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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).
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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
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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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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
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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
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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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SST-induced ▽2P 
leads to▽.u and 

convection 
(vertical motions)

Minobe et al. 2008

• A simple marine boundary layer model of Lindzen and Nigam (1987): Assuming 
steady flow, no advection, and linear friction

ρo ∇⋅
u( ) = − ∇2P( )ε ε 2 + f 2( )

Warm SST Cold SST

Max. wind Max. windMin. wind

SST anomalies ➔ air density (hence 
SLP) anomalies ➔ Pressure gradient 

leads to cross-frontal flow 
➔ convergence (divergence) over 

warm (cold SSTs)

Wind speed and SST are in quadrature.

L HSLP

SST′➜P′➜𝛕′



Goal of my talk
• Use regional coupled ocean-atmosphere model

• To understand the variations of surface winds associated with 
small-scale SST variations,
•  Tropical Instability Waves in the tropics
•  Sea ice in the Arctic Ocean

• To assess their feedback effect on the ocean

• Summary and discussion

Stable ABL with a capping inversion cold surface by upwelling (sea ice)
Unstable ABL due to warm phase of TIWs (drift of sea ice)

Strong lateral gradient of SST near TIWs (marginal ice zones)

Some similarities in process



Scripps Coupled Ocean-Atmosphere Regional (SCOAR) Model
(Seo et al., 2007)

• An I/O-based file 
coupler. Easy to add 
model.

• Great portability and 
applicability

• Matching resolution in 
the ocean and weather 
models.

Flux-SST 
Coupler

1. Weather Research 
and Forecasting Model 

(WRF)

2. Scripps
Regional Spectral 

Model (RSM) 

 1. Regional Ocean 
Modeling System 

(ROMS)

SCOAR Model             

SST, current, sea ice

Atmospheric Forcing

Atmosphere Ocean

Lateral Boundary Conditions: 
IPCC models, reanalyses

2. MITgcm (in 
progress)

Improved 
representation of the 
influence of oceanic 

eddies on the 
atmosphere.

Study the dynamics of mesoscale O-A coupling and its influence on the large-
scale dynamics



I. Mesoscale Air-Sea Interactions over tropical 
instability waves

The Aquarius instrument onboard the Aquarius/Satélite de Aplicaciones Científicas (SAC)-D 
satellite provides an unprecedented opportunity to observe the salinity response to these waves. 

http://podaac.jpl.nasa.gov/OceanEvents/TropicalInstabilityWaves_Pacific_July2012

https://ams.confex.com/ams/12POLAR/webprogram/Paper225608.html
https://ams.confex.com/ams/12POLAR/webprogram/Paper225608.html
https://ams.confex.com/ams/12POLAR/webprogram/Paper225608.html
https://ams.confex.com/ams/12POLAR/webprogram/Paper225608.html
http://podaac.jpl.nasa.gov/OceanEvents/TropicalInstabilityWaves_Pacific_July2012
http://podaac.jpl.nasa.gov/OceanEvents/TropicalInstabilityWaves_Pacific_July2012


Combined EOF 1 of SST & Wind vectors

Vertical mixing mechanism appears the dominant mechanism over TIWs

COLD

WARM

CURLDIV

② Modification of wind stress curl/div
(Chelton et al. 2001)

▽dSST′ ➜ ▽·𝛕′
▽cSST′ ➜ ▽×𝛕′

SST′ ➜ 𝛕′

 ➀ Direct influence from SST 
(Wallace et al. 1989; Hayes et al. 1989)

How do these wind responses feed back on to the ocean mesoscale variability?



