upper-tropospheric eddy vorticity flux and the
equivalent barotropic structure of the atmosphere (e.g.,
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Palmer and Sun 1985; Kushnir and Lau 1992; Peng et
al. 1995). The relations among T', (T#'), and the free
atmosphere are thus poorly understood and seem model
dependent. Hence, a direct estimation of the heat flux
feedback from observations is of interest.

3. Statistical signature of the heat flux feedback

To single out the contribution of the surface heat flux
to SST anomaly changes, we write (4) as

0T =H +m — AT/, (13)
where
QI
H = — 14
o (14)

is the heat flux term; m’ represents the other stochastic
forcing terms, which are primarily associated with wind
stress changes; and A, represents all the contributions
to the feedback that are not included in Q’. In section
4, ), will be estimated from turbulent heat flux data
only and thus the contribution from the radiative fluxes
will then be included in A,.

Since surface heat exchanges contribute both to SST
anomaly generation and feedback, H’ is decomposed
into

H =q — AT, (15)

where g’ represents the stochastic forcing component of
the heat flux anomalies (that part of the heat flux that
is controlled by the large-scale atmospheric dynamics
and is not influenced by the SST anomaly) and A, the
heat flux feedback factor. Onehas A = A, + A, and F'
=q +m.
From (13) and (15), the covariance between T’ and
g’ obeys
9,Rrg = Ryg + Rug — ARy (16)

For algebraic simplicity, we assume that " and m’ can
be represented as first-order Markov processes with the
same atmospheric decay time v~1, a variance ratio of
n2, and a correlation, . This is admittedly an oversim-
plification since the mixed-layer depth is not in equi-
librium with the atmospheric forcing, but using a more
refined model for m" and its relation with g’ would not
significantly alter our results. Under our assumption, the
solution to (16) is
n+yn C

Ry (1) = —— 2~ Ze,
o(7) 1+n2+2nyv

for 7 = 0 (ocean leads) and

n+yn C
Y _(26*)\1' — e*VT),

R -
o(7) 1+n2+2nyv

for 7 = 0 (ocean lags),

(17)

where C = 7F-(0) isthe total stochastic forcing vari-
ance, and we have assumed v > A. When T’ leads, the
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Fic. 1. Continuous line: Predicted covariance between T' and g’
(in arbitrary units) as a function of time lag for v = (3 day)~*, n? =
2,y = 0, and A = (2 month)~*. Dashed line: Corresponding value
of —A,Ry; for A, = (4 month)~*. Dashed—dotted line: Corresponding
value of R;,;. The positive feedback case would be obtained by sub-
tracting the first two curves instead of adding them.

covariance Ry, is negligible, except for lags of the order
of the atmospheric persistence time. When T’ lags, it
has a positive maximum at small lag and then decreases
slowly on the SST anomaly timescale. The smoothing
associated with the use of monthly averages for the
anomalies increases the cross correlation

Fra(7) = Ryg(7)/[Rrr(0)Ry(0)]* (18)
by filtering out the high frequencies and shifts the max-
imum to lag zero or one, depending on the relative val-
ues of », A, and T [see Eq. (A4) in the appendix and
Fig. 2, dashed ling]. This also holds for r,, and ro..
Consequently, as first shown by Frankignoul and Has-
selmann (1977), the correlation at zero lag between
smoothed SST anomalies and atmospheric variablesthat
are not (or only very little) affected by the SST anom-
alies (like sea level pressure or geopotential height) re-
sults from the atmospheric persistence and reflects the
atmospheric forcing of the ocean, not the oceanic influ-
ence on the atmosphere. Empirical studies that interpret
synchronous correlations or composites as indicative of
the atmospheric response to SST anomalies(e.g., Palmer
and Sun 1985; Peng et a. 1995) are thus misleading.

