SATELLITE OBSERVATIONS OF
COOL OCEAN-ATMOSPHERE
INTERACTION*

BY SHANG-PING XIE

New observations from space reveal surprisingly robust patterns of air—sea coupling over cool

oceans where such coupling has been thought to be weak.

igh sea surface temperature (SST) is generally

required for deep convection that reaches the

tropopause. In the current climate, the SST
threshold for deep convection is somewhere around
26°-27°C, depending upon region and season (Gra-
ham and Barnett 1987; Waliser et al. 1993). Over such
warm oceans, SST changes cause deep convective ad-
justment, which in turn excites the dynamic response
of predominantly first baroclinic mode structure with
strong surface wind signals. This robust relation be-
tween SST, deep convection, and wind has led to the
rapid advance in understanding and modeling the
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tropical ocean—atmosphere interaction that gives rise
to phenomena ranging from the El Nifio-Southern
Oscillation (ENSO; Neelin et al. 1998) to the northward
displacement of the intertropical convergence zone
(ITCZ; Xie and Philander 1994; Philander et al. 1996).
Atmospheric general circulation models (GCMs) show
considerable skills in simulating this deep adjustment
to SST anomalies associated with ENSO (e.g., Alexander
etal. 2002).

Over cool oceans where deep convection does not
occur,' the atmospheric adjustment to changing SST
differs markedly from that over warm oceans. Cool
ocean—-atmosphere interaction is poorly understood,
and this lack of understanding is a stumbling block
in the current effort to study non-ENSO climate vari-
ability. Unlike their success in simulating the South-
ern Oscillation, atmospheric GCMs disagree among
themselves in their atmospheric response to SST
anomalies in the extratropics (see Kushnir et al. 2002
for a review).

! While the SST threshold is a convenient way to divide the warm
and cool regimes for air-sea interaction, local SST is not the
only factor for deep convection, which is also influenced by
other factors such as large-scale subsidence. It may be more
physically appropriate to divide the warm and cold regimes ac-
cording to whether there is significant deep convection or not.
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Observational efforts so far have failed to yield con-
clusive evidence of SST effects on the planetary-scale
atmospheric circulation over cool oceans because of a
high level of weather noise in the extratropics on one
hand, and short and sparse in situ observations on the
other. Most often negative correlations between SST
and surface wind speed variability are observed in the
extratropics for seasonal means and on the basin scale
(Fig. 1). Researchers have viewed this as being indica-
tive of one-way forcing from atmosphere to ocean
through wind-induced changes in surface turbulence
heat flux (sidebar 1).

To achieve an adequate sample size in a grid box,
climate datasets typically have resolutions of several
hundred to 1000 km and of a month to a season.
Major ocean currents like the Kuroshio and Gulf
Stream are only around 100-200 km wide and form
sharp SST fronts that are poorly represented in these
datasets. It is on these narrow oceanic fronts, however,
that ocean dynamics become important and cause
large SST variations. Thus, conventional climate
datasets may severely underrepresent such dynami-
cally induced SST anomalies and their atmospheric
effect.

The vast oceans can only be sparsely observed by
traditional ship-based measurements, but the rapid
advance in space-based microwave remote sensing is
revolutionizing ocean observations, providing global
fields of key ocean—atmospheric variables at unprec-
edented resolutions in space and time. Unlike visible

and infrared remote sensing, microwave measure-

ments are unaffected by clouds except by those with
sizable precipitation. Based on microwave remote-
sensing data, several recent studies have identified SST
variations induced by ocean dynamics, and they have
mapped the effects of these variations on the atmo-
sphere (Xie et al. 1998; Wentz et al. 2000; Chelton
etal. 2001; Xie et al. 2001; Liu 2002; White and Annis
2003; O’Neill et al. 2003; Vecchi et al. 2004). These
new satellite observations reveal a rich variety of pat-
terns of ocean-atmosphere coupling in the Indian,
Pacific, and Atlantic Oceans, from the equator to the
midlatitudes. Because individual papers tend to focus
on one particular phenomenon in one particular re-
gion, the full spectrum of cool ocean-atmosphere
interaction has not been identified.

The present paper synthesizes these recent stud-
ies and compares atmospheric response over differ-
ent ocean conditions in different parts of the World
Ocean. By assembling these observational facts, we
wish to see whether there is a common atmospheric
response pattern, and if so, by what mechanisms and
under what conditions this response takes place. A
synthesis of similarities and differences in the atmo-
spheric adjustment over different regions of the
World Ocean can help shed light on the dynamics of
cool ocean-atmosphere interaction and stimulate fu-
ture studies.

