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Coupled ocean-atmosphere simulations

COAWST system:  WRF atmosphere (12 km & 36 km), ROMS ocean (2 km)

ROMS:  Hydrostatic, free-surface, primitive equations in terrain-following vertical
 coordinate (40 levels); Mellor-Yamada 2.5 turbulence scheme; regional
 domain nested in HYCOM output.
WRF: Compressible, nonhydrostatic primitive equations in terrain-following
 vertical coordinate (51 levels); two nested regional domains, outer nested in
 NCEP FNL operational analysis, inner coupled to ROMS ocean model.

Ocean simulation initialized from interpolated HYCOM analysis in October 2008; coupled model 
simulations begin 7 March 2009 and end 15 October 2009.

SST-stress coupling and fog & low-level stratus previously analyzed in subsets of these simulations.

The modifications to the ROMS-WRF-COAWST modeling system necessary to enable these 
surface-current-coupled simulations were made by Scott Durski.  Modified code is being made 
available on GitHub by Scott.

Goal:  Examine model response to different surface-current coupling and 
atmospheric-model planetary boundary layer (PBL) turbulence schemes.
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Wind forcing and KE response with SST coupling only
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horizontal advection is significantly (p 5 0.01) corre-
lated with the change in SST (0.30 for CTL-noTe and
0.18 for CTL-noUe). Eddy currents tend to have the
opposite sign as the mean current but with the com-
parable magnitudes. The surface heat flux weakly off-
sets the effect of the mean currents and damps the SST
anomalies. Change in the vertical processes in R is
strong but limited to the shelf region. The CTL-Ue

case, in general, shows greater changes in horizontal
mean and eddy currents compared to CTL-Te; Ue

produces a stronger dynamical ocean response through
coupling with the wind stress. This is examined further
in the following section.
Overall, the SST–wind and current–wind coupling

effects generate different time mean–rectified SST
response patterns, which are determined by the dif-
ferences in advection of the altered wind-driven mean
currents and the associated eddies. Since air–sea in-
teraction arises from the altered SST fields brought
about by the changes in mean and eddy advection,
the following sections investigate the change in eddy
energetics and the resultant ocean–atmosphere
coupling.

4. Eddy variability

a. Impact on eddy kinetic energy

Figure 4 compares the JAS surface EKE per unit
mass: EKE5 (1/2)(u0 1 y0). From the AVISO sea level
anomaly, surface EKE is derived assuming geostrophy
(i.e., Ekman current variations are not included in this
estimate). In CTL, high EKE is found all along the U.S.
West Coast, with an area-averaged (328–458N and 1308–
1208W; the box in Fig. 4b) surface EKE of 225 cm2 s22.
This is generally in agreement with the altimeter-
derived EKE despite the difference in sampling rate,
resolution, and the data processing procedure. It is also
comparable to the EKE estimates from drifter obser-
vations for the CCS (e.g., Marchesiello et al. 2003;
Centurioni et al. 2008). Comparison between CTL and
noTe shows that the EKE and its spatial distribution are
very similar; that is, the Te effect on the wind stress has a
minimal influence on the simulated EKE. In contrast,
noUe has a considerably higher EKE than CTL by about
42% (Table 2). This implies that including the effect of
the eddy surface current in the wind stress results in a
large weakening of the EKE. Since the effect by Ue is

FIG. 4. (a) The summertime (July–September, 2005–10) surface EKE (cm2 s22) derived from the altimeter
dataset assuming geostrophy. (b)–(f) Simulated surface EKEs. The black box in (b) denotes the area to calculate
the mean EKE in Table 2 and Fig. 6 (328–458N and 1308–1208W).
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Coupled ocean-atmosphere simulations
Total of 45 ensemble members:

T���� 1. List of numerical simulations.

Coupling

PBL scheme
YSU GBM UW MYNN2 MYJ

Main analysis ensemble
SST only 2 2 2 2 2⇤

SST + 10-m depth current 1 1 1 1 1
SST + surface geostrophic current 1 1 1 1 1
SST + uppermost grid-level current 1 1 1 1 1
SST + surface geostrophic current + wind-drift 1 1 1 1 1
SST + uppermost grid-level current + wind-drift 1 1 1 1 1
SST + surface geostrophic current/wind + universality wind-drift 1 1 1 1 1

Additional simulations
SST + uppermost grid-level current + wind-drift + 1.05⇥⇠⇡ 1 1 1 1 1

One set of wind-drift-corrected simulations used the geostrophic ocean surface velocity as the213

“wind-drift-free” ocean velocity reference, so that the wind-drift-corrected surface current for the214

relative wind consisted of the sum of the geostrophic current computed from the instantaneous sea-215

surface height gradient and the total semi-empirical surface wind-drift current and the geostrophic216

current computed from the instantaneous sea-surface height gradient. The second set of wind-drift217

surface-current simulations used the uppermost grid-level current as the “wind-drift-free” ocean218

velocity reference and added a wind-drift correction equal to the semi-empirical wind-drift model219

velocity difference between the surface and the grid-level depth, rather than the total semi-empirical220

wind-drift current. In both of these formulations, the simplified analytical model described in the221

appendix of Samelson (2022) was used to compute the wind-drift correction.222

Finally, a third wind-drift-corrected air-sea interface current was defined using the “universal”223

interpolation formula of Samelson (2020), which was formulated for homogeneous boundary layers224

under assumed turbulent universality conditions that effectively neglect surface-wave effects. This225

theory interpolates directly between the free-stream velocities outside the boundary layers, with226

interpolation weights proportional to the square-roots of the densities of the two fluids. For227

this implementation, the free-stream velocities were taken as the geostrophic current and wind228

computed at each time step from the instantaneous sea-surface height and surface pressure fields,229

respectively, using the geostrophic balance relations.230
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Model wind drift response
Mean regressions of ageostrophic uppermost grid-level velocity against 10-m wind or stress

binned by grid-level depth

Near-surface (above 1-m depth):    Log-layer response, proportional to wind speed (M-Y scheme limit)
At depth (10-20 m):         Slab Ekman response, proportional to wind stress
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Relative-wind (surface-current) damping of kinetic energy:
differences with-minus-without surface-current coupling
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SST