Since the heat flux term H’ also contributes to the
feedback, its covariance with T’ differs from that of the
stochastic forcing part. From (15), one finds

Ry (1) = RTq(T) — AR (7), (19)

so the covariance between T’ and H’ is given by the
difference between R, and A,R. Its shape and that of
the corresponding correlation function r, critically de-
pend on the sign of the atmospheric feedback (Fran-
kignoul 1985; note that the meaning of terms H', q’,
Aa @Nd Aq is not the same). For A, > 0 (negative feed-
back), R.,(7) and ry,(7) take an antisymmetric ap-

JOURNAL OF CLIMATE

VoLuMmE 11

0.6

0.5F ocean leads

0.4

0.3

0.2

0.1

cross-correlation

0

LR

-0.2r

03 . . L
-6 -4 -2 0 4 6
lag (month)

FiG. 2. Predicted correlation between T’ and H' for no atmospheric
feedback (dashed line) and for negative feedback (continuous line)
when estimated from unaveraged (smooth curves) and monthly av-
eraged (circle) data. Parameters are as in Fig. 1.

pearance, with negative values when T’ leads, positive
ones when it lags, and zero crossing near zero lag (Fig.
1). The deviation from pure antisymmetry and the mag-
nitude of the correlation at positive and negative lags
depends on the relative importance of the heat flux forc-
ing, hence on n2 and v, and on A,. In particular, cor-
relations for > 0 (ocean lags) will dominate those for
7 < 0 (ocean leads) when n? islarge (strong contribution
of heat flux forcing) and A, small (weak atmospheric
feedback). The correlation at zero lag depends on many
parameters and can have either sign, hence it is more
difficult to interpret. However, it will normally be pos-
itive when the primary role of the heat flux istheforcing
one. As before, smoothing generally increases the cor-
relation between T' and H’ and shifts the maxima to-
ward lags of plus and minus one, as illustrated in Fig.
2 (continuous line). For A, < O (positive feedback), the
covariance is always positive and peaks for small pos-
itive lags (lag one when using smoothed values). Note
from (19), (17), and (5) that isis only when the ocean
leads that one part (the feedback part) of the two-way
interaction can be singled out, and that in all cases the
decay rate at large positive and negative lags is deter-
mined by the net feedback A, not by the atmospheric
one A,.

To estimate the atmospheric feedback A, from the
observations, consider (17). For small lag, Ry, (7) crit-
ically depends on n?, vy, », and A,, which are poorly
known parameters, and it isthus of little help. However,
for large negative lag (1 << —v %), Ry,(7) is negligible
and (19) yields

Ao = ~Ruu(7)/R(7). (20)

When monthly anomaly data are available, the covari-
ances at all lags less than or equal to —1 can be used
in (20) to estimate A,, even though at large lags the data
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are too noisy to provide useful information. Note that
at lag —1 (20) neglects the small positive contribution
of Ry,(—1), which is associated with atmospheric per-
sistence [see (A4)], but the corresponding bias is very
small. Relation (20) shows again that the information
regarding predictability of the surface fluxes (hence the
atmosphere) is contained in the correlation at negative
lags when using monthly data, not in the simultaneous
correlation.

The atmospheric feedback can also be derived from
positive lags. Indeed, from (15) one can derive the fol-
lowing:

RHH('T) = qu(T) - Aa[RHT(T) + RTH(T)] — AR
(21)

For large positive lag, R,,(7) is negligible in (21), and
the resulting quadratic equationin A, can be solved since
the remaining terms can be estimated from the obser-
vations. However, this method is more sensitive to data
noise and (20) is preferable.

Note that in regions where the mean current is large,
thelag correlations should be considered nonlocally, and
thus a more elaborate analysis is required. Complica-
tions also arise if the atmospheric forcing has a persis-
tent component and is not white at low freguencies;
estimates based on (20) would then be biased toward a
too-weak negative feedback or atoo-strong positive one.
Since the atmospheric forcing in the North Pacific is
influenced by persistent teleconnections from the equa-
torial Pacific, we will consider only observationsin the
central and eastern North Atlantic where the mean cur-
rent is small and the tropical influence negligible.