Over cool oceans, the direct effect of SST variations
is likely to be trapped within the planetary boundary
layer (PBL), the lowest 1-2 km of the atmosphere,
because this layer is capped by a stable layer, often in

0.7

Fic. |I. SST-wind relation in the North Pacific and Atlantic Oceans. (left) COADS SST (color shade),
surface wind vectors, and SLP regressed upon the Pacific decadal oscillation index (Mantua et al. 1997).
(right) COADS SST (color in °C) and NCEP surface wind (m s™') composites in Jan-Mar based on a
cross-equatorial SST gradient index (Okumura et al. 2001).
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the form of a temperature inversion (e.g., Norris
1998). In the present review, we focus on the satellite
observations of SST, surface wind velocity, and
boundary layer clouds—variables most relevant to
air-sea interaction. We begin with a description of the
wind responses to SST variations, and then continue
with a survey of cloud responses to these variations.
Finally, we discuss how SST-induced anomalies in the
boundary layer might lead to a deep response that
reaches the upper troposphere.

Unless we mention otherwise, the following mi-
crowave measurements were used in the studies we
are reviewing: sea surface vector wind by the
SeaWinds scatterometer on the QuickSCAT satellite
(Liu 2002); and SST, cloud water, and scalar wind
speed by the Tropical Rain Measuring Mission
(TRMM) satellite’s microwave imager (TMI; Wentz
et al. 2000). QuickSCAT data are available since July
1999 on a 0.25° grid, and TMI data since December

1997 at 0.25° resolution. QuickSCAT provides a daily
coverage over 90% of the World Ocean while the TMI
takes about 2 days to cover the global Tropics.

WIND RESPONSE. This section examines the SST
effect on winds. We organize our discussion accord-
ing to the sign and size of correlation between SST
and wind speed [denoted as (T, W) hereafter], which,
as will become clear, is a useful indicator of whether
SST variations are merely forced by the atmosphere
or whether the SST changes exert an influence on sur-
face wind.

Positive correlation between temperature and wind
speed. In the eastern equatorial Pacific and Atlantic,
there is a SST front centered along 1°-2°N and sepa-
rating the equatorial cold tongue from the warmer
water to the north. Tropical instability waves (TIWs),
due to hydrodynamic instabilities of equatorial ocean

With its huge heat content and
slow dynamic adjustment, the
ocean is generally considered as
important for climate variability
with time scales longer than a
season. On interannual to
interdecadal time scales, SST
variability is generally caused by
the following mechanisms: surface
effects due to surface heat flux and
Ekman advection that involves
only the ocean mixed layer, and
subsurface effects by horizontal
and vertical advection due to
thermocline variability. For
example, the subsurface effects
dominate the equatorial upwelling
zone as seen in ENSO where
ocean wave adjustment sets the
time scale (Neelin et al. 1998).
Surface effects become domi-
nant over open off-equatorial
oceans. In particular, surface
latent and sensible heat flux is
generally of first-order importance
over regions with a strong nega-
tive correlation between SST and
wind speed as in Fig. I. In the
Tropics, because atmospheric
internal variability is generally
transient, two-way interaction
between the ocean and atmo-
sphere is necessary to generate

modes of SST variability with
preferred spatial patterns. The
coupled SST-wind pattern in

Fig. Ib, for example, can be
maintained by a so-called wind-
evaporation-SST feedback with
the help of weather noise (Chang
et al. 1997; Xie and Tanimoto
1998). Surface heat flux is the
central agent for such a thermo-
dynamical feedback, in contrast to
the Bjerknes feedback that gives
rise to ENSO with ocean dynamics
as a key element. (The SST-wind
relation in the equatorial Pacific
near the date line in Fig. la is
broadly consistent with the
Bjerknes feedback.)

Matters become very different
in the extratropics, where atmo-
spheric internal variability is often
organized in space forming
stationary modes such as the
Pacific-North American and
North Atlantic Oscillation pat-
terns. The temporal characteris-
tics of such atmospheric chaotic
variability are not well understood
but often modeled as white noise.
By simply integrating chaotic
weather noise with its large heat
inertia, the ocean can generate
slow SST variability. Therefore,

the negative correlation in Fig. |
in the extratropics can be inter-
preted as ocean passively respond-
ing to wind-induced latent and
sensible heat flux, with SST
decreasing as the prevailing
westerlies intensify (Frankignoul
1985; Barsugli and Battisti 1998).

Thus, understanding two-way
ocean-atmosphere interaction in
the extratropics requires answers
to the following questions. First,
do the ocean dynamics matter and
where? Recent ocean GCM studies
suggest that much of SST variabil-
ity over the Kuroshio-Oyashio
Extenstion (KOE) east of Japan is
due to ocean dynamic effects. The
deep winter mixed layer there
allows the ocean memory of past
wind changes to have a marked
effect on SST (Xie et al. 2000) by
the Rossby wave (Schneider and
Miller 2001) or gyre-boundary
adjustment mechanism (Seager
et al. 2001). To complete the
feedback loop, the second set of
questions asks whether the
atmosphere responds to extratro-
pical SST variations and what
feedback it provides. They are the
focus of the main body of this
paper.



currents, cause large meanders in this equatorial
front, which propagate westward at typical wave-
lengths of 1000 km and typical periods of 30 days
(Fig. 2a). The coupling between wind and SST is very
clear in longitude-time sections (not shown; Xie et
al. 1998) and discernible even on snapshot images
(Fig. 2b; Chelton et al. 2001). Figure 3a shows TIW-
induced SST anomalies and associated anomalous
wind vectors, based on a regression analysis of
Hashizume et al. (2001). Here wind speed and SST
are positively correlated, with the prevailing south-
easterly trade winds being accelerated over warm SST
anomalies and decelerated over cold anomalies. This
is opposite to the negative SST-wind correlation in
Fig. 1 and represents a clear SST influence on the
atmosphere. In fact, the wind speed anomalies act to
dampen SST anomalies by means of surface latent-
and sensible heat fluxes (Zhang and McPhaden 1995;
Thum et al. 2002).

