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ABSTRACT

The authors’ modeling shows that changes in sea surface temperature (SST) gradients and surface

roughness between oil-free water and oil slicks influence themotion of the slick. Physically significant changes

occur in surfacewind speed, surfacewind divergence, wind stress curl, andEkman transportmostly because of

SST gradients and changes in surface roughness between the water and the slick. These remarkable changes

might affect the speed and direction of surface oil. For example, the strongest surface wind divergence (con-

vergence) occurring in the transition zones owing to the presence of an oil slick will induce an atmospheric

secondary circulation over the oil region, which in turn might affect the surface oil movement. SST-related

changes to wind stress curl and Ekman transport in the transition zones appear to increase approximately

linearly with themagnitude of SST gradients. Both surface roughness difference and SST gradients give rise to

a net convergence of Ekman transport for oil cover. The SST gradient could play a more important role than

surface roughness in changes of Ekman transport when SST gradients are large enough (e.g., several degrees

per 10 km). The resulting changes in Ekman transport also induce the changes of surface oil movement.

Sensitivity experiments show that appropriate selections ofmodeled parameters and geostrophicwinds do not

change the conclusions. The results from this idealized study indicate that the feedbacks from the surface oil

presence to the oil motion itself are not trivial and should be further investigated for consideration in future

oil-tracking modeling systems.

1. Introduction

On 20 April 2010, the Deepwater Horizon oil plat-

form in the Gulf of Mexico suffered a catastrophic ex-

plosion that caused 11 deaths (Welch and Joyner 2010).

This explosion created a leak in the Macondo oil well

located approximately 1500m below the sea surface,

and the resulting oil spill presented an unprecedented

threat to Gulf of Mexico marine resources (Robertson

and Krauss 2010). Tracking the oil spill both at the

surface and at depth was necessary for planning miti-

gation efforts and for helping coastal regions to prepare

for oil beaching. Trajectory forecasts using numerical

models is one method of tracking the spill. Many nu-

merical ocean circulation models from different in-

stitutions were used for trajectory forecasting [e.g., the

West Florida Shelf model (Barth et al. 2008), the Global

Hybrid Coordinate Ocean Model (Global HYCOM;

Chassignet et al. 2007), the Gulf of Mexico HYCOM

(http://www.hycom.org), the South Atlantic Bight–Gulf

of Mexico Model (SABGOM; Hyun and He 2010), the

Real-TimeOceanForecast System for theNorthAtlantic

Ocean (RTOFS; Mehra and Rivin 2010), and the Intra-

Americas Sea Nowcast/Forecast System (IASNFS; Ko

et al. 2008)]. These models have been improved for

tracking oil by taking advantage of the development of

modern numerical models. However, their limitations

were also obvious (Liu et al. 2011). For example, none of

these models incorporated Stokes drift (Stokes 1880),

which is a transport due to the motion of waves. Stokes

drift might play an important role in the motion of an oil
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slick, particularly in the nearshore region (H�enaff et al.

2012). These forecasting models also did not consider

biological consumption of oil or the physical–chemical

weathering processes (Liu et al. 2011).

In this paper, surface forcing due to two small-scale

processes is examined through a highly idealized simu-

lation. One change in surface forcing occurs because of

SST gradients, and the other is related to changes in sur-

face roughness. Global and regional numerical weather

prediction (NWP) models were found to underestimate

the significant influence of SST on near-surface winds in

regions of strong SST gradients, which is evident in

Quick Scatterometer (QuikSCAT)wind fields on spatial

scales shorter than 1000 km (Chelton et al. 2001, 2004,

2007; O’Neill et al. 2003, 2005; Xie 2004; Chelton 2005;

Chelton and Wentz 2005; Maloney and Chelton 2006;

Song et al. 2009). These studies indicated the important

influences of strong SST fronts on the near-surface winds

on small spatial scales. SST gradients can be strong in the

transition zones between oil-free water and surface oil

because oil absorbs more solar radiation because of the

different thermal properties between oil and seawater.

