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ABSTRACT

The atmospheric (ABL) and ocean (OBL) boundary layers are intimately linked via mechanical and

thermal coupling processes. In many regions over the world’s oceans, this results in a strong covariability

between anomalies in wind speed and SST. At oceanic mesoscale, this coupling can be driven either from the

atmosphere or the ocean. Gridded SST and wind speed data at 0.258 resolution show that over the western

North Atlantic, the ABL mainly responds to the OBL, whereas in the eastern North Pacific and in the

Southern Ocean, the OBL largely responds to wind speed anomalies. This general behavior is also verified by

in situ buoy observations in the Atlantic and Pacific. A stochastic, nondimensional, 1D coupled air–sea

boundary layer model is utilized to assess the relative importance of the coupling processes. For regions of

little intrinsic SST fluctuations (i.e., most regions of the world’s oceans away from strong temperature fronts),

the inclusion of cold water entrainment at the thermocline is crucial. In regions with strong frontal activities

(e.g., the western boundary regions), the coupling is dominated by the SST fluctuations, and the frontal

variability needs to be included in models. Generally, atmospheric and ocean-driven coupling lead to an

opposite relationship between SST and wind speed fluctuations. This effect can be especially important for

higher wind speed quantiles.

1. Introduction

Many regions of the world’s oceans show a significant

correlation between SST anomalies and wind speed

anomaliesDU. The sign andmagnitude of this correlation

is scale dependent (Chelton and Xie 2010) and also af-

fected by the geographic location. At synoptic scales

[O(1000km)], the temperature of the oceanboundary layer

(OBL) mainly responds to changes in sensible and latent

heat fluxes, implying a strong negative correlation in mid-

and high latitudes and a weak correlation in the tropics. At

these large scales, the coupling is one way, such that the

atmospheric boundary layer (ABL) forces the OBL. That

is,wind speedfluctuations affect air–seaheat fluxes, and the

high thermal inertia of the OBL acts as a low-pass filter to

the atmospheric forcing, occurring at the higher-

frequency ‘‘weather’’ time scale (Hasselmann 1976).

Synoptic- to basin-scale SST anomalies are persistent for

time scales that allow the air temperature to adjust and,

therefore, can provide a weak negative feedback to the

atmospheric forcing. This feedback strengthens with de-

creasing spatial scale of the SST anomaly (Frankignoul

1985). These processes are now well documented in ob-

servational studies and implemented in stochastic climate

models [see the review in Bishop et al. (2017)].

On the other hand, at oceanic mesoscales (i.e., spatial

scales of a few tens of kilometers and time scales of

order a few hours to a few days), the ocean forces the

atmosphere, and the correlation between SST anomalies

and DU can be positive (Small et al. 2008). Here, we

show that at these smaller spatial scales, the two

boundary layers are governed by a two-way coupling,

which can result in correlations of either sign.

In the case where the coupling is driven by the ocean

side, positive correlations prevail, and the most direct

effects are (i) the dependence of the ABL height on its

stratification and (ii) the generation of horizontal pres-

sure gradients. Positive SST anomalies create unstable

ABL conditions, which leads to an increase in ABL

height. This deepening of the ABL allows for anCorresponding author: Johannes Gemmrich, gemmrich@uvic.ca
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enhanced downward flux of horizontal momentum and,

thus, an increase in near-surface wind speedU. Similarly,

for a given near-surface wind, the turbulent momentum

flux difference between the surface and the top of the

ABL is independent of the ABL depth. The mean tur-

bulent momentum flux divergence is, therefore, inversely

proportional to the ABL depth, again resulting in higher

wind speeds associated with a deepening ABL. The sec-

ond mechanism assumes that SST anomalies force an

anomaly in the near-surface air temperature and mois-

ture. The resulting horizontal density gradient implies

a horizontal gradient in hydrostatic pressure and acceler-

ation of the horizontal wind over thewarm section. For an

overview of the coupling processes and a detailed refer-

ence list, see, for example, Small et al. (2008).

The dynamically relevant quantity for the air–ocean

system is the wind stress tA, rather than the wind speed.

Under neutral ABL stratification, wind stress has a

quadratic dependence on wind speed tA 5 CDru
2,

where r is the density of air, and CD is the drag

coefficient. However, the drag coefficient is larger

under unstable conditions than under stable conditions.

Therefore, the enhancement of the wind stress over

positive SST anomalies is even greater than one would

assume based on the wind speed dependence alone. This

effect has implications, for example, for calculating

vertical OBL velocities associated with Ekman pumping

(Gaube et al. 2015), the computation of air–sea ex-

change processes (Fairall et al. 2003), the modeling of

surface waves (Cavaleri et al. 2007), and the interpretation

of remote sensing products from synthetic aperture radar

(SAR) and scatterometers (Liu et al. 2016).

The processes discussed above yield an increase of wind

speed over regions of warm water and, similarly, a de-

crease over colder sections, driven by the ocean side. This

positive coupling is, to our knowledge, the only SST–wind

speed coupling at mesoscale discussed in the literature.

