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World's Oceans are 
full of mesoscale 
eddies and fronts!
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1.  Air-sea interaction on mesoscale vs large-scale?

2. Mechanism for mesoscale air-sea interaction?

3. Impact on the ocean and atmosphere?

4. Summary



Air-sea interaction at basin-scale
(slow and large scales)

Stronger wind speed ➔ 
lower SST via mixing and 

turbulent flux

Negative correlation:

Atmosphere drives the 
ocean.Kushnir et al. 2002

SST and wind anomaly patten related to NAO
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FIG. 1. The patterns of wintertime (Dec–Mar), anomalous SST, ocean–atmosphere turbulent heat flux (latent plus sensible), and surface
wind vectors, associated (via linear regression) with the leading PC of SST variability in the (a), (c) North Atlantic and (b), (d) North Pacific.
(a), (b) The observations from 1949 to 1999 (data from NCEP–NCAR reanalysis). (c), (d) The mean of a 10-member ensemble GCM
integrations forced with global, time-varying SST anomalies from 1950 to 1999 (ECHAM3.5 GCM data provided by L. Goddard). Heat
fluxes are in W m22 with positive (negative) values in solid (dashed) contours every 3 W m22. The zero contour is bold. Arrows depict the
wind vectors in m s21 with scales as shown in panels. The SST anomaly values (C8) are denoted in colors according to scale (note that scale
is kept at the 20.58–0.58C range for overall clarity, however, values in eastern equatorial Pacific extend up to 1.28C).

varying SST anomalies [AMIP (Atmospheric Model In-
tercomparison Project) type experiments]. Finally, in
section 5, we discuss the recent extension of the inves-
tigation to the realm of coupled model experiments.
Conclusions follow in section 6.

2. The observed pattern of extratropical
atmosphere–ocean anomalies

a. Fundamental properties of extratropical SST
anomalies

As described in F85, The salient features of observed
extratropical SST anomalies and their associated at-
mospheric patterns are as follows:

• Extratropical SST anomalies have large, basin-size,
scales. While small-scale perturbations in SST (as-

sociated with mesoscale ocean eddies) are visible in
high-resolution data, there is a distinct large-scale sig-
nature in midlatitude SST variability that is similar to
the scale of atmospheric low-frequency variability
(Namias and Cayan 1981; Wallace and Jiang 1987;
and Figs. 1a,b).

• SST anomalies are the surface expression of changes
in the heat content of a well-mixed upper-ocean layer
that represents a large thermal reservoir. This property
grants SST anomalies large persistence compared to
atmospheric anomalies. The e-folding timescale of
midlatitude SST anomalies is typically 3–5 months
(Barnett 1981; Frankignoul and Reynolds 1983).

• Over most of the World Ocean, monthly and seasonal
extratropical SST anomalies are well correlated with
the overlying surface air temperature anomalies (F85,
see section 2.3).

15 AUGUST 2002 2235K U S H N I R E T A L .

FIG. 1. The patterns of wintertime (Dec–Mar), anomalous SST, ocean–atmosphere turbulent heat flux (latent plus sensible), and surface
wind vectors, associated (via linear regression) with the leading PC of SST variability in the (a), (c) North Atlantic and (b), (d) North Pacific.
(a), (b) The observations from 1949 to 1999 (data from NCEP–NCAR reanalysis). (c), (d) The mean of a 10-member ensemble GCM
integrations forced with global, time-varying SST anomalies from 1950 to 1999 (ECHAM3.5 GCM data provided by L. Goddard). Heat
fluxes are in W m22 with positive (negative) values in solid (dashed) contours every 3 W m22. The zero contour is bold. Arrows depict the
wind vectors in m s21 with scales as shown in panels. The SST anomaly values (C8) are denoted in colors according to scale (note that scale
is kept at the 20.58–0.58C range for overall clarity, however, values in eastern equatorial Pacific extend up to 1.28C).

varying SST anomalies [AMIP (Atmospheric Model In-
tercomparison Project) type experiments]. Finally, in
section 5, we discuss the recent extension of the inves-
tigation to the realm of coupled model experiments.
Conclusions follow in section 6.

