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Abstract Submesoscale sea surface temperature fronts are ubiquitous throughout much of the global
ocean; however, the response of the marine atmospheric boundary layer (MABL) to the ocean submesoscale
is not well understood. In this manuscript large-eddy simulation is used to explore the time-dependent
response of the MABL to idealized submesoscale sea surface temperature fronts, with an emphasis on
how the dynamics of the MABL determine the strength and position of gradients in wind speed and air
temperature. Results suggest that horizontal mixing only becomes important in response to frontogenesis
by horizontally convergent ageostrophic flows, contrary to the common assumption that the MABL
response will be strongly dependent on horizontal turbulent mixing. The fronts that develop in the MABL
are also associated with large vertical relative vorticity, suggesting the possibility that submesoscale fronts
may induce inertial instability in the MABL. These results provide guidance for high-resolution ocean and
atmosphere modeling and for interpreting observations.

Plain Language Summary The atmosphere responds to changes in sea surface temperature in

a variety of important ways; however, it is not currently well understood how the atmosphere responds
when the sea surface temperature changes rapidly over small spatial scales. In this article we use very high
resolution simulation to explore the response of the atmosphere to idealized small-scale variations in sea
surface temperature. The atmospheric temperature and velocity fields are shown to respond quickly to
these small-scale ocean temperature gradients. Importantly, the strength and location of the atmospheric
response depends on the flow in the atmosphere, contrary to a common assumption that turbulent mixing
will dominate the response. The simulation also suggests that the atmosphere might in some cases respond
with a growing instability over these ocean fronts. These results provide guidance for high-resolution ocean
and atmosphere modeling and for interpreting observations.

1. Introduction

An important mechanism for air-sea coupling arises from the sensitivity of the marine atmospheric boundary
layer (MABL) to changes in sea surface temperature (SST). Local changes in SST, for example, at ocean fronts
and eddies, modify both the dynamic and thermodynamic structure of the MABL, which in turn modifies the
surface heat flux and wind stress (Small et al., 2008). These changes in surface fluxes can then feedback on
the evolution of the ocean boundary layer, thereby coupling the ocean and atmosphere. This type of air-sea
coupling has been demonstrated to be important for a range of ocean and atmosphere processes, including
the location and intensity of storms (Chelton & Xie, 2010), energetics of the ocean mesoscale eddy field (Byrne
et al, 2016), and the large-scale ocean circulation (Hogg et al., 2009).

Much of our understanding of the physics of how changes in SST couples the atmosphere and ocean comes
from considering SST anomalies with horizontal scales of O(100 km), characteristic of the ocean mesoscale
(Chelton & Xie, 2010). The focus on air-sea interaction at these scales is driven in part by the current resolu-
tion of large-scale ocean models, the availability of satellite SST and vector winds approaching these scales,
as well as evidence that air-sea coupling at these scales is stronger than at larger scales (Bishop et al., 2017).
At the same time, an important recent development in the field of oceanography has been the recognition of
the global prevalence of submesoscale eddies, fronts, and filaments in (with horizontal scales of ~0.1-10 km)
in the upper ocean (McWilliams, 2016). These submesoscale features have been shown to be critical to the
dynamics of the upper ocean (Boccaletti et al., 2007; Wenegrat & McPhaden, 2016), helping to set the global
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ocean mixed-layer heat budget (Su et al., 2018) and modifying the interior properties of the ocean gyres
(Wenegrat et al., 2018).

Observations and models of the MABL also suggest that submesoscale SST variability modifies the thermal
structure and wind field in the MABL (Kudryavtsev et al., 1996; Lambaerts et al., 2013; Perlin et al., 2007; Sweet
et al,, 1981). However there are a priori reasons to expect that the MABL response to the submesoscale will
differ from larger scales, most notably that submesoscale SST features can evolve on fast timescales (hours
to days), and that the horizontal length scale of the submesoscale is comparable to the MABL depth. These
aspects of the submesoscale invalidate two common assumptions taken to study air-sea interaction at the
ocean mesoscale: Steady-state dynamics and small aspect ratio (see Schneider & Qiu, 2015). Thus, despite the
focus in the field of oceanography on the submesoscale it remains largely unknown how SST variability at this
scale modifies the MABL and, importantly, how this might alter the pathways to air-sea coupling that have
been identified at the ocean mesoscale.