A thick oil slick was observed to exhibit an infrared

signature up to several degrees Celsius warmer than the

surrounding water during the Deepwater Horizon oil

spill event (Svejkovsky et al. 2012). Second, physical

processes affecting oil motion owing to the surface

roughness discrepancy between water and oil are not

fully considered in the forecast models. The sharp SST

gradient and changes in surface roughness owing to the

presence of an oil slick may cause additional or in-

creased ocean–atmosphere boundary processes that can

influence the motion of the oil slick itself (e.g., through

the variation of Ekman transport). Numerical models

for tracking oil do not consider these effects of oil on air–

sea boundary processes, which ultimately affect the oil

motion. This study will provide a basic understanding of

how strong SST gradient and roughness changes be-

tween surface oil and surface water affect the motion of

surface oil, and thus will improve oil trajectory forecasts

in future modeling.

2. Model and methodology

a. UWPBL model

This study uses the University of Washington plane-

tary boundary layer (UWPBL) model, version 4.0

(Patoux and Brown 2002; Patoux et al. 2003), to examine

how temperature gradient and roughness changes be-

tween oil and surface water influence the motion of sur-

face oil. Thewind profile in the boundary layer is resolved

by patching a modified Ekman spiral (Ekman-layer

theory) to a logarithmic profile (surface-layer theory).

The matching conditions at the patch height between

the Ekman layer and the surface layer yield simple

similarity relations between the surface stress and the

geostrophic flow. Stratification, baroclinicity, and sec-

ondary flows can be taken into account. The so-called

direct model is implemented in the experiments. If the

geostrophic winds and the necessary input variables

on the surface (e.g., SST, air surface temperature, hu-

midity) are given, the direct model solves for the surface

wind profile and PBL characteristics. The schematic

structure of the UWPBL model for this study is shown

in Fig. 1.

For this study, new momentum roughness length pa-

rameterizations are embedded in the model to solve the

surface water roughness and the surface oil roughness.

The roughness length parameterizations for water and

oil used in this model are different. For surface water

roughness, the parameterization was first used in a study

by Bourassa (2006), which is a modification of the

Bourassa–Vincent–Wood flux model (Bourassa et al.

1999). For surface oil roughness, the roughness length in

this parameterization is modified to take oil features

into account. In this study, two major oil features that

are different from seawater are considered: different

surface roughness and the thermal properties distin-

guishable between oil and seawater. The model con-

siders contributions to surface roughness from three types

of surface features that include an aerodynamically

smooth surface (Nikuradse 1933; Kondo 1975), capillary

waves (Bourassa et al. 1999), and gravity waves (Smith

et al. 1992). The roughness length parameterization

equation for water/oil is

FIG. 1. Schematic structure of UWPBL model in this study.
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where the bs, bc, and bg terms are weights for the

roughness length associated with an aerodynamically

smooth surface, capillary waves, and gravity waves, re-

spectively; n is the molecular viscosity of air; and «

represents the oil damping effects on capillary waves

and short gravity waves and here is set to 0.25 when oil is

present for most cases. We have conducted sensitivity

experiments regarding the choice of «, for which the

results are discussed in section 3f.We set « to 1 for water;

b5 0.019 is a dimensionless constant that is determined

from laboratory observations (Bourassa et al. 1999); a5
0.035 is Charnock’s constant; s is surface tension, which

is determined by the SST; rw is water density; and g is

gravitational acceleration. The roughness length is an-

isotropic, with unit vectors parallel e1 and perpendicular

e2 to the mean direction of wave motions. The value of

bs is determined by the relation bs 5 12bg.

The following modifications have been made from

Bourassa (2006). The value of bc is no longer restricted

to 0 (no capillary waves) and 1, which was well suited for

wave tanks but not for much larger spatial scales. The

new value of bc represents an average over enough

space/time for a smooth transition from an aero-

dynamically smooth surface to a rough surface. Simi-

larly, bg 5 0 applies only to wind waves.

For surface water, bc 5 0 and bg 5 0 for Ueff , Ulim;

otherwise,

bc 5 tanh[0:4(Ueff 2Ulim)
3] and

bg5 tanh[0:2(Ueff 2Ulim)
3] .

For surface oil, bc 5 0 and bg 5 0 for Ueff , Ulim;

otherwise,

bc 5 tanh[0:4(Ueff 2Ulim)
3] and

bg5 tanh[0:3(Ueff 2Ulim)
3] ,

whereUeff 5u*[ln(z/z0 1 1)1u(z, z0,L)]/Ky ,u(z, z0,L)
is a stability term, andKy andL are vonK�arm�an’s constant

and the Monin–Obukhov stability length, respectively.