2. The observed pattern of extratropical
atmosphere–ocean anomalies

a. Fundamental properties of extratropical SST
anomalies

As described in F85, The salient features of observed
extratropical SST anomalies and their associated at-
mospheric patterns are as follows:

• Extratropical SST anomalies have large, basin-size,
scales. While small-scale perturbations in SST (as-

sociated with mesoscale ocean eddies) are visible in
high-resolution data, there is a distinct large-scale sig-
nature in midlatitude SST variability that is similar to
the scale of atmospheric low-frequency variability
(Namias and Cayan 1981; Wallace and Jiang 1987;
and Figs. 1a,b).

• SST anomalies are the surface expression of changes
in the heat content of a well-mixed upper-ocean layer
that represents a large thermal reservoir. This property
grants SST anomalies large persistence compared to
atmospheric anomalies. The e-folding timescale of
midlatitude SST anomalies is typically 3–5 months
(Barnett 1981; Frankignoul and Reynolds 1983).

• Over most of the World Ocean, monthly and seasonal
extratropical SST anomalies are well correlated with
the overlying surface air temperature anomalies (F85,
see section 2.3).

Mean wind is 
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Air-sea interaction at oceanic mesoscale 
(fast and short scales) 

QSCAT WIND STRESSTRMM SST

Enhanced wind speed over higher SST!

TRMM SST and QuikSCAT wind stress on 3 September 1999

Seo et al. 2007



Enhanced wind speed over warm SST 
Reduced wind speed over cold SST

Positive correlation: Ocean drives the atmosphere.

Correlation coefficients between high-pass filtered wind speed and SST

Xie et al. 2004

Air-sea interaction at oceanic mesoscales

How does the mesoscale SST influence the surface wind?



Eddies alter the stability of the lower atmosphere
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FIG. 9. (top) Longitude–height section of zonal wind velocity (vectors) and virtual potential temperature (K) (contours
and shading) during the IOP. (bottom) SST (�C). The numerals with the plot refer to the number of the sounding site
(see Fig. 1).

FIG. 10. (a) 5-min sea surface pressure (SLP in hPa) measured by
the Shoyo-maru along 2�N. (b) SLP ⇧ 1015 (hPa) with the diurnal
and semidiurnal harmonics removed. (c) SST (�C).

cause f /⇤ ⇥ 0.24 ( f is the Coriolis parameter). The
equation for surface zonal velocity may be reduced to

1 dP
⇧⇤U ⇥ . (1)

⌃ dx

Here, the momentum mixing with the free atmosphere
was neglected for simplicity, but the entrainment across
the inversion may be important in the climatological
balance of the mean boundary layer wind (Stevens et
al. 2002). For a sinusoidal SST wave of an amplitude

of 1�C, the amplitude of the zonal wind response is U
⌅ 12 m s⇧1, far too large compared to observations.
Figure 10a shows the 5-min SLP measurements made

on board the Shoyo-maru, which are dominated by semi-
diurnal and diurnal tides with amplitudes of about 2
hPa. We apply the harmonic analysis and remove the
semidiurnal and diurnal harmonics. The resultant time
series has a typical amplitude of 1.0 hPa at low fre-
quencies (Fig. 10b). The tide-removed SLP, however,
does not seem correlated with local SSTs. For example,
no SLP increase is observed over any of the four SST
minima between 140� and 110�W, indicating that the
SLP response to TIWs is much smaller than 0.4 hPa,
the hydrostatic pressure due to a 1�C temperature change
within the PBL. The small SLP response is consistent
with previous inferences based on buoy and satellite
wind measurements (Hayes et al. 1989; Xie et al. 1998;
Chelton et al. 2001; Hashizume et al. 2001).

