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ABSTRACT

The effect of ocean current drag on the atmosphere is of interest as a test case for the role of back pressure,

because the response is independent of the thermally induced modulation of the boundary layer stability and

hydrostatic pressure. The authors use a regional atmosphericmodel to investigate the impact of drag induced by

the Kuroshio in the East China Sea on the overlying winter atmosphere. Ocean currents dominate the wind

stress curl compared to the impacts of sea surface temperature (SST) fronts. Wind stress convergences and

divergences are weakly enhanced even though the ocean current is almost geostrophic. These modifications

change the linear relationships (coupling coefficients) between the wind stress curl/divergence and the SST

Laplacian, crosswind, and downwind gradients. Clear signatures of the ocean current impacts are found beyond

the sea surface: sea surface pressure (back pressure) decreases near the current axis, and precipitation increases

over the downwind region. However, these responses are very small despite strong Ekman pumping due to the

current. A linear reduced gravity model is used to explain the boundary layer dynamics. The linear vorticity

equation shows that the oceanic influence onwind stress curl is balanced by horizontal advection decoupling the

boundary layer from the interior atmosphere. Spectral transfer functions are used to explain the general re-

sponse of back pressure to geostrophic ocean currents and sea surface height.

1. Introduction

Recent satellite observations revealed a ubiquitous im-

print of the ocean mesoscale on the surface wind. Associ-

ated SST fluctuations impact boundary layer winds by air–

sea heat exchanges that simultaneously change hydrostatic

pressure gradients (pressure adjustment mechanism;

Lindzen and Nigam 1987) and vertical mixing of mo-

mentum (vertical mixing mechanism; Wallace et al.

1989; Hayes et al. 1989). This ‘‘thermal effect’’ has

been studied extensively [see reviews by Xie (2004),

Chelton et al. (2004), Small et al. (2008), and Chelton

and Xie (2010)], and it is recognized that high-

resolution SSTs are required to reproduce observed

frontal phenomena in numerical models (e.g., Song

et al. 2009; Willison et al. 2013).

However, the dynamics, in particular the role of the

secondary circulation, adjustments above the marine at-

mospheric boundary layer (MABL), and the ‘‘back pres-

sure’’ (Lindzen andNigam 1987; Hashizume et al. 2002) in

the pressure adjustment and the vertical mixing mecha-

nisms remain unclear. A linearizedmodel (Schneider and

Qiu 2015) suggests the back pressure affects both mech-

anisms, and thermally induced Ekman pumping has been

suggested as an important agent to couple the boundary

layer to the free troposphere (Feliks et al. 2004; Feliks

et al. 2007). Here, the direct influence of oceanic currents

on the turbulent drag on lower atmosphere—the ‘‘me-

chanical effect’’ (Bye 1986; Pacanowski 1987; Cornillon

and Park 2001; Kelly et al. 2001; Chelton et al. 2004; Song

et al. 2006)—is studied to clarify these dynamics. The

atmospheric response to the stress induced by ocean

currents impacts surface pressure through the back
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pressure owing to convergences of the secondary circula-

tion, but without thermally forced hydrostatic pressure

changes. It is therefore uniquely suited to explore the at-

mospheric boundary layer response to the oceanmesoscale.

Studies of the mechanical effect in the vicinity of SST

fronts have focused on its impact on the ocean and

subsequent coupled responses. This effect improves

simulations of El Niño–Southern Oscillation (Luo et al.

2005), of tropical instability waves (Seo et al. 2007; Small

et al. 2009), and of eddy energetics in the California

Current (Seo et al. 2016). The impact on the atmosphere

of the momentum transport from ocean currents has

focused on the direct response of winds and wind stress.

Kelly et al. (2001) indicated along-current wind stress

increases of about 50% around the equator, and Chelton

et al. (2004) suggests the wind stress changes by more

than 20% over strong currents. Song et al. (2006) re-

ported that along-current wind speed responses to cur-

rent are mixed upward and advected downwind.

Responses of cross-current wind component or di-

vergence have not been considered even though ocean-

current-induced wind stress curl may affect the MABL

and the free troposphere via Ekman pumping and

spindown (Holton 1965; Schneider and Qiu 2015). The

experiments described here therefore explore the at-

mospheric response to ocean mesoscale forcing associ-

ated with ocean currents that directly affect only the

surface stress and contrast these with the impact of

gradients of temperature that affect atmospheric mix-

ing, pressure gradients, and surface stresses.

An estimation of the mechanical effect on surface

winds is also of interest because widely used satellite

scatterometers, such as QuikSCAT (Liu 2002) and

ASCAT (Verspeek et al. 2010), measure wind stress

(Cornillon and Park 2001; Kelly et al. 2001; Chelton

et al. 2001). Thus the mechanical effect changes ‘‘cou-

pling coefficients’’ used as proxies for the pressure ad-

justment mechanism (Minobe et al. 2008) and the

vertical mixing mechanism (e.g., Chelton et al. 2001;

Chelton et al. 2004; O’Neill et al. 2010), respectively.

The paper is organized as follows. Numerical model and

experimental designs are described in section 2. To isolate

the mechanical effect from the thermal effect, we used a

regional atmosphericmodel in a series of experiments with

and without ocean currents and SST fronts. We focus on

theKuroshio in thewinterEastChina Sea, because current

speeds are large and located away from land. The surface

wind stress response and themodified coupling coefficients

are investigated in sections 3 and 4, respectively. Re-

sponses in the MABL and the lower troposphere are ex-

plored in section 5. There are clear signatures in the

boundary layer, but withmodestmagnitudes in spite of the

strong near-surface responses to the ocean currents. A

linear reduced gravity model introduced in section 6 helps

to understand the interior response and its dependence on

background wind speed, direction and spatial scale. In

section 7 these dynamics are captured using spectral

transfer functions (Schneider and Qiu 2015) independent

of a specific distribution of ocean currents. Concluding

remarks are provided in section 8.