➀ Feedback from 𝛕′ (←SST′) to energetics of TIWs
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Correlation of wind stress and current
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FIG. 2. Vertical–meridional sections at 1368W based on third-order polynomial fits vs longitude of data taken from 1708 to 958W (see
text). (a) Zonal velocity u (1022 m s21); contour intervals (CI) 10, positive (eastward) shaded. (b) Standard error of u, eu (1022 m s21); CI
1, |u| . eu shaded. (c) Temperature, T (8C); CI 1. (d) Salinity, S (PSS-78); CI 0.1.

estimates from which standard errors could be inferred.
As already argued, each section was assumed to be in-
dependent and measurement errors were assumed to be
negligible compared with sampling errors. For simple
calculations like the uncertainty of an arithmetic mean,
the jackknife estimate gives exactly the same answer
for the standard error of the mean as one would obtain
using more conventional methods. However, when do-
ing operations like estimating the zonal velocity-weight-
ed temperature of a current, the jackknife approach
propagates the effects of spatial and temporal correla-
tions by systematically removing contemporaneous u
and T data for each calculation. The same advantage
holds for more complex operations like computing the
sums of ux and y y at every depth and latitude, and then
integrating these sums vertically to infer w.

3. Zonal velocity, temperature, salinity, and
transport
The meridional structure of the zonal velocity, tem-

perature, and salinity are discussed in this section at the
mean longitude of all sections used, 1368W, where es-
timates were the most reliable. The zonal structure of
these fields along the equator is also discussed. Zonal
current transports and associated properties are pre-
sented at 1368W. All of the fields discussed in this sec-

tion were estimated from third-order polynomial fits ver-
sus longitude using data from 1708 to 958W.
The u field at 1368W (Fig. 2a) clearly showed the

major current structures. While some of the currents
discussed were not delineated by the 0.1 m s21 contour
(Fig. 2a), they were discernible where their magnitudes
exceed one standard error (shading in Fig. 2b). Eastward
flowing currents included the NECC with a velocity
maximum (core) at 78N, 50 m; the EUC with a core at
08, 110 m; and the Northern Subsurface Countercurrent
(NSCC) with a core at 48N, 210 m. The two very weak
branches of the Southern Subsurface Countercurrent
(SSCC) had cores at 4.58S, 220 m and 78S, 290 m (shad-
ing in Fig. 2b). Westward flowing currents included the
northern branch of the SEC with a core at 28N, 0 m;
the southern branch of the SEC with a core at 48S, 0
m; and the Equatorial Intermediate Current (EIC) with
a core at 2.58N, 330 m (shading in Fig. 2b). There was
also significant eastward flow with a core at 1.58S, 400
m, and westward flow with a core at 3.58S, 330 m (shad-
ing in Fig. 2b). These flows were not analyzed because
they appeared to extend beyond the 400-m depth range.
The same held for all westward flow north of the NSCC
and under the NECC because it appeared to extend be-
yond the 108N latitude range.
The u field along the equator (Fig. 3a) was quite

EQ

EUC

nSECsSEC

Johnson et al. 2001
2N2S

Eddy kinetic energy budget



• Wind and current are negatively correlated. 

• Wind-current coupling ➔ energy sink

Correlation of highpass filtered v′sfc and 𝛕y′

τy’
vsfc

Mean

€ 

τ y

Atlantic TIWs

• Wind contribution to TIWs is ~10% of 
BT conversion rate. 

• A small but significant damping of TIW.

Barotropic 
conversion

Wind energy input

Latitude

Eddy kinetic energy budget

EQ

4N

𝛕′ are in the opposite  direction to the current: 
wind response damps the waves!



② Modification of wind stress curl and divergence by SST 
gradients:

▽dSST′ ➜ ▽·𝛕′
▽cSST′ ➜ ▽×𝛕′



Coherent variability of wind stress curl and divergence to SST gradients!