b. Vertical structure

Then what is responsible for the reduced SLP re-
sponse? Figure 11a shows the longitude–height section
of zonally high-pass filtered anomalies of virtual po-
tential temperature. In addition to anomalies below 1000
m that are roughly of the same signs as the local SST
anomalies, larger anomalies of the opposite signs are
found further above between 1000–1600 m, which were
not considered in our first attempt at SLP estimate. The
latter anomalies are associated with the vertical dis-
placement of the main PBL-capping inversion. Over
warm SSTs, air temperature below the inversion in-
creases via turbulent heat flux. At the same time, the
main inversion rises (star symbols), leading to a strong

Cold Warm

ABL 
Height

Hashizume et al. 2002

Radiosonde observations in the E. Pacific



How do this coupling affect the ocean and atmosphere?

Chelton et al. 2004

COLD

WARM

• Wind curl ➔ Ekman pumping ➔ Ocean circulation

• Wind convergence and divergence ➔ Atmospheric vertical motion and 
planetary-scale circulation
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• Wind stress curl and convergence 
co-propagate with the front.

• Large-amplitude and persistence 
of the anomalies ➜

• Could be an important factor for 
dynamics of the large-scale ocean 
and atmosphere?

Wind stress curl and divergence from satellites

SST

Divergence

Curl

Animation from D. Chelton OSU

Tropical Instability Waves



Impact on the ocean via Ekman pumping: 
western Arabian sea upwelling case from a coupled model

• Large Ekman pumping velocity induced by wind stress curls
• |Wek/W|~O(1) 
• A significant factor for evolution of eddies.
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ρ( f +ζ )

SST, SSH, WIND, RAIN Wek & SST
6/1/2002-8/31/2002 25km SCOAR W. Arabian Sea
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Seo et al. 2008
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Impact on the atmosphere via vertical motion: Gulf Stream 
case from the observations

convergence and divergence are strong (80u–40uW, 30u–48uN, red-
dashed box in Fig. 1c). Furthermore, consistent with the MABL
model16 where SST variations force pressure adjustments, the
pattern of laplacian SST with sign reversed (2=2SST) exhibits some
similarities to laplacian SLP and wind convergences (Fig. 1d). These
results indicate that MABL pressure adjustments to SST gradients
near the Gulf Stream are important for surface wind divergence.
Relatively high pressures on the colder flank and relatively low
pressures on the warmer flank induce cross-frontal components of
near-surface winds, leading to divergence and convergence (Supple-
mentary Fig. 1).

Previous studies suggested that warmer SSTs induce stronger ver-
tical momentum mixing, and the enhanced mixing is responsible for
mesoscale features in the surface wind convergence field9,10, consis-
tent with a numerical model experiment focusing on near-surface
adjustments17. Our observational result indicates the importance of
the overlooked pressure adjustment mechanism, consistent with
both a recent short (a few days) regional model experiment for the
Gulf Stream18 and a numerical study of tropical instability waves19.
Note that the observed surface wind convergence is roughly collo-
cated with the axis of the Gulf Stream (Fig. 1e, Supplementary Fig. 1).

Satellite observations further reveal that the Gulf Stream anchors a
narrow rain band roughly collocated with the surface wind conver-
gence (Fig. 2a). Although there was evidence that the Gulf Stream
affects precipitation20, our high-resolution analysis reveals that the
narrow rain band meanders with the Gulf Stream front and is con-
fined to its warmer flank with SSTs greater than 16 uC. This close co-
variation in space is strongly indicative of an active role of the Gulf
Stream. The precipitation pattern is well reproduced in the opera-
tional analysis (Supplementary Fig. 2), with a bias of excessive rain
rates compared to satellite observations.

The causality is further examined using an atmospheric general
circulation model (AGCM)4. It successfully captures the rain band
following the meandering Gulf Stream, although the rain rate near
the coast is somewhat too weak compared with satellite observations
(Fig. 2b). When the SST is smoothed (see Methods for details),
however, the narrow precipitation band disappears in the AGCM
(Fig. 2c). Compared to the smoothed SST run, rain-bearing low-
pressure systems tend to develop along the Gulf Stream front in
the control simulation (Supplementary Fig. 3). These results
indicate that the narrow precipitation band in the western North

Atlantic results from the forcing by the sharp SST front of the Gulf
Stream.

