
Some Aspects of

Mesoscale Air-Sea Interaction
As Manifested in Contemporary Global Climate Models

Frank Bryan 
Climate and Global Dynamics Laboratory
National Center for Atmospheric Research

Thanks to:
Bob Tomas & Justin Small (CGD), Stu Bishop (NCSU)



How does the climate system differ when 
both ocean and atmosphere have 

“weather”?

Even if we could perfectly parameterize the integrated
transport effects of ocean eddies, what feedbacks or
coupled system behaviors would we miss by not
explicitly representing the scales and variability they
imprint on the air-sea interface?
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CESM: Low- vs. High-Resolution

Low Resolution High Resolution
Ocean Grid / Resolution Dipole ~1.0� Tripole 0.1�

Ocean Tracer Lateral 
Subgridscale Closure

Gent-McWilliams w/ 
diagnostic κ(x,t)

Biharmonic
κ∝Δ3

Ocean Momentum 
Subgridscale Closure

Anisotropic harmonic 
viscosity

Biharmonic
ν∝Δ3

Ocean Topography Full Cell (ETOPO5) Partial Cell (ETOPO2)

Atmos. Resolution 0.5�, 1� 0.25�, 0.5�

Ocean-Atmosphere 
Coupling Interval

6 hours 6 hours

• Low Resolution: Ocean weather parameterized

• High-Resolution: Ocean weather explicitly represented



Large-Scale Annual Mean Biases

The AMOC follows a very similar
upward trend in the first 100 years
of CESM-S relative to CESM-H (Fig-
ure 1e), but after that it steadily
reduces to around 24 Sv by the
end of the run. Looking in more
detail, the time series of the two
runs are very close to around year
15, but thereafter exhibit consider-
able differences on interannual
time scales (Figure 1e). Meanwhile
Drake Passage transport values are
much higher in CESM-S than in
CESM-H, ranging from 170 to 150
Sv with a general weakening trend
(Figure 1f). It will be shown later
that wind stress in the Southern
Ocean has a different structure in
the two runs: strongest winds are
located further equatorward in
CESM-S compared to CESM-H.

As with CESM-H, there is consider-
able warming in the ocean subsur-
face in CESM-S, at depths of 500–
800 m, but the temperatures in the
top 200 m are less than in the for-
mer (Figure 2b). In terms of the rate
of change of temperature, this is

always positive at depths around 700 m, with CESM-S warming faster (Figure 2d), whilst at 200 m, the rate
of change is generally positive in both runs after year 30 (Figure 2c). This indicates that globally both mod-
els warm in a similar fashion after the first few decades of transient response to initial conditions. The large
rate of change of ocean temperature in CESM-S is in response to the larger TOA radiation imbalance (Figure
1a), with the excess heat warming the ocean rather than the sea ice and surface air temperature (Figures
1b–1d).

3.2. Climatology
Based on the model drift statistics discussed in the above section, model climatologies are formed from
later parts of the simulations where the surface is more equilibriated: specifically years 60–90 for CESM-H
and years 136–166 for CESM-S.

3.2.1. SST
The annual mean SST climatology of CESM-H is characterized by relatively small SST bias in the Tropics, a
cool bias in the subtropics and warm bias in mid to high latitudes (Figure 3a), relative to the Hadley Centre
sea ice and SST data set (HadISST) [Hurrell et al., 2008]. CESM-S also has a warm bias in the midlatitude
Southern Ocean and cool bias in the subtropical North Atlantic and North Pacific (Figure 3b). However,
there are a number of regions of substantial improvement in the high-resolution run, such that the spatial
root-mean-square-error (RMSE) of model SST computed from the global map of Figure 3a is 0.82, compared
to 0.99 in Figure 3b. The examples circled in Figure 3a are discussed next.