In the following, the calculation is based on turbulent
heat flux anomaly data, rather than on H’, which de-
pends on the mean mixed-layer depth. The turbulent
heat flux feedback is thus obtained in W m-2 K-* asin

().

4. Turbulent heat flux feedback in the
North Atlantic

Monthly fields of SST and sensible plus latent heat
flux anomalies derived from the Comprehensive Ocean—
Atmosphere Data Set were kindly provided on a 5° X
5° grid by D. Cayan. The data have been described in
Cayan (1992a). Here we consider the well-sampled
1952-92 period. Remaining data gaps were interpol ated
by successive linear interpolations. To decrease the in-
fluence of possible artificial trendsin the reported winds,
athird-order trend was removed at each grid point from
both the SST and the heat flux anomaly data.

Since (4) applies only to midlatitude regions of weak
mean surface current and eddy activity, we have ex-
cluded a broad western boundary current region and
considered the central and eastern North Atlantic do-
main given in Fig. 4 below, where the mean surface
current should be weaker than about 5 cm st (Martel
and Wunsch 1993). To reduce data and eddy noise, the
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FiG. 3. Autocorrelation of observed SST (dashed line) and turbulent
heat flux forcing (dashed—dotted line) anomalies at 20°W, 30°N, and
cross correlation between the two variables (continuous line).

monthly SST and heat flux anomaly fields were filtered
by performing an empirical orthogonal function (EOF)
analysis and reconstructing the fields from the first 25
EOFs. For both variables, more than 95% of the original
variance was retained.

a. Annual case

In agreement with (5), the SST anomaly autocorre-
lation function decays nearly exponentially at each grid
point, asillustrated in Fig. 3 (dashed line). A small peak
is often found near alag of one year, reflecting the SST
anomaly recurrence associated with mixed-layer deep-
ening in late fall (Namias and Born 1970; Alexander
and Deser 1995). The SST anomaly decay time was
calculated by least squares fit over lags 03, using for-
mula (A3) and assuming in addition that the SST data
were contaminated by a small uncorrelated noise, which
slightly improved the fit. As shown in Fig. 4, the decay
time ranges between 1.5 months in the north and 4
months in the south. As the mean surface current is
small but not negligible in the northern part of the do-
main, a slightly longer decay time would have been
found by including SST anomaly advection in the sto-
chastic model (Frankignoul and Reynolds 1983).

At each grid point of our North Atlantic domain, the
cross-correlation function between SST and turbulent
heat flux anomalies has an antisymmetric shape, which
isin good agreement with our prediction for a negative
heat flux feedback. As illustrated in Fig. 3 (continuous
line), negative values are found when the ocean leads,
peaking at lag —1, and often larger positive values occur
when the ocean lags, with a maximum at lag 1 and an
exponential decay thereafter. This statistical signature
confirms that the turbulent heat flux anomalies contrib-
ute both to generating and damping the SST anomalies,
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Fic. 4. SST anomaly decay time in months. The limits of the
domain under study are indicated by the shading, and the grid boxes
shown by the dotted lines.

and it suggests that the former effect generally domi-
nates. However, other forcing and feedback play arole,
as shown by the limited correlations and a frequent lack
of pure antisymmetry. The dual role of the heat flux is
also seen in the pattern analysis below and in the au-
tocorrelation function of the turbulent heat flux anom-
alies (Fig. 3, dashed—dotted line), which becomes slight-
ly negative for |r| > 1 month, as predicted by (21).
As discussed in section 3, the first few negative lags
are best suited to estimate A, when using (20). We have
chosen a weighted average of thelag —1, —2, and —3
estimates, using the exponential SST anomaly decay
rates in Fig. 4 to define the weights:
Aa(—D) + e2,(—2) + e 22, (—3)

A = )
: l1+e*+e?