Similar to precipitation, surface evaporation also exhibits a
narrow banded structure on the offshore side of the SST front
(Supplementary Fig. 2). This evaporation band is consistent with a
short-term field observation21. The amount of evaporation is slightly
larger than that of precipitation, indicating that local evaporation
supplies much of the water vapour for precipitation. The local
enhancement of evaporation on the warmer flank of the Gulf
Stream is due to enhanced wind speed and the large disequilibrium
of air temperature from SST9,13.

As precipitation off the US east coast is often associated with deep
weather systems, the rainfall pattern described above suggests that the
Gulf Stream’s influence may penetrate to the free atmosphere.
Indeed, the upward motion across the Gulf Stream displays a deep
structure extending to the upper troposphere (Fig. 3a). The upward
motion is anchored by wind convergence in the MABL (Fig. 3a). The
latter peaks at the sea surface, and is strongly affected by SST (Fig. 1).
It is interesting to note that although surface convergence and diver-
gence are similar in magnitude (Fig. 1), the upward motion over
surface wind convergence is much stronger and deeper than the
downward motion over the wind divergence (Fig. 3a). This is sug-
gestive of the importance of condensational heating above the MABL
in developing the asymmetry between the upward and downward
motion.

The upward wind velocity is strongest just above the MABL between
the 850 and 700 hPa levels (Fig. 3a). The horizontal distribution at
these levels is quite similar to the distribution of the surface conver-
gence. The structure trapped by the Gulf Stream is clearly visible at
500 hPa and remains discernible at the 300 hPa level (Supplementary
Fig. 4). Remarkably, the divergence in the upper troposphere is also
dominated by a meandering band following the Gulf Stream front
(Fig. 3b)—such a pattern is required by mass conservation, with the
tropopause acting virtually as a lid for the mean circulation.

Next we examine the occurrence of high clouds, and infer cloud-
top temperature using three-hourly outgoing long-wave radiation
(OLR) derived from satellite observations. Lower OLR levels indicate
lower temperatures and higher altitudes of cloud tops. Figure 3c
shows the occurrence rate of OLR lower than 160 W m22, which
roughly corresponds to a cloud-top height of about 300 hPa. A nar-
row band of high occurrence hugs the SST front of the Gulf Stream in

a Observed rain rate, satellite b Rain rate, AGCM c Rain rate, AGCM, smoothed
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Figure 2 | Annual climatology of rain rate.
a, Observed by satellites. b, c, In the AGCM with
observed (b) and smoothed (c) SSTs. Contours
are for SST, as in Fig. 1.
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Figure 3 | Annual climatology of parameters
connecting MABL and free atmosphere.
a, Vertical wind velocity (upward positive; colour),
boundary layer height (black curve) and wind
convergence (contours for 61, 2, 3 3 1026 s21)
averaged in the along-front direction in the green
box in b, based on the ECMWF analysis. b, Upper-
tropospheric wind divergence averaged between
200 and 500 hPa (colour). c, Occurrence frequency
of daytime satellite-derived OLR levels lower than
160 W m22 (colour). Contours in b and c are for
SST, as in Fig. 1.
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Influence of the Gulf Stream on the troposphere
Shoshiro Minobe1, Akira Kuwano-Yoshida2, Nobumasa Komori2, Shang-Ping Xie3,4 & Richard Justin Small3