EQ

EQ

EQ

MODEL

Curl

Divergence

SST

OBS

Coupling coeff. (s) 
is a commonly 
used metric for 
this relationship

▽×𝛕′=s▽cSST′

▽·𝛕′=s▽dSST′
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FIG. 10. Binned scatterplots of the relationships between the zonally
high-pass filtered SST and wind stress fields in the longitude range
1508–1008W and the latitude range 38N–18S on the north side of the
cold tongue: (a) the perturbation wind stress divergence, = · t9, plot-
ted as a function of the perturbation downwind SST gradient,

; (b) the perturbation wind stress curl, = 3 t 9 · k̂, plotted(=T · t̂ )9
as a function of the perturbation crosswind SST gradient, (=T 3

; and (c) histograms of the number of observations within eacht̂ )9 · k̂
bin for (a) (thick line) and (b) (thin line). The solid circles in (a) and
(b) represent the overall mean values within each bin over the 3-month
data record. The associated vertical bars represent the 61 standard
deviation of the mean values within each bin computed individually
for each 3-day period over the 3-month data record. These standard
deviations provide a measure of the uncertainty of the estimate of
the overall mean in each bin. The smooth lines through the binned
means represent least squares fits of the binned overall means to
straight lines.

FIG. 11. The same as Fig. 10, except for the zonally high-pass
filtered fields in the longitude range 1508–1008W and latitude range
18–58S on the south side of the cold tongue.

south of the cold tongue. In contrast, the mean gradient
of the wind stress magnitude is nearly symmetric about
the cold tongue. The ratio of |(= |t |)| to |=T| is thus
about twice as large on the south side of the cold tongue.
The asymmetry in the mean SST gradient results in an
asymmetry in the magnitudes of the SST gradients in
the perturbation SST fields; the mean perturbation SST
gradients |=T9| are about twice as large north of the cold
tongue as they are south of the cold tongue (cf. Figs.
6c and 7c). The ratio of the amplitude of the cosine
angular dependence of = · t9 to the magnitude of the
perturbation SST gradient |=T9| is therefore also about
twice as large south of the cold tongue. This is a qual-
itative independent verification of the approximate fac-
tor of 2 larger sensitivity of the wind stress divergence
south of the cold tongue.
The reason for the asymmetric response of the wind

stress divergence on opposite sides of the cold tongue

is not immediately apparent. One possible explanation
is the asymmetric response of atmospheric turbulence
to stability changes in stable versus unstable regimes.
The Richardson number and other dimensionless mea-
sures of turbulent flow characteristics in the surface lay-
er are observed to have a different functional depen-
dence on atmospheric stability in stable and unstable
regimes (see discussion by Kraus and Businger 1994).
All other things being equal, a local increase in stability
under preexisting stable conditions will result in a great-
er decrease in the magnitude of turbulent vertical trans-
fers of horizontal momentum than an equivalent in-
crease in stability under preexisting unstable conditions.
A similar stability dependence of turbulent and con-
vective momentum fluxes is expected above the surface
layer as well.
Other local boundary layer effects that might con-

tribute to asymmetry include a difference between the
boundary layer depth north and south of the equator and
the difference in adjustment timescales due to turbu-
lence and convection for stable and unstable boundary
layers. Large-scale dynamics may also contribute to the
asymmetry of the atmospheric response to TIWs. The
change in sign of the Coriolis force across the cold
tongue introduces a fundamental asymmetry for cross-
equatorial boundary layer flow. The large-scale adjust-
ment processes in cross-equatorial flow have been ex-
amined theoretically by Tomas et al. (1999) and others
assuming neutral static stability in the atmospheric
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The Richardson number and other dimensionless mea-
sures of turbulent flow characteristics in the surface lay-
er are observed to have a different functional depen-
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under preexisting stable conditions will result in a great-
er decrease in the magnitude of turbulent vertical trans-
fers of horizontal momentum than an equivalent in-
crease in stability under preexisting unstable conditions.
A similar stability dependence of turbulent and con-
vective momentum fluxes is expected above the surface
layer as well.
Other local boundary layer effects that might con-

tribute to asymmetry include a difference between the
boundary layer depth north and south of the equator and
the difference in adjustment timescales due to turbu-
lence and convection for stable and unstable boundary
layers. Large-scale dynamics may also contribute to the
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Observed s and evaluate the SCOAR model