The term Ulim is a critical value that surface wind speed

must reach to generate capillary waves and gravity waves

on the seawater/oil surface; Ulim affects surface roughness

through the weights for roughness length associated with

capillary waves and gravity waves.

For water, Ulim 5 1.0m s21, and for the Deepwater

Horizon oil-covered region, Ulim 5 7.0m s21. This value

ofUlim for oil was crudely chosen based on scatterometer

observations of the surface roughness of the Deepwater

Horizon spill. The value of Ulim is not general and will

vary greatly depending on the oil conditions. Further

work could be done to better estimate the values of Ulim

and «; however, that is beyond the scope of this study.

Here our goal is to show that these considerations are

worthy of further analysis for at least the application of

modeling oil spill trajectories.

b. Experiment design

The model domain is 278–308N, 908–878W in the Gulf

of Mexico, with an idealized square-shaped oil slick

located in the center of the domain (288–298N, 898–
888W), roughly representing the extent of the Deep-

water Horizon oil spill. The horizontal resolution is 0.048
longitude3 0.048 latitude in both water and oil. SSTs in

the square-shaped oil slick are treated as spatially uni-

form and higher than the temperatures of the surround-

ingwater, which are also spatially uniform.Therefore, the

SST gradient is present only in the boundary between oil

and water. SST gradient values at this boundary are set

from zero through 0.048C (0.048)21 at the interval of

0.0018C (0.048)21 for the experiments described in sec-

tions 3a–d. The maximum magnitude of SST gradient of

0.048C (0.048)21 in this region is about 18C (100 km)21

for this idealized study, which is a reasonable value for

strong SST gradients in open-ocean observations

(O’Neill et al. 2010), though this number is muchweaker

than 18–58C (10 km)21 during the Deepwater Horizon

(MC-252) spill particularly (Svejkovsky et al. 2012)

when thick oil is present. The results of a similar ex-

periment using this observed higher SST gradient [i.e.,

18C (10 km)21] are examined in section 3e. Near-surface

air temperatures at 2m above sea surface are assumed to

be a uniform 0.58C cooler than the sea surface. O’Neill

et al. (2003, 2005, 2010) showed that the impact of at-

mospheric stratification is usually small relative to other

considerations such as horizontal temperature gradi-

ents. The assumption that the spatial structure of SST

and air surface temperature is the same is reasonable

because SST is generally close to air surface temperature

on such a small vertical spatial scale. Therefore, these

atmospheric variables in the boundary layer are also

closely associated with SST structure (i.e., SST gradi-

ent). Thus, to emphasize the role of SST gradients in the

surface oil motion, we use the name ‘‘SST gradient’’

instead of ‘‘air temperature gradient’’ to describe the

changes in atmospheric variables such as wind stress and

wind profiles in the PBL in response to temperature

gradient changes. Air humidity is 20 gkg21 everywhere in

JULY 2013 ZHENG ET AL . 1563



the model domain. At sufficiently high wind speeds

(which are infrequent over the Gulf of Mexico), the

surface will roughen despite the oil; thus, oil physics will

affect light and moderate winds (e.g., winds at 10-m

height of less than about 8m s21) more than strong

winds (D. Long 2010, personal communication). East-

ward geostrophic wind at the top of the boundary layer is

about 8m s21, which is determined by an air pressure

field in which air pressure difference in the neighboring

grids is set to 2.845Pa. The surface winds are much

lighter than this geostrophic wind. The major parame-

ters and variables for experiments are listed in Table 1.

On the basis of the surface roughness parameteri-

zation equation, « has no impact for oil surface if the

simulated surface wind speed Ueff is less than 7m s21

because the capillary waves and short gravity waves are

thoroughly suppressed. Although high wind speeds are

not frequent over the Gulf of Mexico, we also perform

a high wind speed case in which the epsilon has an

impact on surface roughness with a variety of SST

gradients. For the high wind speed case, we also con-

duct a series of sensitivity experiments (section 3f) with

TABLE 1. Model domain and key input variables. Here, Dx is grid
distance in degrees of longitude, Dy is grid distance in degrees of

latitude, Ugeo is eastward geostrophic wind, SST is sea surface

temperature, Tair is surface air temperature, and DT is temperature

difference in the boundary between surface oil and surface seawater.