(22)

where A,(i) denotes the lag i estimates derived from
(20). The results in Fig. 5 show that the negative tur-
bulent heat flux feedback in the central and eastern
North Atlantic has a mean value of about 20 W m~2
K. The feedback depends on location, however, rang-
ing between 10 and 15 W m~2 K-* in the southern part
of the domain and increasing toward the northwest and
northeast where it reaches about 35 W m=2 K-1. Maps
based on a single negative lag or on lag 1 are basically
similar but more noisy (not shown), although the lag
—1 estimates are generally slightly lower, as expected
from their small negative bias. In any case, the main
features in Fig. 5 appear to be robust.

A comparison with (9)—(12) or with the feedback fac-
tor given in Han (1984) suggests that, on the spatia
scale of the anomaly data, the surface air temperature
adjustment to an SST anomaly should be about half the
value of the latter, in agreement with recent adjustment
estimates (Barsugli and Battisti 1998). In view of the
observed SST anomaly persistence in Fig. 4, the damp-
ing effect of oceanic and atmospheric feedbacks should
be roughly comparable. A more quantitative comparison
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Atmospheric feedback (Cl =5 W m-2 K-1)
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FiG. 5. Estimated atmospheric heat flux feedback in W m-2 K-1.
Positive values indicate negative feedback.

would require taking into account the large seasonal
changes.

b. Scale-dependence and dominant interaction
patterns

As recalled in section 1, it has been suggested that
the negative atmospheric heat flux feedback should be
weaker at larger scales. We tried to verify this by de-
fining the SST and heat flux anomalies over increasingly
larger regions before estimating the covariances, but in
view of the strong geographical dependence of the feed-
back (Fig. 5), this could be done only by averaging the
original data in regions with comparable values of A..
It was found that the stochastic forcing model applies
equally well to larger geographical regions, but no sig-
nificant dependence on the box size was found for A,,
possibly because of the limited scale range that we could
consider.

To emphasize the dominant patterns of variability, we
have used two different methods. The first one is based
on principal component analysis: the dominant modes
of SST anomalies, the EOFs, have been calculated (no
areal weighting) and the associated heat flux patterns at
various lags obtained by regression onto the principal
component time series. The second technique is the
more powerful *“maximum covariance analysis’ based
on a singular value decomposition (SVD) of SST and
heat flux anomalies at different lags. As both give very
similar results, we present only the EOF-based ones
because the SST patterns remain fixed, while they vary
dlightly with lag in the SVD, which simplifies the in-
terpretation.

Figures 6 and 7 (middlie) show the first and second
EOFs of the SST anomalies, which represents 37% and
17% of the variance. Although the EOF analysis was
performed in our limited domain, the SST patterns were
extended by regression to the western North Atlantic
(shaded) to emphasize basin scales. Note that the ex-
tended EOF1 compares well to the second EOF of the
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HFA regression on EOF1-SST (SST leads): Cl =2 W m-2
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EOF1-SST of eastern and central Atlantic: Cl = 0.1 K
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HFA regression on EOF1-SST (SST lags): Cl =2 Wm-2
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Fic. 6. (middle) First EOF of the SST anomalies in the central and eastern North Atlantic. The SST pattern has
been extended to the western part of the basin by linear regression. The units are kelvins, and the principal component
(not shown) is normalized. (top) Associated turbulent heat flux pattern one month later. (bottom) Associated turbulent
heat flux pattern one month earlier, both in W m=2 K-1.
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HFA regression on EOF2-SST (SST leads): Cl =2 W m-2
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Fic. 7. Asin Fig. 6 but for the second EOF.
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SST anomalies in the whole domain (western North
Atlantic included), while the extended EOF2 only loose-
ly resembles the corresponding EOF1. Thus, somewhat
different patterns were obtained by calculating the EOFs
in whole domain, but the results below remained un-
changed.

The heat flux patterns associated with the SST anom-
aly EOFs were obtained by regression onto the principal
components using various lags. Again, this was done
for the whole basin, but the patterns are only fully rep-
resentative of the air—sea interactions in the limited do-
main. In Figs. 6 and 7, the heat flux anomalies are con-
sidered one month after and one month before the SST.
The associated unlagged heat flux patterns (not shown)
are mostly like those when the ocean lags, but with a
weaker amplitude. When the ocean leads by one month,
the associated heat flux patterns should primarily reflect
the turbulent heat flux response to the SST anomaly
modes. However, when the ocean lags, the interpretation
is more complex since the heat flux pattern represents
both the forcing of and the response to the SST anomaly
mode [see (20) and Fig. 2]. As remarked earlier, it is
only when the ocean leads that one part of the two-way
interaction can be singled out.