OBS: 
Chelton et 
al. 2001

s=1.35 s=0.75

▽·𝛕′=s▽dSST′ ▽×𝛕′=s▽cSST′

1S-3N, 
125-100W,  
Jul-Dec, 
1999-2003

Model: Seo 
et al. 2007

▽·𝛕′=s▽dSST′ ▽×𝛕′=s▽cSST′

s=1.47 s=0.89



Do perturbation wind stress curls feed back to TIWs via Ekman pumping?

Unit: 10-6m/s, Zonally high-pass 
filtered, and averaged over 30W-10W

w´ at MLD and we´ along 2°N

• Perturbation Ekman pumping 
velocity (we′) and perturbation 
vertical velocity (w´) of -gρ′w′.

• Overall, we′ is much weaker 
than w′. 

• Caveat: Difficult to estimate 
Ekman pumping near the equator.

• Away from the equator, this 
may affect the evolution of 
mesoscale eddies. (e.g., Chelton 
et al. 2007, Spall 2007, Seo et al. 
2007, 2008 etc)



Summertime Ekman pumping velocity in the western Arabian Sea 

• The feedback to 
ocean likely 
important but 
mechanism is not 
clear (likely 
involve submeso-
scale process)

Satellite observations
1216 VOLUME 17J O U R N A L O F C L I M A T E

FIG. 1. Satellite-observed covariability of SST and wind speed over
the Great Whirl region of the western Arabian Sea during the south-
west monsoon. Socotra Island lies at 12⇥N, 54⇥E, northeast of So-
malia. (a) TMI SST (shading in ⇥C) and SSH (contours in cm); (b)
SST (contours), QuikSCAT wind stress vectors (N m�2) and Ekman
pumping velocity (shading in 10�5 m s�1); (c) Ekman pumping ve-
locity (shading) and SSH (contours), averaged for 15 Jul–15 Aug,
1999–2001. Regions with elevation greater than 300 and 600 m are
gray and black, respectively, in (b).

coast of Somalia. Recent work using surface wind from
a variety of satellites indicates that the Findlater jet is
not a smooth feature at the ocean surface, but rather, it
exhibits significant spatial variability (Halpern et al.
1999; Halpern and Woiceshyn 1999). The satellite ob-
servations presented here indicate that there is signifi-
cant variability on the oceanic mesoscale in the wind
jet that is associated with oceanic cold filaments, which
slow down the local surface winds.

Wind stress curl features are found to be coherently
associated with the mesoscale SST features. Figure 3
shows the Ekman pumping velocities from QuickScat
wind stress curl with contours of TMI SST in the Great
Whirl region for each southwest monsoon (1999–2002).
On the windward side of the primarily meridionally ori-
ented cold filaments there tends to be a downwelling-
favorable curl pattern, while on the leeward side of the
cold SST there tends to be an upwelling-favorable curl
pattern. The wind stress curl patterns act on the spatial
scales of the oceanic mesoscale circulation which give
rise to the cold SST features. In section 5 we discuss
some possible impacts of this covariability on the evo-
lution of the mesoscale oceanic circulation of the region.
Emphasizing the covariability between wind speed