Warm SST biases in the eastern boundary regions are reduced (regions 1, 2, and 3). Similar results for the
California current and Peru-Chile upwelling region were found by, e.g., Gent et al. [2010], McClean et al.
[2011], and Delworth et al. [2012]. Improvement of the Benguela upwelling has been more difficult to
achieve, with only Gent et al. [2010] showing a significant improvement, based on a change in atmospheric
grid spacing from 2! to 1/2!. CESM-H shows a small SST bias (relative to CCSM4 with atmosphere at 2! to
1!) [Gent et al., 2011], but is comparable with CCSM4 with atmosphere at 1=2

! [Gent et al., 2010]. The bias

Figure 3. SST biases, for the annual climatological mean. (a) CESM-H and (b) CESM-S.
Both are compared against ‘‘present-day’’ HADISST (1999–2008). Note nonlinear color
scale. Areas referred to in text are circled in Figure 3a and numbered. The mean differ-
ence, spatial root mean square error, and spatial correlation for the model versus the
HADISST climatology are shown at the top of each figure.
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reduction occurs not just in the Benguela upwelling (region 3) but across the whole Tropical Atlantic where
the bias turns mostly negative (region 5, Figure 3a). This is a slight improvement on CESM-S (Figure 3b), and
a big improvement on the previous generation of the model, CCSM4, which had warm SST biases of 2!C or
more along the equator east of 10!W [Gent et al., 2011, Figure 1a]. This is discussed in more detail in
section 4.1.

SST errors in western boundary currents such as the Gulf Stream and Brazil-Malvinas confluence (regions 6
and 8), and also in the Antarctic Circumpolar Current (e.g., region 7) are of lesser magnitude in CESM-H than
in CESM-S (Figures 3a and 3b). At higher resolution the Gulf Stream still separates from the U.S. coast too far
north and then extends more eastward than observed (Figure 3a), but the path and SST errors are substan-
tially less than in CESM-S (Figure 3b) and compare favorably with previous high-resolution coupled simula-
tions. There is also an improvement in SST in CESM-H just east of Hokkaido, Japan, due to better
representation of the Kuroshio/Oyashio system, but this is countered by the generally warm midlatitude bias
mentioned above. In the Southern Ocean, a strong dipole of cool/warm SST biases north/south of the ACC in
CESM-S (Figure 3b) is replaced by a more gradual poleward warming tendency in CESM-H (Figure 3a).

Tropical, annual mean SST in the Pacific and Indian Ocean is quite well represented in CESM-H, with biases
of less than 1!C (Figure 3a), which contrasts with too warm temperatures in the East Pacific in CESM-S (Fig-
ure 3b). In the central Tropical Pacific, warm SST bias brackets a cool bias along the equator in CESM-H and
in CESM-S, which is often associated with double ITCZ problems, but with weaker magnitude in CESM-H
than in many other climate model simulations [Davey et al., 2002]. The Tropical Ocean characteristics will be
examined in more detail in section 4.1.

3.2.2. Precipitation
The most prominent feature of the annual mean climatological precipitation field in the Tropics is that the
northern ITCZ precipitation amount is too high in CESM-H (relative to multisensor products such as Tropical

Figure 4. (a–c) Precipitation bias fields for annual mean climatology, relative to Tropical Rainfall Measurement Mission (TRMM). CESM-H (Figure 4a), CESM-S (Figure 4b), and uncoupled
high-resolution atmosphere run CESM-A (Figure 4c). Areas discussed in text are circled in Figure 4a. (d and e) Precipitation seasonal cycle averaged between 10!W and 10!E, shown as a
function of latitude from 15!S to 25!N. Figure 4d is a climatology from TRMM 3B43 product and Figure 4e is CESM-H. In Figures 4a–4c, the mean difference, spatial root mean square
error, and spatial correlation for the model versus observations are shown at the top of each figure.
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Mesoscale Eddy Demographics
(CORE NY Ocean-Ice Simulation)

Long et al (2017) (in review)

• Chelton (2011) Eddy Tracking Algorithm
• 5 years data / model output
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Phase Speed of Eddies Transporting Heat

