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Global SST from AMSR-E on June 1, 2003
http://aqua.nasa.gov/highlight.php

Tropical Instability Waves

http://aqua.nasa.gov/highlight.php
http://aqua.nasa.gov/highlight.php


Air-sea interactions on different spatial scales

• Stronger wind ➔ colder SST 
(Negative correlation).

Cold Phase PDO

Matuna et al. 1997
http://jisao.washington.edu/pdo/

Warm Phase PDO

Oceanic basin scale

• 10-degree long. zonal high-pass 
filtered

• Positive correlation (Warm SST 
➔ Stronger wind)

Correlation: spatially high-passed wind, SST

Xie et al. 2004

Oceanic mesoscale

http://jisao.washington.edu/pdo/
http://jisao.washington.edu/pdo/
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verification, we decided to save only 5-day averages of
qent. The working hypothesis for the present study is
that this qent is a reasonable representation of the di-
apycnal exchanges at the ML base. For the time scales
of TIWs, there are no direct observations to prove this,
but the discussion provides two independent and indi-
rect sets of observations that suggest so. In addition, the
focus of the present study is to reexamine the under-
standing on how TIWs affect SST rather than quanti-
fying it.

The temperature budget (5) is shown in Fig. 4. The
seasonal and mean advection of temperature is domi-
nated by poleward Ekman divergence of freshly up-
welled cold water. The atmospheric heat flux and the
entrainment hold no surprises either: the entrainment is
strongest at the equator because of the Ekman diver-
gence there, and the resulting ECT induces a minimum
of latent heat loss, which leads to a maximum in net
atmospheric heat flux on the equator. The results are
similar to the ones of Kessler et al. (1998), but here the
foci are structure and value of the zonal and meridional
eddy temperature advection. Several things make clear
that traditional mixing length theory does not account
for the temperature advection due to TIWs. First, if
wave breaking would indeed be important, then tem-
perature gradients would be moved to smaller scales
and eventually be removed by horizontal diffusion.

However, horizontal diffusion is almost negligible here
(Fig. 4). Second, at length scales larger than those of
TIWs, there is no significant zonal mean SST gradient
that could explain the zonal temperature advection;
and third, the equatorial heating that is due to tempera-
ture advection is not balanced by enough cooling any-
where. This is true even if we account for the latitudi-
nally varying ML depth (Fig. 5). Averaged over the
area from 4°S to 4°N and from the date line to 90°W,
the zonal heat flux convergence contributes a net of 31
W m!2 and the meridional net contribution is 8 W m!2.
This is a significant portion of the average net atmo-
spheric heat flux of 70 W m!2 over this domain. Thus,
more than 50% of the equatorial atmosphere–ocean
heat flux enters the ocean through and with the help of
TIWs.

From the structure of the zonal and meridional tem-
perature advection we conclude that TIWs do not mix
temperature across the SST front; rather they increase
the atmosphere–ocean heat flux and act as a vertical
heat pump. Two things need explanation: how do TIWs
redistribute temperature and how do they generate a
net atmosphere–ocean heat flux? It turns out that the
meridional and zonal temperature advections can be
understood in a similar framework even though their
spatial structures are rather dissimilar.

To understand the physics behind the meridional

FIG. 4. Annual mean temperature budget for the tropical Pacific averaged between 145° and
135°W: black, net surface heat flux; red, mean and seasonal advection of temperature; dark
blue, zonal eddy temperature advection; light blue, meridional eddy temperature advection;
green, entrainment; and light purple, diffusion.
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Eddy Temperature Advection by TIWs
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Jochum and Murtugudde 2005

Eddy temperature advection is the most important heating term in 
the equatorial cold tongue



Overview of my talk

• Regional coupled model

• Mesoscale ocean-atmosphere coupled feedback over TIWs:
– Dynamic and thermodynamic coupled feedback

• Long-term effect of equatorial dynamic processes
– on present-day and future climate in the tropical Atlantic 

sector

• Summary and discussion



Scripps Coupled Ocean-Atmosphere Regional (SCOAR) Model

• Higher model resolution BOTH 
in the ocean and atmosphere.

• An input-output-based coupler 
and sequential coupling

• Greater portability and 
applicability

Seo, Miller and Roads, 2007: 
The Scripps Coupled Ocean-

Atmosphere Regional (SCOAR) model, 
with applications in the eastern Pacific 

sector.  Journal of Climate

• Understanding the physical processes behind small-scale and large-scale climate dynamics

• Assess the regional aspects of global climate variability and change

Flux-SST 
Coupler

1. Weather 
Research and 
Forecasting 

Model (WRF)

2. Scripps
Regional 

Spectral Model 
(RSM) 

 Regional 
Ocean 

Modeling 
System 
(ROMS)

SCOAR Model

SST, Current

Atmospheric 
Forcing

Atmosphere Ocean

Lateral Boundary Conditions: 
IPCC models, reanalyses



High-frequency TIW-atmosphere coupling

TIWs

SST′ τ′

HF

U′

∇× τ′

➁ Feedback of wind stress curls to TIW energetics?