In this manuscript we present results from an idealized large-eddy simulation (LES) of the MABL response
to wind oriented along submesoscale SST fronts. A particular emphasis is on the dynamical response of
the MABL, including how unsteady dynamics modify the response at the submesoscale, and the role of
ageostrophic cross-frontal flow in setting the spatial scale and location of the atmospheric response relative
to the SST fronts. Our findings suggest that submesoscale SST fronts can rapidly generate significant changes
in near-surface winds, and that near-surface frontogenesis allows the MABL to respond at horizontal length
scales that are smaller than the full MABL depth. These sharp gradients can be associated with strong sig-
nals in both horizontal divergence and vertical relative vorticity, leading to the possibility that submesoscale
SST fronts induce inertial instability in the MABL. The results of this work have potential implications for both
scientific and applied problems, as high-resolution ocean and atmosphere models are increasingly common
tools for both fundamental research and operational purposes. Likewise, understanding the basic dynamical
response of the MABL in the idealized setting used here may contribute towards interpreting observations,
both in situ and from future remote sensing missions that will begin to resolve these scales.

2. Parameter Space and Numerical Simulation
A useful parameter for considering the MABL response to a gradient in SST is (Kilpatrick et al., 2014)

U
G_W,

m

where U defines a typical scale for the component of the wind aligned parallel, or anti-parallel, to the surface
SST gradient (u- V,SST/|V,SST| ~ U), and L5 is the length scale over which the SST varies. Using this defini-
tion € can be understood as a “cross-frontal” Rossby number, defining the ratio of the advective length scale
in the atmosphere to the length scale of the SST gradient, e = LA/L*". Another important parameter is the
boundary layer aspect ratio, which we define here as

HBL
VY= LS?,

)

the ratio of the atmospheric boundary layer depth to the SST length scale.

The dynamical response of the MABL as a function of ¢, in the limit of y < 1 appropriate for the ocean
mesoscale, is concisely summarized in Schneider & Qiu, (2015 and references therein). Ocean submesoscale
fronts though occupy a unique portion of parameter space that has not been well explored. Importantly, the
small horizontal length scales of the ocean submesoscale suggest y ~ O(1), which is often interpreted to
imply that horizontal mixing will play a dominant role in the MABL response. However, the processes respon-
sible for setting the horizontal length scale of boundary layer fronts are not currently well understood, and we
will show below that the role of horizontal mixing can depend strongly dependent on the dynamical response
of the MABL. In the case of cross-frontal winds it is also clear that ¢ > 1, regardless of whether the winds are
strong or weak. Less obvious is that even in the case of a background wind-field that is aligned along a front,
the time-dependent response of the MABL to SST perturbations will also lead to € > 1, suggesting that the
portion of parameter space with € < 1 is not physically relevant for small L>.

To explore the MABL response to SST fronts in the portion of parameter space where y ~ O(1), we use the
Weather Research and Forecasting model (WRF; Skamarock et al., 2008). The computational domain is doubly
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Figure 1. Along-front averaged fields at z = 10 m. (top) Across-front velocity (U,), and along-front velocity (V). (bottom) Horizontal divergence (Vy, - Um), and
vertical relative vorticity (f;,), both normalized by the Coriolis frequency. Thin black contours indicate the atmospheric temperature anomaly field with contour
intervals of 0.01 K, thick white lines indicate regions of sea surface temperature gradient, and thin dashed-white lines indicate the center of each sea surface
temperature front. Divergence and vorticity are smoothed to 500-m horizontal resolution, and temperature is smoothed over 30 min, to reduce noise.

periodic in the horizontal, with domain size (L*, LY, L%) = (10, 3, 2) km. Surface fluxes are calculated using WRF
revised MM5 surface layer formulation (Jiménez et al., 2012) with exchange coefficients based on the COARE
3.0 formula (Fairall et al., 2003). The model is run in an LES configuration (Ax = Ay = 20m, Az = 5 — 20 m)
and is described in detail in the supporting information.