Abernathy and Wortham (2015) JPO
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AVISO SSH -> vgeo
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HR CESM

• Wavenumber-Frequency 

Cross Spectra v, T

• Eastern Pacific sector 

(180°E - 130°W)

• Ceddy: from Chelton (2011)

• CR: Doppler shifted Rossby

Wave Phase Speed



Eddy Baroclinic MPE→EPE Conversion Rate
BC = −αg

Θz

′u ′T
div
i∇T

Bishop and Bryan (JPO 2013)

• This is the process 
GM is designed to 
emulate in LR models

• How well is it 
represented by the 
resolved flow in HR 
models?

• KESS Array provides 
local observational 
estimate

Extension from north to south, and were collocated
with a Jason-1 altimeter line.
The moorings were equipped with an upward-looking

acoustic Doppler current profiler (ADCP) at 250m;
a McLane Moored Profiler (MMP), which traveled be-
tween 250- and 1500-m depth; a vector-averaging cur-
rent meter (VACM) at 1500m; and Aanderaa RCM11
acoustic current meters at 2000, 3500, and 5000m. An
additional VACMwas deployed for one year at 250m at
K4 and K5 for the first year and K8 for the second year.
The VACMs and RCM11s had .80% data return

(Jayne et al. 2009), but the MMPs incurred many data
losses. The MMPs were designed to measure tempera-
ture, conductivity, and current velocity while completing
a roundtrip from 250 to 1500m every 15 h. The MMPs
tended to stop working during strong current events,
which resulted in spotty records. TheMMPs will only be
used here for comparing between in situ and simulta-
neous CPIES estimates of EHFs.
The VACMs and RCM11s measured tempera-

ture and current velocity. The data were twice-daily

averaged and 3-day low-pass filtered using a fourth-
order Butterworth filter to remove tidal influences. In
addition, the RCM11 current speeds were corrected for
the speed of sound and adjusted upward by 10%because
Hogg and Frye (2007) found that the currents tended
to be biased low when compared with other current
meters.

b. CPIES

Forty-six CPIES were deployed in a ; 600 km 3
600 km array spanning the Kuroshio Extension jet for
2 years during KESS (Fig. 1). At three sites collocated
with moored current meters, the CPIES were replaced
with PIES. The CPIES array was centered in the region
of highest surface EKE from satellite altimetry (1438–
1498E) and spanned the meander envelope from north
to south, capturing almost one full wavelength of the
quasi-stationary meander crest-trough-crest to the east
of Japan (Mizuno and White 1983). The CPIES array
had a nominal horizontal spacing of 88 km, to resolve
mesoscale variability. Of the CPIES, 26 were collocated

FIG. 1. KESS observing array. Blue circles are the locations of CPIES and red circles are the
locations of the subsurface moorings. The red cross is the location of subsurface mooring K4
during the second year. Color shades indicate ocean bathymetry from Smith and Sandwell
(1997). Black contours are themean sea surface height (SSH) contours [contour interval (CI)5
0.05m] from the satellite altimetry Archiving, Validation, and Interpretation of Satellite
Oceanographic data (AVISO) product with RIO05 mean dynamic topography over the du-
ration of the KESS experiment (June 2004–July 2006). The thick black contour is represen-
tative of the jet axis (2.1-m SSH contour).
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Coupling of Wind and SST

Xie (2004); Mantua (1998), Okamura (2001)

PDO AMO

High Winds 
Increased turbulent heat loss
Increased mixed-layer entrainment

Colder SST

NEGATIVE Wind-SST Correlation



Gu
lf 

St
re

am
 N

or
th

 W
al

l

Cold Slope Water
Light Winds

Warm Gulf Stream Water
Strong Winds

“However, air-sea temperature 
differences, contributing to greater 
instability over the Gulf Stream also 
act to favor a turbulent transfer of 
stronger winds to the sea surface in 
that area, producing rougher seas in 
comparison to the Slope Water area.”