2. Experimental design

To explore responses due to themechanical effect and

their contrast to the thermal effect, we conducted four

experiments with a regional model forced by ocean

currents and SSTs. Experiments A and B are performed

with high-resolution SST but with (experiment A) and

without (experiment B) ocean currents (Table 1). Ex-

periment B corresponds to a typical atmospheric model

experiment. Experiments C and D repeat this setup, but

with low-pass-filtered SST that weakens SST fronts. The

atmospheric response of experiment A minus that of

experiment B indicates the contribution of the me-

chanical effect and experiment A minus experiment C

the thermal effect. The difference of experiment A mi-

nus experiment D is the atmospheric response to the

combination of mechanical and thermal forcings.

The surface wind stress from atmosphere to ocean is

obtained from bulk formulas in the model. In experi-

ments A and C, the wind speed and vector winds in the

model code are replaced with the difference of winds

and ocean currents (Pacanowski 1987; Small et al. 2009):

t5 rC
D
ju2 u

o
j(u2 u

o
) , (1)

where t5 (tx, ty) denotes the surface wind stress vector,

r the surface air density, CD the drag coefficient,

u5 (u, y) the surface wind vector relative to the static

surface, and uo 5 (uo, yo) the prescribed surface ocean

current vector. The drag coefficient depends on atmo-

spheric stability and wind speed relative to ocean cur-

rent (e.g., Large and Pond 1981), but its dependence on

the difference of wind and ocean current is ignored here

as in the study of Small et al. (2009).

The atmospheric model used in this study is the In-

ternational Pacific Research Center Regional Climate

Model (IRAM). The model is based on hydrostatic,

primitive equations and includes physical parameterizations

TABLE 1. Ocean current forcing and SST resolution for IRAM

experiments A–D.

Expt A Expt B Expt C Expt D

Current On Off On Off

SST Fine Fine Coarse Coarse
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for radiative transfer, shallow and deep convection, and

turbulent mixing [seeWang et al. (2003) for details]. The

model uses E–« turbulent closure for vertical diffusion

and modified Monin–Obukhov scaling for turbulent

fluxes at the ocean surface. The model domain covers

the East China Sea (108–468N, 1008–1458E) with 0.258 3
0.258 horizontal grid and 28 vertical sigma levels. The

integration period was 15 winter seasons from 1995 to

2009. The model was integrated from each November to

the following February, and we analyzed the output

from each December to February period. If not other-

wise specified, results show the climatological mean of

these 15 winter seasons.

For initial and lateral boundary conditions we used

the Japan 25-year Reanalysis Project (JRA-25) with

1.258 3 1.258 grid at 6-hourly intervals (Onogi et al.

2007). SST and ocean currents are fixed at January av-

erages of year 56 of an extended, eddy-resolving simu-

lation of Ocean General Circulation Model for the

Earth Simulator (OFES) with 0.18 3 0.18 grid

(Masumoto et al. 2004). This average is similar to the

observed climatology and is, in contrast to observations,

available close to shore. Coarse-resolution SSTs are

obtained by applying low-pass filter with a half-power

wavelength of 258 in longitude and latitude.

Surface boundary conditions and climatological

background winds are shown in Fig. 1. The Kuroshio is

almost geostrophic with sea surface height (Fig. 1a). The

current flows northeastward north of the Ryukyu Is-

lands, southeastward south of the Kyushu Island, and

northeastward south of the Shikoku Island. The current

path used in the model is similar to observations based

on climatological winter sea level1 (Fig. 1b), but the

meandering south of the Kyusyu Island is larger than

observations and accompanied by a recirculation gyre

east of the Ryukyu Islands.

The mean ocean current speed in the region enclosed

by the black parallelogram in Fig. 1a is 0.22m s21 and

has a maximum speed of 1.05m s21. These values are

comparable with the climatological winter mean based

on OSCAR 1/38-resolution ocean surface currents

(Fig. 1b; Bonjean andLagerloef 2002): themean speed is

0.22m s21 and the maximum speed is 0.70m s21. The

maximum speed used in the model is larger than in ob-

servation, reflecting differences of effective resolutions

and averaging periods. The curls of the ocean currents

(Figs. 1c,d) are positive on the left side and negative on

the right side of the jet and is manifested in reverse in

negative and positive bands of the wind stress curl over

the left and right sides of the current axis, respectively.

Averaged over the parallelogram region the root-mean-

square (RMS)of theOFES current curl (7.563 1026 s21) is

about 40%stronger than that ofOSCAR(5.253 1026 s21).

Hereafter, we focus on the region of the parallelogram for

statistics, unless noted otherwise.

Seasonally averaged, large-scale winds in the MABL

(1000–900-hPa mean) blow from north to south and

obliquely cross the Kuroshio north of Ryukyu Islands

(Fig. 1c) similar to JRA-25 (Fig. 1d). The overestimation

south of 258N of the southward component of wind in

IRAM compared to JRA-25 does not affect the main

analysis region.

SSTs used in IRAM (Fig. 1e) are cold from the Kur-

oshio to the Yellow Sea, correspond to the ocean base

topography (Xie et al. 2002), and are consistent with the

climatological winter-mean OISST observations (Fig. 1f;

Reynolds et al. 2007). The SST difference across the

Kuroshio is about 58C. The typical SST perturbation used

in the model, estimated by the RMS value of high-

pass-filtered SST, is 2.188C, about 40% larger than in

observations (1.538C).
In the following sections, we explore the relative im-

portance of themechanical effect. In general, it depends on

the realism of themodel simulation and the high-pass filter

for SSTs and is likely affected by the use of prescribed

ocean currents and SSTs that lack of coupled atmosphere–

ocean feedbacks. Recently, Renault et al. (2016) showed

coupled feedbacks reduce differences of winds and ocean

currents and diminish the ocean eddy kinetic energy in the

California Current. A similar argument applies to the

thermal effect, becausemesoscale SST-inducedwind speed

perturbations modify air–sea heat fluxes and dampen the

SST fluctuations. The model setup and feedbacks likely

alter the relative importance of the thermal and mechani-

cal effects, but we expect the dynamics of the atmospheric

response to the mechanical effect to be robust.

