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Air-sea interactions on different oceanic scales

Spatially high-passed wind, SST 
Positive correlation 

(Warm SST ➔ Stronger wind)

Correlation in wind speed and SST

Xie et al. 2004

Oceanic mesoscale: eddies
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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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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).

Kushnir et al. 2002

Oceanic basin-scale: NAO

Stronger wind ➔ colder SST 
(Negative correlation).
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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

Hashizume et al. 2002

Destabilized ABL over warm SST 
➔ Downward momentum mixing 
➔ Accelerating surface winds

(Wallace et al. 1998)

TIWs trigger mesoscale response in the 
atmospheric boundary layer.

Cold Warm

PBL Height
QSCAT WIND STRESSTRMM SST

Limited information from satellite and in situ 
data makes fuller understanding of dynamics of 

fine-scale interactions difficult.

➔ Need a coupled model with improved 
representation of oceanic eddies AND their 

influence on the atmosphere.



Scripps Coupled Ocean-Atmosphere Regional (SCOAR) Model

• Study mesoscale 
ocean-atmosphere 
interactions and large-
scale climate.

• An input-output-based 
coupler and sequential 
coupling.

• Great portability and 
applicability

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

Atmospheric Forcing

Atmosphere Ocean

Lateral Boundary Conditions: 
IPCC models, reanalyses

2. Process Study 
Ocean Model 

(PSOM)

Seo, Miller and Roads, J. Climate 2007



Overview of my talk

• Regional Coupled Model

1.Dynamics of coherent variations in the atmosphere to SST
(1)TIWs in the equatorial Pacific and Atlantic
(2) Sea ice in the Arctic Ocean

2. Role of ocean dynamics in shaping SST warming in a changing 
climate in the equatorial Atlantic

• Summary and discussion



Mesoscale Air-Sea Interactions over tropical instability waves



Combined EOF 1 of SST & Wind vectors

How do these wind responses feedback to ocean mesoscale variability?

Feedback to TIWs through ➀

 ➀ Direct influence from SST:
SST ➜ !′

② Modification of wind stress curl/div
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• Wind and current are negatively correlated. 

• Wind-current coupling ➔ energy sink

Correlation of v′sfc and !y′

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

Anomalies in current and wind stress are opposite in direction,  
meaning wind response damping the ocean!



② Modification of wind stress curl by SST gradients:



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

EQ

EQ

EQ

MODEL

Curl

Divergence

SST

OBS COLD

WARM

CURLDIV



•Eddy-induced Ekman pumping 
vertical velocity exhibit a 
comparable dynamic range to that 
by mean Ekman pumping.

• This WEK’ is additional wind 
stress curl forcing of the ocean.

•This effect will influence the mean 
state through low-frequency 
rectification.

Is this eddy-mediated Ekman pumping important 
for ocean circulation? Yes!

−3 −2 −1 0 1 2 3
0

1

2

3

4

5

6

7

8

9

10

Ekman pumping velocity, meter day−1

Pe
rc

en
ta

ge
 o

f O
BS

50E−60E, 6N−12.5N averages JJAS 1995−2006

Mean Wek
Anomaly  

Wek’

PDF of WEK by mean and perturbation

reasonable job of estimating nearshore gradients (within
roughly 20%), and a good job of tracking these gradients
(correlation of 0.9).

2.3. Upwelling Estimates

[15] After we were convinced that the model was provid-
ing reasonable wind speeds, directions, and gradients in our
test region, the next step was to estimate upwelling from the
model winds. To do this, we first converted the model six-
hourly wind components to wind stress using the same bulk
formula (T = raCdjvjv) [Gill, 1982], constant air density
(1.2 kg m!3), and constant drag coefficient (0.0013) that
NOAA uses in their estimates. We calculated the eastward
and northward stress components at each model grid point
within the region for each week of the 74-week test period.
These stresses were then used to derive both offshore
Ekman transport and Ekman pumping.
[16] The Ekman transport, M, was calculated from

[Smith, 1968; Bakun, 1973]