When the ocean leads (Fig. 6, top), the heat flux pat-
tern associated with the SST EOF1 is nearly in phase
with the latter in the limited domain, and its sign in-
dicates that it damps the SST anomaly. The negative
feedback is thus primarily local, although the heat flux
might be shifted a half-grid box to the south and the
west of the SST (a similar shift appears in the SVD).
This westward shift is smaller than predicted by the
simple linear wave theory of Frankignoul (1985), ascan
also be inferred from the numerical experiment of Bladé
(1997). Accordingly, the eastward propagator effect of
the atmospheric feedback should be small. In the west-
ern North Atlantic (shaded), the SST and heat flux pat-
ternsremain similar, although less strikingly. Note, how-
ever, that a little distortion of the SST pattern by the
larger currents is expected during the 1-month lag. In
any case, the feedback seems to remain negative, in fact
more so than farther to the east, and this was also found
with the full domain EOFs. When the ocean lags (Fig.
6, bottom), the associated heat flux pattern has the op-
posite sign, consistent with the atmosphere forcing the
ocean, and again remarkably resembles that of the SST,
except that it is shifted south by about one grid size.

Similar results are found for the regression of the
turbulent heat flux onto the second SST anomaly prin-
cipal component (Fig. 7). When the ocean leads (top),
the heat flux in the limited domain is nearly exactly out
of phase with the SST anomaly (negative feedback),
and when it lags, it is nearly exactly in phase. Again,
the heat flux feedback seems to be mostly negative in
the western North Atlantic (shaded), but the SST pat-
terns is a dipole in the north—south direction, so that a
small shift in the east—west direction would be hard to
detect.
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The spatial coincidence between the SST and heat
flux modes in the case where the ocean lags was noted
by Cayan (1992a), who compared the rate of change of
wintertime SST anomalies to the turbulent heat flux
anomalies. However, the remarkable similarity in the
associated heat flux patterns at lag —1 and 1, but for a
change of sign, does not seem to have been noted before.
Thissimilarity in lead and lag situations may result from
(7) and (8). As discussed by Cayan (1992b) and Battisti
et a. (1995), the surface air temperature and humidity
changes are fundamental to the turbulent heat flux
anomalies and tend to play a larger role in the extra-
tropics than the changes in the wind magnitude. Asthey
are largely forced by the surface heat exchanges, the
patterns of the dominant SST anomalies at any given
time will resemble those of the air temperature during
the preceding period, which reflects the dominant modes
of atmospheric variability. Now consider the persistent
SST signal in (7) and (8). If an SST anomaly had no
effect on air temperature and humidity, the fluctuations
in the latter would be uncorrelated with the SST on the
SST anomaly timescale, in view of the stochastic nature
of the short timescale atmospheric variability. Thus, a
persistent anomaly with the opposite sign but the same
pattern as the SST anomaly would appear in the surface
heat flux. As a result, the associated heat flux patterns
should be similar but of opposite sign at lead and lag
relations. This should hold if the atmospheric boundary
layer adjusts somewhat to the SST changes.

5. Seasonal variations of the heat flux feedback

The persistence of the SST anomalies depends on the
season, reflecting not only the changes in the mixed-
layer depth but aso in the feedback processes, for in-
stance, in the entrainment feedback, which is strongest
during fall when the mixed layer is deepening (Fran-
kignoul 1985). The atmospheric response to SST anom-
alies is also strongly dependent on season, and corre-
spondingly large seasonal changesin the heat flux feed-
back have been found in AGCM experiments (e.g., Peng
et al. 1995).