and SST, Fig. 4 shows the monthly mean structure of
wind speed and SST along a wind quasi-flow line, which
crosses strong SST features averaged from 20 July–20
August for each of the years 1999–2002. The actual
wind speed and SST are both shown, along with the
high-pass along-track filtered wind speed and SST. We
computed correlation coefficients between the high-
passed, low-passed, and full wind and SST fields over
the track, over the region 6⇥–20⇥N, for each year 1999–
2002 (Table 1). The full fields do not exhibit any con-
sistent correlation coefficient, with low values of both
signs. However, the strong wind–SST correlation on the
mesoscale is evident, while on larger spatial scales wind
and SST are strongly anticorrelated. The statistical re-
lationship between the low-pass-filtered fields is con-
sistent with simple 1D mixed layer ideas of the oceanic
response to wind variability: enhanced (reduced) wind
speed will tend to cool (warm) the mixed layer through
enhanced evaporation, vertical mixing, and entrainment;
further, since the western Arabian Sea is a region of
upwelling during the southwest monsoon, enhanced
wind speed may increase the upwelling strength. How-
ever, the relationship between the high-pass-filtered
fields is not consistent with any simple ideas of oceanic
response to wind variability, and is suggestive of at-
mospheric boundary layer response to oceanic vari-
ability. These statistics are not sensitive to moderate
changes in the averaging period or track definition.
This covariability extends in time as well as in space.

Figure 5 shows distance–time sections of high-pass-fil-
tered SST and wind speed in the southwest monsoon of
2000 along the track shown in Fig. 4. As the prevailing
winds begin to turn southwesterly in May, the cold fil-
ament associated with the Great Whirl first appears on
this track at 7⇥N, then intensifying as the season pro-
gresses, moving slowly toward the north. It becomes
stationary in late June, centered at 10⇥N. At about the
same time, the second cold filament starts to develop
to the north. Both filaments begin to decay in September
with the decay of the southwest monsoon. The high-
passed wind anomalies copropagate northward along
with the cold filament during its early development.
During the entire summer, wind speed anomalies remain
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FIG. 1. Satellite-observed covariability of SST and wind speed over
the Great Whirl region of the western Arabian Sea during the south-
west monsoon. Socotra Island lies at 12⇥N, 54⇥E, northeast of So-
malia. (a) TMI SST (shading in ⇥C) and SSH (contours in cm); (b)
SST (contours), QuikSCAT wind stress vectors (N m�2) and Ekman
pumping velocity (shading in 10�5 m s�1); (c) Ekman pumping ve-
locity (shading) and SSH (contours), averaged for 15 Jul–15 Aug,
1999–2001. Regions with elevation greater than 300 and 600 m are
gray and black, respectively, in (b).

coast of Somalia. Recent work using surface wind from
a variety of satellites indicates that the Findlater jet is
not a smooth feature at the ocean surface, but rather, it
exhibits significant spatial variability (Halpern et al.
1999; Halpern and Woiceshyn 1999). The satellite ob-
servations presented here indicate that there is signifi-
cant variability on the oceanic mesoscale in the wind
jet that is associated with oceanic cold filaments, which
slow down the local surface winds.

Wind stress curl features are found to be coherently
associated with the mesoscale SST features. Figure 3
shows the Ekman pumping velocities from QuickScat
wind stress curl with contours of TMI SST in the Great
Whirl region for each southwest monsoon (1999–2002).
On the windward side of the primarily meridionally ori-
ented cold filaments there tends to be a downwelling-
favorable curl pattern, while on the leeward side of the
cold SST there tends to be an upwelling-favorable curl
pattern. The wind stress curl patterns act on the spatial
scales of the oceanic mesoscale circulation which give
rise to the cold SST features. In section 5 we discuss
some possible impacts of this covariability on the evo-
lution of the mesoscale oceanic circulation of the region.
Emphasizing the covariability between wind speed