The simulation begins with a two-inertial period spin-up period, after which an idealized SST field is imposed
(Figure S2). A geostrophically balanced background wind of |uy| = 5 m/s is held constant throughout the
entire simulation (see the supporting information). The initial state of the forced run consists of a MABL height
of ~ 1 km, and 10 m winds oriented in the y-direction, with relaxation of the wind above z = 1.5 km to
the initial background wind state. The case of cross-frontal winds was studied by Skyllingstad et al. (2007), so
here we impose an idealized SST field consisting of two parallel, equidistant, straight-fronts oriented in the
y-direction, with LT = 500 m (such that y = 2). We refer to areas where winds would blow in the same
(opposite) direction as the ocean thermal-wind shear as being “downfront” (“upfront”), consistent with the
oceanographic literature. The cross-frontal temperature difference is ASST = 0.65 K, representative of a strong
submesoscale ocean front with a cross-frontal buoyancy gradient of Ab/L*T = (16f)? s72. A run with a smaller
cross-frontal temperature difference of ASST = 0.16 K (Ab/L>T = (8f)? s~2) gave very similar results (see the
supporting information).
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Figure 2. Momentum budget terms averaged over the warm sea surface temperature (SST) region away from the
marine atmospheric boundary layer fronts (x < 1.5 km and x > 8 km, left column) and cold SST region away from fronts
(x = 3-7 km, right column), for hours 0-1 (top row) and hours 1-2 (bottom row). Note that the budgets are plotted as
perturbations from the spatially and temporally constant background geostrophically balanced wind field, u,, and
hence do not include the background Coriolis and pressure gradient terms. Terms are defined in the legend, with
subscripts indicating differentiation, along-front averages indicated by the overbar, and primes indicating departure
from the along-front mean. The terms F? and F* are the subgrid vertical and horizontal stress divergence terms,
respectively. SST = sea surface temperature.

3. Results

Figure 1 shows an overview of the evolution of the simulation. Over the cold portion of the domain
(x = 2.5-7.5 km) the near-surface layer cools rapidly, establishing a stably stratified internal boundary layer.
The decrease in turbulent boundary layer height enhances the near-surface turbulent momentum flux diver-
gence, despite a moderate reduction in surface stress, thereby decelerating the near-surface along-front
winds (Samelson et al., 2006; Skyllingstad et al., 2007; Spall, 2007). In contrast, over the warm portion of the
domain (x < 2.5 km and x > 7.5 km) turbulent momentum mixing extends higher into the MABL, decreas-
ing the turbulent momentum flux divergence and allowing an acceleration of the along-front flow. The initial
wind-profile used here has very little vertical shear in the upper portion of the boundary layer (Figure S1);
hence, vertical mixing of momentum down from aloft does not significantly alter the along-front flow; how-
ever, in cases with stronger vertical shear this mechanism may further accelerate near-surface winds over
warm SST (Hayes et al., 1989; Wallace et al., 1989). The changes in along-front velocity in this simulation are
an order of magnitude larger than predicted by applying observed mesoscale SST-Wind coupling coefficients
(O'Neill et al., 2012), which would suggest AV = 0.4ASST ~ 0.26 m/s. This may reflect either different physics
atthese scales, or the temporal and spatial averaging inherent in the formation of the observational estimates.
The large change in along-front velocity across the sharp boundary-layer fronts also generates large vertical
vorticity, the significance of which is discussed further below.

Changes in the along-front component of the wind and the zonal turbulent stress divergence also act in con-
cert to accelerate across-front flows. Over the cold portion of the domain the initial negative cross-frontal
acceleration is generated both by a reduction in the turbulent vertical stress divergence and by the unbal-
anced portion of the Coriolis acceleration term in the zonal momentum balance, which is negative near the
surface (i.e, fAv < 0, Figure 2). Over the warm pool the near-surface cross-frontal acceleration is positive,
forced by enhanced turbulent stress divergence and the reduced magnitude of the Coriolis acceleration. The
resulting cross-frontal flow remains small (with turning of the wind of only ~ 10° compared to the initial
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Figure 3. Air temperature anomaly (color scale), averaged in the along-front direction and over the time periods
indicated, and the overturning stream function ¥ (black contours), defined such that flow is clockwise around closed
contours. The stream function is contoured every 25 m2/s.

condition); however, given the small length scale of the SST fronts this weak wind still implies a cross-frontal
Rossby number of € ~ O(10), suggesting that some of the mechanisms identified for strong cross-frontal
winds at the ocean mesoscale (Kilpatrick et al., 2014; Skyllingstad et al., 2007) may remain relevant at the
submesoscale regardless of the orientation of the background wind.