3. Surface atmospheric response

Figure 2 shows the surface wind stress curl and con-

vergence from experiment A and QuikSCAT satellite

observations. In both IRAM and observations, bands of

positive (negative) wind stress curl and convergence

(divergence) are found to the right (left) of the current

axis. The RMS values of the curl and convergence from

IRAM are 1.633 1027 and 1.003 1027Nm23, and those

fromQuikSCAT are 1.143 1027 and 0.873 1027Nm23,

respectively. The model curl and convergence are larger

than from QuikSCAT, consistent with the narrower

ocean currents and sharper SST fronts used to force

IRAM and the lack of atmosphere-to-ocean feedbacks.

1 The altimeter products were produced and distributed byAviso

(http://www.aviso.altimetry.fr/) as part of the Ssalto ground pro-

cessing segment.
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The contribution of mechanical and thermal effects to

the surface wind stress curl and convergence are shown in

Fig. 3. The wind stress curl due to the mechanical effect is

positive (negative) in a band on the right (left) side of

the Kuroshio as expected from the ocean current curl

(Fig. 1c). The thermal effect generates positive curl over

and downwind of the current axis and is consistent with

the pressure adjustment and vertical mixing mechanisms.

In the parallelogram region described above, RMS values

of the wind stress curl are 2.303 1027Nm23 for the total

FIG. 1. (a),(b) Sea surface height (color; m), (c),(d) ocean current curl (color; 1026 s21) and climatological mean

of 1000–900-hPa winds (vectors; m s21), and (e),(f) SST (black contours, interval 28C; 108 and 208C contours are

denoted by thick lines) and spatially high-pass-filtered SST (color; 8C). SST and ocean currents are obtained from

(left) OFES used to force IRAM in experiment A, which produced the background winds, and (right) observations

(see the main text for details). The white contours indicate the ocean current speed (0.3m s21 intervals). The

parallelogram enclosed by black line is used for analysis. Characters R, K, and S refer to the Ryukyu Islands,

Kyushu Island, and Shikoku Island, respectively.
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response, 2.00 3 1027Nm23 for the mechanical effect,

and 0.753 1027Nm23 for the thermal effect. Compared

with the thermal effect alone, the mechanical effect in-

creases themagnitude by a factor of 3 and thus dominates

the wind stress curl around the Kuroshio.

The mechanical effect also generates bands of weak

wind stress convergence and divergence along the right

and left sides, respectively, of the current axis. As the

thermal effect produces strong convergence over the

right (warm) and divergence over the left (cold) sides of

the front, the mechanical effect enhances both the con-

vergence and divergences around the Kuroshio. RMS

values are 1.36 3 1027Nm23 for the total response,

0.543 1027Nm23 for the mechanical effect, and 1.103
1027Nm23 for the thermal effect and imply 20% en-

hancement of the convergence and divergence re-

sponses to the Kuroshio by the mechanical effect.

Since ocean currents uo and winds ua induced by ocean

currents and SST fronts are small compared to the

background wind uB with speed wB, the wind stress of Eq.

(1) is linearized by a first-order Taylor expansion about uB:

t5 t
B
1 rC

d
w

B

��
u
B

w
B

� (u
a
2 u

o
)

�
u
B

w
B

1 (u
a
2 u

o
)

�
.

(2)

where tB is the background wind stress for the back-

ground wind relative to static ocean surface. The first

term in the curly braces depends on the direction of

the background winds and will therefore be called

‘‘direction-dependent wind (current) term,’’ while the

second term is independent of the background wind

direction and will be called ‘‘direction-independent

wind (current) term.’’

If the background wind is uniform in space and the

ocean current is nondivergent, the linearized curl and

divergence due to the ocean currents alone (without

considering the atmospheric response) are

FIG. 2. (a),(b)Wind stress curl and (c),(d) convergence (color; 1028 Nm23) obtained from (top) experiment A and

(bottom) QuikSCAT observation. Contours denote the ocean current speeds obtained from (a),(c) OFES and

(b),(d) observation as in Fig. 1.
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For a straight ocean current, modification of the

direction-dependent term for the wind stress curl is al-

ways of the opposite sign to the ocean current curl and

its magnitude is proportional to2=3 uo cos
2u, where u

is the angle of the background wind relative to the ocean

current. Thus, the direction-dependent term always

enhances the wind stress curl due to the direction-

independent term. A geostrophic and nondivergent

ocean current directly generates a wind stress di-

vergence via the direction-dependent current term. If

the ocean current is straight, the wind stress divergence

is proportional to 2(1/2)=3 uo sin2u.

Using 10-m wind speed in experiment B and the ocean

currents, the linearized wind stress curl and divergence

over the Kuroshio almost reproduce the spatial patterns

of the responses including the mechanical effect (experi-

ment A). The spatial correlations of the responses in the

parallelogram region are 0.99 for the curl and 0.98 for

the divergence (not shown). Since typically u521458, the
modification of the wind stress divergence (convergence)

approaches its maxima on the left (right) side of the cur-

rent. The contribution of the direction-dependent term to

the curl is about half of the direction-independent term.

While the patterns of divergence and curls are well cap-

tured without consideration of the atmospheric response,

the magnitudes of the wind stress curl and divergence are

overestimated about 10% asmeasured by their respective

RMS values (not shown). This is caused by a lack of wind

speed adjustment to ocean current and the role of atmo-

spheric responses including the back pressure.

4. Coupling coefficients

The surface wind responses due to the mechanical

effect modify the coupling coefficients, which are indices

for the coupling between the atmosphere and the ocean

via the thermal effect. Specifically, regressions of the

wind stress curl/divergence with the Laplacian of SST2

are viewed as a measure of the pressure adjustment

mechanism (Minobe et al. 2008), and regressions of the

wind stress curl/divergence with the crosswind/downwind

SST gradients are indicative of the vertical mixing

mechanism (Chelton et al. 2001).

Figure 4 shows binned scatterplots of spatially high-

pass-filtered (half-power wavelength is 308 in the zonal

direction and 108 in the meridional direction) negative

wind stress curl and wind stress divergence as functions

of the SST Laplacian. By the pressure adjustment

mechanism, an anticyclonic curl and a positive

divergence are proportional to the SST Laplacian. For

the thermal effect alone (experiment B), the regression

coefficients are 0.27 3 102Nm21K21 for the curl and

0.59 3 102Nm21K21 for the convergence. The larger

value for the convergence than for the curl results from

the generally larger influence of the friction compared

to the Coriolis force in near-surface atmosphere

(Takatama et al. 2015). The mechanical effect (exper-

iment A) increases the coupling coefficients to 1.42 3
102Nm21K21 for the curl and 0.94 3 102Nm21K21

for the divergence.