and SST, Fig. 4 shows the monthly mean structure of
wind speed and SST along a wind quasi-flow line, which
crosses strong SST features averaged from 20 July–20
August for each of the years 1999–2002. The actual
wind speed and SST are both shown, along with the
high-pass along-track filtered wind speed and SST. We
computed correlation coefficients between the high-
passed, low-passed, and full wind and SST fields over
the track, over the region 6⇥–20⇥N, for each year 1999–
2002 (Table 1). The full fields do not exhibit any con-
sistent correlation coefficient, with low values of both
signs. However, the strong wind–SST correlation on the
mesoscale is evident, while on larger spatial scales wind
and SST are strongly anticorrelated. The statistical re-
lationship between the low-pass-filtered fields is con-
sistent with simple 1D mixed layer ideas of the oceanic
response to wind variability: enhanced (reduced) wind
speed will tend to cool (warm) the mixed layer through
enhanced evaporation, vertical mixing, and entrainment;
further, since the western Arabian Sea is a region of
upwelling during the southwest monsoon, enhanced
wind speed may increase the upwelling strength. How-
ever, the relationship between the high-pass-filtered
fields is not consistent with any simple ideas of oceanic
response to wind variability, and is suggestive of at-
mospheric boundary layer response to oceanic vari-
ability. These statistics are not sensitive to moderate
changes in the averaging period or track definition.
This covariability extends in time as well as in space.

Figure 5 shows distance–time sections of high-pass-fil-
tered SST and wind speed in the southwest monsoon of
2000 along the track shown in Fig. 4. As the prevailing
winds begin to turn southwesterly in May, the cold fil-
ament associated with the Great Whirl first appears on
this track at 7⇥N, then intensifying as the season pro-
gresses, moving slowly toward the north. It becomes
stationary in late June, centered at 10⇥N. At about the
same time, the second cold filament starts to develop
to the north. Both filaments begin to decay in September
with the decay of the southwest monsoon. The high-
passed wind anomalies copropagate northward along
with the cold filament during its early development.
During the entire summer, wind speed anomalies remain
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FIG. 1. Satellite-observed covariability of SST and wind speed over
the Great Whirl region of the western Arabian Sea during the south-
west monsoon. Socotra Island lies at 12⇥N, 54⇥E, northeast of So-
malia. (a) TMI SST (shading in ⇥C) and SSH (contours in cm); (b)
SST (contours), QuikSCAT wind stress vectors (N m�2) and Ekman
pumping velocity (shading in 10�5 m s�1); (c) Ekman pumping ve-
locity (shading) and SSH (contours), averaged for 15 Jul–15 Aug,
1999–2001. Regions with elevation greater than 300 and 600 m are
gray and black, respectively, in (b).

coast of Somalia. Recent work using surface wind from
a variety of satellites indicates that the Findlater jet is
not a smooth feature at the ocean surface, but rather, it
exhibits significant spatial variability (Halpern et al.
1999; Halpern and Woiceshyn 1999). The satellite ob-
servations presented here indicate that there is signifi-
cant variability on the oceanic mesoscale in the wind
jet that is associated with oceanic cold filaments, which
slow down the local surface winds.

Wind stress curl features are found to be coherently
associated with the mesoscale SST features. Figure 3
shows the Ekman pumping velocities from QuickScat
wind stress curl with contours of TMI SST in the Great
Whirl region for each southwest monsoon (1999–2002).
On the windward side of the primarily meridionally ori-
ented cold filaments there tends to be a downwelling-
favorable curl pattern, while on the leeward side of the
cold SST there tends to be an upwelling-favorable curl
pattern. The wind stress curl patterns act on the spatial
scales of the oceanic mesoscale circulation which give
rise to the cold SST features. In section 5 we discuss
some possible impacts of this covariability on the evo-
lution of the mesoscale oceanic circulation of the region.
Emphasizing the covariability between wind speed