This pattern of cross-frontal flow also generates significant horizontal convergence and divergence over the
upfront and downfront side of the cold region, respectively (Figure 1). This generates a secondary-circulation
in the x-z plane (Figure 3), with ascending motions on the upfront side of the cold region, and more dif-
fuse descending motions over the cold region (similar to the response observed over larger-scale fronts
by Kilpatrick et al., 2016). This secondary circulation is established initially by the cross-frontal winds acceler-
ated through the initial adjustment to the SST field, as discussed above. However, advection of temperature
anomalies by the secondary circulation and positive cross-frontal flow above the internal boundary layer
generates a pressure-gradient forcing that becomes leading order after approximately an hour of simulation
time (Figure 2, bottom). The pressure-gradient accelerations are of the same sign as the initial cross-frontal
accelerations; hence, they reinforce the near-surface flow and secondary circulation, which continues to
strengthen and extend through the MABL (Figure 3). Nonlinear effects further modify the momentum balance,
for instance, vertical advection by the descending branch of the secondary circulation generates a positive
cross-frontal acceleration near the top of the internal boundary layer (Figure 2, bottom right). The effects of
the secondary circulation also extend into the inversion layer, particularly over the ascending branch, where
w ~ O(1 cm/s) at z = 1,100 m after 2 hr of simulation time, suggesting the possibility of a free-atmosphere
response to submesoscale SST variability.

The secondary circulation has important implications for how the horizontal length scale of the MABL
response to submesoscale SST fronts is set. For a 2-D front in the x-z plane the governing equation for
temperature frontogenesis can be written as

VOO 5 16,12 8,8, <0 5, + F28, ~00 B, + F*
5 Dt ——le xl —W, 0,0, —W'0" x+ x —U 0 x+ xIx
N— 7 —— - ~ A\ ~ _

HCNV VDEF VMIX HMIX

) (3)

with notation as described in the caption of Figure 2. The Lagrangian rate of change of the temperature
gradient is thus a function of horizontal convergence (HCNV), vertical deformation which converts vertical
gradients into horizontal gradients (VDEF), and vertical (VMIX) and horizontal (HMIX) mixing by the resolved

WENEGRAT AND ARTHUR



~1
AGU

100

AND SPACE S

Geophysical Research Letters 10.1029/2018GL081034

[
ul &
2] 1
10 2

]
08

06 1 L

1

1

1

1

1

1

1

1

1

1

1

1

1

1

R

04 - 1

1

02 1
00 T

164 4
148550
2ty
}
1047,
084 * *
064 ¢+ f
041 &
AT
Ly

00

Hour

] {7

Hour

-

0 2 4 6 8 10 0 2 4 6 8 10

x [km] x [km]

Figure 4. Right-hand side terms of the frontogenesis function (equation (3)), at z = 10 m. Fields are smoothed over
100 m in the horizontal and 30 min in time to reduce noise.

and parameterized turbulent motions. The evolution of the right-hand side terms near the surface are shown
in Figure 4. The initial temperature gradient generated by the SST front is sharpened on the upfront side of the
cold region by the horizontal convergence of the across-front flow, leading to a very sharp near-surface front
between hours 1-4 (Figure 1). This frontogenesis is then arrested by a combination of vertical deformation
and horizontal and vertical mixing, leading to a quasi-steady temperature field consisting of a sharp front near
x = 1 km with a weaker temperature gradient extending from x = 1-2 km. In contrast, on the downfront side
of the cold region all terms in (3) are much weaker, with an approximate balance between frontogenesis by
vertical mixing directly over the SST front, and HCNV, which is frontolytic due to the divergent flow associated
with the descending branch of the secondary circulation. For both fronts cross-frontal advection shifts the
location of maximum |6, | away from the surface SST gradients. Similar results are also found for temperature
frontogenesis higher in the MABL, and for the velocity frontogenesis function (not shown here). The dynam-
ics of the MABL thus play a leading order role in setting the strength and location of the gradients in MABL
temperature and velocity in response to an SST front, even for y ~ 1, where it is often assumed the response
will be a balance between surface forcing (through VMIX) and horizontal mixing (HMIX). The implications of
these findings are discussed in section 4.

