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ABSTRACT: Turbulent flow in a weakly convective marine atmospheric boundary layer (MABL) driven by geostrophic
winds V, = 10ms~" and heterogeneous sea surface temperature (SST) is examined using fine-mesh large-eddy simulation
(LES). The imposed SST heterogeneity is a single-sided warm or cold front with jumps A = (2, —1.5) K varying over a
horizontal x distance of 1 km characteristic of an upper-ocean mesoscale or submesoscale front. The geostrophic winds are
oriented parallel to the SST isotherms (i.e., the winds are alongfront). Previously, Sullivan et al. examined a similar flow
configuration but with geostrophic winds oriented perpendicular to the imposed SST isotherms (i.e., the winds were across-
front). Results with alongfront and across-front winds differ in important ways. With alongfront winds, the ageostrophic
surface wind is weak, about 5 times smaller than the geostrophic wind, and horizontal pressure gradients couple the SST
front and the atmosphere in the momentum budget. With across-front winds, horizontal pressure gradients are weak and
mean horizontal advection primarily balances vertical flux divergence. Alongfront winds generate persistent secondary
circulations (SC) that modify the surface fluxes as well as turbulent fluxes in the MABL interior depending on the sign of Af.
Warm and cold filaments develop opposing pairs of SC with a central upwelling or downwelling region between the cells.
Cold filaments reduce the entrainment near the boundary layer top that can potentially impact cloud initiation. The surface-
wind-SST-isotherm orientation is an important component of atmosphere—ocean coupling. The results also show fronto-
genetic tendencies in the MABL.
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1. Introduction boundary layer dynamics. The process studies were carried out
using large-eddy simulations (LES) on fine meshes in large
horizontal domains driven by large-scale geostrophic winds
blowing perpendicular to the imposed SST isotherms, i.e., a
geostrophic wind-SST regime we referred to as “across-front
winds.” A Fourier-fringe technique was implemented in the
LES to overcome the assumptions of horizontally homoge-
neous periodic flow. Across-front winds were found to gener-
ate secondary circulations (SC) that vary with the sign of the
front. Somewhat unexpected, warm fronts feature a super-
adiabatic surface layer, nonlinear temperature and momentum
flux profiles, a local maximum in the vertical velocity variance,
and an extended spatial evolution of the boundary layer with
increasing distance from the SST front. Cold fronts collapse the
incoming turbulence but leave behind residual motions above
the boundary layer. In the case of a warm front, the internal
boundary layer grows with downstream distance conveying the
surface changes aloft and downwind. SST fronts modify en-
trainment fluxes and generate persistent horizontal advection
at large distances from the front.

The present work examines a 90° rotation in the wind-SST
heterogeneity orientation focusing on atmospheric boundary
layers driven by large-scale geostrophic winds blowing parallel
to SST isotherms, i.e., a regime we refer to as ‘“‘alongfront
winds.” Heterogeneous boundary layers driven by alongfront
winds are much less studied compared to their across-front
wind counterparts; a notable exception is Wenegrat and
Arthur (2018) that examined horizontally periodic changes in
Corresponding author: Peter P. Sullivan, pps@ucar.edu SST on the MABL. With alongfront winds, Coriolis forces

Itis now widely recognized that the ocean surface is spatially
heterogeneous at a wide range of scales under the action of
submesoscale ocean turbulence and larger-scale ocean eddies
(McWilliams 2016). Mesoscale and submesoscale motions
generate long-lived horizontal gradients in the surface tem-
perature, buoyancy and currents, and ongoing research seeks
to understand how the broadband dynamics and heterogeneity
of the ocean surface couple to the overlying marine atmo-
spheric boundary layer (Chelton et al. 2004; Seo et al. 2016;
Renault et al. 2019; Skyllingstad et al. 2019), to sea breezes
(Miller et al. 2003; Wang et al. 2018), to clouds (Atkinson and
Zhang 1996; Stevens et al. 2021), and ultimately to the larger-
scale atmospheric motions impacting weather and climate
(Small et al. 2008; Wijesekera et al. 2016; Quinn et al. 2021;
Shroyer et al. 2021). The current and thermal coupling path-
ways between the ocean surface and the overlying boundary
layer are abundant (Edson et al. 2007; Sullivan and McWilliams
2010; D’ Asaro 2014; Cronin et al. 2019; Liang et al. 2020). In the
present work we focus on thermal coupling and the impact of
variable sea surface temperature (SST) on the marine atmo-
spheric boundary layer (MABL).