POSITIVE SST-Wind Correlation



“We suspect that the wind 
profile might change 
substantially as the air 
flows northward over the 
oceanic frontal zone and 
the boundary layer 
becomes destabilized.”

“The strong correlations 
we have observed indicate 
a rapid and direct 
response to SST 
perturbations.”

C
W

SE Trades Response to E. Equatorial Pacific Cold Tongue

POSITIVE SST-Wind Correlation



Correlation High-Pass SST w/ |Usrf|

OBS: QuikSCAT + AMSR CCSM 0.5� atm / 1� ocn

CCSM 0.5� atm / 0.1� ocn CAM5 0.5� w/ 0.25� Observ. SST



0.5atm/1.0ocn

0.5atm/0.1ocn

0.25atm/0.1ocn 0.5 CAM5

Observ

NDJF Climatalogical Mean
Wind Stress (color)
Vs.
High-Pass SST( contour)
10�x6�

Bryan et al (2010)



Regional SST vs Stress Regressions

Region 0.5A/1.0O 0.5A/0.1O 0.25A/0.1O 0.5A
CAM5

QS/AMSR

|τ| vs. SST KE 0.007 0.008 0.006 0.007 0.010
ARC 0.005 0.007 0.008 0.009 0.018
GS 0.006 0.004 0.005 0.005 0.009

div(τ) vs
Downwind 
grad(SST)

KE -0.16 0.83 0.75 0.84 0.64
ARC 1.02 1.03 0.99 1.08 1.62
GS 0.39 0.60 0.50 0.61 0.62

curl(τ) vs
Crosswind 
grad(SST)

KE -0.51 0.50 0.53 0.64 0.42
ARC 0.75 0.82 0.84 0.77 1.33
GS -0.37 0.29 0.33 0.37 0.38

0.5 atm/ 1.0 ocn 0.5 atm/ 0.1 ocn 0.5 CAM5 Observ

2x



Resolution Dependence of Wind-SST 
Coupling Coefficient

Experiments w/ CAM5

• Stronger Dependence
• Atm. VERT. Res. (#1 vs #2 or #5 vs #6)
• HORIZ. Res. of SST (#3 vs #6)

• Weaker Dependence
• Atm HORIZ. Res. (1° vs. 0.25°) (#2 vs. #3)

Provided by R. Tomas
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Pressure Adjustment Mechanism

• For linearized momentum balance in PBL:

• Convergence ~ Laplacian pressure
€ 

− fV = −
∂P
∂x

−εU

fU = −
∂P
∂y

−εV

 
−∇•

!
U ≈ ε

ε 2 + f 2
∇2P

Lindzen and Nigam (1987) Minobe, Takatama (2008,2010)



Winter Mean
Laplacian Pressure (color) vs. Convergence (contours)

0.5A/1.0O 0.5A/0.1O

0.25A/0.1O 0.5 CAM5



Winter Mean Precipitation

0.5A/1.0O 0.5A/0.1O

0.25A/0.1O
ECMWF ANAL



Planetary Scale Impact on 
Energy Balance:

Correlation High-Pass SST vs. 
All Sky Albedo
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0.5A/0.1O
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Association of Convective Initiation & 
∇"SST

Li and Carbone (2012)

Convective initiation within western Pacific 
warm pool favored over convergence favorable 
(∇"##$ < 0) on scales O(100km)

Approx 75% of observed events



Oceanic Feedbacks
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Figure 2. Schematic illustration of the divergence and curl of the wind and wind stress fields that result 
from spatial variations of the SST field. Near a meandering SST front (the heavy black line), surface winds 
are lower over cool water and higher over warm water, shown qualitatively by the lengths of the vectors. 
Acceleration where winds blow across the SST front generates divergence (green area). Lateral variations 
where winds blow parallel to the SST front generate curl (red area). The divergence and curl perturba-
tions are proportional to the downwind and crosswind components of the SST gradient, respectively 
(see Figure 3).

wind divergence measured by scatter-
ometers (Chelton et al., 2004). 