We have first estimated the turbulent heat flux feed-
back by only considering winter or summer months. The
calculation is less accurate than with the full dataset as
there are fewer degrees of freedom in the covariance
estimates, and also because the variance of each field
in (20) has strong but different seasonal variations. In-
deed, the variance of the SST anomaliesis at maximum
in early summer and minimum in late winter, while that
of the heat flux anomalies peaks in early winter and is
at minimum during summer. To reduce the impact of
these variations, we have estimated A, fromthelag —1
covariances only, instead of using (22), which further
increases the estimation noise. Winter is defined from
December through March for the heat flux and from
November through February for SST, and summer from
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Winter atmospheric feedback: Cl = 10 W m-2 K-1
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FiG. 8. Estimated atmospheric heat flux feedback in W m=2 K-tin
winter (top) and summer (bottom). Positive values indicate negative
feedback.

June through September for the heat flux and from May
through August for SST.

Asshown in Fig. 8 (top), the negative heat flux feed-
back is strong in winter and its pattern resembles the
yearly one. Although the estimates are more noisy and
the precise values should be viewed with caution, the
feedback seems particularly strong in the northwestern
corner and in the north, and there is a marked minimum
in abroad region around 25°W, 40°N. In contrast, during
summer (bottom) the feedback is weak and more uni-
form, averaging 10-15 W m~2 K~* and decreasing to-
ward the southwest. For comparison we show in Fig. 9
an estimate of the corresponding SST anomaly decay
time, which is only alittle larger in winter than in sum-
mer, even though the mixed-layer depth is much larger.
This suggests that the SST persistence critically depends
on the strength of the oceanic and the atmospheric feed-
backs. Note the enhanced persistence of the wintertime
SST anomalies around 25°W, 40°N where the atmo-
spheric feedback is minimum.

To describe more completely the seasonal variations
of the heat flux feedback, we have constructed its av-
eraged seasonal cyclein several 15° X 15° boxes, using
three (instead of four) consecutive months to estimate
the covariances for finer temporal resolution. The feed-
back is estimated by the average of the nine estimates
in each box (since they contain nine grid points), and
the accuracy of the estimates can be assessed from their
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Winter SSTA persistence Cl = 1 month

: Gl = 0.5 month
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Fic. 9. SST anomaly decay time in month during winter (top) and
summer (bottom).

standard deviation. Note that the estimates for consec-
utive months are not independent as the data are over-
lapping in time. Asillustrated in Fig. 10 (top), the neg-
ative feedback in the eastern Atlantic has a large sea-
sonal cycle at high latitudes. It is strongest in early fall
when it reaches more than 40 W m~2 K~* but decreases
rapidly to a minimum of less than 10 W m=2 K-* in
midwinter; it then varies between about 10 and 20 W
m-2 K1 until early summer, when it starts increasing
rapidly. In the subtropics (Fig. 10, bottom), the seasonal
cycleisless marked, and A, stays near 15 W m=—2 K1,
except for a minimum of about half this value in late
winter. Overall, the largest negative turbulent heat flux
feedback is usually reached in early fall and the smallest
one in late winter. However, in the western part of the
domain near 35°N, the largest negative feedback is
reached in December—January. This can be seen by com-
paring Fig. 8 (top) to Fig. 11.

Intheir AGCM experiments, Peng et al. (1995) found
a strong positive heat flux feedback in November con-
ditions and an even stronger negative one in January
conditions. Although the (positive) SST anomaly was
centered around 45°W, 47°N, hence mostly to the north-
west of our limited domain, we have mapped for com-
parison A, for a3-month period centered around October
for SST and 1 month later for the turbulent heat flux
(Fig. 11). The observations indicate that the turbulent
heat flux feedback is always negative, at least in the
central and eastern North Atlantic.