In the East China Sea high-pass-filtered SSTs

(Fig. 1e) are largest over the Kuroshio, and are warmer

on the eastern Pacific side of the current and colder

toward the west. The latter gradient yields an in-phase

component of the ocean current curl field and the SST

Laplacian that is responsible for the increase of the

coupling coefficients by the mechanical effect. How-

ever, the mechanical effect also increases the variances

of wind stress curl/divergence that are out of phase with

the SST Laplacian. This causes the large scatter in

Fig. 4 and an attendant decrease of the correlations

between the wind stress curl/divergence and the SST

Laplacian.

The mechanical effect also impacts the coupling co-

efficients for the vertical mixing mechanism. Figure 5

shows binned scatterplots of the high-pass-filtered wind

stress curl (divergence) and the crosswind (downwind)

SST gradient, defined as =SST3 t/jtj and =SST � t/jtj,
where =SST is the SST gradient (e.g., Chelton et al.

2001) and t is the unfiltered wind stress. The mechanical

effect significantly increases coupling coefficients for the

wind stress curl from 0.07 3 1022Nm22K21 (experi-

ment B) to 0.78 3 1022Nm22K21 (experiment A) and

for the wind stress divergence from 0.393 1022 to 0.533
1022Nm22K21. The small coefficient for the curl for

experiment B implies a modest contribution by the

vertical mixingmechanism to the wind stress curl. This is

consistent with a weak along-current wind component in

the upper layer that is the momentum source for the

curl because of this mechanism (Takatama et al. 2015).

In contrast to the pressure adjustment mechanism,

2We use SST Laplacian instead of sea level pressure Laplacian

originally used by Minobe et al. (2008) in order to clarify the co-

efficient indicating the degree of coupling between the ocean and

atmosphere. Sign of the SST Laplacian should be opposite to the

SLP Laplacian.
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the correlation coefficient is increased by the me-

chanical effect, as the spatial pattern of the crosswind

SST gradient is almost in-phase with the ocean current

curl.

Coupling coefficients obtained from experiment A

(including current) are closer to observations than those

obtained from experiment B (no current) as shown in

Table 2. Based on QuikSCAT and OISST, the coupling

FIG. 3. (a),(b) Total responses of the wind stress curl and convergence (color; 1028 Nm23), respectively, and their

components due to (c),(d) themechanical effect and (e),(f) the thermal effect. Contours denote ocean current speeds

obtained from OFES as in Fig. 1.
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coefficients for the wind stress curl and wind stress di-

vergence are 1.42 3 102 and 1.06 3 102Nm21K21, re-

spectively, for the pressure adjustment mechanism and

0.69 3 1022 and 0.89 3 1022Nm22K21, respectively,

for the vertical mixing mechanism.

The mechanical coupling between the ocean current

and the atmosphere can be estimated by regression be-

tween the anticyclonic wind stress curl/divergence and

the ocean current curl (Fig. 6). For experiment A, the

coupling coefficients for the curl and divergence are

2.01 3 1022 and 0.86 3 1022Nm21 s, respectively. Es-

timating the coupling coefficient for experiment B using

the ocean curl of experiment A yields a much smaller

value of 0.12 3 1022Nm21 s for the curl but a value of

0.55 3 1022Nm21 s, which is two-thirds of the value of

experiment A, for the divergence. This is consistent with

the mechanical effect dominating the wind stress curl

but being a small player for the wind stress divergence

(Fig. 3). The small positive coefficients in experiment B

are caused by the atmospheric response to the thermal

effect being spatially collocated with the ocean

current curl.

In the winter East China Sea, the mechanical effect

increases thermal coupling coefficients for both the

FIG. 4. Binned scatterplots of spatially high-pass-filtered wind stress (a) curl and (b) divergence (1027 Nm23) as

functions of SST Laplacian (1029 Km22). The sign of wind stress curl in (a) has been reversed. Linear regressions

and their slopes are indicated in black for experiment A and in gray for experiment B. Vertical bar is the standard

deviation of each bin.

FIG. 5. As in Fig. 4, but for the wind stress (a) curl and (b) divergence as functions of downwind SST gradient and

crosswind SST gradient (1025 Km21), respectively.
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pressure adjustment mechanism and the vertical mixing

mechanism. Modifications for the curl are quite large

and call into question the original purpose of the cou-

pling coefficients as a metric for the thermal coupling

between ocean and atmosphere. Most numerical ex-

periments neglect, but observations by the satellite

scatterometer include, the mechanical effect (Cornillon

and Park 2001; Kelly et al. 2001). Thus one should

consider the mechanical effect when estimating thermal

coupling coefficients, and a task is easily accomplished

since the wind stress curl and divergence due to the

mechanical effect can be largely estimated from ocean

currents and background winds [Eqs. (3) and (4)].

5. Response beyond the surface

A clear signature of the mechanical effect beyond the

atmospheric surface layer and an indication for the role

of the back pressure can be found in the sea level pres-

sure (SLP) field (Figs. 7a,c). The mechanical effect

generates negative SLP signals over the current axis

north of the Ryukyu Islands (21.6Pa), positive re-

sponses south of the Kyusyu Island (11.5Pa), negative

anomalies south of the Shikoku Island (22.2Pa), and

large-scale, positive perturbations over the southeast

region where the ocean current is small (Fig. 7a). The

corresponding SLP Laplacian (Fig. 7c) is large over the

Kuroshio but is small away from strong ocean currents.

The thermal effect (Fig. 7b) leads to strong negative

pressure responses (236Pa) downwind of the Kuroshio

and positive pressure anomalies over the Yellow Sea.

These positive pressure anomalies are consistent with

large-scale negative SST anomalies and the pressure

adjustment mechanism. The SLP Laplacian due to the

thermal effect shows small-scale features restricted

near the SST fronts associated with the current

(Fig. 7d).