Such a positive SST-wind speed correlation is gen-
erally thought to be due to a vertical shear adjustment
of the atmosphere near the sea surface (Wallace et al.
1989; Hayes et al. 1989). The increase in SST reduces
the static stability of the near-surface atmosphere,
causing intensified turbulent mixing that brings down
fast-moving air from aloft and accelerates the surface
wind. Indeed, a transect of shipboard radiosonde
measurements along 2°N shows a tendency for stron-
ger vertical shear in the lowest few hundred meters
over the colder regions of the TIWs (Fig. 4).

This vertical momentum-mixing mechanism is
quite ubiquitous and appears to dominate the wind
adjustment to SST changes on the major ocean fronts,
where we expect ocean dynamics to be the most im-
portant mechanism in causing SST variability (see
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sidebars 2 and 3). The characteristic positive SST-
wind correlation has been detected from satellites in dif-
ferent regions of the World Ocean: the Atlantic equa-
torial front (Hashizume et al. 2001), the western north
Indian Ocean (Vecchi et al. 2004), the Kuroshio and
its extension (Nonaka and Xie 2003), the Southern
Ocean (O’Neill et al. 2003), and the Gulf Stream rings
(Park and Cornillon 2002). Marked wind speed re-
duction due to the same mechanism is also observed
in cold wakes to typhoons that are about 100 km wide
and only last for a few days (Lin et al. 2003).

Zero correlation between wind speed and temperature.
Now we turn our attention to a region with a weak
SST gradient. As the trade winds impinge on the
Hawaiian Islands, they are blocked by the high moun-
tains, an effect that creates a complex sequence of in-
teractions casting a long shadow in the atmosphere
and on the ocean (Fig. 3b). In this figure, the effects
of the islands are isolated using a meridional filter that
removes the large-scale trade wind system. The filter-
ing reveals an anomalous band of warm SST west of
Hawaii that results from the advection of warmer wa-
ter from the west by an eastward current, the current
itself being forced by an island-induced wind curl (Xie
etal. 2001). Anomalous surface winds converge onto
this warm band, indicating the in situ formation of a
sea level pressure (SLP) low as a result of warming of
the atmospheric boundary layer. The anomalous
zonal winds are due to the bending by the Coriolis
force that acts on the anomalous meridional winds or
can equivalently be interpreted as geostrophic wind
associated with the meridional SLP gradient.

Under the SLP-driving mechanism, the anoma-
lous SST and winds are 90° out of phase, with the
anomalous winds strength-
ening the prevailing north-
easterly trades to the north,

28 and weakening them to the
126 o south of the warm band. As
24 ° a result, the spatial correla-
22 tion between SST and wind

speeds is nearly zero. In
general, this lack of corre-

QuikSCAT Wind Stress Curl with SST Overlaid
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Fic. 2. TMI SST on 2—4 Sep 1999 (a) color and (b) contours. QuickSCAT wind
curl with the meandering equatorial front. From Chelton et al. (2001).
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may simply reflect no rela-
tionship between SST and



wind variability. A correlation analysis between SST
and wind divergence or curl will help reveal the
SST-induced SLP mechanism for wind variability.
(Wind convergence and curl calculations are also a
spatial filter that emphasizes small-scale features such
as the banded SST structure west of Hawaii.)

Thus, the SST-wind speed correlation, if statisti-
cally significant, is indeed useful in determining the

lies in the 1- to 1.5-km layer that ride directly above
the warming effect of SST anomalies. This vertical
temperature dipole reduces hydrostatic pressure at
the sea surface. Hashizume et al. (2002) suggest that
this reduction in SLP due to the adjustment of the in-
version height is the reason for the puzzling absence
of pressure-driven wind anomalies over TIWSs, an in-
ference first made by Hayes et al. (1989) and subse-

causal relationship be-
tween the two. A signifi-
cant positive correlation
indicates that the ocean in-
fluences surface winds; a
significant negative corre-
lation in the extratropics
indicates a passive SST re-
sponse to changes in the
atmosphere (which could
be remotely forced by SST
variations elsewhere, how-
ever); and a statistically in-
significant correlation re-
quires further analysis that
considers lags in space or
time to determine whether
this lack of correlation is
due to the effects of the SLP
driving mechanism or is
simply a reflection of ran-
dom independent varia-
tions in the ocean and
atmosphere.