Model domain:

278–308N, 908–878W
Air humidity 5 20 g kg21

Oil domain:

288–298N, 898–888W
SST 5 258C for water

SST 5 258C 1 DT for oil

Resolution:

Dx3Dy 5 0.048 3 0.048
Tair 5 24.58C for water

Tair 5 24.58C 1 DT for oil

Ugeo 5 8m s21 DT 5 0.0018, 0.0028, . . . , 0.048C

FIG. 2. Surface wind speeds (shaded contours; m s21) and surface winds (vectors; m s21) for SST gradients of (a) 08,
(b) 0.018, (c) 0.028, and (d) 0.048C (0.04)21.
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varying choices of « but without the impact of an SST

gradient.

3. Results

a. Changes in surface wind speed and wind
divergence

The distributions of surface wind speed and wind

vectors (Fig. 2) are shown for several SST gradients.

Surface wind speeds over the water (hereinafter mean-

ing water away from the oil boundary) and oil interior

fall within 5.2–5.6 and 5.6–5.8m s21, respectively. The

difference in wind speed between water interior and oil

interior is primarily caused by the different roughness

for water and oil; the oil slick strongly dampens the

surface water waves that dominate the roughness.

However, more attention is paid to the changes in the

boundary between oil and water because the SST

gradients can be significantly large in the transition

zones. The surface wind speed changes sharply because

of the strong SST gradient. For example, in the western

boundary shown in Fig. 2d, the surface wind speed is

close to 6m s21, which is larger than wind speeds over

both the water and the oil interior (asmore clearly seen in

Fig. 4a). The direction of surface winds is also changed in

the transition zones (as more clearly seen in Fig. 8a).

These changes in the transition zones are primarily

caused by strong SST gradients; however, the change in

surface wind speed associated with changing roughness

also modifies the Coriolis force and the wind direction.

The turning angle, the change in wind direction between

surface winds and eastward geostrophic winds at the top

of the boundary layer, is modified in the UWPBL ac-

cording to Ekman spiral theory (Ekman 1905).

Surface wind divergence plays a role in the movement

of surface oil by inducing an overlying atmospheric

FIG. 3. Surface wind divergences (shaded contours; s21) for SST gradients of (a) 08, (b) 0.018, (c) 0.028, and (d) 0.048C
(0.048)21.
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secondary circulation in the boundary layer. The dis-

tribution of surface wind divergence in response to

different SST gradients (Fig. 3) demonstrates the im-

portance of SST gradients to the strength of surface wind

divergence. The surface wind divergence is evident only

in the transition zones. The magnitude of surface wind

divergence is strongest where the winds blow roughly

perpendicular to isotherms, as in the west and east

boundaries for this idealized study. The surface wind di-

vergence (convergence) dominates in the regions of

downwind (upwind) SST gradients. These horizontal

motions would induce an atmospheric secondary circu-

lation, which in turn would affect the surface oil move-

ment. The surface wind divergence (convergence)

appears much weaker in the regions of crosswind SST

gradients (i.e., southern and northern boundaries). No

obvious surface wind divergence exists in the water and

the oil interior because no SST gradient or roughness

difference exists there, and our simple model does not

explicitly simulate the atmospheric secondary circula-

tions. Interestingly, the changes in surface roughness

appear to play a more important role in surface wind

speed and surface wind divergence relative to the SST

gradients in our experiments when the SST gradients are

smaller than 18C (100 km)21 (Figs. 4a,b). In section 3e,

we will investigate a case of stronger SST gradients and

further discuss the relative roles of SST gradients and

surface roughness changes. The strong surface wind di-

vergence in the transition zones can be caused by

changes in both the magnitude and the direction of

surface winds. Note that the changes in surface wind

divergence due to the latitudinal dependence of the

Coriolis force are small in comparisonwith those induced

by SST gradients and changes in surface roughness.