Although the SLP responses over the Kuroshio due to

the mechanical effect are significant at the 95% confi-

dence level, their magnitudes are one order smaller than

those due to the thermal effect. This is interesting be-

cause Ekman pumping (raf )
21
=3 t, proportional to the

wind stress curl (Fig. 3c) and a traditional index for

secondary circulations, exceeds 5mms21 in response to

the mechanical effect, and it is 3 times larger than that

due to the thermal effect (Fig. 3e). The SLP response

patterns around the current axis due to the thermal ef-

fect are consistent with the pressure adjustment mech-

anism (Minobe et al. 2008; Bryan et al. 2010). However,

SLPs due to the mechanical effect are inconsistent with

the classical Ekman solution and the wind stress curl

dipole (Fig. 3c). In the following section we explain this

monopole pattern and the small magnitude of the

pressure anomaly around the current axis using a

linear model.

Wind vorticity, convergence, and updraft responses

averaged along the current axis are shown in Figs. 8a

TABLE 2. Coupling coefficients in the observations and in ex-

periment A (including current) and experiment B (no current).

The units are 102 Nm21 K21 for the pressure adjustment and

1022 Nm22 K21 for the vertical mixing mechanism.

Pressure adjustment Vertical mixing

Curl Divergence Curl Divergence

Obs 1.42 1.06 0.69 0.89

Expt A 1.42 0.94 0.78 0.53

Expt B 0.27 0.59 0.07 0.39

FIG. 6. As in Fig. 4, but for the wind stress (a) curl (sign reversed) and (b) divergence as functions of ocean current

curl (1025 s21).
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and 8b. The mechanical effect induced wind vorticity

marked by a dipole pattern. At the surface, it is opposite

to oceanic relative vorticity as measured by the Lap-

lacian of sea surface height (Fig. 8e) but shifted down-

wind by approximately 20 km at 900 hPa (Fig. 8a). The

wind convergence (divergence) is found downwind

(upwind) of the current axis (Fig. 8a) and collocated

with the surface wind stress convergence (Fig. 3d). The

thermal effect generates positive vorticity around, and

wind convergence downwind of, the current axis that

corresponds to the maximum of the SST Laplacian

(Figs. 8b,f). Magnitudes of the relative vorticity due to

themechanical effect are about 30%of that as a result of

the thermal effect. In contrast, wind divergences/

convergences are one order smaller, but we can find

signatures in the free troposphere. Over the conver-

gence zone, the mechanical effect–induced updrafts

reach to 600hPa with largest values of 8.03 1023 Pa s21

at 900 hPa (Fig. 8a), and precipitation reaches up to

0.3mmday21 (Fig. 8c) and corresponds to moisture

convergence in theMABL. These magnitudes are about

15% and 20%, respectively, of those due to the thermal

effect (Figs. 8b,d).

6. Marine atmospheric boundary layer dynamics

a. Linear theory

To investigate dynamics of the mechanical effect, we

adapt and further simplify a linear theory for the re-

sponse of the MABL to small-amplitude SST fronts

(Schneider and Qiu 2015). Since the wind response in

the IRAM simulations is largely unidirectional and re-

stricted to the MABL, the vertical structure of the

boundary layer is simplified to a single active layer of

constant temperature capped by an inversion with a

reduced gravity g0 and an undisturbed height H. A

prescribed, background wind uB is included and the

motion is damped by linearized surface stress [Eq. (2)].

The inversion is a material surface with vanishing stress.

The MABL mean momentum and mass balances are,

respectively,

FIG. 7. Responses of (a),(b) sea level pressure (SLP; Pa) and (c),(d) SLP Laplacian (10210 Pa m22) due to

(a),(c) the mechanical effect and (b),(d) the thermal effect. Contours denote the ocean current speeds obtained from

OFES (see Fig. 1). Note that the color scales vary between panels.
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where ua 5 (ua, ya) is the wind deviation induced by the

ocean current uo 5 (uo, yo), f the Coriolis parameter, h

the inversion height anomaly, and r the drag coefficient

for the surface stress. Hereafter, subscript a denotes the

induced atmospheric component and subscript o the

ocean current component. The inversion height re-

sponse is corresponding to the back-pressure response

multiplied by g0. The parameter r is defined as a linear

regression coefficient between the wind stress and the

curly braces in Eq. (5), although it could depend on the

background wind speed by comparing Eq. (2). This pa-

rameterization is justified for long-term and verti-

cally averaged fields because the spatial correlation

FIG. 8. Atmospheric response and ocean state averaged along the Kuroshio axis, which is the center of the

parallelogram in Fig. 1. The horizontal axis denotes the distance from the current axis (km) viewed from the

upstream (southwest). (a),(b) Vertical section (hPa) of the upward wind (color; 1022 Pa s21), relative vorticity

(black contours), and wind convergence (white contours). Note that for (a) and (b), color scales and contour

intervals are different [intervals are 0.3 3 1026 s21 for (a) and 1.5 3 1026 s21 for (b)] and the zero contours are

omitted. (c),(d) Precipitation (mmday21), (e) the Laplacian of sea surface height (10213 m22), and (f) the Laplacian

of SST (10211 Km22). The response due to (a),(c) the mechanical effect and (b),(d) the thermal effect.
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coefficient between the wind stress in experiment A and

the curly braces for which uB is the wind speed in ex-

periment B and ua is the wind speed difference between

experiments A and B are quite large: 1.00 for along-

current direction and 0.94 for cross-current direction.

This parameterization is consistent with O’Neill (2012)

except for the direction-dependent terms.

We apply this linear theory to the Kuroshio region,

and assume that the current is geostrophic,uo 5
(g/f )e3 3=h, with gravitational acceleration g and sea

surface height h. Sea surface height is obtained from

OFES (Fig. 1a) and parameters are selected to fit the

region around the Kuroshio in experiment B (Table 3).

Ocean current speeds are zero over land points, and

orography is neglected. The reduced gravity is de-

termined from the potential temperature difference

between the surface and 850hPa, so that the reduced

gravity wave speed c5 (g0H)1/2 is 10m s21. The spatially

uniform background wind is determined as the average

of MABL winds over the parallelogram region north of

the Ryukyu Islands (Fig. 1). Its magnitude is about half

of the reduced gravity wave speed.