Vertical structure of the
atmosphere. Cool oceans
without deep convection
are often capped by a tem-
perature inversion. The
vertical displacement of the
inversion results in large
temperature anomalies and
is important for boundary
layer pressure adjustment
to changing SST. In the ra-
diosonde transect in Fig. 4,
the capping inversion var-
ies in height by as much as
500 m, from 1.5 km over
the warmer regions of the
TIWs to 1 km over the
colder regions. A rise in the
inversion height causes
cold temperature anoma-
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Fic. 3. Surface wind response to SST changes. (top) TMI SST (color in °C)
and QuickSCAT wind (vectors in m s™') regressed upon TIW-induced SST
anomalies at, 1.5°N, 105°W (Hashizume et al. 2001). (bottom) SST and wind
variations induced by the presence of the Hawaiian Islands (Xie et al. 2001).
Basin-scale background fields as represented by 8° meridional running means
have been removed. Note the difference in SST-wind correlation from that
in Fig. I.
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Fic. 4. Longitude-height section of virtual potential temperature (contours for
6,> 300 K and color shade for 6, < 300K) and zonal wind velocity (vectors in
m s7') based on a radiosonde transect along 2°N. The survey took place dur-
ing 24-25 Sep 1999.

FEBRUARY 2004 BAIS |



Wind-SST coupling analogous to
that on the equatorial front has
recently been detected from
satellite observations around the
world. Some examples follow.

During June-August, the
southwesterly monsoonal winds
off the coast of Somalia

and Arabia, called the 20

tion SST. O’Neill et al. (2003)
show that this proportionality
holds in the circumpolar Southern
Ocean (Fig. SB2), a rather surpris-
ing result considering that it is one
of the stormiest oceans in the
world. They average data for

Findlater Jet, induce

strong coastal up- 18N 1
welling that is often
associated with cold
filaments extending
offshore. Two such cold
filaments, south and
north of Socotra Island,

16N

14N

respectively, are e
permanent features of BN
summer SST climatol-

ogy and act to disrupt 6N
the Findlater Jet, which

[
w
=

B B2 8 8 3§ 8 8

has until now been
depicted as a broad and
continuous flow (left
panel of Fig. SBI). The
along-jet variations in
the climatological-
mean wind speed and
SST are positively
correlated in space and
are consistent with the
SST modulation of
vertical mixing and
wind shear (Vecchi et al. 2004).

In the extratropical North
Pacific, weather noise is much
greater than in the Tropics. Even
there, the wind speed maximum is
observed to follow the warm
Kuroshio Current that takes an
offshore path south of Tokyo in
the right panels of Fig. SBI
(Nonaka and Xie 2003). The cold
pool between Japan and the
offshore Kuroshio and the cold
ring farther to the east are both
associated with a reduction in
local wind speed.

Chelton et al. (2001) develop a
quantitative procedure to test the
vertical mixing mechanism for
TIW-induced wind variability and
show that the perturbation wind
curl (divergence) is linearly
proportional to the crosswind
(downwind) gradient of perturba-

4BE 50E 52E 54 56E S8E 6O 62F G4E

30N -
130E

1.5

3 months to suppress synoptic
wind variability.

Together, these satellite studies
strongly suggest that the vertical
momentum mixing and the
associated shear adjustment are
the dominant mechanism for

~y

Fic. SBI. (left) TMI SST (color in °C) and wind speed (contours in m s™') averaged for
Jul 2000 over the western North Indian Ocean. Note the cold wedges due to coastal
upwelling and their decelerating effect on wind. (top right) TMI SST and (bottom right)
wind speed over the Kuroshio Current south of Japan for Apr-jun 2001 (Nonaka and
Xie 2003). The Kuroshio appears as a stream of warm water in the SST imagery.
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Fic. SB2. Surface wind adjustment to SST variations in
the Southern Ocean. Relationship between anomalies
of (a) downwind SST gradient and wind divergence and
(b) crosswind SST gradient and wind curl. Spatial varia-
tions with wavelengths longer than 10° lat and 30° lon
are removed. From O’Neill et al. (2003).



ocean front-PBL interaction
around the world. The disparity in
horizontal scale between atmo-
spheric adjustment and oceanic
fronts seems to be the main
reason for the prevalence of
positive SST-wind speed correla-
tion there. Consider an idealized
case of a step function oceanic
front (Fig. SB3a). Dynamic
adjustment of the atmosphere to
this infinitesimally narrow front is
likely to yield a much smoother
profile of surface air temperature
with finite gradients. See Warner
et al. (1990) and Rogers (1989) for
examples of such cross-frontal
dynamic adjustment. If we assume
neutral surface stability and
vanishing cross-frontal wind in the
background for simplicity, the
resultant sea-air temperature
difference is such that the warmer
side of the SST front destabilizes
while the colder side becomes
stable. Increased mixing on the
unstable warmer side reduces the
near-surface wind shear, leading
to an acceleration of surface

winds. Such a wind acceleration
has been observed in in situ
measurements on the warmer
flank of the Pacific equatorial front
(Wallace et al. 1989) and fronts
over the Gulf Stream (Sweet et al.
1981) and Kuroshio (Y. Tanimoto
and H. Tokinaga 2002, personal
communication).