Changes of surface wind speed and divergence along

28.568N are shown for different downwind SST gradi-

ents. We see the expected roughness-related increase of

surface wind speed as the air moves from water to oil

surface. Surface wind speed also increases in the tran-

sition zone in response to positive downwind SST gra-

dients (Fig. 4a). The change in surface wind speed and

wind direction by SST gradients is primarily from

a contribution of a thermal wind correction to the clas-

sical Ekman spiral. A thermal wind correction can make

a contribution to surface winds (usually represented by

winds at 10m above sea surface) depending on the angle

between the geostrophic winds and the orientation of

the SST gradient. Thus, wind speed will decrease if the

geostrophic winds are over the negative downwind SST

gradient (not shown). As seen in previous work (e.g.,

Chelton et al. 2004; O’Neill et al. 2010), the surface wind

divergence becomes stronger as the SST gradient in-

creases. Our results show that there exist relatively large

positive values of surface wind divergence in the tran-

sition zone owing to surface roughness changes and the

existence of a strong SST gradient.

b. Changes in wind stress curl

The changes in magnitude and direction of wind stress

modify Ekman transport and hence modify the oil mo-

tion. The pattern and magnitude of wind stress curl and

wind stress vectors (Fig. 5) are shown in response to

different SST gradients. The magnitude of wind stress

curl is strongest in the transition zones where winds blow

roughly parallel to isotherms, shown here in the south-

ern and northern bounds. It is relatively weak in the

eastern andwestern boundaries. Negative (positive) curl

dominates in the western and northern (eastern and

southern) boundaries. Our simple modeling results

concerning the influence of SST fronts on near-surface

winds are consistent with previous observational studies

(e.g., Chelton 2005) except that we have also taken into

FIG. 4. (a) Surface wind speeds (ms21) and (b) surface wind diver-

gences (s21) along 28.568N for various SST gradients [8C (0.048)21].
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account the influence of oil’s modification of surface

roughness. Again the change in surface roughness also

plays an essential role in the change of wind stress curl. It

is expected that the wind stress curl over the water and oil

interior is negligible because no SST gradient or rough-

ness difference exists far away from the transition zones.

c. Ekman transport of mass

It is well known that horizontal Ekman transport of

mass in the ocean Ekman layer is entirely determined by

the imposed wind stress, and is defined by

Mx 5 ty/f and (1)

My52tx/f , (2)

where Mx and My represent the zonal and meridional

mass transports (kgm21 s21), tx and ty represent the

zonal and meridional wind stress components, and f is

the Coriolis parameter.

To understand how the SST gradients affect Ekman

transport, we compute the zonal and meridional Ekman

transport ofmass relative to that without the influence of

SST gradients (Fig. 6), so that the surplus transports are

mainly caused by the strong SST gradients in the tran-

sition zones between water and slick. There is a net

eastward (westward) transport in the western (eastern)

transition zone and a much weaker net southward

(northward) transport in the northern (southern) tran-

sition zone. Thus, there is a net convergence of trans-

port. There are strong net meridional transports in four

boundaries since change in tx is large in response to

large idealized SST gradient changes. This convergence

results in a net shrinking of the oil slick and downward

movement below the surface slick. There is a cyclonic

FIG. 5. Wind stress curls (shaded contours; Nm23) and wind stress (vectors; Nm22) for SST gradients of (a) 08,
(b) 0.018, (c) 0.028, and (d) 0.048C (0.048)21.
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rotation of Ekman transport owing to the strong SST

front that distorts and rotates the oil slick.

The detailed structure of zonal andmeridional Ekman

transport is examined as a function of downwind/crosswind

SST gradient changes and surface roughness changes,

particularly near the transition zones (Fig. 7). The me-

ridional transport at 88.448W (Fig. 7a) and zonal trans-

port at 28.568N (Fig. 7b) in response to five different SST

gradients are examined. A sharp decrease (increase) of

meridional transport occurs around 288N (298N) that is

caused by the marked changes of roughness and strong

crosswind SST gradients. Southward transport de-

creases from 600 to 480 kgm21 s21 around 288N owing

to a roughness shift fromwater to oil slick. There is a further

decrease around 288N from 480 to 440 kgm21 s21, for

example, owing to an SST gradient of 0.028C (0.048)21.

The changes at 298N can be explained in a similar way.

Zonal Ekman transport in response to a downwind SST

gradient and roughness change along 28.568Nbehaves in

a similar way except that the slope of the curve is zero

because there is no change in the Coriolis parameter

along the same latitude. Also the resultant zonal trans-

port due to the downwind SST gradient is comparable to

that due to the surface roughness change. Nevertheless,

both roughness shift and the presence of strong SST

gradients play an important role in the remarkable

changes to Ekman transport in the transition zones. A

more complex model is required to examine the prop-

agation of these changes.