In previous work, Sullivan et al. (2020, hereafter S20) ex-
amined the impact of heterogeneous one-sided warm and cold
SST fronts of varying scale [0.1-6] km on weakly convective
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generate ageostrophic winds, a wind shear, oriented perpen-
dicular to the SST isotherms, which are an order of magnitude
smaller than the geostrophic wind (e.g., Wyngaard 2010); thus
ageostrophic advection is also weaker with alongfront winds.
Adopting the ageostrophic wind as a velocity scale the along-
front wind regime is then a distant cousin to convective
boundary layers driven by temperature flux with zero mean
wind, i.e., free convection (e.g., Schmidt and Schumann 1989).
There is a large body of prior work examining the impact of
surface heterogeneity on land boundary layers in free con-
vection; for simplicity turbulence simulations of this bound-
ary layer regime almost universally adopt periodic sidewalls.
Results find surface heterogeneity acts to organize the up-
draft and downdraft patterns of the thermal plumes; the up-
drafts and downdrafts are connected by internal SC (e.g.,
Krettenauer and Schumann 1992; Raasch and Harbusch 2001;
Patton et al. 2005). We note wind shear direction is important
even in homogeneous convective boundary layers as it tends
to orient the central axis of the large-scale coherent structures
(e.g., Sykes and Henn 1989; Moeng and Sullivan 1994), and
wind shear direction is also important in 2D closure modeling
of convective boundary layers (Lilly 1986; Moeng et al. 2004).
Also Anderson et al. (2015) finds secondary circulations are
generated in a neutral boundary layer with heterogeneous
strip roughness oriented parallel to the main flow direction
because of oscillations in turbulence production in the
roughness sublayer.

In contrast to the MABL, the impact of alongfront surface
winds on upper-ocean mixing remains one of the most com-
monly studied canonical regimes; the ageostrophic currents
that develop with alongfront surface winds can impact the
frontogenetic dynamics of density filaments and fronts also
because of secondary circulations (e.g., Thomas and Lee 2005;
Taylor and Ferrari 2010; McWilliams et al. 2015; Sullivan and
McWilliams 2018, 2019; McWilliams 2020). Taken together,
the available evidence in the atmospheric and upper-ocean
boundary layers hint at a possible importance of wind
shear direction and the formation of secondary circula-
tions in the presence of SST surface heterogeneity under
large geostrophic winds.

The outline of the paper is as follows: the LES equations
appropriate for a high-Reynolds-number heterogeneous MABL
introduced in S20 are presented in section 2 and the suite of LES
experiments is described in section 3. Results and comparison
with S20 are discussed in section 4, and section 5 provides a
summary and discussion of the findings.

2. LES governing equations

The LES equations and solution algorithm are briefly de-
scribed in order to introduce the coordinate system and vari-
ables used in the simulations and analysis, see Fig. 1. The
following notation is used: w = u; = (u, v, w) denote the
Cartesian velocity components, 6 is virtual potential temper-
ature and p is the pressure variable normalized by density p.
The three Cartesian coordinates are x = x; = (x, y, z) are also
referred to as (zonal, meridional, vertical) directions, re-
spectively. The set of LES equations that describe rotating
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F1G. 1. Sketch of periodic P and heterogeneous H LES domains
used to simulate a spatially developing nonperiodic marine atmo-
spheric boundary layer driven by positive-signed geostrophic winds
V, (the tail of the vector is into the page). Then the nominal
ageostrophic wind u is flowing from right to left in the sketch. The
size of the domains is (Ly, Ly, L;) and (ML,, L,, L) with M = 10.
The field variables in P are denoted (, p, 0, &) and in H are de-
noted (u, p, 0, ). In domain P the imposed surface temperature is
0.. In H the surface temperature is heterogeneous: 6. is in-
cremented by Af over a distance £ = 1000 m starting at the break
point x;, ~ 18.6km, see Eq. (3).

stratified turbulent flow in a MABL under the incompressible
Boussinesq approximation are as follows:

Z—l::7u~Vuff><(ung)pr+z[3(9700)fV~T, (1a)

8—‘S’:7u~Vf)7V~B, (1b)

ot

de

E=—u-Ve+P+B+D—£, (1c)
V-u=0. (1d)