Detailed stability distribution
across the front also depends on
the background cross-frontal
wind. Wallace et al. (1989)
propose that the thermal advec-
tion by cross-frontal mean flow is
important. By this lateral advec-
tion mechanism, the vertical

stability seem common across
ocean fronts.

Across ocean fronts, advection
by the background winds is
generally an important term in
the PBL thermodynamical
equations, displacing the tempera-
ture and humidity response
downstream of SST anomalies.
Small et al. (2003) show that such
displacements lead to perturba-
tion SLP fields with resultant wind
anomalies that are positively
correlated with underlying SST.
This is an alternative explanation
for the ubiquitous positive r(T, W)
correlation near fronts.

mixing
adjustment —_— —
occurs only on ssT |, all <
. — 7 Ta
the downwind 1 — I
side of the a 7 b
front
(Fig. SB3b). Fic. SB3. Adjustment of surface air temperature (Ta

Regardless of
the details of
adjustment
involved, large
changes in

in dashed line) to a sharp SST front (solid) due to (a)
gravity wave adjustment and (b) advection by the back-
ground wind (arrow). SST — Ta is positive and hence
the near-surface atmosphere is more unstable on the
warmer than the colder flank of the front.

quently supported by satellite measurements of sur-
face wind? (Xie et al. 1998; Liu et al. 2000; Chelton
et al. 2001).

Thus, the vertical structure of the atmosphere is
very important for understanding the mechanisms by
which it adjusts to SST variations. Because satellites
do not measure vertical structure well, numerical
modeling, carefully validated against observations, is
a valuable tool to help us understand what is happen-
ing. For example, Fig. 5 shows the vertical structure
of the atmosphere in a high-resolution regional model
as it adjusts to a pair of zonal bands of positive and
negative SST anomalies west of Hawaii (Hafner and
Xie 2003). The air temperature in the boundary layer

? Based on a high-resolution simulation, Small et al. (2003) sug-
gest that SLP may still be an important mechanism for wind
adjustment to TIW-induced SSTAs because with a small Co-
riolis effect near the equator, modest SLP variations can cause
alarge wind response. Significant SLP anomalies are indeed de-
tected from buoy measurements, but their cause and dynamic
consequences are still open to different interpretations (Cronin
et al. 2003).

AMERICAN METEOROLOGICAL SOCIETY

follows the SST anomalies imposed in the model, but
at the inversion level there are considerable tempera-
ture anomalies due to the vertical displacement of the
inversion. Generally, low sea level pressure forms over
the warm SST band, onto which surface winds con-
verge as in satellite observations. Two anomalous
meridional circulations form with the updraft over the
surface wind convergence, and they are trapped
within the PBL that is capped by an inversion 2 km
high. Although this circulation is shallow—only one-
tenth of the tropopause height—its structure is remi-
niscent of the Hadley circulation and is dominated by
the first baroclinic mode.

Vertically integrated, barotropic boundary layer
models are often used to model surface wind velocity
(e.g. Lindzen and Nigam 1987; Battisti et al. 1999),
and they are successful when the boundary layer flow
is connected to deeper tropospheric circulation, such
as that feeding the rising branch of the Hadley cell at
the ITCZ. In such cases, winds tend to flow roughly
in the same direction over the depth of the boundary
layer. The baroclinic response of the inversion-topped
boundary layer to SST anomalies over cool oceans,

FEBRUARY 2004 BAIS | 201



It is well known that land shape
affects weather and climate. For
example, the Pacific Coast of
South America is desert, while
Amazonia on the other side of the
Andes is rich in rainfall and hosts
the largest rain forest of the
world. On the global scale, the
Tibetan Plateau is a controlling
element in Northern Hemisphere
climate. Even the tall mountains of
the tiny Hawaiian Islands exert
far-reaching effects on the Pacific
Ocean and atmosphere.

It may sound improbable that
submerged bottom topography
can change winds and clouds, but
satellite observations reveal a
bathymetric effect over the
Yellow and East China Seas (Xie
et al. 2002). These seas, located
between China, Korea, and Japan,
together form one of the largest
shelf seas of the world. Most of
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these seas are shallower than
100 m and their bottom topogra-
phy is uneven with deeper and
shallower tonguelike regions. In
winter, riding on the northerly
monsoon, the frigid and dry
continental air blows over the seas
and cools the surface. Heat is
transferred from the ocean
bottom upward through convec-
tion that can reach more than
100 m. The deeper the area, the
more heat it contains, and the
slower it cools. In this manner, the
cooling rate of the water column
is determined by its height. This
mechanism, in combination with
the advection of warm Kuroshio
water by bathmetry-following
shelf currents, generates warm
and cold tongues over deep
channels and the shallow bank,
respectively.