M ¼ 1

rw f
T# k

(units = m3 s!1 per meter of coast), where T is the 6-hourly
wind stress vector at the grid point nearest to the coast; rw is
the density of seawater (assumed constant at 1024 kg m!3);
f is the Coriolis parameter; and k is the unit vertical vector.
The offshore component of the Ekman transport was
calculated from the dot product of the above transport
vector with an orthogonal to the local coastline. An
orthogonal for each coastal grid point was generated by
fitting a straight line through a 50-km section of coastline
(25 km north and south of coastal point), and then
calculating the orthogonal with respect to this line. We
ended up with a value of Ekman transport for every coastal
grid point.
[17] The Ekman pumping velocity, w, was calculated

from [Smith, 1968]

w ¼ 1

rw f
r# T

(units = m s!1), where r # T is the curl of the derived
6-hourly wind stress vector; rw is the density of seawater, and

f is the Coriolis parameter. The curl was calculated using
centered derivatives spanning two 9-km grid points, and was
set to zero if a grid point was on land. Our tests showed that
this simple derivative method produced results equivalent to
more sophisticated methods.
[18] In order to directly compare the two upwelling

processes, we had to first convert Ekman pumping to
vertical transport by integrating vertical velocity out to
some offshore distance. We chose a 300-km distance based
on Nelson’s [1977] observation that positive wind stress curl
extended out to this distance in the region.
[19] After the Ekman pumping was converted to vertical

transport, we had two independent upwelling estimates:
that due to Ekman transport, and that due to integrated
Ekman pumping. An Ekman transport estimate was avail-
able at every coastal grid point; an integrated Ekman
pumping estimate was available for each 300 km orthog-
onal to every coastal grid point. We then compared these
two upwelling estimates at four 300-km-long transects
across the California Current. The four transects (lines in

Table 1. COAMPS Weekly Averaged Winds Compared With QuikSCAT Satellite Winds at Buoy Locations and NOAA Upwelling
Sitesa

Validation Site Location
(Lat, Lon)

Distance From
Shore, km

Number of
Observations

Correlation
(u-comp.)

Correlation
(v-comp.)

RMS
(u-comp.), m s!1

Differences
(v-comp.), m s!1

Buoy 46027 41.8N, 124.4W 13 58 0.65 0.84 2.4 3.0
Buoy 46030 40.4N, 124.5W 8 60 0.37 0.83 2.8 2.4
Buoy 46014 39.2N, 124.0W 17 61 0.84 0.88 2.2 2.5
Buoy 46013 38.2N, 123.3W 22 61 0.88 0.90 1.5 1.8
Buoy 46026 37.7N, 122.8W 20 61 0.90 0.92 1.1 1.3
Buoy 46042 36.7N, 122.4W 35 61 0.89 0.90 1.2 1.0
Buoy 46028 35.7N, 121.9W 41 61 0.89 0.90 1.4 1.1
Buoy 46023 34.7N, 121.0W 31 61 0.86 0.90 1.2 1.0
Buoy 46063 34.2N, 120.7W 30 61 0.89 0.92 1.2 1.1
Combined 545 1.7 (±.2) 1.8 (±.2)
Upwelling Site 1 42.0N, 125.0W 55 61 0.70 0.90 1.8 1.5
Upwelling Site 2 39.0N, 125.0W 110 61 0.87 0.90 1.5 1.3
Upwelling Site 3 36.0N, 122.0W 35 61 0.84 0.90 1.5 1.1
Upwelling Site 4 33.0N, 119.0W 110 61 0.82 0.83 1.9 1.3
Combined 244 1.6 (±.2) 1.2 (±.1)
Total 789 1.7 (±.1) 1.6 (±.1)

aThe 95% confidence limits were determined from the standard error.

          

Figure 2. Comparison of observed (solid line) and
model (dashed line) wind speed gradients off Point
Arena, California. Values are based on the differences
between weekly averaged northward wind components at
15 and 115 km offshore. Correlation between the
observed and model gradients was 0.9, and the RMS
difference was 1.6 m s!1.

25 - 4 PICKETT AND PADUAN: UPWELLING IN THE CALIFORNIA CURRENT

EK



A similar story is applied to the ABL fields in the  
Arctic over sea ice:

Separation of spatial scale of wind response



Polar WRF simulation

Polar WRF 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 

• Experiments

•  November 2008 - October 2009

• Sea ice forcing:

• NT: NASA Team Algorithm

• BT: NASA Bootstrap Algorithm



Pan-Arctic response pattern

Focusing on NT - BT in September 2009

NT NT-BT

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 the 
comparable basin-scales 

 Large change in ABL compared to the 
mean values

total cloud water path



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

➜

58-m increase in PBLH 

• ABL stability adjustment to SST:  Wallace et al., (1989).

• 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:  Wallace et al., (1989).

• 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

Observations of ABL evolution in the eastern tropical Pacific 
Hashizume et al. (2002)

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

➜

58-m increase in PBLH 

• ABL stability adjustment to SST:  Wallace et al., (1989).

• Less SIC ➔ Higher PBL

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

• Increased cloud water path near the top of PBL.