An important consequence of the strong modification of the along-front velocity by the change in SST is the
development of strong vertical relative vorticity in the boundary layer (Figure 1), which can modify Ekman
dynamics (Wenegrat & Thomas, 2017). These vorticity signals develop on a timescale set by the initial adjust-
ment of the along-front flow to the changes in vertical mixing, leading to |{,,| > |f| after approximately 1 hr.
On the downfront side the vertical vorticity is positive, which can modify the frequency and energetics of iner-
tial oscillations in the boundary layer (Whitt & Thomas, 2015). On the upfront side of the domain the vertical
vorticity is strongly negative, such that f +{;, < 0 (Figure 1), a state that is linearly unstable to growing inertial
instability (Emanuel, 1979; Hoskins, 1974). This suggests the possibility that upfront winds over submesoscale
SST fronts could become inertially unstable. These instabilities extract energy from the mean flow and, impor-
tantly, generate secondary instabilities that enhance boundary layer turbulence (which in a more physically
realistic context might occur either locally or downwind of the SST front; Jiao & Dewar, 2015). Future work will
consider the potential implications of this mechanism for the evolution of the MABL and air-sea coupling at
these scales.
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4, Conclusions

In this manuscript we described a LES of the MABL response to an idealized submesoscale SST field, which
shows that winds blowing along sharp SST fronts are rapidly modified by changes in the vertical turbulent
stress divergence. This generates unbalanced accelerations in the across-front momentum balance, creating
cross-frontal flows that, while weak in absolute value, still imply large cross-frontal Rossby numbers (e > 1).
Convergence of cross-frontal flows force secondary circulations which help generate temperature and pres-
sure gradients that are of the sense to enhance the cross-frontal secondary circulation. These ageostrophic
flows set both the strength and the location of the MABL temperature and velocity gradients through fronto-
genesis and horizontal advection, providing a counter-example to the common assumption that horizontal
mixing will dominate when the boundary layer aspect ratio is not small (y ~ O(1)).Finally, the sharp fronts that
develop in the MABL are associated with large magnitude vertical relative vorticity, suggesting the possibility
that sharp SST fronts could induce inertial instability in the MABL.

The model setup used here is highly idealized, with two closely spaced SST fronts in a doubly periodic domain.
This limitation reflects the computational demands of LES modeling; however, the results still provide useful
guidance for understanding the MABL response to more physically realistic configurations. For example, the
analysis here suggests that similar dynamics (i.e., unbalanced changes in along-front momentum accelerat-
ing a secondary-circulation in the across-front direction) could arise at an isolated submesoscale front, with
parallels to a sea-breeze circulation (Miller, 2003), consistent with observations along the Gulf Stream front
(Sweet et al., 1981). Further, assuming that air-parcels are advected by the mean along-front wind speed, an
hour of simulation time here can be considered as representing approximately 15 km of along-front distance.
Many submesoscale features have along-front length scales exceeding this, for instance, Gula et al. (2014) dis-
cuss cold filaments in a realistic model of the Gulf Stream region with along-front lengths exceeding 60 km.
Likewise many large-scale ocean fronts such as the Gulf Stream, Kuroshio, and equatorial cold-tongue front,
have embedded sharp fronts where y ~ O(1) (D'Asaro et al., 2011; Thomas et al., 2016; Warner et al., 2018).
The major aspects of the MABL response in our simulation are established within approximately 1-2 hr of
simulation time, suggesting similar dynamics may be at play in the real atmosphere.

The results presented here provide guidance for interpreting observations and for high-resolution ocean and
atmosphere modeling. For instance, it is common practice when running coupled ocean-atmosphere models
to run the atmosphere component at lower resolution than the ocean component. This is sometimes justi-
fied in light of the relative boundary layer aspect ratios of the two fluids; however, our results suggest that
boundary layer frontogenesis can allow the MABL to respond at a length scale comparable to that of a subme-
soscale front. Horizontal mixing serves to arrest frontogenesis but does not independently constrain the scale
of the atmospheric response, contrary to expectations based on scaling the Reynolds-averaged equations of
motion. Lack of correlation between changes in SST and the MABL response at these scales in lower-resolution
models could be a consequence of the models being overly diffusive in the horizontal, or advective effects
which shift the MABL gradients relative to SST (Figure 1, Lambaerts et al., 2013; Spall, 2007). Further, the strong
vorticity signal that develops in the atmospheric boundary layer suggests that the MABL response to upfront
and downfront winds may not be symmetric, with upfront winds potentially leading to inertially unstable
conditions. Future work should consider more realistic SST configurations, as well as the transition between
the along-front wind case considered here and the across-front wind case considered in Skyllingstad et al.
(2007). Such studies will be important for improving high-resolution atmosphere and ocean models and for
guiding the interpretation of data from future remote sensing missions that will begin to resolve the ocean
submesoscale.
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