and SST, Fig. 4 shows the monthly mean structure of
wind speed and SST along a wind quasi-flow line, which
crosses strong SST features averaged from 20 July–20
August for each of the years 1999–2002. The actual
wind speed and SST are both shown, along with the
high-pass along-track filtered wind speed and SST. We
computed correlation coefficients between the high-
passed, low-passed, and full wind and SST fields over
the track, over the region 6⇥–20⇥N, for each year 1999–
2002 (Table 1). The full fields do not exhibit any con-
sistent correlation coefficient, with low values of both
signs. However, the strong wind–SST correlation on the
mesoscale is evident, while on larger spatial scales wind
and SST are strongly anticorrelated. The statistical re-
lationship between the low-pass-filtered fields is con-
sistent with simple 1D mixed layer ideas of the oceanic
response to wind variability: enhanced (reduced) wind
speed will tend to cool (warm) the mixed layer through
enhanced evaporation, vertical mixing, and entrainment;
further, since the western Arabian Sea is a region of
upwelling during the southwest monsoon, enhanced
wind speed may increase the upwelling strength. How-
ever, the relationship between the high-pass-filtered
fields is not consistent with any simple ideas of oceanic
response to wind variability, and is suggestive of at-
mospheric boundary layer response to oceanic vari-
ability. These statistics are not sensitive to moderate
changes in the averaging period or track definition.
This covariability extends in time as well as in space.

Figure 5 shows distance–time sections of high-pass-fil-
tered SST and wind speed in the southwest monsoon of
2000 along the track shown in Fig. 4. As the prevailing
winds begin to turn southwesterly in May, the cold fil-
ament associated with the Great Whirl first appears on
this track at 7⇥N, then intensifying as the season pro-
gresses, moving slowly toward the north. It becomes
stationary in late June, centered at 10⇥N. At about the
same time, the second cold filament starts to develop
to the north. Both filaments begin to decay in September
with the decay of the southwest monsoon. The high-
passed wind anomalies copropagate northward along
with the cold filament during its early development.
During the entire summer, wind speed anomalies remain
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• Ro≈1

• This additional 
eddy-induced Wek 
can potentially 
affect the 
evolution of 
eddies 



II. Dynamical response of the Arctic surface winds 
to sea ice variability
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Sea ice concentration (SIC) from the passive microwave radiometers

STD across 
SIC datasets
≈ Uncertainty

MEAN of SIC 
datasets

SIC Mean 1998

SIC STD 1987 SIC STD 1998 SIC STD 2009

SIC Mean 1987 SIC Mean 2009

1) NT: NASA-TEAM,  2) BT: NASA Bootstrap,  3) EU: EUMET-SAT hybrid

The most extensively and continuously observed climate variable; 
yet different retrieval algorithms yield diversity in SIC estimates.



Goal:
Interpret the surface wind variations over various SICs 

using two ABL mechanisms



Polar WRF simulation
Model domain, in situ datasets overlaid with 

STD of SON SIC
• Polar WRF: Hines and Bromwich (2008)

• WRF optimized for polar regions

• Modified surface layer model for  
improved surface energy balance 

•  Polar WRF produces reasonable skill in ABL thermodynamics and surface winds 
against these in situ datasets various ice conditions (Seo and Yang, 2013)

• Experiments

•  Three one-year (Nov-Oct) runs 
separated by 11 years

•  1986-1987 : North Pole Station #28

•  1997-1998 : SHEBA

•  2008-2009 : R/V Mirai

• Each period forced with NT, BT, EU 



Atmospheric sensitivity to SIC
NT NT-BT

total cloud water path

Focusing on NT - BT in September 2009

East Siberian Sea Mean Difference

T2 -5 °C +5 °C

PBLH 450 m 100 m

TCWP 60 gm-2 10 gm -2

 SIC uncertainty is a decisive 
factor for hindcast skill!

• SIC difference and ABL sensitivity on 
comparable spatial-scales

 Large change in ABL compared to 
the mean values

SST′ ➜ ABL stability



Arctic-basin averaged vertical profiles difference (NT-BT)

➜

58-m increase in PBLH 

• ABL stability adjustment to SST:  Less SIC ➔ Higher PBL

• The basin-wide increase in air temperatures below PBL.



➜

58-m increase in PBLH 

• Increased cloud water path near the top of PBL.