However, as we will describe in this paper, there is also a

negative covariation at these smaller scales, especially in

open ocean regions away from strong eddy activities. In

these regions, the coupling is driven by the atmosphere,

similar to what is observed at synoptic scales.

Here, we analyze the SST–DU dependencies (i.e.,

variations in the wind speed distribution conditioned on

SST) from global wind and SST fields. In addition to the

instantaneous dependence, we also discuss lagged corre-

lation to extract the underlying physical mechanisms. The

importance of these processes is further analyzed with an

idealized 1D coupled air–sea boundary layer model.

2. Observations

This study assesses the coupling between anomalies

in wind speed and SST on a scale of a few tens of

kilometers and time scales of several hours to a few days.

Therefore, we require collocated observations of wind

and SST at these temporal and spatial scales. Here, we

will analyze gridded products based on remote sensing

data, as well as in situ buoy observations.

The gridded data have global daily coverage and

0.258 3 0.258 spatial resolution.Wind speedU5 (u21 y2)1/2 is

calculated from the zonal (u) and meridional (y) wind

components taken from the QuikSCAT Level 3 dataset

(Perry 2001). These wind speeds are equivalent neutral

winds obtained from remotely sensed estimates of sur-

face stress. SST data are the blended Group for High

Resolution Sea Surface Temperature (GHRSST) Level 4

data, incorporating an optimal interpolation of Advanced

Very High Resolution Radiometer (AVHRR), Advanced

Microwave Scanning Radiometer for Earth Observing

System (AMSR-E), and in situ ship and buoy observations.

This SST product is representative of the temperature at

about 0.3-m depth (Reynolds et al. 2007). The period

common to both datasets is June 2002 to November 2009.

We select three regions with similarly strong vari-

ability in wind speed but differing SST variability

(Fig. 1): the western North Atlantic (34.8758–55.3758N,

47.758–72.758W), the eastern North Pacific (29.8758–
49.8758N, 137.758–175.258W), and the Southern Ocean

(47.6258–58.8758S, 32.58E–85.258W), with SST variabil-

ity being strong, moderate, and weak, respectively.

In addition, we analyze in situ data of SST and wind

speed from meteorological buoys, operated by Envi-

ronment and Climate Change Canada, covering the

same time span as the remote sensing data. The main

purpose of these buoys is to measure the sea state, but

they also record hourly wind speed and direction, as well

as air and water temperature. Suitable buoys in our re-

gions are C44137, C44138, C44140, C44142, and C44150

in the Atlantic and C46004, C46036, and C46184 in the

Pacific (Fig. 1). There are no buoys in the Southern

Ocean region. To get a regional perspective, all data

from all buoys within the region are combined.

A coupling between the heat content of the oceanic

surface layer and the momentum in the atmospheric

boundary layer implies statistical dependence be-

tween SST anomalies and wind speed anomalies,

DSST and DU. These anomalies are calculated for each

grid point and each time step as the difference be-

tween the data point and the monthly mean from all

years at the grid point. Although anomalies are cal-

culated with respect to the monthly mean, these values

are then combined into a seasonal subgroup. The

monthly means at the grid points are spatially corre-

lated, and, thus, the method of calculating the anom-

alies implies a spatial high-pass filtering of the data

that yields local anomalies.
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Only the wind speed, independent of direction, is

considered in this analysis, and no attempt is made to

extract spatial orientation of individual SST anomalies.

The downwind component and crosswind component of

SST gradients affect the wind field differently (see

Chelton and Xie 2010); however, in a meandering front

or over large areas, both responses are expected to occur

roughly equally. Similarly, processes affecting the wind

speeds other than SST anomalies, like strong ocean

currents (Renault et al. 2016), are not considered.

3. Wind speed variations conditioned on DSST

For each region, all SST anomalies for a given season

are divided into seven equal-sized quantile bins, and the

wind speed anomalies corresponding to the same grid

points (or same buoy) and same times are found. The

individual bins are simply represented by the mean

value of the SST anomalies within the bin. For the

wind speed anomaly, we use three different measures,

namely, the mean value, the 95th percentile, and the

standard deviation s, calculated from all daily data

within a specific season. These datasets provide the in-

stantaneous wind speed statistics conditioned on fluc-

tuations in SST. The response of the ABL to SST

variations might be delayed, and therefore, we also ex-

tract the wind speed anomalies at the same location, but

with a delay t . 0. On the other hand, fluctuations in

wind speed can cause anomalies in SST, which will also

result in a lagged dependence, but with t , 0. Here, we

consider the cases t 5 [25, 21, 0, 1, 5] d.