The Gulf Stream transports large amounts of heat from the tropics
to middle and high latitudes, and thereby affects weather phenom-
ena such as cyclogenesis1,2 and low cloud formation3. But its cli-
matic influence, on monthly and longer timescales, remains
poorly understood. In particular, it is unclear how the warm cur-
rent affects the free atmosphere above the marine atmospheric
boundary layer. Here we consider the Gulf Stream’s influence on
the troposphere, using a combination of operational weather ana-
lyses, satellite observations and an atmospheric general circula-
tion model4. Our results reveal that the Gulf Stream affects the
entire troposphere. In the marine boundary layer, atmospheric
pressure adjustments to sharp sea surface temperature gradients
lead to surface wind convergence, which anchors a narrow band of
precipitation along the Gulf Stream. In this rain band, upward
motion and cloud formation extend into the upper troposphere,
as corroborated by the frequent occurrence of very low cloud-top
temperatures. These mechanisms provide a pathway by which
the Gulf Stream can affect the atmosphere locally, and possibly
also in remote regions by forcing planetary waves5,6. The iden-
tification of this pathway may have implications for our under-
standing of the processes involved in climate change, because the
Gulf Stream is the upper limb of the Atlantic meridional over-
turning circulation, which has varied in strength in the past7 and
is predicted to weaken in response to human-induced global
warming in the future8.

It is a challenging task to isolate the climatic influence of the Gulf
Stream from energetic weather variability using conventional obser-
vations, which are spatially and temporally sporadic. Recently, high-
resolution satellite observations of surface winds made it possible to
map the influence of the Gulf Stream9,10 and other major sea surface
temperature (SST) fronts11–14 on the near-surface atmosphere. The
Gulf Stream affects the 10-m wind climatology as observed by the
QuikSCAT satellite15, with wind divergence and convergence on the
cold and warm flanks, respectively, of the Gulf Stream front9,10

(Fig. 1a). However, the mechanism by which the SST fronts influence
surface winds is still under much debate9,10

The identification of the mechanism responsible has been ham-
pered by the need to know parameters not available from satellite
observations, for which we turn to high-resolution atmospheric
operational analyses from the European Centre for Medium-Range
Weather Forecasts (ECMWF). The operational analysis successfully
captures the observed pattern of wind divergence (Fig. 1b). Interestingly,
the wind convergence closely resembles the pattern of the laplacian of
sea-level pressure (=2SLP) (Fig. 1c).This correspondence is consistent
with an immediate consequence of a marine atmospheric boundary
layer (MABL) model16 (see Methods Summary). Note that it is
virtually impossible to see the correspondence between the wind
convergence and SLP itself without taking the laplacian. The laplacian
operator acts as a high-pass filter, unveiling the SST frontal effect that
is masked by large-scale atmospheric circulations.

In contrast to the free atmosphere where wind velocities are
nearly non-divergent, substantial divergence occurs in the MABL
in the presence of strong friction and is proportional to the SLP
laplacian in the MABL model described in the Methods Summary.
Such a linear relation approximately holds in observations (Fig. 1f),
with a correlation coefficient as high as 0.70 for a region where wind

1Department of Natural History Sciences, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan. 2Earth Simulator Center, Japan Agency for Marine-Earth
Science and Technology, Yokohama 236-0001, Japan. 3International Pacific Research Center, 4Department of Meteorology, University of Hawaii at Manoa, Honolulu, Hawaii 96822,
USA.
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Figure 1 | Annual climatology of surface parameters. a, b, 10-m wind
convergence (colour) in QuikSCAT satellite observations (a) and in the
ECMWF analysis (b). c, d, SLP laplacian (c) and sign-reversed SST laplacian
(d) in the ECMWF analysis. e, Surface geostrophic current speed. In a–e, SST
contours (2 uC interval and dashed contours for 10 uC and 20 uC) are shown.
f, Relationship between the SLP laplacian and wind convergence based on
monthly climatology in the red-dashed box in c; the regression line is shown
red. Error bars, 61 s.d. of wind convergence for each bin of SLP.
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convergence and divergence are strong (80u–40uW, 30u–48uN, red-
dashed box in Fig. 1c). Furthermore, consistent with the MABL
model16 where SST variations force pressure adjustments, the
pattern of laplacian SST with sign reversed (2=2SST) exhibits some
similarities to laplacian SLP and wind convergences (Fig. 1d). These
results indicate that MABL pressure adjustments to SST gradients
near the Gulf Stream are important for surface wind divergence.
Relatively high pressures on the colder flank and relatively low
pressures on the warmer flank induce cross-frontal components of
near-surface winds, leading to divergence and convergence (Supple-
mentary Fig. 1).