The bathymetric effect of the

1226 € 1266 128€

=1 -5 L] L] L[]

seas does not stop with causing
SST variations. QuickSCAT and
TRMM measurements reveal
remarkable spatial covariations in
wind and clouds with SST.
Convergent wind and increased
cloudiness are found over the
bathymetric-induced warm
tongues. In particular, one such
band of covariation between the
ocean and atmosphere meanders
through the Yellow Sea between
China and Korea, following a deep
channel for the amazing distance
of 1000 km (Fig. SB4). Wind
convergence is also found on the
warmer flank of the Kuroshio,
supporting increased CLW/
precipitation there. The mecha-
nism for this ocean effect on the
winds appears to be due to the
stability and wind shear adjust-
ment similar to that over oceanic
fronts (sidebar 2).

e I22E 124E 126E

Fic. SB4. Jan—-Mar SST climatology (contours in °C) over the Yellow and East China Seas, along with (a)
bottom depth (m), (b) velocity (vectors in m s™') and divergence (color in 10~ s7') of QuickSCAT wind,
and (c) TMI cloud liquid water (102 mm). The QuickSCAT and TMI climatologies are Jan-Mar aver-
ages for 2000-02. From Xie et al. (2002).

however, calls for including baroclinic modes for sur-
face wind simulation.

CLOUD RESPONSE. Low-level boundary layer
clouds play an important role in the energy budget
of the climate system. They act to cool the atmosphere
by emitting longwave radiation into space as well as
the ocean by reflecting solar radiation. The interac-
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tion of these low clouds with SST is complicated and
poorly understood because it involves not only stabil-
ity and moisture convergence but also cloud microphys-
ics. This section presents examples of the different
ways that low clouds can respond to SST anomalies.

Deser et al. (1993) first noted a correlation between
clouds and TIW-induced meanders of the SST front.
A detailed regression analysis of TMI data indicates



= > in cloud anomalies that are
700] ACloud Watery « » » » displaced north of SST

K anomalies in TIWs (Fig. 6).
% The SLP mechanism, on
3 the other hand, causes wind
E . convergence and cloud
; anomalies that are in phase
: 55 (b D e g b with the SST anomalies. In
s 20N e 23N . 16N 17N 1BN 19N 20N 7_1N_'.22N 23N the Hawaiian Wake, for ex-
O.W 0-/“. ample, anomalous winds
-14 : : ; : : -1 t= . : . : , converge onto the warm

1BN 17N 18N 18N 20N 2iN 22N 23N 16N 1JN 18N 18N 20N 21N 23N 23N

band, leading to the forma-
Fic. 5. Latitude—pressure section of (left) temperature (10~' K), (right) cloud tion of a cloud band collo-
water content (10~ kg kg™'), and meridional circulation anomalies simulated cated with the warm SST
in a regional atmospheric model west of Hl, zonally averaged in 167°-162°W.
The green contours encompass the inversion layer. SST anomalies are im-
posed zonally uniformly west of HI as in satellite observations (Fig. 3b) and
their profile is plotted in the lower panels.

tongue west of Hawaii
(Fig. 6b). Since wind veloc-
ity and CLW are measured
independently, the former
by QuickSCAT and the lat-
that anomalies of cloud liquid water (CLW) content  ter by TRMM satellites, the physical consistency of
are roughly but not exactly in phase with SST anoma-  their covariations gives us confidence in the results.
lies, with the former consistently displaced northeast The model simulation shows that CLW increases in
of the latter (Fig. 6a). The in-phase relationship arises  the anomalous updraft near the inversion height and
because intensified vertical

mixing deepens the bound- 6N
ary layer over positive SST N ctoud

anomalies (Fig. 4) and 4N '
transports humid surface 3N
air above the condensation 2N+ /

|

level. The phase difference 1N O

{
between CLW and SST EQ- N/
anomalies seems to be due 15
to surface moisture conver- 251
gence; anomalous surface 38 . , . :
R 120w 115w 110w 105W 100w 95w
winds converge north of
the warm SST center and
. o 30N A
diverge south of it (Fig. 3).
The moisture convergence 10
and SST effect on vertical 25N
mixing cooperate to the 9
north of but oppose each 20N 5
other south of the centers of
anomalous SST. 7
Thus, the surface wind’s 15N -
. . 5]
adjustment plays a role in

how clouds respond to SST

. 10N
changes, and the phasing of 160E 170E 180 170W 160W 150W
the cloud response depends

on wind response mecha- Fic. 6. Boundary layer cloud response. (top) TMI SST (contours in °C) and

CLW (color in 102 mm) regressed upon TIW-induced SST anomalies at 1.5°N,

nisms. The vertical mix.ing 105°W (Hashizume et al. 2001). Only the 0.4°C and -0.4°C contours are plot-
mechanism produces wind  ted for SST. (bottom) TMI SST (contours in °C) and CLW (color in 102 mm)
convergence that is 90° out  in the central subtropical North Pacific are averaged for Aug-Nov 1999

of phase with SST, resulting ~ (Xie et al. 2001).
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decreases in the two anomalous
downdrafts (Fig. 5b).