The above equation set includes transport equations: for
momentum pu (1a); for virtual potential temperature 6 (1b);
and for SGS turbulent kinetic energy e (1c). The divergence-
free (incompressible) condition (1d) determines the elliptic
pressure variable p. Equation set (1) also includes: geostrophic
winds U, = (U,, V,), rotation vector f = (0, 0, f) with Coriolis
parameter f, unit vector z in the vertical direction, and
buoyancy parameter 8 = g/6,, where g is gravity and 6, is the
reference potential temperature. The SGS momentum and
temperature fluxes (B, T) are estimated using turbulent eddy
viscosity prescriptions (v;, vg) ~ v/e, where e is SGS turbulent
kinetic energy. The transport equation, Eq. (1d), for SGS e
contains a standard set of right-hand-side terms: production
‘P, buoyancy B, diffusion D, and viscous dissipation &, which
are modeled using the formulas summarized in Sullivan et al.
(1994) and Moeng and Sullivan (2015). To streamline the
notation we omit the standard overbar notation () indicating
LES spatial filtering in (1), and also simply refer to virtual
potential temperature 6 as ‘‘temperature.”

At the lower boundary we impose rough wall boundary
conditions based on bulk aerodynamic formulas where the
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transfer coefficients are determined from Monin—-Obukhov
(MO) similarity functions (Moeng 1984). The MO rules are
applied point-by-point at the lower boundary as described in
S20. The SST heterogeneity varies only in the x direction and
thus the flow is assumed to be periodic in the y direction. In the
x direction the inflow and outflow to the computational domain
is controlled by a numerical Fourier-fringe method described
in section 3a. The Fourier-fringe method (Spalart and Watmuff
1993; Nordstrom et al. 1999): 1) is a general recipe for simu-
lating nonperiodic spatially developing turbulent boundary
layers in finite domains; 2) permits the use of standard Fourier
transforms; 3) does not require separate artificial boundary
conditions; and 4) generates stratified boundary layer turbu-
lence with realistic coherent structures that flow over the SST
fronts as shown in S20.

We utilize well-established algorithms to integrate the
LES equations, Egs. (1). The equations are advanced in time
using an explicit fractional step method that enforces in-
compressibility at every stage of the third-order Runge-
Kutta (RK3) scheme. Dynamic time stepping with a fixed
Courant-Friedrichs-Lewy (CFL) is used. The spatial dis-
cretization is second-order finite difference in the vertical
direction and pseudospectral in the x and y directions.
Further algorithmic details are given by Moeng (1984),
Sullivan et al. (1994, 1996), McWilliams et al. (1999),
Sullivan and Patton (2011), Moeng and Sullivan (2015), and
the references cited therein.

3. LES details and experiments

The design and numerical implementation of the LES ex-
periments follows the recipe outlined in S20 with the important
differences mentioned below. In the present study, we examine
the impact of heterogeneous SST on the marine atmospheric
boundary layer with geostrophic winds U, = (0, V) oriented
parallel to the SST isotherms, i.e., an alongfront wind config-
uration. The geostrophic wind V, = 10ms ™!, the Coriolis pa-
rameter f = 10"*s™!, and the roughness z, = 2 X 10™*m is
picked to be representative of a wavy ocean surface based on
winds = 10ms™' (Large and Pond 1981). For our process
studies, the imposed SST heterogeneity is time invariant, varies
solely in the x direction, and has single-sided SST fronts with a
jump between two temperature levels over a finite x distance.
In S20 the geostrophic wind U, = 10m s~! was oriented per-
pendicular to the SST isotherms, i.e., an across-front wind
configuration. Although the present simulation design targets
an MABL with small surface roughness and strip thermal
heterogeneity, the background conditions can be easily modi-
fied for atmospheric boundary layers developing over hetero-
geneous landscapes.

a. Fourier-fringe scheme with alongfront winds

Our implementation of the Fourier-fringe scheme utilizes
two computational domains P and H as shown in Fig. 1.
Notice a separate finite length fringe domain is attached to the
primary computational domain H. Turbulent flow in the small
LES domain P is horizontally homogeneous and sets the
inflow-outflow conditions in the large LES domain H that
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contains heterogeneous SST. To distinguish flow variables in
the different domains, variables in the P domain are indicated
by an overtilde, e.g., u. In the fringe region of H, the red col-
ored area in Fig. 1, fringe forces are added to the right-hand
side of the LES equations that effectively nudge the fields in H
to match their counterparts in P. In (1), the added forces take
the following form:

%‘t‘ =t ANE)(E - ), (2a)
‘;_f= 4 AN)(E - 6), (2b)
%: AN —e). (2¢)

The ellipses in (2) denote the complete right hand side of the
LES equations, Egs. (1), and the added forces depend on the
instantaneous pointwise difference between the fields in P and
H. The weighting function A(x) varies smoothly with x and is
scaled by the inverse time scale A = 5s™'; outside the fringe
region A(x) = 0,see Eq. (3) in S20. In our fractional-step Runge—
Kutta time stepping scheme the fringe forces are added prior to
the pressure update. The nudging is strong and forces the tur-
bulent inflow in H to match the turbulent flow in P. We mention
that the fringe scheme used here can be generalized for arbitrary
wind directions with surface heterogeneity in two directions by
running two fully overlapping LES domains P and H. Then the
fringe region is located on all four sides of the horizontal domain
H, but of course this doubles the computational time.

b. LES domains

The particulars of the two LES domains in Fig. 1 are as
follows: domain Pis (Ly, L, L) = (3.375,3.375,1.4) km and is
discretized with a grid mesh (N, N,, N;) = (768, 768, 384) grid
points. Domain His (10Ly, Ly, L;) = (33.75,3.375,1.4) km and
is discretized with a grid mesh (10N,, N,, N,) = (7680, 768, 384)
grid points. In H the origin of the x axis is at the right edge of
the fringe region. In both domains the horizontal spacing is
constant Ax = Ay = 4.4m, while the spacing between grid
points Az in the vertical mesh is smoothly varying using the
constant stretching factor K = Agz;1/Az; = 1.002 88; the first
w-grid level z; = 2m.

In S20 with across-front geostrophic winds we picked the
location of the break point x;, where the SST starts to change
relatively near the right edge of the fringe region x;, = 2.7 km:
this allowed the perturbed boundary layer to spatially develop
over a considerable downstream distance approaching 30 km.
In the present study with alongfront geostrophic winds we
choose x;, based on the expected development of the much
weaker ageostrophic Ekman flow. Recall under homogeneous
conditions Ekman dynamics result in surface winds rotated
counterclockwise i.e., to the left of the geostrophic wind di-
rection (e.g., Wyngaard 2010). Thus, with (V,, f) > 0 the
ageostrophic wind u(z) < 0 and flows from right-to-left across
the SST front as shown in Fig. 1. Then the (inflow, outflow) in
domain H are located at x = [9L,, 0], respectively. Fourier
derivatives in the x direction are evaluated on the interval x =
[=L,, 9L,]. With this setup, preliminary runs on coarse grids
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TABLE 1. SST variations in the heterogeneous H domain with
alongfront winds; see Fig. 1.

Case ¢ (km) A6 (K) (xp — £, xp) (km)
Nul 1 2 (17.56, 18.56)
Nsl 1 -15 (17.56, 18.56)

generated a complex set of secondary circulations to the left of
the imposed SST change, i.e., between 0 < x < x;. Thus, to
allow sufficient spatial evolution of the boundary layer with
alongfront winds we locate the breakpoint x, near the middle
of domain H.

In domain H (see Fig. 1), the distribution of sea surface
temperature 6, for a single one-sided front is given by the rule:
0: —-L,<x<0

0.+ A6: 0<x<x,—I

0,(x) = A N
00"'7()‘17 —x): x,—I<x<x,

0, X, <x
The constant 6, = 290.17 K, A# is the magnitude of the SST
jump over the length scale ¢, and x;, = 5.5L, = 18 562.5 m marks
the start of the jump. As in S20 negative and positive horizontal
gradients in SST are created by setting A = (2, —1.5) K with
¢=1km. Based on the sign of the ageostrophic wind we refer
to (positive, negative) Af jumps as warm and cold front cases
(Nul, Nsl), respectively; simulation details are provided in
Table 1. The geostrophic wind and surface roughness in P are
set to values in the H domain, while the SST in P is set equal to
the constant value 6, = 0.