In all three regions, we find nearly linear de-

pendencies between SST anomalies and wind speed

changes. However, the strength and even the sign of this

FIG. 1. Standarddeviation of (top) SSTand (bottom)wind speed fromall griddeddata. Black rectangles

mark the three regions analyzed in detail, and black circles mark the location of buoys analyzed.
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relationship vary widely, depending on the region and

the season (Figs. 2–4.)

a. Gridded data

In the Pacific region, the range of SST fluctuations is

about 62.5K, with somewhat smaller values in the

spring months. There is generally a negative correlation

between wind speed statistics and SST (Fig. 2). The

steepest slope is at negative lag, implying that the SST is

responding to fluctuations in wind speed. As discussed

above, the cooling of the OBL could be caused by a

strong latent heat flux or a positive sensible heat flux

associated with cold air. However, air–sea temperature

and humidity differences over the northeast Pacific are

commonly small and increased wind speeds would have

only a weak effect on the heat flux (Yu andWeller 2007).

Therefore, a more likely explanation for the reduction

of SST following an increase in wind speed is enhanced

entrainment of cooler water at the bottom of the OBL

due to enhanced mixing. The magnitude of SST changes

due to entrainment depends on the depth of the mixed

layer, as well as the temperature difference across the

base of it. Thus, a given wind speed anomaly will result

in a weak SST response in early spring, when the mixed

layer is deep and cold, and the strongest SST response is

expected at the end of summer, when the mixed layer is

shallow and its temperature differs the most from the

layers below. This seasonal variability of mixed layer tem-

perature response to atmospheric forcing observed in situ at

Station Papa (508N, 1458W) (Alexander and Penland 1996)

is consistent with the weakest response in MAM and the

strong response in JJA obtained in our analysis (Fig. 2).

A weak positive SST–wind speed covariability is ob-

served for the longest lag t 5 5 d in MAM, JJA, and

SON when SST leads the changes in wind speed (i.e.,

increases in SST lead a slight increase in wind speed

5 days later). However, this signal is much weaker than

the opposite signal of wind fluctuations leading SST

anomalies throughout the entire year. The conditional

standard deviation s(DU) decreases with DSST, partic-
ularly for more negative lags, consistent with processes

in which the atmosphere drives the ocean (e.g., en-

hanced wind speed variability results in enhanced mix-

ing in the OBL). For positive lags, the slope is more or

less flat. The extreme wind fluctuations, represented by

the 95th percentile of the wind fluctuations in a given

SST bin, show a conditional dependence behavior nearly

identical to the DUmean. The mean values of DU95prct are

6.4m s21 in winter and drop to 4.2m s21 in summer.

In the Atlantic region, the relation between SST fluc-

tuations andwind speed ismore variable than in thePacific

region (Fig. 3). At positive lags, (i.e., DSST leads DUmean),

increased ocean temperature results in an increased wind

speed, whereas at lags t # 0, increased wind speeds lead

to a reduced SST, except during DJF. In other words, the

sign of the correlation changes depending on whether the

system is thermally (t. 0) or mechanically driven (t, 0).

In this region, mesoscale ocean eddies in the meandering

Gulf Stream create strong temperature fluctuations, in-

dependent of direct atmospheric driving. Thus, theABL is

regularly exposed to strong SST fluctuations that are not

caused by local atmospheric processes. In turn, the mod-

ulation of the ABL stability results in a speed up (slow

down) over positive (negative) SST fluctuations. On the

other hand, the mechanical coupling (when DUmean leads

DSST) suggests that increasedwind speed causes increased
sensible and latent heat loss of the OBL, as well as cooling

due to mixed layer deepening. The negative feedback is

absent in the mean anomalies during the winter months.

This is surprising, since continental outflow of cold and dry

air masses will cause DSST , 0 associated with DU . 0,

especially in winter. These outflow events dominate the

overall heat flux but are rather infrequent (Shaman et al.

2010). Thus, we hypothesize that they mainly cause large

FIG. 2. Wind speed anomalies as a function of SST anomalies

from gridded data products in the northeast Pacific for different

lags t. Individual data (circles) and least squares fit (line) are given

for different lags. (top) Mean of wind speed anomalies; (middle)

standard deviation of wind speed anomalies; (bottom) the 95th

percentile of wind speed anomalies, offset by their mean value b.
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SST anomalies and contribute to the high standard de-

viation seen for DJF. The weak positive average covari-

ability results from themore frequent conditions of airflow

from the southeast, where advection of warm andmoist air

precedes an increase in SST. Furthermore, entrainment

and cooling of theOBLassociatedwith higherwind speeds

is less effective in this period of a generally deep OBL.

Overall, the air–sea coupling in this Atlantic region is

dominated by thermal dynamics, with average SST fluctu-

ations being about 63K. The standard deviation of the

wind speed fluctuations is similar to that observed in the

Pacific region. In contrast to the DSST–DUmean de-

pendence, the slope of DSST–s(DU) is always negative,

albeit small. The strongest negative slope is found for

t , 0 in JJA and SON, indicating that wind speed vari-

ability has more of an effect on SST when the OBL is

relatively shallow. The conditional standard deviation of

DU is essentially independent of DSST in DJF when the

system is dominated by thermal coupling. The extreme

wind speed fluctuations are slightly smaller than what is

found in the Pacific region. During JJA and SON, there is

also a change of sign in the DSST–DU95prct correlation be-

tween t , 0 and t . 0, but for the extreme wind fluctua-

tions, the signal of themechanically driven coupling (t, 0)

is stronger than the thermal coupling (t . 0), which is not

the case for the mean wind fluctuations. Thus, the de-

stabilization of theABL by a given SST anomaly leads to a

moderate increase of the extreme values of wind fluctua-

tions (Sampe andXie 2007), and the increased entrainment

within theOBL associated with extreme wind speeds leads

to amore pronounced covariability of wind speed and SST.