In both TIWs and the Hawaiian
wake, CLW anomalies are roughly
positively correlated with and act to
dampen the SST anomalies that
caused the cloud changes in the first
place.’ The associated greater radia-
tive cooling at the top of the bound-
ary layer increases vertical turbulent EQ
mixing in the boundary layer, a
cloud effect that needs further inves-
tigation. This cloud-top cooling also
affects SLP and hence surface winds
(Nigam 1997). (TMI measures col-
umn-integrated CLW and we have
assumed that over cool oceans with
a strong inversion, SST-induced
CLW variability is mostly associated
with low clouds.)

Over many regions of the sub-
tropical and midlatitude oceans,

20N

10N+

2051

- s 3 ] (] 3

Fic. 7. COADS SST (contours in °C) and cloudiness (color in %) com-
posites in Jan—-Mar based on a cross-equatorial SST gradient index.
Note that their correlation in the subtropics is opposite to that in

however, increased cloudiness is
found not over warm but over cool
SST anomalies (Norris and Leovy
1994; Norris et al. 1998). Figure 7 shows an example
of this negative SST-cloudiness correlation in the
tropical Atlantic, based on composites of ship obser-
vations with reference to a cross-equatorial SST gra-
dient index. Associated with an anomalous basin-scale
SST dipole that changes sign across the equator are
four anomalous zonal cloud bands with alternating
signs. The equatorial pair of cloud bands results from
a warm ocean-atmosphere interaction and reflects a
shift of the ITCZ rainband to the anomalously warm
side of the equator. This cloud band pair is associated
with strong anomalous surface wind convergence that
supplies the moisture for convection. Poleward of
these high-cloud changes, cloud anomalies are
broadly distributed and negatively correlated with the
SST anomalies underneath. Unlike the deep clouds in
the ITCZ, these low-level cloud anomalies are unre-
lated to significant changes in surface wind conver-
gence (Tanimoto and Xie 2002).

Klein and Hartmann (1993) found a positive cor-
relation between low-level stratus cloud cover and the

Fig. 6.

? This negative feedback results from the reflection of incom-
ing solar radiation by clouds. The presence of low clouds also
increases downward infrared radiation, an effect to warm the
sea surface, which Wang and Enfield (2003) suggest is impor-
tant in the eastern Pacific warm pool.
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static stability of the lower troposphere. Noting that a
decrease in SST increases the static stability, Philander
etal. (1996) showed that this positive feedback between
SST and stratus clouds helps to maintain the equato-
rial asymmetry of the Pacific climate. Norris (1998)
suggested that this feedback is accomplished by changes
in cloud types—a decrease in SST favors persistent and
extensive stratocumulus clouds to more spotty trade
wind cumulus clouds, thereby increasing the cloud
cover. Cold advection in the boundary layer, a domi-
nant mechanism for synoptic variability in cloudiness
(Klein 1997) and large-scale subsidence above the in-
version may also play a role.

Why does a rise in SST lead to an increase in low-
cloud amount in one region but a decrease in an-
other? We propose that the horizontal scale of the
anomalous SST might be the key. Surface moisture
convergence is inversely proportional to the spatial
scale of the anomalies. Convergence is strong for
small-scale SST anomalies, where it dominates other
cloud-changing mechanisms, giving rise to a positive
correlation with CLW. For large, basin-scale SST
anomalies, moisture convergence is of secondary im-
portance, and mechanisms such as changes in static
stability take over, resulting in a negative correlation
with cloudiness. This scale-dependence of moisture
convergence explains why significant SST-cloudi-
ness correlations are almost always negative around



the World Ocean in Norris and Leovy’s (1994) coarse-
resolution (10°) analysis of ship observations. Positive
SST-CLW correlations, however, exist in high-reso-
lution satellite observations over cool oceans on
smaller spatial scales, as demonstrated in this review.

DISCUSSION. We have surveyed recent studies
that use new satellite observations to address the ques-
tions of whether and how the atmosphere responds
to SST changes over cool oceans. Our focus is on sur-
face wind and low-level clouds, both of which are the
important forcing mechanisms for SST. SST-induced
vertical momentum mixing emerges as a ubiquitous
mechanism by which surface wind adjusts to SST gra-
dients at oceanic fronts in regions ranging from the
equatorial cold tongue to the midlatitude North Pa-
cific and the Southern Ocean. This vertical mixing
mechanism dominates near ocean fronts because the
width of these fronts is smaller than the atmospheric
adjustment scale and the static stability of the near-
surface atmosphere varies rapidly. It is unclear, how-
ever, how high this shear adjustment reaches. The
wind speed in the lowest 100 m of the atmosphere
follows a log profile that varies with static stability
near the surface. Is this log-profile adjustment the
main mechanism for the surface wind variations re-
ported here or does the wind adjustment occur over
the whole depth of the PBL? The radiosonde obser-
vations of TIWs in Fig. 4 suggest the latter, but more
measurements and modeling studies are needed to
confirm this idea.
The correlation between

SST and wind speed that g4

characteristics in space and time is necessary to deter-
mine whether a causal relation between SST and wind
exists.