A special recipe is used to build the initial conditions for
the simulations in H. First, the LES in domain P is run in-
dependently with an unstable surface temperature flux
Q+=0015 Kms!(~15 Wm™) and V, = 10ms '. The
initial stratification profile is two linear segments, 6 = 6, for
0<z<Zz and 0 =6, + (z — 7;) 9,0 for z > z;. The initial state
is 6, = 290K, Z; =250 m and .6 = 0.003K m™ . The inte-
gration time for the spinup is approximately 6500 s which is
sufficient to generate fully developed stratified turbulence
typical of a weakly unstable MABL (Sullivan et al. 2014, and
S20). The last data volume from the P simulation is ar-
chived, replicated M times, and serves as the initial condi-
tion for simulations in H. This initialization recipe is
inexpensive and provides a high-quality first estimate of the
flow state in the H domain. Finally, the LES is restarted but
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now with 6; given by (3) as the surface boundary condition.
The simulations in P and H run concurrently with one-way
coupling from P to H in the fringe region using (2). The
simulations are run for 16 900 s requiring ~90 000 time steps. Based
on the convective velocity scale and boundary layer depth in
Table 2 this integration time is ~16 large-eddy turnover times. We
examined the solutions for varying time and found that the restart
generates a transient pulse which propagates through the stratified
flow in the LES domain (e.g., Manasseh et al. 1998). The statistics
presented here are collected over the last 5400 of the simulation
after the pulse has faded away; the time averaging is approximately
5.4 large-eddy turnover times when the statistics are quasi-steady.

c. Averaging

In the H domain, the spatial inhomogeneity in the x direc-
tion complicates the analysis of the LES solutions. To diagnose
mean and turbulence fields in statistics and flow visualization
we use a combination of temporal and spatial averaging. At
any time step in the simulation we project the flow fields onto
an x—z plane by spatial averaging in the alongfront or homo-
geneous y direction; this generates an x—z plane of data for
each statistic, e.g., an average of the temperature field
0(x, z) = fyG(x, ¥, z) dy. The x—z planes of data are sampled at
fine time resolution in the LES and are archived for further
processing. Robust statistics are generated from the the x—z
data planes by first computing a running average in x using a
window of width 850 m followed by a time average over the last
5400 s of the simulation. This suite of space and time averaging
operations is indicated by angle brackets () in the narrative.

Any variable ¢ in the H domain is decomposed into a mean
(¢), that varies with (x, z) and fluctuation ¢’ by

'(x) = $(x) — ($)(x.2) . 4)

Products of flow variables, as well as terms in the momentum
and temperature budgets, are constructed using (4). To com-
pute, for example, average vertical fluxes and variances of
turbulence we use the following identities:

(@'W) = (dw) = ($)(w) (@'¢) = (pd) — () ().
®)
Numerous statistical moments are computed including means, re-

solved variances, vertical and horizontal fluxes, SGS fluxes and
energy, pressure, and the third moment of resolved vertical velocity.

and

d. Normalization

We use surface-layer statistics, wind and temperature pro-
files, and boundary layer depth computed near the right inflow

TABLE 2. Bulk boundary layer properties with alongfront (north) winds and across-front (east) winds from S20; the prefix N and E
indicates north and east, respectively.

Case (U,, V) (ms™1) it (ms™h) O« (Kms™h) Wi (ms™!) Z (m) —L (m) ~Z/L (=) 7l (=)
Nul (0, 10) 0.285 0.0098 0.601 656 174 3.77 0.656
Nsl (0, 10) 0.283 0.0099 0.602 652 169 3.85 0.652
Eu2 (10, 0) 0.286 0.0115 0.602 560 150 3.74 0.560
Es2 (10, 0) 0.286 0.0115 0.602 560 150 3.74 0.560
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FIG. 2. Profiles of the (left) mean temperature 6 and (right) wind components (i, 9) in the
far field x ~ 30 km with alongfront geostrophic winds. For comparison, the vertical profiles
from the simulation with across-front geostrophic winds from S20 are shown as open circles
with a subscript “acr”’; these mean winds (Zir, Uaer) are indicated by red and green colors,
respectively. Note that || < |i,| for the same magnitude of geostrophic wind forcing. The
boundary layer with alongfront geostrophic winds is run longer in time producing a deeper

and warmer boundary layer than in S20.

boundary of the H domain for normalization and as reference
for comparison with fields in the interior of the H domain;
turbulence near the right inflow boundary is referred to as the
“far field” with far-field statistics denoted by an overhat, e.g.,
(@). Section 4a shows that the turbulence near the right inflow
boundary is in good agreement with turbulent flow in a simi-
larly forced horizontally homogeneous MABL. Table 2 is a
compilation of computed bulk statistics in the far field, viz.,
friction velocity s, temperature flux Q;, convective velocity
scale wx, boundary layer depth Z; (Sullivan et al. 1998) and S20,
stability parameter Z;/L where the Monin-Obukhov length
L= —ufk/(BKé;)), von Kdrmaén constant « = 0.4, gravity g =
9.81ms 2, and reference temperature 6, = 290K. The
convective velocity scale w3, = BQ;ZA,- (Deardorff 1970). For
comparison, statistics from S20 with across-front winds are
listed in Table 2.