SEPTEMBER 1998

60

O\
o
T

'y
(=]
T

Atmospheric feedback (W m-2 K-1)
]
7

60

w
=

IS
o
T

Atmospheric feedback (W m-2 K-1)
N ()
o o

(=]
T

S O N D J F M A M J J A
FiG. 10. Seasonal cycle of the atmospheric feedback in W m—2 K-t
in 15° X 15° boxes centered on 25°W, 40°N (top) and 25°W, 25°N
(bottom). Estimates are based on overlapping 3-month intervals cen-
tered for SST on the month indicated in abscissa. The error bar in-
dicates one standard deviation for each estimate.

6. Surface boundary conditions and the
SST—evaporation feedback

Our analysis confirms that, to a first approximation,
the turbulent heat flux acts as a linear damping on the
monthly SST anomalies, although with a weaker cou-
pling coefficient than usually assumed in ocean-only
simulations. Lacking sufficiently accurate cloud data,
we have not attempted to investigate the feedback ef-
fects of the radiation fluxes. Some studies show that the
changes in marine stratus cloud coverage are negatively
correlated with the SST and may thus contribute a small
positive feedback, especially during summer (e.g., Nor-
ris and Levoy 1994), but causes and effects are again
difficult to distinguish. In atmospheric models, the feed-
back due to the radiation flux can be negative (Power
et al. 1995) or positive (Seager et al. 1995), but its
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Fic. 11. Estimated atmospheric heat flux feedback in W m-2 K-
inearly fall, based on OND for the heat flux and SON for SST. Positive
values indicate negative feedback.

contribution in both casesisvery small, probably below
the noise level of our calculation.

Except north of 40°N, the turbulent heat flux is dom-
inated by the flux of latent heat (Cayan 1992b), and it
is mainly the evaporation that acts as a restoring factor.
Thus, as noted by Hughes and Weaver (1996), the tra-
ditional mixed boundary conditions should be modified
to include the ** SST—evaporation feedback’ and allow
SST changes to indirectly affect the sea surface salinity
(SSS). To investigate how this feedback links SSS and
SST anomalies, we add salinity to the slab mixed-layer
model. Following the steps used to derive (3), the SSS
anomaly equation is approximately given by
dS  ug'VS N’ S [Tw)w,(S — S)]
dt h h' h

SE - P)
+ == _ 7
h

where Sdenotes SSS, E evaporation, and P precipitation
(both per unit specific mass). Using (15), the evapora-
tion anomaly can be written in our formalism as

A.C.h
L(1 + B)

where €’ representsthe stochastic part of the evaporation
changes and B is the Bowen ratio between sensible and
latent heat flux. The relation between evaporation and
precipitation anomalies in the midlatitudes is unlikely
to be local for small SST anomalies [see discussion in
Hughes and Weaver (1996)], hence we simply assume
that the SST-induced evaporation changes are not bal-
anced by a corresponding change in precipitation. The
effect of the SST—evaporation feedback on the SSS rate
of change is then represented in (22) by A T', with

1.C,S
Ae = ———.
¢ L1+ B)
Using as typical midlatitude values S = 36.5 psu, B =

+ KkV2S, (23)

E=¢+ T, (24)

(25)
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0.2, and pC,hA, = 20 W m~2 K- yields A, = 3.5 X
10° psu s* K-t for h = 70 m. In two months, a sus-
tained SST anomaly of 1 K would create only an SSS
anomaly of about 0.02 psu, so the effect is small at the
interannual timescale. However, as the SSS anomaly is
linear int, long-lasting SST anomalies should have more
impact, and the SST—evaporation feedback may con-
tribute substantially to the SSS variations at decadal and
longer timescales. Hughes and Weaver (1996) have in-
vestigated some of its effects on the thermohaline cir-
culation.