Regarding low-level cloud response, both positive
and negative correlations with SST are seen in obser-
vations. We suggest that the horizontal scale of the
SST anomaly pattern is key to determining the sign
of the cloud response. At small scales (a few hundred
kilometers) the moisture convergence is important for
cloud formation and a positive SST-cloudiness cor-
relation tends to appear. On the basin scale, on the
other hand, convergence is negligible, and the SST
effect on the capping of the boundary layer becomes
dominant, leading to a negative correlation between
SST and cloudiness. This scale-dependence of the
SST-cloudiness correlation has recently been demon-
strated in a high-resolution regional atmospheric
model over the southeastern tropical Pacific (H. Xu
2002, personal communication).

A natural question is how these wind and cloud
responses feed back on the ocean. With increased
wind speed and cloudiness over positive SST anoma-
lies on ocean fronts, the thermal feedback is likely to
be negative. The dynamic feedback is hard to assess
at this time because of nonlocal wave adjustment and
nonlinear processes in the ocean. The wind stress
anomalies resulting from ocean front-atmosphere
interactions amount to 20%-30% of the climatologi-
cal mean, but because of the small spatial scale of
fronts (~100 km), the wind stress curl anomalies can
be as large as the mean. Figure 8 shows the 4-yr-mean

results from the vertical
momentum mixing is posi-
tive, in contrast to the nega-
tive correlations thought
to result from one-way at-
mospheric forcing. Thus,
the SST-wind correlation
turns out to be a useful in-
dicator of the causal direc-
tion in the interaction be-
tween a cool ocean and the
atmosphere. SST-induced
SLP changes are another
important mechanism for
the generation of surface

45N -
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wind anomalies resulting in
a zero correlation between
wind speed and local SST.
In such a situation, addi-
tional analysis of lagged
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Fic. 8. Gulf Stream’s effect on surface wind. Ekman pumping velocity (107* m s™)
derived from QuickSCAT wind stress, averaged for 4-yr period of Aug 1999-
Jul 2003.
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Ekman pumping velocity derived from QuikSCAT
observations, on which the effect of the warm Gulf
Stream is obvious without any filter. A narrow and
intense upwelling zone is found off the east coast of
the United States, roughly collocated with the warm
current.’ Similar wind curls are found in the Kuroshio
front in the subtropical East China Sea (sidebar 3) and
along the Pacific equatorial front (Chelton et al. 2001).
Such frontal-scale wind curl is neither resolved in
other wind stress products nor in global GCMs, but
may contribute to the recirculation of the Gulf Stream
by Sverdrup dynamics (Behringer et al. 1979). Chen
et al. (2003) suggest that the interaction between the
SST front and the wind curls is an important element
of ocean-front dynamics that strongly affects vertical
nutrient transport and bioproductivity.

All the examples discussed in this paper concern
the local and shallow atmospheric response that is
confined to the vicinity of SST changes in the hori-
zontal and to the boundary layer in the vertical.
Important questions left unaddressed are whether
this shallow boundary layer response can lead to a
deep response over the whole depth of the tropo-
sphere and by what mechanism this is accomplished.
Kushnir et al. (2002) review the progress and diffi-
culty in addressing this problem of deep response.
The difficulty that current globe GCMs—at typical
resolutions of 2.5° in the horizontal and 500 m in the
vertical—have in simulating the shallow boundary
layer response may be partially responsible for their
divergent results, given the strong scale dependence
of this response and the importance of the inversion
discussed in this paper. Most previous studies have
focused on the response of stationary waves in the
mid- to upper troposphere and viewed transient ed-
dies as a feedback that amplifies and modifies the
existing wave patterns. Several recent studies suggest
an alternative scenario with boundary layer anoma-
lies playing a central role. SST-induced temperature

4 QuickSCAT measures the stress on the ocean surface.
Changes in either wind or ocean currents can result in varia-
tions in QuickSCAT stress. The wind curl pattern in Fig. 8
may result from the Gulf Stream’s effect on surface drag
rather than its effect on surface winds (Chelton et al. 2004).
Kelly et al. (2001) report a similar ocean current effect in ana-
lyzing QuickSCAT measurements over the equatorial Pacific.
Taking advantage of the abundant shipboard observations
over the North Atlantic east of the United States, H. Tokinaga
and Y. Tanimoto (2003, personal communication) compile
a new surface wind dataset and obtain an Ekman pumping
field very similar to that in Fig. 8, including the narrow streak
of intense upwelling along the Gulf Stream.
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anomalies change the distribution of baroclinicity in
the planetary boundary layer, which modulates the
growth of transient eddies (Xie et al. 2002) and gives
rise to a robust response in the storm track
(Nakamura and Shimpo 2004). Transient eddies then
force stationary waves by their effect on precipitation
in the storm track (Inatsu et al. 2003), rather than by
their sensible heat and vorticity fluxes on which many
previous studies have focused.
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