The coupling of the oceanic and atmospheric boundary

layers in the Southern Ocean is mainly dominated

by mechanical wind forcing (Fig. 4). This is similar to

the situation in the northeast Pacific, but with weaker

temperature variations of the OBL, likely due to the

generally deeper OBL in the Southern Ocean: DSST 5
61K and 21.5 , DUmean # 1ms21. Mean wind fluctua-

tions are smallest during the austral winter, withDUmean’
60.5ms21. Furthermore, this is the only season with a

positive correlation for t 5 1 d (i.e., a warming of the OBL

leads to a slightly increased wind speed the next day). The

seasonality of the conditional standard deviation of DU is

much smaller than in the Pacific or Atlantic. Similarly, the

extreme winds, which show the same SST–U correlations as

the mean wind fluctuations, generally span a smaller range

than their counterparts in the northern regions.

The SouthernOcean is a region of generally high wind

speeds and a deep OBL, and fluctuations in wind speed

mainly affect the air–sea heat flux, rather than modified

entrainment. Air–sea heat fluxes in the Southern Ocean

are generally upward, dominated by the latent heat flux

(Schulz et al. 2012), and an increase in wind speed will

lead to a lower SST, as observed.

Figures 2–4 suggest that the coupling between the

atmospheric and oceanic boundary layers results in

nearly linear dependencies between SST and the wind

speed statistics considered, albeit with varying sign and

strength. These variations for the conditional mean and

95th-percentile wind speed are respectively summarized

by the slopesof the linear best fitsDUmean5 pmeanDSST1 c1
and DU95prct 5 p95prctDSST 1 c2 as functions of region,

season, and lag (Fig. 5). In all three regions, the strongest

coupling between SST and wind speed occurs at short

lags 21 # t # 1 d (i.e., the response to changes occurs

within about 1 day) independent of the source of the

fluctuation. The strength of the coupling, jpmeanj and
jp95prctj, can change by a factor of 2 between the differ-

ent seasons. In the Pacific and the Southern Oceans,

where the coupling is predominantly mechanical, the

maximum occurs in the local spring and summer, re-

spectively. In the Atlantic region, the strongest coupling is

thermally driven (p. 0) and happens inwinter and spring,

whereas the strongest mechanical coupling (p , 0)

occurs in fall. As discussed above, the Atlantic region

shows a consistent positive correlation with SST leading

conditional wind speed. The other observation of a

positive correlation is in the Southern Ocean in the

FIG. 3. As in Fig. 2, but for the northwest Atlantic.
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austral winter. Correlation between SST and extreme

wind speed fluctuations generally shows the same fea-

tures as the results for the mean wind speed fluctuations.

In the Atlantic, generally, the response related to the

extreme wind events is stronger than that related to

the mean winds, jpmeanj, jp95prctj; in the Pacific and the

Southern Oceans, both are of similar strength.

A recent study by Seo (2017) gives a global map of

correlation between SST and wind speed based on the

same high-resolution gridded data, but zonally high-pass

filtered at a cutoff corresponding to 108 to remove the

correlation at synoptic scales. Results are given for zero

lag and data for June–September. In the Atlantic region

and the Southern Ocean, the filtered data show a strong

positive correlation, and in the North Pacific, there is a

weak negative correlation. These results are similar to

ours only for the Southern Ocean, whereas we find a

weak (strong) negative correlation for the Atlantic

(Pacific) regions (Fig. 5; t 5 0). Thus, in regions with

small SST variability, like the Southern Ocean (Fig. 1),

the DSST–wind speed covariability remains the same

over a wide range of spatial scales. However, in regions

with moderate to high SST variability, spatial scales of

order 100km tend to strengthen a positive correlation.

At small scales that are similar to the grid size, the sign

of the sensible heat flux is opposite to the local SST

anomaly,which leads to anegative correlationbetweenSST

andwind speed.This is likely the case in theAtlantic region.

b. In situ data

The gridded data products discussed above have the

advantage of nearly global coverage and uniform spac-

ing. However, the resolution of 0.258 is often too coarse

to resolve ocean eddies, and, therefore, the coupling

between OBL and ABL implied from these datasets

might be somewhat underestimating the true signals.

Furthermore, the gridded wind product is a remotely

sensed indirect observation more directly related to

wind stress than to speed. To estimate any effect these

limitations might have, we repeat the above analysis

with in situ buoy data within the Pacific and Atlantic

regions. In the Pacific, the results are nearly identical,

except the wind speed fluctuations observed at the buoys

have smaller values and their distributions are slightly

narrower (Fig. 6). Note that the gridded data represent

equivalent neutral wind speed at 10-m height, whereas

the buoy data are observations at about 5-m height.