Changes in Ekman transport shown in Fig. 7 can be

caused by the changes in both the magnitude and the

direction of wind stress; thus, we compare the wind

FIG. 6. Zonal Ekman transport of mass relative to zero SST gradient (shaded contours; kgm21 s21) and total

Ekman mass transport (vectors; kgm21 s21) for SST gradients of (a) 0.028 and (b) 0.048C (0.048)21. (c),(d) As in

(a),(b), but for meridional Ekman mass transport.
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stress vectors and Ekman transport vectors near 298N
for three SST gradients [e.g., 08, 0.028, and 0.048C
(0.048)21] (Fig. 8). It is clear that wind stress rotates

clockwise and strengthens in response to increasing SST

gradients in the transition zones. Accordingly, the Ek-

man transport rotates clockwise and strengthens in re-

sponse to increasing SST gradients in the transition

zones. Therefore, changes in both magnitude and di-

rection of wind stress from the strength of strong SST

fronts and sharp roughness shift may contribute to the

speed and direction of surface oil movement by Ekman

transport.

d. Ekman transport and wind stress curl dependence
on SST gradients

Since surface oil movement is closely linked to Ekman

transport (Fig. 6) and wind stress curl, it is necessary to

assess the relationship among Ekman transport, wind

stress curl, and SST gradients to understand how dif-

ferent SST gradients affect the surface oil motion. For

this purpose, we show in Fig. 9 how Ekman transports

respond to different SST gradients in four boundaries of

the oil slick. Since there are tiny latitudinal (longitudi-

nal) variations of peak Ekman transport of mass in the

western and eastern (northern and southern) bound-

aries, a location near the middle portion of each

boundary is arbitrarily chosen. Figures 9a and 9b cap-

ture the relation between zonal Ekman mass transport

and SST gradient at a location in the western (eastern)

boundaries. Only the differences between the actual

Ekman transport for nonzero SST gradients and the

actual Ekman transport for zero SST gradients are

shown so that the contribution from surface roughness

change is excluded, given that changes in SST gradients

are separable from changes in surface roughness in phys-

ics. It is evident that Ekman transport from water to oil

slick is enhanced in response to an SST gradient increase in

FIG. 7. (a) Meridional Ekman transport of mass along 88.448W
(kgm21 s21) for five cases with various SST gradients [8C (0.048)21].

Negative values represent southward transport. (b) Zonal Ekman

mass transport along 28.568N for five cases with various SST gra-

dients [8C (0.048)21].

FIG. 8. (a) Wind stress vector (Nm22) and (b) Ekman mass

transport (kgm21 s21) for three cases with various SST gradients.

Black, red, and green represent SST gradients equal to 08, 0.028,
and 0.048C (0.048)21, respectively. Note that in the regions away

from the boundary, black and red are completely overlapped by

green, indicating identical values in these regions.

JULY 2013 ZHENG ET AL . 1569



the transition zone between water and oil. This approxi-

mately linear relationship implies that a stronger SST

frontal zone can produce a greater Ekman transport from

water to oil. The modeled zonal Ekman transport from oil

to water in the eastern boundary is weakened in response

to an SST gradient increase, also with an approximate

linear relationship. Similarly, there is a stronger south-

ward Ekman transport in the northern boundary and

a weaker southward Ekman transport in the southern

boundary in response to an SST gradient increase with

an approximate linear relationship (Figs. 9c,d). Both

zonal and meridional transports in each boundary result

in a stronger net convergence of Ekman transport in the

oil region when the SST gradients in the transition zone

are greater. In addition, the atmospheric secondary cir-

culation induced by surface wind divergence (conver-

gence) in the oil–water boundary would also modify the

transport.

As it was seen in Fig. 5 that wind stress curl depends

on SST gradients, the above relationship betweenEkman

transport and SST gradient is closely tied to the de-

pendence of wind stress curl on SST gradient (Fig. 10).