• Stronger wind below 100 meter but weaker wind aloft

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



Contrasting responses in two near-surface wind fields:  W10 and Wg (≈∇SLP) 

W10 NT Mean

• Stronger W10 with reduced 
SIC

• Most dramatic changes in 
the interior Arctic 

•>10% change of the mean.

•  Reduced Wg along the ice 
margins!

• Significant changes 
compared to the mean Wg

• No significant changes in 
the interior Arctic.

W10 NT-BT

  
Wg NT Mean Wg NT-BT

NT - BT in September 2009



• A simple marine boundary layer model 
of Lindzen and Nigam (1987):

• Assuming steady flow, no advection, 
linear friction,

ρo ∇⋅
u( ) = − ∇2P( )ε ε 2 + f 2( )

• Div. /Conv. of surface wind is linearly 
proportional to SIC-induced Laplacian 
of SLP 

• �2 would be effective in highlighting 
small-scale response,

 e.g., along the sea ice margins.

Wg response is more pronounced on the smaller scale than W10



What is the role of ocean dynamics in shaping regional SST pattern in a 
warming climate? The Equatorial Atlantic Ocean..

• IPCC-class models have large biases in simulation of the equatorial climate
- Especially in the Atlantic.
- A reversed east-west gradient.
- Underestimation of equatorial currents, upwelling and TIWs.

CMIP3 models

SCOAR

OBS

longitudes on equator

S
S

T

June–July–August (JJA) SST in simulations and observa-

tions, with the former represented by an AR4 multi-model
ensemble mean from their Climate of the 20th Century

runs. It is obvious from Fig. 1 that the models fail to

capture the cold tongue in the eastern equatorial Atlantic;
instead, relatively cool SSTs are found in the western

equatorial Atlantic. This constitutes a reversal of the cli-

matological SST gradient as reported by Davey et al.
(2002). Furthermore, coupled models produce too much

precipitation south of the equator during March–April–
May (MAM), which leads to a spurious double-ITCZ in the

annual mean (Breugem et al. 2006; Deser et al. 2006;

Stockdale et al. 2006). This double-ITCZ syndrome also

persists in coupled simulations of the tropical Pacific cli-

mate (Mechoso et al. 1995; de Szoeke and Xie 2008).
In addition to the warm bias in the eastern equatorial

region, Fig. 1 shows an even more pronounced warm bias

to the south along the coast of Southwest Africa. This type
of error is also seen in the southeast Pacific and is likely

due to the under-representation of stratocumulus and

coastal upwelling (Ma et al. 1996; Large and Danabasoglu
2006; Huang et al. 2007). The southeast Atlantic bias also

features prominently in seasonal forecast models that do
not suffer from serious equatorial biases, such as the NCEP

Coupled Forecast System (CFS; Huang et al. 2007), sug-

gesting that the two types of biases may be distinct in their
origins.

Since modes of tropical Atlantic variability involve

ocean–atmospheric feedbacks that are dependent on the
mean state (Xie and Carton 2004; Chang et al. 2006; Ke-

enlyside and Latif 2007), the failure of coupled GCMs to

simulate a realistic mean state bodes ill for their ability to
predict seasonal-to-interannual SST and precipitation

anomalies (Repelli and Nobre 2004; Stockdale et al. 2006).

It also calls into question the credibility of long-term pro-
jections for the region under climate forcing scenarios

(Breugem et al. 2006). It is therefore important to inves-

tigate the causes of GCM biases in the tropical Atlantic and
to work toward their elimination.

While coupled ocean–atmosphere feedbacks certainly

play a role in producing the above biases, previous studies
have shown that even uncoupled atmospheric GCMs

(AGCMs) with prescribed climatological SSTs suffer sig-

nificant biases. Biasutti et al. (2006) find that the southward
shift of the ITCZ is a common problem in atmospheric

GCMs and that it is often accompanied by a tendency to

place the rainfall over the SST maximum whereas obser-
vations place it over the surface convergence maximum.

Chang et al. (2007) show that the National Center for

Atmospheric Research (NCAR) Community Atmospheric
Model (CAM) underestimates the equatorial easterlies,

contributing significantly to the biases when coupled with

an ocean GCM (see also DeWitt 2005). Richter et al.
(2008) show that atmospheric GCM precipitation biases

over tropical South America and Africa have the potential

to affect the simulation of the South Atlantic anticyclone.
In a coupled model such biases in the southeast trades force

an SST response, leading to basin-wide adjustments in the

ocean and atmosphere through the wind-evaporation-SST
(WES) feedback (Xie 1996).