Arctic-basin averaged vertical profiles difference (NT-BT)

• ABL stability adjustment to SST:  Less SIC ➔ Higher PBL

• The basin-wide increase in air temperatures below PBL.
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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 (8C). 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 28N. (b) SLP 2 1015 (hPa) with the diurnal
and semidiurnal harmonics removed. (c) SST (8C).

cause f /e 5 0.24 ( f is the Coriolis parameter). The
equation for surface zonal velocity may be reduced to

1 dP
2eU 5 . (1)

r 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 18C, the amplitude of the zonal wind response is U
; 12 m s21, 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 1408 and 1108W, indicating that the
SLP response to TIWs is much smaller than 0.4 hPa,
the hydrostatic pressure due to a 18C 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

• Reminiscent of what is happening in mid to low latitudes!

➜

58-m increase in PBLH 

• Stronger wind below 100 meter but weaker wind aloft

Arctic-basin averaged vertical profiles difference (NT-BT)

• Increased cloud water path near the top of PBL.

• ABL stability adjustment to SST:  Less SIC ➔ Higher PBL

• The basin-wide increase in air temperatures below PBL.



Very different responses in two near-surface winds to the same SIC difference:  
W10 and Wg (≈∇SLP) 

W10 NT Mean W10 NT-BT

Wg NT Mean Wg NT-BT

 September 2009
• Increased W10 with 
reduced SIC

• Most dramatic changes in 
the interior Arctic 

(Chelton 
et al. 
2001)

▽2T➜▽2P➜ ▽·𝛕′ (Lindzen and 
Nigam, 1987)

•  Reduced Wg along the ice 
margins!

• No significant changes in 
the interior Arctic.

➜ The spatial scale of Wg 
response is smaller than that 
of W10.

SST′ ➜ 𝛕′



MABL model of 

Lindzen and Nigam (1987):

▽.u is linearly proportional to SIC-
induced ▽2P.

Wg response should be interpreted as due to the pressure adjustment mechanism

Wind response more pronounced 
on the smaller scale than W10; 

e.g., along the ice edges

ρo ∇⋅
u( ) = − ∇2P( )ε ε 2 + f 2( )

 September 2009



Large vertical motion induced by pressure gradient mechanism

w(z) = 1
ρo
( εz
ε 2 + f 2

)∇2P

• SIC-induced vertical 
velocity (w) is proportional 
to ▽2P.

•  Vertical integration yields

• Large w anomaly extends 
beyond the top of the ABL;
• This “deep” response 
may influence the larger-
scale circulation (as in the 
Gulf Stream).

 September 2009



Summary
• SST variations associated with ocean mesoscale eddies cause coherent 

perturbations in the ABL

– a ubiquitous feature observed throughout the World Oceans 

– atmospheric feedback (wind stress, curls and heat flux) important for 
mesoscale ocean dynamics

– including the arctic: sea ice variability acting like SST fronts

• Eddies and sea ice produce large anomalies and gradient in SSTs.

ρo ∇⋅
u( ) = − ∇2P( )ε ε 2 + f 2( )

• Pressure adjustment mechanism: Lindzen and Nigam (1987), Minobe et al. (2008)
• ▽2 would be effective in highlighting small-scale response,
•  e.g., along the sea ice margins.

▽dSST′ ➜ ▽·𝛕′ ▽cSST′ ➜ ▽×𝛕′

• Vertical mixing mechanism: Overland (1985), Wallace et al. (1989)
• Surface wind increases (decreases) over the warm (cold) surface 
• Comparable spatial scale of response to the SST: 



• The ocean-ice modelers often use wind stress from
(1) in situ SLP-based Wg:

• underestimates the effect of large-scale SIC changes on wind.
(2) coarse resolution atmospheric reanalyses:

• underestimate the wind variations across the ice margins.

Both effects should be taken into account for improved 
simulation of the circulation of ocean and sea ice.

Discussion

W10 and Wg reflect different spatial information of sea ice changes!



Thanks!
hseo@whoi.edu