The inversion height and its Laplacian predicted by

the linear theory (Fig. 9) capture themain features of the

surface pressure response north of the Ryukyu Islands in

IRAM (Figs. 7a,c). The inversion height response is

about 220m (corresponding to a 2.0-Pa lowering of

back pressure) along the current axis, though the re-

sponse is shifted slightly upwind, and is comparable to

the surface pressure change in IRAM. Although the

background winds differ from IRAM’s large-scale winds

outside of the parallelogram region, the back pressure in

the linear model corresponds to IRAMS’s large SLP

over the southeast region away from the current axis.

To explore the character of MABL response to the

mechanical effect, we applied the linear theory to an

idealized ocean current using two background winds.

The geostrophic ocean current and sea surface height h

are given by

h52A tanh
y1 dy cos(2px/L)

W
, (7)

with amplitude A, current width W, meridional excur-

sion dy, and wavelength L in zonal direction. Parame-

ters A andW are selected for a maximum ocean current

speed of 1m s21 and the current width (ocean current

speed is greater than 0.1m s21) of 150 km. Background

winds are either slower than the gravity wave speed

(juBj5 0:5c) or faster (juBj5 2:0c). Other parameters

remain as listed in Table 3.

For slow background winds (Fig. 10a), the back

pressure h, in the cross-current segment, is reduced

around the current axis, and, in the along-current seg-

ment, forms a dipole with positive (negative) values to

the right (left) side of the current axis. The cross-current

section is similar to the Kuroshio north of the Ryukyu

Islands (Fig. 1c). For fast background winds (Fig. 10b),

the response in the along-current segment is similar

to the slow-background-wind case, but with reduced

magnitude. In the cross-current segment back pressure

undulates downwind of the ocean currents and corre-

sponds to a lee gravity wave (Kilpatrick et al. 2014). In

general, the response strongly depends on the cross-

current background wind speed and is large (small) for

slow (fast) cross-current winds.

b. Vorticity dynamics

The nondimensional vorticity and divergence bal-

ances3 show deviations from traditional Ekman theory.

Equations (5) and (6) are nondimensionalized, with the

reduced gravity wave speed c as the velocity scale, the

Rossby radius of deformation LR 5 cf21 as the hori-

zontal length scale and the mean boundary layer height

H as the vertical length scale so that the vorticity and

divergence balances become

u0
B � =0(z0a 2 h0)1

r

f
z0a 1

r

f

=0 3 [u0
B(u

0
B � u0

a)]

w02
B

5
r

f
z0o 1

r

f

=0 3 [u0
B(u

0
B � u0

o)]

w02
B

and (8)

u0
B � =0D0

a 2 z0a 1=02h0 1
r

f
D0

a 1
r

f

=0 � [u0
B(u

0
B � u0

a)]

w02
B

5
r

f

=0 � [u0
B(u

0
B � u0

o)]

w02
B

, (9)

TABLE 3. Parameters used in the linear model. Definitions of the

symbols are described in the text.

Parameter Value

uB 20.9m s21

yB 24.5m s21

f 0.70 3 1024 s21

g0 1.0 3 1021 m s22

H 1000m

r 0.15 3 1024 s21

A 0.30m

W 41 km

dy 1000 km

L 5000 km

3Note that the dimensional equations are obtained from Eqs.

(5) and (6) as uB � =(za 2 f h/H)1 rza 1 r=3uB(uB � ua)5 rzo 1

r=3uB(uB � ua)/w
2
B for the vorticity equation and uB � =Da 2 f za 1

rDa 1 g0=2h1 r= � uB(uB � ua)/w
2
B 5 r= � uB(uB � uo)/w

2
B for the di-

vergence equation.
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where primes indicate nondimensional values and z andD

are the vorticity and divergence, respectively. The vorticity

equation [Eq. (8)] includes advection and vortex stretching

(due to the horizontal wind divergence). The direction-

independent term of the surface stress yields the frictional

damping of relative vorticity, and the direction-dependent

damping becomes the last contribution on the lhs. We will

refer to these terms as ‘‘direction independent’’ and

‘‘direction dependent’’ damping terms. The ocean cur-

rents enter corresponding terms on the rhs as direct

vorticity input. Similarly, the divergence equation [Eq.

(9)] is composed of the advection, the difference of rel-

ative vorticity of the winds and geostrophic winds, and

direction-independent and direction-dependent diver-

gence damping terms. The divergence input due to the

direction-dependent current term is found on the rhs.

Without advection, stretching, and the direction-

dependent terms, the solution is a geostrophic wind

equal to the ocean current. This is the classical spindown

limit (Holton 1965; Schneider and Qiu 2015) to the

current induced stress. This spindown solution is in-

dependent of r, since in steady-state Ekman pumping

shuts off because of the reduction of the differences in

vorticity of winds and currents (the rate at which spin-

down is approached, however, depends on r).

Balances of the vorticity and divergence equations

averaged along the Kuroshio axis are shown in Fig. 11.

The oceanic current vorticity input is almost equiparti-

tioned between the direction-independent and direction-

dependent vorticity inputs, with the former slightly

larger. These vorticity sources are primarily consumed

by the advection term, and the stretching response,

which connects the free troposphere with ocean surface,

is weak. The divergence equation is dominated by a

near balance between relative and geostrophic vorticity

due to the back pressure, so that the small residual

FIG. 9. Linear model response of (a) inversion height (color; m) and (b) inversion height Laplacian (color; 1029m21)

to realistic ocean currents. Contours denote ocean current speeds obtained from OFES (see Fig. 1).

FIG. 10. Response of inversion height to the idealized ocean current (contour; 0.1m s21). The ocean current flows

along the contour lines from left to right. Background winds are denoted by arrows in the upper left and have

a magnitude of (a) half and (b) twice of the gravity wave speed.
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ageostrophic vorticity balances the direct forcing by the

ocean current via the direction-dependent term. This

suggests the dominant role of the back pressure plays in

the secondary circulation of the MABL. The phase of

the relative vorticity is shifted toward downwind side

from that of the ocean current vorticity, consistent with

results from IRAM (Fig. 8a). The geostrophic vorticity

is largest over the current axis, similar to the IRAM’s

SLP Laplacian response (Fig. 7c).