Most studies of the divergence and 
curl responses of surface winds to down-
wind and crosswind SST gradients have 
focused on regions of strong SST fronts 
associated with meandering currents. 
Park and Cornillon (2006) showed that 
divergence and curl of surface winds 
also develop over Gulf Stream eddies in 
association with SST distribution in the 
interiors of the eddies.

The divergence and curl responses 
to spatially varying SST have important 
implications for both the atmosphere 
and the ocean. In the case of the atmo-
sphere, SST influence can penetrate into 
the troposphere from the vertical motion 
induced by convergence and divergence 
of the surface wind field. In the case 
of the ocean, the upwelling and down-
welling that are associated with the wind 
stress curl alter the ocean circulation, 
and therefore the SST itself. 

Another paradoxical feature of the 
observed air-sea interaction is that the 
coupling coefficients between the wind 
stress divergence and the downwind 
SST gradient are consistently larger than 
those between the wind stress curl and 
the crosswind SST gradient (Figure 3), 
and likewise for vector wind divergence 
and vorticity. By explicitly relating wind 
divergence and vorticity to crosswind 
and downwind gradients of wind speed 
and direction using natural coordinates 
defined by the wind direction, O’Neill 
et al. (2010a) showed that wind speed 
gradients contribute equally to the curl 
and divergence responses to SST. The 
differences between the curl and diver-
gence responses are thus attributable 
to the effects of SST on wind direction. 
SST-induced crosswind and downwind 

gradients in wind direction reduce the 
curl response to crosswind SST gradients 
through rotation while simultaneously 
enhancing the divergence response 
to downwind SST gradients through 
confluence and difluence. SST-induced 
surface pressure gradients play an 
important role in this wind directional 
dependence on SST.

SST INFLUENCE IN NUMERICAL 
WEATHER PREDIC TION AND 
COUPLED CLIMATE MODELS
A question of great interest to weather 
forecasters, and to researchers using 
atmospheric models for studies of 
climate variability or to force ocean 
circulation models, is the degree to 
which the observed SST influence on 
surface winds is reproduced in models. 
For grid resolutions that are used in 
present-day numerical weather predic-
tion (NWP) models, this depends 

sensitively on the resolution of the 
SST fields that are used for the surface 
boundary condition in the models. This 
is readily apparent in the wind fields 
from the European Centre for Medium-
range Weather Forecasts (ECMWF) 
operational NWP model. In May 2001, 
the SST boundary condition in the 
ECMWF model was changed from the 
low-resolution Reynolds SST analyses 
(Reynolds et al., 2002) to the higher-
resolution Real-Time Global (RTG) SST 
analyses (Thiébaux et al., 2003). This 
change resulted in an abrupt increase in 
the intensity of wind speed variations on 
scales of 100–1000 km (Chelton, 2005; 
Chelton and Wentz, 2005; Maloney and 
Chelton, 2006; Song et al., 2009). 

Further evidence of the importance 
the resolution of the SST boundary 
condition can be inferred from the 
consistent lack of small-scale variability 
in the surface wind fields from the 

Uncoupled Coupled

Coupled

Ucoupled

Jin et al (2009) JPO



• Strong observational and computational evidence for role of 
intrinsic ocean variability as an important source of variability 
in air-sea interaction at scales below about 1000km

• Conventional climate models are missing this source of 
variability because they lack intrinsic variability in SST on 
these scales

• Higher resolution models capture these processes 
qualitatively, but underestimate the strength of the coupling

• A variety of mechanisms are invoked, all invoking some form 
of baroclinic modification of the marine atmospheric PBL

• Does it matter?
– Depends on your question
– At the least it provides an integral measure of the fidelity of PBL 

representation in GCMs (coupling coefficients)
– Can be significant (though probably < first order) effect locally