Previous studies suggested that warmer SSTs induce stronger ver-
tical momentum mixing, and the enhanced mixing is responsible for
mesoscale features in the surface wind convergence field9,10, consis-
tent with a numerical model experiment focusing on near-surface
adjustments17. Our observational result indicates the importance of
the overlooked pressure adjustment mechanism, consistent with
both a recent short (a few days) regional model experiment for the
Gulf Stream18 and a numerical study of tropical instability waves19.
Note that the observed surface wind convergence is roughly collo-
cated with the axis of the Gulf Stream (Fig. 1e, Supplementary Fig. 1).

Satellite observations further reveal that the Gulf Stream anchors a
narrow rain band roughly collocated with the surface wind conver-
gence (Fig. 2a). Although there was evidence that the Gulf Stream
affects precipitation20, our high-resolution analysis reveals that the
narrow rain band meanders with the Gulf Stream front and is con-
fined to its warmer flank with SSTs greater than 16 uC. This close co-
variation in space is strongly indicative of an active role of the Gulf
Stream. The precipitation pattern is well reproduced in the opera-
tional analysis (Supplementary Fig. 2), with a bias of excessive rain
rates compared to satellite observations.

The causality is further examined using an atmospheric general
circulation model (AGCM)4. It successfully captures the rain band
following the meandering Gulf Stream, although the rain rate near
the coast is somewhat too weak compared with satellite observations
(Fig. 2b). When the SST is smoothed (see Methods for details),
however, the narrow precipitation band disappears in the AGCM
(Fig. 2c). Compared to the smoothed SST run, rain-bearing low-
pressure systems tend to develop along the Gulf Stream front in
the control simulation (Supplementary Fig. 3). These results
indicate that the narrow precipitation band in the western North

Atlantic results from the forcing by the sharp SST front of the Gulf
Stream.

Similar to precipitation, surface evaporation also exhibits a
narrow banded structure on the offshore side of the SST front
(Supplementary Fig. 2). This evaporation band is consistent with a
short-term field observation21. The amount of evaporation is slightly
larger than that of precipitation, indicating that local evaporation
supplies much of the water vapour for precipitation. The local
enhancement of evaporation on the warmer flank of the Gulf
Stream is due to enhanced wind speed and the large disequilibrium
of air temperature from SST9,13.

As precipitation off the US east coast is often associated with deep
weather systems, the rainfall pattern described above suggests that the
Gulf Stream’s influence may penetrate to the free atmosphere.
Indeed, the upward motion across the Gulf Stream displays a deep
structure extending to the upper troposphere (Fig. 3a). The upward
motion is anchored by wind convergence in the MABL (Fig. 3a). The
latter peaks at the sea surface, and is strongly affected by SST (Fig. 1).
It is interesting to note that although surface convergence and diver-
gence are similar in magnitude (Fig. 1), the upward motion over
surface wind convergence is much stronger and deeper than the
downward motion over the wind divergence (Fig. 3a). This is sug-
gestive of the importance of condensational heating above the MABL
in developing the asymmetry between the upward and downward
motion.

The upward wind velocity is strongest just above the MABL between
the 850 and 700 hPa levels (Fig. 3a). The horizontal distribution at
these levels is quite similar to the distribution of the surface conver-
gence. The structure trapped by the Gulf Stream is clearly visible at
500 hPa and remains discernible at the 300 hPa level (Supplementary
Fig. 4). Remarkably, the divergence in the upper troposphere is also
dominated by a meandering band following the Gulf Stream front
(Fig. 3b)—such a pattern is required by mass conservation, with the
tropopause acting virtually as a lid for the mean circulation.