To understand the dependence of this response on

scale and parameters, we consider a straight ocean cur-

rent that is uniform along the y axis [uo 5 (0, yo)] and a

background wind that blows orthogonal to the current

axis [uB 5 (uB, 0)]. Variables are transformed into

Fourier space, with wavenumber vector k5 (k, l),

where k is the zonal wavenumber and has been non-

dimensionalized by LR and l is the meridional wave-

number and vanishes l 5 0. Then the vorticity and

divergence equations are written in terms of the back

pressure (inversion height), atmospheric vorticity, and

ocean current curl as

iku0
B(
~z0a 2 ~h0)1

r

f
~z0a 5

r

f
~z0o and (10)

�
2k2 1 k2u02

B 2 2iku0
B

r

f

�
~h0 5~z0a , (11)

where tildes indicate complex Fourier coefficients. The

vorticity equation is reduced to a balance between vor-

ticity advection, stretching, and damping on the lhs and

vorticity input from ocean currents on the rhs. The di-

vergence equation balances geostrophy, advection, and

damping on the lhs and the relative wind vorticity on

the rhs.

Their relationship highly depends on the spatial

scales, the background wind speed, and the ratio of the

frictional parameter r over the Coriolis parameter f. In

the MABL, the value of r/f is generally much smaller

than 1. Over the Kuroshio, the primary wavenumber of

the current across the background winds is k 5 2.6, and

the typical nondimensional background wind speed is

u0
B 5 0:3. The relative vorticity advection in Eq. (10) is

more than 3 times larger than the damping term. In Eq.

(11), the relative vorticity dominates over the back

pressure, since themagnitude of the factor acting on ~h0 is
much larger than 1. Therefore, the vorticity advection

term in Eq. (10) is balanced with the oceanic vorticity

input as shown in Fig. 11a. From the divergence equa-

tion, the geostrophic response dominates over the ad-

vection for ju0
Bj � 1 and over the divergence response

for k � 1 and juB
0 j � 1. Over the Kuroshio the geo-

strophic term is therefore dominant, and it is nearly in

phase with the relative vorticity as shown in Fig. 11b.

The relationship between back-pressure h and ocean

current is obtained by combining Eqs. (10) and (11) and

dividing by ik:

�
2k2u0

B(12 u02
B)2 u0

B

�
r2

f 2
1 1

�
1 ik

r

f
(12 3u02

B)

�
~h0 5

r

f
~y0o .

(12)

The real part is in phase and the imaginary part is 908
phase shifted with the ocean current, and the contribu-

tion of each term becomes larger and the back pressure

smaller as the coefficient on the ~h0 increase. Thus the

back pressure is large for large spatial scales and weak

background winds.

FIG. 11. Nondimensionalized balances for (a) the vorticity

equation [Eq. (8)] and (b) the divergence equation [Eq. (9)] av-

eraged along the Kuroshio axis from the linear model with the

realistic ocean current. Horizontal axis denotes the distance from

the current axis in units of Rossby deformation radii. The black

(solid/dotted) lines denote the vorticity inputs in (a) and the di-

vergence input in (b) from the ocean current on the right-hand

sides of Eqs. (8) and (9), respectively. Other colors denote induced

atmospheric components on the left-hand sides of Eqs. (8) and (9).

Corresponding line colors are shown in legends on the lower left.

See the text for details.
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The values of coefficients on ~h0 as a function of k and

u0
B and for fixed r/f are shown in Fig. 12. The real part

(sum of the first and the second terms) is generally larger

than the imaginary part (third term) for any spatial scale

unless u0
B ; 0 and thus the response is almost in phase

with the ocean current. The first term dominates for

small spatial scales (k� 1) and is associated with a large

Laplacian of back pressure. Its sign changes when the

background wind speed is u0
B 5 0 and ju0

Bj5 1. The first

change indicates high sensitivity to the background wind

direction, and the second change corresponds to the

transition of the dynamical regimes from the geo-

strophic spindown (ju0
Bj, 1) to gravity wave (ju0

Bj. 1).

The second term dominates for the long-wave limit

(k; 0) and the back pressure is large even if the ocean

current speeds are small. The third term is dominant for

weak background winds (u0
B ; 0). This term causes a

dipole of back pressure with same sign to ocean current

vorticity.

With the typical background wind speed and wave-

number over the Kuroshio (u0
B 5 0:3 and k 5 2.6), the

coefficients are 20.55 for the first, 20.32 for the second,

and 0.41i for the third term. Since the real part is large and

negative, the back pressure or the SLP is negative near

the current axis as shown in Fig. 9. Though the imaginary

part shifts the responses downwind, but not-negligible sea

surface height gradients along the background wind up-

wind of the current and lack of those downwind (Fig. 1a)

cause negative pressure upwind side via the real part.

Over the southeast region, the wavenumber is small

(k; 0), and the strong pressure response to weak ocean

current results from the second term.

7. Transfer functions

Transfer functions are traditionally used to describe

the frequency-dependent relationship between input

and output variables in linear systems and have recently

been applied to variations of the thermohaline circula-

tion (MacMartin et al. 2013). Schneider and Qiu (2015)

extended this concept to describe the wavenumber-

dependent response of the atmospheric boundary layer

to forcing by SST.Here we adapt the transfer function to

the response to ocean currents.

Coefficients of the linear system [Eqs. (5) and (6)] are

constant, so the solution is found in wavenumber space

k5 (k, l), where the wavenumber components k and l

are parallel and orthogonal to the background wind,

respectively. For a geostrophic ocean current, the

spectral coefficients for the dependent variable are given

by

0
B@

~u
a

~y
a

~h

1
CA5

0
B@

iku
B
1 2r 2f ig0k
f iku

B
1 r ig0l

ikH ilH iku
B

1
CA

21

0
BBBBB@

2i2l
rg

f

ik
rg

f

0

1
CCCCCA
~h .

(13)

The matrix product on the right-hand side is the transfer

function and completely captures the physics as a func-

tion of wavenumber and independent of a particular

distribution of sea surface height. Large (small) values

of the transfer function mean large (small) sensitivity of

the response to the sea surface height. The real and

imaginary parts of the transfer function correspond to in

phase and 908 phase-shifted dependent variables rela-

tive to sea surface height, respectively. Note that sea

surface height is collocated with sign-inversed ocean

current curl and 908 phase shifted with ocean current.