In the Atlantic region, the SST fluctuations are signif-

icantly larger in the in situ observations, DSST 5 65K

(Fig. 7), compared to the gridded blended remote

sensing data, for whichDSST562.5K. The range of the

mean wind speed fluctuations is similar in both datasets,

and the extreme values are slightly lower in the buoy

observations. More importantly, the correlations be-

tween SST and wind speed are weaker in the buoy data,

but they do support the predominance of thermal cou-

pling found in the gridded dataset.

The values and overall dependencies of the slope of the

linear fit pmean are shown in Fig. 8. For the Pacific region,

results are consistent between the gridded data and the

buoy data. In the Atlantic, there are several differences

between the two datasets. Since the range of SST fluctu-

ations is generally larger in the in situ observations, the

magnitude of the slopes is smaller in the buoy observa-

tions, even if corrected for the reduced height of the wind

observations. Only data from SON indicate mechanical

coupling (i.e., pmean , 0 for t , 0), whereas the gridded

data also included JJA in this regime. Similarly, dur-

ing the summer season, the dominance of the extreme

wind speed fluctuations in the mechanical coupling

(t , 0) is much stronger in the buoy data, compared

to the gridded data (jp95prct(buoy)j , jp95prct(grid)j and
DSST} p21

95prctDU95prct). In conclusion, we find that the

buoy observations confirm the results from the gridded

data in qualitative terms. However, the dynamic range

of the SST fluctuations is smaller in the gridded data,

likely because the 0.258 resolution of the satellite data

smears out some small-scale eddy structure.

FIG. 4. As in Fig. 2, but for the Southern Ocean.
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Seasonal averages of the buoy observations of air–sea

temperature difference u, SST, wind speed, and di-

rection of the mean vector wind dd, as well as the mean

standard deviations, are given in Table 1. The Atlantic

region is dominated by westerly wind, whereas in the

Pacific region, the dominant wind regime is more

southwesterly, but mean wind speeds are comparable.

These mean wind directions are very persistent: the

fractions pdd of wind observations deviating by more

than 908 from the mean direction are 0.18 # pdd # 0.28.

The Pacific region has a strong variability in air tem-

perature, especially in winter and spring, s(Ta) . 7K,

but little variability in SST, s(SST) # 1.3K. The SST

variability in the Atlantic region is consistently higher,

s(SST) ’ 2.3K, with no seasonal variations. Another

significant difference between these regions is the mean

air–sea temperature difference: in the Pacific juj , 1K,

but it reaches u 5 22.6K in DJF in the Atlantic.

4. Stochastic model

A key finding from our analysis of the observations is

that the coupling between the oceanic and the atmospheric

boundary layers at the oceanic mesoscale can be either

mechanically or thermally dominated. Indications are

that if strong eddy-induced SST fluctuations are present,

the OBL drives the lower atmosphere, as seen in the

Atlantic region. In the absence of strong internal SST

fluctuations, the OBLmerely responds to its mechanical

coupling with the ABL, which is the dominant effect in

the Pacific and the Southern Ocean regions.

To test this working hypothesis, and to determine the

importance of the different coupling terms, we set up an

idealized 1D coupled model of the momentum and

heat budgets in the oceanic and atmospheric boundary

layers. Exchange processes between the two boundary

layers aiming at equilibration of the heat budget are larg-

ely driven by turbulence, which, in turn, is influenced

by the thermal stratification (i.e., the degree of non-

equilibrium). In addition, theABLhas amuch shorter time

scale of equilibration than the OBL. As such, the coupled

system can be framed in terms of a stochasticmodel for the

evolution of momentum and heat (Monahan and Culina

2011). The model is formulated as deviations from a mean

state, and fluctuations on synoptic time scales representing

‘‘weather’’ are included as stochastic processes.

FIG. 5. Slope of linear fit through wind speed anomalies as function of SST anomalies from gridded data products in the (left) northeast

Pacific, (center) northwest Atlantic, and (right) Southern Ocean as function of lag t. Error bars represent 95% confidence levels for (top)

anomaly of the mean wind speed and (bottom) anomalies of the 95th percentile of wind speed fluctuations.
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Here, we separate the governing equations for mo-

mentum into two parts, concerning (i) randomfluctuations

in the pressure gradient force, expressed as the equivalent

geostrophic wind and modeled as a red noise process:
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dependent Gaussian white noise processes, Pu mean
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fCoriolis parameter,Cd drag coefficient, uh5 (u21 y2)1/2

wind speed, andwe entrainment velocity at the top of the

ABL. The depth of the ABL depends on the stratifica-

tion H 5 [1 1 a(Ta 2 Tw)]Hmean, where Ta and Tw are

temperature of the air and water side, respectively, and

the empirical coefficient a 5 20.14 K21 represents the

variability of the ABL height due to production/con-

sumption of turbulence kinetic energy (Monahan and

Culina 2011).