Next we examine the occurrence of high clouds, and infer cloud-
top temperature using three-hourly outgoing long-wave radiation
(OLR) derived from satellite observations. Lower OLR levels indicate
lower temperatures and higher altitudes of cloud tops. Figure 3c
shows the occurrence rate of OLR lower than 160 W m22, which
roughly corresponds to a cloud-top height of about 300 hPa. A nar-
row band of high occurrence hugs the SST front of the Gulf Stream in

a Observed rain rate, satellite b Rain rate, AGCM c Rain rate, AGCM, smoothed
50° N

45° N

40° N

35° N

30° N

25° N

50° N

45° N

40° N

35° N

1 1.5 2 2.5 3 3.5

mm d–1
4 4.5 5 5.5 6

30° N

25° N

50° N

45° N

40° N

35° N

30° N

25° N
80° W 70° W 60° W 50° W 40° W 80° W 70° W 60° W 50° W 40° W 80° W 70° W 60° W 50° W 40° W

Figure 2 | Annual climatology of rain rate.
a, Observed by satellites. b, c, In the AGCM with
observed (b) and smoothed (c) SSTs. Contours
are for SST, as in Fig. 1.
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Figure 3 | Annual climatology of parameters
connecting MABL and free atmosphere.
a, Vertical wind velocity (upward positive; colour),
boundary layer height (black curve) and wind
convergence (contours for 61, 2, 3 3 1026 s21)
averaged in the along-front direction in the green
box in b, based on the ECMWF analysis. b, Upper-
tropospheric wind divergence averaged between
200 and 500 hPa (colour). c, Occurrence frequency
of daytime satellite-derived OLR levels lower than
160 W m22 (colour). Contours in b and c are for
SST, as in Fig. 1.
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convergence and divergence are strong (80u–40uW, 30u–48uN, red-
dashed box in Fig. 1c). Furthermore, consistent with the MABL
model16 where SST variations force pressure adjustments, the
pattern of laplacian SST with sign reversed (2=2SST) exhibits some
similarities to laplacian SLP and wind convergences (Fig. 1d). These
results indicate that MABL pressure adjustments to SST gradients
near the Gulf Stream are important for surface wind divergence.
Relatively high pressures on the colder flank and relatively low
pressures on the warmer flank induce cross-frontal components of
near-surface winds, leading to divergence and convergence (Supple-
mentary Fig. 1).

Previous studies suggested that warmer SSTs induce stronger ver-
tical momentum mixing, and the enhanced mixing is responsible for
mesoscale features in the surface wind convergence field9,10, consis-
tent with a numerical model experiment focusing on near-surface
adjustments17. Our observational result indicates the importance of
the overlooked pressure adjustment mechanism, consistent with
both a recent short (a few days) regional model experiment for the
Gulf Stream18 and a numerical study of tropical instability waves19.
Note that the observed surface wind convergence is roughly collo-
cated with the axis of the Gulf Stream (Fig. 1e, Supplementary Fig. 1).

Satellite observations further reveal that the Gulf Stream anchors a
narrow rain band roughly collocated with the surface wind conver-
gence (Fig. 2a). Although there was evidence that the Gulf Stream
affects precipitation20, our high-resolution analysis reveals that the
narrow rain band meanders with the Gulf Stream front and is con-
fined to its warmer flank with SSTs greater than 16 uC. This close co-
variation in space is strongly indicative of an active role of the Gulf
Stream. The precipitation pattern is well reproduced in the opera-
tional analysis (Supplementary Fig. 2), with a bias of excessive rain
rates compared to satellite observations.

The causality is further examined using an atmospheric general
circulation model (AGCM)4. It successfully captures the rain band
following the meandering Gulf Stream, although the rain rate near
the coast is somewhat too weak compared with satellite observations
(Fig. 2b). When the SST is smoothed (see Methods for details),
however, the narrow precipitation band disappears in the AGCM
(Fig. 2c). Compared to the smoothed SST run, rain-bearing low-
pressure systems tend to develop along the Gulf Stream front in
the control simulation (Supplementary Fig. 3). These results
indicate that the narrow precipitation band in the western North

Atlantic results from the forcing by the sharp SST front of the Gulf
Stream.