➁

➂ Atmospheric heat flux response to TIWs?

➂

➀

➀ Coupling of wind and current?



➀ Energetics of TIWs: Eddy kinetic energy budget
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Feedback to TIW energetics
EKE Equation

BarotropicBaroclinic

Correlation of wind stress and current842 VOLUME 31J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

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



Anomalies in current and wind stress are opposite in direction.

• Wind and current are negatively 
correlated. 

• Wind-current coupling ➔ energy sink

CORR(v′sfc, τ′y)

τy’
vsfc

Mean
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τ y

EQ

4N

Atlantic TIWs

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

Barotropic 
conversion

Wind energy input

Latitude

Averages: 30W-10W, 1999-2004, 0-150 m

Pacific TIWs

Small et al. (JGR, 2009) showed 
that this damping effect is even 
larger in the Pacific.



② Modification of wind stress curl by SST 
gradients:



SST gradients generate wind curl/div.

TRMM & QuikSCAT 

EQ

EQ

EQ

MODEL

Curl

Divergence

SST

COLD

WARM

OBS

A quasi-linear relationship between the derivatives of wind stress and SST.
Curls tend to be largest on the equator!



Feedback of perturbation Ekman pumping to TIWs

Unit: 10-6m/s, Zonally highpass 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)



➂ Response and feedback of heat flux



3. Radiative and turbulent heat flux response to TIWs

Deser et al. (1993): changes in SW of ~10 
W/m2 per 1K changes in SST
: -0.75°C / month (MLD=20m).

Instantaneous damping of local SST anomalies by perturbation heat flux

Latent heat flux and SST
Downward shortwave radiation

LH (shading) SST (contours)

SST (shading) and visible cloud (contours)

Observations

Model

SST (K)

A quasi-linear relationship 

34 W/m2 per 1K

LH
 (

W
/m

2 )



Are the TIW-induced LH anomalies important?

Reynolds averaging 

Bulk aerodynamic forumla

6-year time series at 2°N averaged over 30°W-10°W

Perturbation:

Mean:

€ 

UΔq

€ 

ʹ′ U Δ ʹ′ q • Rectification by high-frequency (TIW-
induced) LH′ is small compared to the 
large-scale mean LH.

• TIWs still operate over the large-
scale SST gradient and modulate the 
temperature advection



A summary for high-frequency TIW-atmosphere coupling

TIWs

SST′ τ′

HF

U′

∇× τ′

➁ Negligible contribution at 2N (difficult to estimate near the equator)

➁ small

➂ Damping of local SST (but small rectification to large-scale SST)

➂ local damping

➀ damping

➀ Wind response damps TIW-current: Small but significant damping



Part II:
Regional coupled downscaling of future climate projections 

Equatorial Atlantic Ocean

• IPCC AR4 models have large errors in simulation of equatorial 
climate.

- Incorrect mean state: a reversed east-west gradient.
- Underestimation of equatorial currents, upwelling and 

TIWs.
• The role in equatorial climate change is not well known.

AR4 AOGCMs

SCOAR

OBS

longitudes on equator

S
S

T



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

CH4, 1730 PPB

pseudo-global warming simulations



2. A stronger upwelling associated with the 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
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m
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nSEC
NECC

sSEC



Change in annual mean state (GW-CTL)

• Distinct 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. The 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
(Clement et al. 1996, Cane et al. 
1997)

➂ Cross-equatorial wind ➜ w*>0.

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

➁

➂



The enhanced current shears leads to the stronger instability and TIWs.

 30°W-10°W, 1998-2007

Latitude

Ocean is more barotropically and baroclinically 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! 

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

CTL Eddy-y

CTL Eddy-z

CTL Eddy-sum

GW Eddy-x

GW Eddy-y

GW Eddy-z

GW Eddy-sum

CTL Eddy-x

δ(Net eddy)

δ(upwelling)

• TIW-heat flux significantly 
compensates for the cooling by 
enhanced upwelling.
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 GW-CTL 30°W-10°W, 1998-2007
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Summary and discussion

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

– Feedback to larger-scale climate system is an active area of research.

– Coupled downscaling is a useful method to capture the two-way 
feedback.

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

– Both in the present-day and in a changing climate.

– Global models need to include the effect of TIWs.

– Need an accurate representation of ocean dynamical processes.

Coupled downscaled modeling is a useful approach for studying multi-scale 
processes and their influence on regional climate variability and change.



Thanks