Since negative (positive)wind stress curl dominates in the

western and northern (eastern and southern) boundaries

(Fig. 5), both negative (positive) slopes in the western

and northern (eastern and southern) boundaries imply a

linear increase of the wind stress curl in magnitude to an

SST gradient increase. This result is consistent with the

FIG. 9. Zonal Ekman transport of mass (kgm21 s21) relative to zero SST gradient for various SST gradients [8C
(100 km)21] in (a) western boundary at (28.568N, 89.048W), (b) eastern boundary at (28.568N, 888W), andmeridional

Ekman mass transport (kgm21 s21) relative to zero SST gradient for various SST gradients [8C (100 km)21] in

(c) northern boundary (29.048N, 88.448W), and (d) southern boundary at (288N, 88.448W). Positive (negative) values

in (a) and (b) represent strengthened (weakened) eastward Ekman transport. Negative (positive) values in (c) and

(d) represent strengthened (weakened) southward Ekman transport.
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result of a previous observational study without oil

(Chelton et al. 2004). Thus, strong SST gradients can

significantly influence surface oil motion through pro-

ducing changes in wind stress curl and Ekman transport.

e. Relative role of SST gradient and surface roughness
change

The previous results (sections 3a–d) are obtained from

the model with SST gradients within 18C (100km)21. A

recent observational study (Svejkovsky et al. 2012) in-

dicated SST gradients of 18–58C (10km)21 betweenwater

and oil in some cases during the Deepwater Horizon

spill. These SST gradients are not uncommon in coastal

regions (e.g., Walker et al. 2005) or regions associated

with the Gulf Stream in the Atlantic Ocean, the Loop

Current in the Gulf of Mexico, and the Kuroshio Exten-

sion in the Pacific Ocean, especially in cooler seasons (e.g.,

Warner et al. 1990). To identify the relative role of SST

gradients and surface roughness in surface winds and

oceanic Ekman transport, we perform an experiment in

which the same winds, water temperature, and humidity

are applied with a more realistic SST gradient of 0.48C
(0.048)21 [i.e., about 18C (10km)21] in the boundary be-

tween the oil and the water surface. The results show that

along 28.168N, an SST gradient of 18C (10 km)21 pro-

duces a more pronounced change in surface wind speed,

surface wind divergence, and zonal oceanic Ekman

transport than do surface roughness change and an SST

FIG. 10. Curl of wind stress (Nm23) relative to zero SST gradient for various SST gradients [8C (100 km)21] in

(a) western boundary at (28.568N, 898W), (b) eastern boundary at (28.568N, 87.968W), (c) northern boundary at (298N,

88.448W), and (d) southern boundary at (27.968N, 88.448W). Both a negative slope in (a) and (c) and a positive slope in

(b) and (d) represent a strengthened magnitude of wind stress curl in a linear response to an SST gradient increase.
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gradient of 18C (100km)21 in the transition zone (Fig. 11).

Thus, extremely large SST gradients have a greater impact

than surface roughness changes on surface winds and

oceanic Ekman transport, and hence, on the oil’s move-

ment. Therefore, conclusions about the relative role of SST

gradient and surface roughness changes in the oil’s motion

could be dependent on the magnitude of SST gradient

and the amount of surface motion damped by the oil.

f. Analysis of sensitivity experiments forced by a high
wind

Our results (sections 3a–e) are obtained from the

model that is forced by a low geostrophic wind (8m s21),

which produces a low surface wind speed (less than

7m s21) that occurs frequently in the Gulf of Mexico. In

this section, results from a series of experiments for high

wind speed are discussed. The same model inputs in-

cluding SST gradients within 18C (100 km)21, except for

a higher uniform eastward geostrophic wind (12m s21),

are used in the UWPBLmodel. This geostrophic wind is

expected to produce a surface wind speed larger than

7m s21. On the basis of the surface roughness parame-

terization method used for this study, the results should

be dependent on the parameter of «. We first test how

the surface processes respond to varying SST gradients

for this high-wind case given the same « as used in previous

sections. Furthermore, we conduct a series of experiments

to examine how the surface processes are sensitive to the

choice of « in the surface roughness parameterization.