Similar to precipitation, surface evaporation also exhibits a
narrow banded structure on the offshore side of the SST front
(Supplementary Fig. 2). This evaporation band is consistent with a
short-term field observation21. The amount of evaporation is slightly
larger than that of precipitation, indicating that local evaporation
supplies much of the water vapour for precipitation. The local
enhancement of evaporation on the warmer flank of the Gulf
Stream is due to enhanced wind speed and the large disequilibrium
of air temperature from SST9,13.

As precipitation off the US east coast is often associated with deep
weather systems, the rainfall pattern described above suggests that the
Gulf Stream’s influence may penetrate to the free atmosphere.
Indeed, the upward motion across the Gulf Stream displays a deep
structure extending to the upper troposphere (Fig. 3a). The upward
motion is anchored by wind convergence in the MABL (Fig. 3a). The
latter peaks at the sea surface, and is strongly affected by SST (Fig. 1).
It is interesting to note that although surface convergence and diver-
gence are similar in magnitude (Fig. 1), the upward motion over
surface wind convergence is much stronger and deeper than the
downward motion over the wind divergence (Fig. 3a). This is sug-
gestive of the importance of condensational heating above the MABL
in developing the asymmetry between the upward and downward
motion.

The upward wind velocity is strongest just above the MABL between
the 850 and 700 hPa levels (Fig. 3a). The horizontal distribution at
these levels is quite similar to the distribution of the surface conver-
gence. The structure trapped by the Gulf Stream is clearly visible at
500 hPa and remains discernible at the 300 hPa level (Supplementary
Fig. 4). Remarkably, the divergence in the upper troposphere is also
dominated by a meandering band following the Gulf Stream front
(Fig. 3b)—such a pattern is required by mass conservation, with the
tropopause acting virtually as a lid for the mean circulation.

Next we examine the occurrence of high clouds, and infer cloud-
top temperature using three-hourly outgoing long-wave radiation
(OLR) derived from satellite observations. Lower OLR levels indicate
lower temperatures and higher altitudes of cloud tops. Figure 3c
shows the occurrence rate of OLR lower than 160 W m22, which
roughly corresponds to a cloud-top height of about 300 hPa. A nar-
row band of high occurrence hugs the SST front of the Gulf Stream in
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Figure 2 | Annual climatology of rain rate.
a, Observed by satellites. b, c, In the AGCM with
observed (b) and smoothed (c) SSTs. Contours
are for SST, as in Fig. 1.
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Figure 3 | Annual climatology of parameters
connecting MABL and free atmosphere.
a, Vertical wind velocity (upward positive; colour),
boundary layer height (black curve) and wind
convergence (contours for 61, 2, 3 3 1026 s21)
averaged in the along-front direction in the green
box in b, based on the ECMWF analysis. b, Upper-
tropospheric wind divergence averaged between
200 and 500 hPa (colour). c, Occurrence frequency
of daytime satellite-derived OLR levels lower than
160 W m22 (colour). Contours in b and c are for
SST, as in Fig. 1.
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upward wind

convergence

• Wind convergence (divergence) over warmer (colder) flank of the GS. 
• Intense precipitation where wind converges.
• Vertical motion reaching all the way up to the tropopause! 
• This will excite the planetary-scale Rossby waves and influence the 
atmospheric general circulation.

divergence

Minobe et al. 2008

tropopause!westerly



Summary

SST variations associated with mesoscale eddies and fronts 
cause coherent perturbations in the atmosphere.

a ubiquitous feature observed throughout the World 
Oceans, 

potentially important for mesoscale ocean dynamics and 
atmospheric circulation,

net effect on large-scale climate dynamics remains 
uncertain but is an active area of research.

 In situ data, satellite observations and and high-resolution 
climate models are all important tools to examine the 
dynamics of coupling and the effect on large-scale flows.



Thanks!
hseo@whoi.edu
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