7. Conclusions

In the central and eastern Atlantic where the mean
surface current issmall, the extratropical SST anomalies
are well simulated by a one-dimensional mixed-layer
model that is stochastically forced by the atmosphere.
Using the lag covariance between surface heat flux and
SST anomalies, we have shown that the turbulent heat
flux plays adual forcing and damping role, and we have
estimated the local turbulent heat flux feedback from
the observations. The feedback is negative and averages
around 20 W m~2 K-, and it varies with location and
season, being larger in the fall and smaller in summer.
There is no evidence that the feedback can become sig-
nificantly positive. These estimates are in broad agree-
ment with the response of most AGCMs to prescribed
SST anomalies, but they do not support the results of
Peng et a. (1995), who found that in November con-
ditions the heat flux feedback would be strongly posi-
tive. Their SST anomaly was mostly to the northwest
of our limited domain, and different atmospheric dy-
namics may be at play when the SST forcing is closer
to the storm track. Yet the main patterns of air—seain-
teraction suggest that the feedback remains negative in
the western Atlantic, although its estimation was not
attempted here since nonlocal effects dueto SST anom-
aly advection are important in thisregion. Note also that
the heat flux feedback was speculated to be positive
between 50° and 60°N by Grotzner et al. (1998) in the
ECHO coupled GCM. Although this region lies mostly
to the north of our domain, this hypothesis is not con-
sistent with our analysis where the trend is toward a
northward increase in negative feedback. Thus, surface
heat exchanges are unlikely to contribute to sustaining
decadal oscillations in the North Atlantic.

It is not known whether the turbulent heat flux feed-
back is also negative in the North Pacific, or whether
it can become strongly positive as in the GCM exper-
iment of Latif and Barnett (1994), thereby contributing
to the existence of an interdecadal North Pacific coupled
mode. This will be more difficult to establish from ob-
servations because the feedback factor can be estimated
only by the present method if the heat flux isrepresented
to a good approximation by a white noise forcing plus
a local SST effect. This is not the case in the North

JOURNAL OF CLIMATE

VoLuMmE 11

Pacific where there is in addition a persistent ENSO
influence, but the latter can perhaps be removed.

Finally, this analysis provides some support for the
use of an SST restoring term in ocean-only simulations,
with a magnitude that is in reasonable agreement with
the estimates of Seager et al. (1995) and Power et al.
(1995), but it applies only to short timescale SST vari-
ability. On timescales much longer than seasonal, the
air temperature (or the restoring temperature) should be
allowed to vary and nonlocal influences considered, and
there is no substitute for a proper representation of the
atmospheric dynamics. Nonetheless, if mixed boundary
conditions are used in ocean-only simulations, the SST—
evaporation feedback needs to be included since the
turbulent heat flux feedback is primarily due to the flux
of latent heat, and the associated evaporation should
significantly affect the SSS variability on decadal and
longer timescales.
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APPENDIX
Smoothing Effects on the Covariance Functions

As pointed out by Frankignoul and Hasselmann
(1977), the smoothing due to the use of monthly av-
erages in anomaly data must be taken into account in
the comparison between modeled and observed lag cor-
relations and covariances. If we denote by Z(t) the
monthly average of a variable, z,

1 T/2
z0 = < f 2(t — t) dt’,
—-T/2

where T is one month, its autocovariance is given by

1 (72 1 (72
Ry (1) = <? f Z(t+7—t')dt’ ? f z(t—t") dt”>
~T/2 ~TI2

1 T/2 TI2
== J dt’ j dt" R, (7 — t' + t'). (A2)
—T/2 —T/2

Thus, the autocovariance of the SST anomaly, given to
a good approximation by (5), becomes

(A1)

2\* AT
R (7) = ’XTFFF(O)(A—T> e, for fr = 1,
T 2
= XFFF(O)W[/\T + e — 1], forr =0,
(A3)

so it decays only exponentialy for 7 > 1.
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In the same way, the covariance between monthly
averages of T' and g’ is found to be, from (17),

nZ + yn 2\* vT
Rpg(7) = FFF(O)m(V—T> Shz(;) e,

forr <O

nz + yn 2
1+ n?+ 2yn(AT)?

= 7k (0) AT+e -1,

forr =0, and

nz + yn
1+ n2+ 2yn

2\ (AT 2\ [T
X - 2 — AT — | —— 2| — — VT
for r > 0. (A4)

The covariance between monthly SST and heat flux
anomaliesisreadily obtained from (A3) and (A4), using
(19).

= 7 (0)
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