The linearized governing equations for heat, formu-

lated in terms of temperature deviations Ta, Tw, are

dT
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2
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w
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w
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1DT

eddy
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Q
ML
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w

, (6)

where ga 5 cparAH and gw 5 cpwrwHw, andHw5Hw(t) is

the depth of theOBL, uh is themeanwind speed, cpa, cpw
are the specific heat capacity, and ra, rw are the density

of air and water, respectively (Barsugli and Battisti

1998). The net exchange coefficient b5 racpCH(11 B);

FIG. 6. As in Fig. 2, but for buoy observations in the northeast

Pacific.

FIG. 7. As in Fig. 6, but for the northwest Atlantic.

472 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 48



whereCH is the bulk exchange coefficient for sensible heat

and B is the Bowen ratio. The mean air–sea temperature

difference, resulting in amean heat flux, is u, and themean

temperature difference between the OBL and the un-

derlying ocean is QML. Here, we include the factor Ah,

with 0 , Ah # 1 to account for a slower thermal adjust-

ment of the atmospheric column due to lateral advection,

which cannot explicitly be resolved in a 1D model. The

relaxation time scales by which temperature fluctuations

adjust to the mean state are defined by the coefficients

la and lw for the atmosphere and ocean, respectively. The

terms involving Gij
_Wk are independent white noise pro-

cesses representing unresolved fast fluctuations of the heat

budget (e.g., variable cloudiness, humidity, wind gustiness,

and small-scale oceanic processes, such as wave breaking,

Langmuir mixing, and surface currents). We introduced

the last two terms in (6) to specifically allow for exter-

nal temperature fluctuations DTeddy due to mesoscale

eddies and due to the entrainment associated with a

change in the mixed layer depth DHw.

FIG. 8. Slope of linear fit throughwind speed anomalies as function of SST anomalies from buoy observations in the

(left) northeast Pacific and (right) northwest Atlantic as function of lag t. Error bars represent 95% confidence levels

for (top) anomaly of the mean wind speed and (bottom) anomalies of the 95th percentile of wind speed fluctuations.

MARCH 2018 GEMMR ICH AND MONAHAN 473



Adjustment of the mixed layer depth DHw is based on

the balance between available kinetic energy and the

change of potential energy due to the entrainment of

denser water from the layers below. Here, we define

available kinetic energy:

DKE5E
in
2E

dis
. (7)

It is the difference of the energy input by the wind

Ein } ceff u
2

* (Gemmrich et al. 1994), with u* the friction

velocity in water and ceff the effective phase speed of

energy acquiring waves, and a fixed dissipation rate Edis

representing the combined effect of viscous and turbu-

lent dissipation in the upper ocean.

In the case of DKE . 0, the mixed layer deepens

until a balance with the change in potential energy,

DPE5g21�(a
w
gQ

ML
Dz) , (8)

is achieved,whereS is the summationover the depth layers.

The deepening is calculated iteratively in depth increments

Dz, and the temperature in the entire OBL is adjusted in-

stantaneously to be uniform. The total change in OBL

depth is DHw5 S(Dz). In the case of DKE# 0, the mixing

layer shoals to a level where the depth-integrated back-

ground dissipation and energy input match. In the case that

an unstable temperature profile is generated, this is re-

moved by instantaneous mixing at the end of each

time step.

The effects of external ocean eddies are modeled as

slow temperature modulations in the entire OBL:

T
eddy

(t)5 c
E
T

E
sin(npDt/t

eddy
) , (9)

where TE is the maximum temperature deviation within

the eddy, and21# cE# 1 is a random variable allowing

for cold and warm eddies and peripheral eddy passage.

Each eddy has a duration teddy, which is drawn randomly

from a range of 0.8tE# teddy# 1.2tE and is reinitialized

at time step n 5 teddy/Dt.
This model includes three coupling processes be-

tween the atmosphere and the ocean: (i) wind speed

anomalies modulate air and water temperature via

modified air–sea heat fluxes, and (ii) water tempera-

ture via the change in OBL mixing layer depth; (iii)

fluctuations in air temperature and water temperature

affect the atmospheric momentum budget via the

adjustment of the ABL depth. The change of hori-

zontal pressure gradients, which could also modulate

the atmospheric momentum, is not explicitly included

in this 1D model.

a. Nondimensional model equations

The dominant features of this model are best high-

lighted in a nondimensional form of the above-stated

equations. The scaling parameters used are the time scale

of ABL adjustment ta, the standard deviation of geo-

strophic wind speed sg, the average ABL depth Hm, and

an arbitrary scaling parameter for temperature anomalies

Tm, that is, ~u5 u/sg, ~T5T/Tm, ~t5 t/t, ~H5H/Hm.