Similar results regarding spatial pattern in surface

winds and wind speed, wind stress, and Ekman transport

are reproduced (not shown). Here the relative roles of

surface roughness and SST gradients in surface wind

speed (thus wind stress and oceanic Ekman transport)

are demonstrated (Fig. 12). Figure 12a indicates that

surface wind speeds at 28.568N, 898W become stronger

as the downwind SST gradients increase. Themagnitude

of surface wind speed reaches 8.7m s21 when the SST

gradient is equal to 0.048C (0.048)21 [i.e., about 18C
(100 km)21, a large value]. However, a maximum wind

speed change caused by the SST gradients is only

0.3m s21. This number is smaller than the wind speed

change of 0.8m s21 that is produced by the change of

surface roughness from water to oil. How surface wind

speeds respond to the magnitude of « alone is also in-

vestigated (Fig. 12b). It is evident that the magnitude of

surface wind speed is not greatly affected by the choice

of « since a maximum wind speed change related to the

selection of « is only 0.23m s21. Thus, the «-related wind

speed change is much smaller than the surface wind

speed change of 0.7m s21 caused by the surface rough-

ness shift. This indicates that the roughness-induced

surface wind speed is not greatly dependent on the se-

lection of «. Therefore, our major conclusions expressed

in previous subsections (sections 3a–d) are not subject to

the selection of « and the choice of 0.25 for « in the

model is appropriate. Another interesting result is that

the SST gradient-related surface wind speed is approx-

imately linear with the magnitude of the downwind SST

gradient (Fig. 12c) and the «-related surface wind speed

is not linear with the magnitude of « (Fig. 12d).

4. Summary

This study uses the UWPBL model to examine how

changes in SST gradient and surface roughness influence

the motion of an oil slick.We examine changes to surface

FIG. 11. (a) Surface wind speeds (m s21), (b) surface wind di-

vergences (s21), and (c) zonal Ekman transport along 28.168N for

an extreme SST gradient of 0.48C (0.048) [;18C (10 km)21, similar

to SST gradients observed during the Deepwater Horizon (MC-

252) spill] in comparison with a relatively small SST gradient and

no SST gradient.
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wind speed and divergence, wind stress curl, and Ekman

transport in the transition zones between water and oil

because these factors may affect the surface oil move-

ment. Changes in surface wind speed and in wind stress

over the water and oil interior are expected because of

the surface roughness difference between the two me-

dia. Model results suggest that nontrivial surface trans-

port due to the influence of strong SST gradients and

changes in surface roughness could be important to the

motion of the oil slick itself. The overlying atmospheric

secondary circulation induced by surface wind diver-

gence, and oceanic secondary circulation related to

Ekman transport induced by a change in wind stress

curl, exist because of the oil slick. Both the direction and

speed of surface oil movement are closely associated

with the strength of the SST gradient between surface

water and surface oil. SST-related changes to wind stress

curl and Ekman transport in the transition zones appear

to increase approximately linearly to the magnitude of

SST gradients. A faster Ekman transport across western

and northern boundaries and a slower Ekman transport

across southern and eastern boundaries driven by uni-

form eastward winds and strong SST gradients produce

a net convergence in the surface oil area, which can

cause contraction of the surface oil. The surface rough-

ness change appears to play a more important role than

SST gradients in changes of oceanic Ekman transport in

the crosswind SST gradient region when the SST gra-

dients are smaller than 18C (100 km)21. However, SST

gradients could play a more important role than surface

FIG. 12. (a) Surface wind speeds (m s21) around 28.568N, 898W for various SST gradients [8C (0.048)21] given that «

is set to 0.25, (b) surfacewind speeds (m s21) around 28.568N, 898Wfor various « given that SST gradient is set to zero,

(c) surface wind speeds (m s21) at 28.568N, 898W relative to zero SST gradient for various SST gradients, and

(d) surface wind speeds at 28.568N, 898W relative to that when «5 0 for different magnitudes of «. The experiments

are forced by eastward geostrophic winds of 12m s21.
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roughness changes in surface winds and oceanic Ekman

transport when the SST gradients are extremely high

[;1–58C (10 km)21] as observed by Svejkovsky et al.

(2012). Figure 13 is a schematic diagram that summa-

rizes the results by depicting an atmospheric secondary

circulation and the motion of oil slick under the in-

fluence of SST gradient and surface roughness between

seawater and an oil slick via Ekman transport.

Analysis from sensitivity experiments indicates our

major results are not subject to the selection of « and the

magnitude of forced geostrophic winds. This short study

demonstrates the potential effects of oil on the changes to

boundary layer processes and hence oil motion itself.

These feedbacks from the presence of oil to the oilmotion

found in this studymay be useful for building complex oil-

tracking forecast models for future applications. Our re-

sults should be validated with field data in future study.
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