The present study investigates the sources of coupled

model biases over the equatorial Atlantic, with a focus on
the lack of the eastern cold tongue on the equator and the

double ITCZ in the models. In particular, we explore the

hypothesis that the surface wind and precipitation biases in
coupled GCMs originate in their atmospheric component

a

obs

CMIP

CMIP - obs

b

c

Fig. 1 JJA SST (!C) for a ICOADS observations, b the CMIP model
ensemble-mean, and c the difference b - a. Shading in the difference
plot (c) indicates positive values

588 I. Richter, S.-P. Xie: On the origin of equatorial Atlantic biases in coupled general circulation models

123

Richter and Xie 2008



Model and experiments

• CTL:  RSM (NCEP2 6hrly) + ROMS (SODA 
monthly)

• 25 km ROMS + 50 km RSM
• 28-yr. integration: 1980-2007
• CO2=348 PPM

➜
RSM

NCEP2 SODA

ATM ➜
ROMS

➜SST ➜

➜➜

CTL

➜
RSM

NCEP2+ δ SODA+ δ

Flux ➜
ROMS

➜SST ➜

➜➜

GW • δ=GFDL CM2.1 monthly difference: 
(2045-2050: A1B)-(1996-2000: 20C); 10-
member ensemble mean

• GW:  RSM (NCEP2 6-hrly+δ) + ROMS (SODA 
monthly+δ)

• CO2=521.75 PPM

pseudo-global warming method in a regional 
coupled model (Seo and Xie 2011)



Change in annual mean state (GW-CTL)

• Different equatorial ocean 
response: 
- Reduced warming (more 
upwelling) in the equator.
- Cross-equatorial 
southerly wind is stronger 
on equator.

• Similar large-scale 
atmospheric response 
- Increased (decreased) 
rainfall in the tropical 
northeast (south) Atlantic.

SCOAR

SST,  Wind Precip, net heat flux

CM2.1



Response of ocean to the cross-equatorial southerly wind?
1. Reduced warming on the equator?
2. Change in equatorial currents?



1. Reduced warming in the cold tongue is due to the increased upwelling.

➌

!
x=<x>+x* 
<>: present-day mean (CTL)
*: Perturbation (GW-CTL) 

➃➂➁➀
under global 

warming

➁ Radiative heating ➜ dT*/dZ >0 : 
Ocean Dynamical Thermostat
(in the Pacific: 
Clement et al. 1996, Cane et al. 1997)

➂ Cross-equatorial wind ➜ w*>0.

✔ Atlantic (w*, ➂) vs Pacific (dT*/dZ, ➁)

➁

➂



2. Stronger upwelling associated with stronger Equatorial Undercurrent 

• Weak EUC and weak upwelling in CM2.1. 

• Strong EUC and strong upwelling in SCOAR. 

• Stronger currents have an important implication for the dynamic instability.

SCOAR U CM2.1 USODA (OBS) U

Latitude

 30°W-10°W, 1998-2007

D
ep

th
 [

m
]

[cm]

EUC

nSEC
NECC

sSEC



Enhanced current shears lead to dynamic instability and TIWs.

 30°W-10°W, 1998-2007

The equatorial ocean is more dynamicall unstable.

• Cross-equatorial southerly wind ➜ Currents ↑ and w* ↑ ➜ Dynamic 
instability ↑
• Philander and Delecluse (1983), Yu et al., 1997 

[cm]
What is the implication for the 
equatorial heat budget?

EKE becomes stronger by ~30% 
SCOAR δU



Eddy temperature advection is intensified 

δ(Net eddy)

δ(upwelling)

• TIW-heat flux significantly 
compensates for cooling due to 
enhanced upwelling.

[˚
C

/m
on

]

 GW-CTL 30°W-10°W, 1998-2007

Latitude

• GW-CTL: All components of eddy 
temperature advection strengthen.

[˚C/mon]

CTL Eddy heat GW Eddy-heat



Summary and discussion
1.Ocean fronts and eddies cause coherent perturbations in the atmosphere

– Ubiquitous features observed throughout the World Oceans

– Limited understanding on the feedback to larger-scale climate system

– Process-modeling using regional coupled model helps alleviate the problem 
in GCMs

Regional modeling as a critical way to obtain a glimpse into what improvements we 
can expect and what deficiencies may remain in the current and next generation 

climate model experiments. 

2.  TIWs impact the mean state through eddy heat flux.

– Need an accurate representation of ocean dynamical processes.

– Improved parameterizations based on information from regional coupled 
model.



Thanks!
hseo@whoi.edu