With this scaling, the model equations reduce to

d~u
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, and (14)

TABLE 1. Seasonal values derived from buoy observations in the Pacific and Atlantic regions. Parameter u is air–sea temperature

difference, SST is sea surface temperature, Ta is air temperature, U is wind speed, dd is direction of the mean vector wind, s is standard

deviation, and pdd is fraction of wind observations opposing the mean direction.

Month u (K) SST (8C) U (m s21) dd (8N) s(SST) (K) s(Ta) (K) s(U) (m s21) pdd

Pacific

DJF 0.44 7.3 8.7 214 0.88 7.09 3.58 0.28

MAM 0.95 7.1 7.3 221 0.94 7.20 3.15 0.28

JJA 20.36 12.5 6.0 260 1.30 1.32 2.48 0.18

SON 20.74 12.1 8.2 244 1.26 2.30 3.35 0.18

Atlantic

DJF 22.61 6.9 8.8 287 2.36 5.40 4.00 0.19

MAM 0.73 6.0 6.9 268 2.26 6.97 3.34 0.25

JJA 0.59 16.1 5.2 228 2.25 5.15 2.47 0.20

SON 21.43 15.1 7.2 283 2.29 4.57 3.38 0.24
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where the model parameters are now ratios of rele-

vant time scales:
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b. Model results

The model is run such that for each parameter setting,

an ensemble of 20 realizations of 3-yr duration is gen-

erated. The full-resolution time series of wind compo-

nents and air and water temperature anomalies are then

averaged over a 1-day period to match the sampling rate

and resolution of the gridded observational data. There

is no seasonality included in the model, and thus, the

dependencies between wind speed fluctuations and SST

fluctuations are calculated from the entire records.

However, the models are run for different mean air–sea

temperature differences u, which can be regarded as a

proxy for seasonal variations.

The model is intended for extracting key processes,

rather than for making quantitatively accurate pre-

dictions. Nevertheless, all model parameters are chosen

from a range of realistic values, and all physical constants

are those of air or saltwater. In the following analysis, the

relevance of OBL temperature modulations by (i)

oceanic eddy activity and (ii) entrainment of colder water

from below the OBL are tested.

An illustrative example for a nondimensional model

run (Table 2) with moderate eddy activity correspond-

ing to Teddy5 1K, teddy5 10 d, and variable OBL depth

is shown in Fig. 9. In this case, the nature of the domi-

nant coupling depends on the mean air–sea temperature

difference. The sign of the response follows the sign

of the mean air–sea temperature difference u, and

atmosphere-driven (t , 0, blue symbols) and ocean-

driven coupling (t . 0, red symbols) generally have

opposite DSST–DUmean correlations. For conditions

with air being colder than the water, u , 0, there is a

negative correlation between wind and SST fluctuations

for t , 0: positive wind fluctuations lead to reduction in

SST, mainly due to sensible heat exchange and, to a

smaller extent, due to entrainment of colder water. A

corresponding simulation with fixed OBL depth shows

qualitatively the same behavior but with smaller am-

plitudes, suggesting that heat flux modulations are the

dominant factor in decreasing SST. Weaker winds re-

duce the heat flux and, thus, result in a positive SST

anomaly. For t $ 0, the correlation is positive but

smaller. During stable conditions, u. 0, the system is

mainly thermally driven, t . 0, and positive (nega-

tive) SST anomalies lead to positive (negative) wind

speed anomalies. For neutral conditions, u 5 0, the

effects of mechanical (blue symbols) and thermal (red

symbol) coupling have roughly the same strength and

opposite sign.

The observations reveal both positive and negative

conditional dependencies of wind speed on SST fluc-

tuations, mainly depending on whether the system is

thermally or mechanically driven. The idealized 1D

model is capable of reproducing these different re-

gimes. For example, the run shown in Fig. 9 includes

the positive feedback of SST on wind speed for u . 0,

t. 0, as well as the effect of wind speed fluctuations on

SST for t # 0. We utilized the model to map out the

relative importance of these coupling processes. The

model was run with the same basic model parameters

(Table 2) and (i) fixed OBL depth and no pre-

scribed eddies, (ii) dynamic OBL depth and no

eddies, (iii) fixed OBL depth and strong prescribed

TABLE 2. Values of nondimensional model parameters [Eqs. (16)

and (17)] associated with the results shown in Figs. 9 and 10.

A1 B0 B1 B2 B3 C1 C1w C2 C2w

0.071 0.270 4.320 0.026 0.054 0.044 1.3 3 1024 1.000 0.150

A12 C31 C31w C32 C32w TE tE

0.378 0.112 20.002 0.002 0.008 [0,1,5] 10
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eddy-associated SST fluctuations, and (iv) a dynamic

OBL depth and strong eddy activities. The results are

summarized in Fig. 10. The red symbols show the mean

wind speed anomalies associated with the 5% largest

positive SST anomalies, and the blue symbol shows the

5% largest negative SST anomalies as function of time

lag t.