Time-integrated 
mean meridional 

wind stress

Grouped 
by PBL
scheme

Grouped 
by 

surface-
current

for 
coupling

Depth-integrated 
kinetic energy

Surface geostrophic
kinetic energy SST

Time-integrated 
mean meridional 

wind stress

Relative-wind (surface-current) damping of kinetic energy:
differences with-minus-without surface-current coupling

Depth-integrated 
kinetic energy

Surface geostrophic
kinetic energy

Consistent increase in kinetic energy 
damping with PBL scheme during 
MAM, when SST fluctuations are 
small, for PBL schemes ordered as:

MYNN2, UW, GBM, YSU, MYJ

This is opposite to the ordering for 
increased SST-stress coupling found 
in previous analysis
(MYJ , YSU , GBM , UW, MYNN2)

(NB:  We use MYJ with sfclay=1)
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Mean atmospheric boundary layer stability (March-April-May)
vs. normalized pressure level for each PBL scheme
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Decreasing stability, Increasing vertical mixing, Decreasing KE damping
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Coupling coefficients:
10-m wind (o,+) and stress (    ,x) curl/divergence

vs. coupling-surface-current relative-vorticity/divergence 
for March-April-May (large symbols)

and June-July-August-September (small symbols)
for 10-m or geostrophic (    ,o)

and wind-drift-corrected (x,+) surface currents

Decreasing stability, Increasing vertical mixing, Decreasing KE damping
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to SST-driven
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are large)
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Differences: wind-drift-corrected vs.
10-m or geostrophic surface current coupling

Surface geostrophic KE
Wind-drift-corrected Difference

Geostrophic wind-work 
difference

March-
April-
May

June-July-
August-

September

SST
difference

Stress mean
magnitude difference

Stress std dev
difference

Warming, reduced stress;
SST-stress coupling during JJAS

KE increases where large, 
decreases where small (?)



Effective wind-work for 10-m or geostrophic
vs. wind-drift-corrected surface currents

KE of coupling 
surface current 10-m or geostrophic wind-drift-corrected

Effective wind work: (mean) product of 
stress and coupling surface current

Effective wind-work 
is much larger for 
wind-drift-corrected 
coupling surface 
current
(large downwind 
current component)



Wind-drift-corrected coupling surface-current with drag coefficient 
(instantaneous stress) increased by 5%

Systematic 5% increase in mean 
integrated upwelling forcing 

(meridional stress)

No systematic change in KE or mean SST!

Quasi-equilibrium balance between forcing and damping (both proportional 
to stress, with damping also proportional to circulation)?

Motivation:  compensate for effective reduction from “3% of wind” surface current

depth-integrated
KE difference

surface geostrophic
KE difference SST difference

time-integrated mean
meridional stress difference

-0.75/220 = -0.0034
-0.0034/-0.07 = 0.05 = 5%



Summary
• Uppermost grid-level velocity has wind-drift component with log-layer structure above 1-m depth;
• Surface-current damping depends more strongly on atmospheric PBL scheme than on surface-

current formulation: weaker PBL mixing gives stronger damping;
• Coupling coefficients computed relative to wind-drift-corrected surface velocities can show large 

apparent values, arising from wind-drift response;
• Wind-drift-corrected surface-current formulations result in large changes in the effective wind-work 

based on the product of stress and relative-wind surface current but in only small changes in the 
kinetic energy of the circulation;

• Effective change in drag coefficient from wind-drift correction has proportional effect on mean stress 
but not on kinetic energy, suggesting a quasi-equilibrium balance between forcing and damping.

• Mean geostrophic wind work is concentrated in the shelf and slope regions during MAM and in the 
offshore region during JJAS;

• During MAM, changes in kinetic energy and geostrophic wind-work in the shelf and slope regions are 
spatially correlated, while during JJAS, changes in geostrophic wind-work are strongly modulated by 
SST-stress coupling;

• Damping is stronger in the less energetic, offshore region than in the more energetic, coastal region.





Mean total and geostrophic wind work

Wind work from seasonal mean stress and surface geostrophic velocity (Ekman transport up sea-surface pressure gradient)

Difference over shelf 
arises from stronger 
wind-drift response 
over shelf
(numerical artifact)

March-April-May June-July-August-September

Mean 
geostrophic 

wind work 
concentrated 

over shelf and 
slope during 

MAM

Mean 
geostrophic
wind work 
stronger offshore
during JJAS



Spatial patterns of geostrophic KE and wind work

March-April-May

June-July-August-September

Spatial correlation 
during MAM 
suggests direct 
effect of wind-work 
on local KE

Lack of correlation 
during JJAS 
consisten with large 
SST-stress coupling 
effects



SST-stress coupling during JJAS
Differences for 10-m or geostrophic coupling vs. SST-coupling only

SST Mean stress magnitude Stress standard deviation