Figure 13 shows the transfer functions for the in-

version height (back pressure) and generalizes the linear

model response discussed in the previous section. For

FIG. 12. Coefficients multiplying ~h0
k in Eq. (10) as functions of wavenumber (horizontal axis) and nondimensionalized background wind

speed (vertical axis). Shown are (a) the first term, (b) the second term, and (c) the third term (no units) on the lhs of Eq. (10). Note that the

color scales vary between panels.
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background winds weaker than the gravity wave speed

(Figs. 13a,c), the transfer functions much depend on k

than l. The real part is large and positive along the k 5
0 axis. The imaginary part changes sign at k 5 0 and is

negative for k . 0. Background winds blowing along a

straight ocean current correspond to k5 0 and show the

large geostrophic spindown response of the back pres-

sure. The cross-current winds case discussed in section 6

corresponds to l 5 0 and shows the impact of advective

response to the forcing by the ocean currents. The

wavenumber region for k . 0 and l . 0 corresponds to

background winds blowing obliquely across the ocean

currents. For the primary wavenumber over theKuroshio

(k 5 2.6, l 5 3.7), the imaginary part (220.0) is much

larger than real component (26.0), and thus advective

response leads to the monopole negative back pressure

near the current axis.

For background winds larger than the gravity wave

speed (Figs. 13b,d), the distributions change significantly

when the cross-current wind speed exceeds the gravity

wave speed juB � k/jkjj. c (Kilpatrick et al. 2014), while

the spindown pattern around k 5 0 remains where the

cross-current speed is slower than the gravity wave

speed. As the background wind speed increases, the

wavenumber region governed by the gravity wave dy-

namics becomes wider (not shown). Signs of the re-

sponse change across the threshold value in both real

and imaginary parts, with enhanced magnitudes. These

FIG. 13. Transfer function between inversion height and sea surface height from the linear model forced by an

idealized geostrophic ocean current (no units) (Fig. 10). The horizontal axis denotes the wavenumber in the di-

rection of background winds and the vertical axis denotes the wavenumber perpendicular to background winds.

The transfer functions are shown for backgroundwinds of (a),(c) half and (b),(d) twice the gravity wave speed. (top)

The real and (bottom) the imaginary part of the transfer functions.
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features are consistent with change of coefficients of the

first term in Eq. (12) as a function of the background

wind speed.

The transfer functions for numerical model output

and observations are obtained as complex regression

coefficients between Fourier components of atmo-

spheric responses and oceanic forcing. Figure 14 shows

the transfer function for SLP due to the mechanical ef-

fect in IRAM as a response to sea surface height

(Fig. 1a). The calculation is based on monthly mean

model output over 58 squares around the current axis.

The real part of the transfer function derived from

IRAM is similar to that from the linear theory for the

weak wind (Fig. 13a). However, for the imaginary part,

the dipole pattern across k 5 0 is captured, but the

structure for k . 0 and l , 0 does not match. This dif-

ference is affected by noise, nonlinearity, such as non-

uniformity of the background wind, and the use of

monthly mean values to represent a background winds

with large synoptic variations. Transfer functions aver-

aged over the time (results from the linear model) will

deviate from those obtained from time mean atmo-

spheric responses and oceanic values (results from

IRAM). This issue will be addressed in a future study.

8. Concluding remarks

The atmospheric response due to the mechanical ef-

fect by the winter Kuroshio in the East China Sea has

been investigated to explore the role of atmospheric

back pressure. The mechanical effect dominates the

surface wind stress curl due to strong ocean current curl

(Fig. 3c). The wind stress convergence is weakly en-

hanced, even though the ocean current is nearly geo-

strophic (Fig. 3d). These surface stress responses are

well described by a linearized surface stress [Eqs. (3) and

(4)]. Even though the mechanical effect does not impact

atmospheric boundary layer temperatures directly, it

improves the thermal coupling coefficients (Figs. 4 and

5). Thus the mechanical effect needs to be considered

when interpreting thermal coupling coefficients.

Beyond the sea surface, clear signatures are found:

precipitation increases downwind of the current in re-

sponse to ocean-current-induced wind convergence and

updrafts (Fig. 8). Sea surface pressure is dominated by

back pressure and decreases over the current axis

(Fig. 7). These responses enhance the response to SST

front, but their magnitudes are much smaller than the

thermal effect despite the strong Ekman pumping due to

the current.

The dynamics of the response are well captured by the

single-layer linear reduced gravity model [Eqs. (5) and

(6)] that extends classic Ekman solutions to include

advection and back pressure. This suggests that the re-

sponses to the ocean current are ubiquitous over other

currents and in other seasons and not specific to the

Kuroshio in the winter East China Sea. The back-

pressure response strongly depends on the background

wind speed/direction and the spatial scale of the ocean

current. Its magnitude becomes large when the cross-

current background winds are weak and the spatial scale

of the current is large. Over the Kuroshio, most of vor-

ticity input by the ocean current curl is balanced by the

atmospheric vorticity advection, so that the internal

FIG. 14. As in Fig. 13, but for the transfer function between SLP

response (1023 Pam21) and sea surface height estimate from the

mechanical response in IRAM.
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atmospheric response in the MABL is weaker than ex-

pected from Ekman pumping alone.

Estimates of the spectral transfer functions in hori-

zontal wavenumber space clarify the dynamics of the

response. The back pressure is governed by geostrophic

spindown for along-current background winds, while

advection becomes important for cross-current back-

ground winds slower than the gravity wave speed, and

faster winds lead to lee gravity waves. This strongly

suggest that the back pressure is a key part of the re-

sponse of the lower troposphere to ocean mesoscale

forcing, here by ocean current, but similarly by SSTs.

The linear model also suggests interesting future study

to investigate the short-time-scale responses associated

with synoptic eddies.
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