In the case where the SST is not modulated by ex-

ternal eddies (first two columns in Fig. 10), the SST

fluctuations are governed by the mean air–sea tem-

perature difference, with positive (negative) temper-

ature anomalies associated with positive (negative)

wind anomalies for air temperature being greater than

the mean SST, u. 0, and the opposite relationship for

u , 0. In the case of neutral stratification, u 5 0, en-

trainment at the bottom of the OBL is the only

mechanism to generate SST anomalies, and for wind

leading SST, t, 0, an increased (reduced) wind speed

yields a cooling (warming) of the OBL. There is very

little response at t . 0. Weak eddy activity, TE 5 1,

results in larger SST anomalies but does not alter the

overall OBL–ABL coupling response, compared to

the cases with no eddies (Fig. 9). The cases with near-

neutral stratification (juj , 1K) and weak intrinsic SST

fluctuations (Fig. 10, middle of second column) are

representative for the condition in the Pacific (Fig. 2,

Table 1).

In the case of strong SSTmodulation, TE5 5 (last two

columns in Fig. 10), warmer (colder) SST leads to an

increased (reduced) wind speed, independent of the

mean air–sea temperature difference, although the sig-

nal is strongest for stable conditions, u . 0. For

t , 0 (i.e., wind fluctuations leading SST fluctuations),

the coupling is due to modulated heat fluxes, and the

response is qualitatively similar to the cases with no

eddy activity. In our model setup, the temperature

modulations due to eddies are depth independent within

the OBL and dominate SST changes due to entrain-

ment. Therefore, model runs with dynamic OBL depth

give nearly identical results as runs with a fixed OBL

depth. Model runs for strong eddy activity and negative

or near-neutral air–sea temperature differences (Fig. 10,

bottom right and middle right) are representative of the

most common conditions in the Atlantic (Figs. 3, 7,

columns 2–4). However, the counterintuitive result of a

positive covariability of wind fluctuations leading SST

anomalies observed duringDJF in theAtlantic (Figs. 3, 7,

column 1) is not captured in our model.

5. Conclusions

The observations reveal two different regimes of the

link between wind speed and SST fluctuations, based on

the relative dominance of the physical processes in-

volved in the coupling between ABL and OBL. This

leads to conditions where (i) fluctuations in SST affect

the stability and depth of the overlying ABL and

therefore a positive correlation between SST fluctua-

tions and the statistics of wind speed fluctuations, and

(ii) where fluctuations in wind speed generate SST

fluctuations due to enhanced air–sea heat fluxes and

entrainment of colder water at the thermocline. The two

regimes can result in opposite responses. The Atlantic

region is in an area of strong eddy activity, and the

coupling is mainly driven from the ocean side due to

eddy-related SST fluctuations of up to 5K. For example,

an increase in SSTwill lead, on average, to an increase in

wind speed. This process is present throughout all sea-

sons but is strongest in winter (Figs. 3, 7; t . 0). On the

other hand, the Pacific region and the Southern Ocean

are areas without strong SST variations associated with

internal ocean eddy dynamics. In these regions, SST

fluctuations are mainly associated with wind fluctua-

tions; that is, the wind is leading SST (Figs. 2, 6, 4; t# 0).

In both regions, positive wind speed fluctuations are

FIG. 9. Wind speed anomalies as function of SST anomalies as

obtained from the 1D nondimensional model. Individual data

(circles) and least squares fit (line) are given for different lags. Each

panel represents a differentmean air–sea temperature difference u,

stated on the figure.
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associated with negative SST anomalies. This can be

achieved by an increased upward heat flux or by en-

trainment at the bottom of the OBL. Air–sea tempera-

ture differences are close to zero, and latent heat is the

largest contributor to the air–sea heat flux. Wind speed

is positively correlated with entrainment, which, in turn,

has a negative correlation with SST. Thus, the negative

wind speed–SST correlation can be a combination of

modulated latent heat flux and entrainment. The phys-

ical origin of positive SST–DU correlations for negative

lags for DJF in the Atlantic remains unclear and is an

interesting direction for future research.

The model results can be summarized in two key

findings. In the absence of strong air–sea temperature

difference (e.g., the eastern North Pacific or the South-

ern Ocean), it is essential to include the depth variability

of the OBL to properly represent the relationship be-

tween SST and wind speed variations (Fig. 10, middle

row). The second finding concerns the importance of

eddy-related SST fluctuations. Eddies with moderate

temperature anomalies do not alter the principal ten-

dencies of the coupling. However, eddy-associated SST

fluctuations of a few centigrade can dominate over the

SST anomalies generated by changes in air–sea heat flux

or entrainment at the bottom of the OBL. These strong

eddies can change the ABL–OBL coupling to a ther-

mally driven system, even at spatial scales of a few tens

of kilometers. Our model results suggest that the in-

clusion of ocean eddies in coupled models is crucial:

moderate eddy SST anomalies can have a significant

effect on extreme wind speed anomalies, whereas strong

eddy SST anomalies can switch the coupling from a

mechanically dominated to a thermally driven system,

with opposite DSST–DU response. A similar funda-

mental difference in mesoscale air–sea coupling is ex-

pected close to and away from strong thermal fronts.
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