4. Results with alongfront winds
a. Far-field wind and temperature fields

The Fourier-fringe technique provides good control of the
inflow turbulence in the H domain generating flow fields and
coherent structures comparable to a homogeneous weakly
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convective marine boundary layer at the inflow boundary. To
demonstrate the adequacy of the technique, we compare sta-
tistics in the far field of the H domain, at its right boundary
27.2 < x < 30.3km well away from the location of the jump in
SST, with results from the P domain in S20 driven by across-
front geostrophic winds. Low-order moments, means, vari-
ances, and vertical fluxes are shown in Figs. 2 and 3. The
temperature and momentum fluxes (w6, ww , Uw ot are
total values, i.e., the sum of /rgsolvgg and SGS contributions.
The velocity variances (w2, v'2, w'?) are computed from re-
solved fields. Additional simulations with larger domains and
different fringe constants A did not appreciably change the
results with alongfront winds. Results from S20 are shown with
open circles with the temperature, wind components, and
momentum fluxes marked by a subscript “acr”.

The comparison highlights important effects. First, the ver-
tical structure of the mean wind and temperature profiles as
well as the vertical flux profiles are in rotation symmetry for the
alongfront and across-front wind simulations. The former are
run longer in time to obtain stable statistics and hence the
boundary layer is modestly deeper and also warmer in the in-
terior with alongfront winds, compare the right panels of Figs. 2
and 3. Consistent with Ekman dynamics alongfront geo-
strophic winds V, = 10m s~ induce a sign change in the wind
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FIG. 3. Turbulence statistics in the far field with alongfront geostrophic winds. (left) Total (resolved plus SGS)

temperature flux (w
malized by 2, and (right) resolved variances (u’2

o )iot Normalized by the surface flux O, (center) total momentum fluxes ww,
2 w’z) normalized by u2. For comparison, turbulence statistics

v'w'),,, nor-

with across-front geostrophic winds from S20 are indicated by open circles; these momentum fluxes <u/’1;’ oW Yacr
are indicated by red and green colors, respectively. For clarity, velocity variances from S20 are not shown in the

right panel.

component (7) <0 and near surface momentum flux <u w') >0
compared to the simulation with across-front winds U, =
10ms~'. As expected, the velocity components show a 90°
rotation symmetry (—i, v)=~ (0, i),,. Also the momentum
and temperature flux profiles are linear in the boundary layer
interior for all the simulations indicating a quasi-steady bal-
ance. Overall, the turbulent inflow at the far right boundary of
the H domain is in good agreement with the turbulent inflow in
S20 when the orientation of the geostrophic winds is taken into
account.

However, a key feature of the simulation with alongfront
winds is the magnitude of the wind component u that blows
across the SST front at x = x;,. With (across-front, alongfront)
winds # is (parallel, perpendicular) to the imposed geostrophic
wind. The ratio —(it)/V, ~ 0.17 with alongfront winds while the
same ratio with across-front winds (i), /U, ~ 0.85. This nearly
factor of 5 reduction in the wind component blowing across
(perpendicular to) the SST isotherms leads to enhanced sec-
ondary circulations and modifies the statistics with alongfront
winds. Also, the ratio |(it)|/w« =~ (3, 14) for the (alongfront,
across-front) cases, respectively. Based on this metric the
alongfront wind case is highly convective while the across-front
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wind case is moderately convective (Willis and Deardorff
1976) even though both cases have the same —Zz;/L. In the
narrative, we refer to u as the “‘ageostrophic’” wind component
in discussing alongfront winds.

b. Velocity patterns

The homogeneous MABL at stability —Z;/L = 3.74 is pop-
ulated by coherent structures, namely, large-scale shear-
convective rolls that fill the depth of the boundary layer (e.g.,
Moeng and Sullivan 1994; Chen et al. 2001; Sullivan et al. 2014;
Patton et al. 2016; Sullivan et al. 2020). The structures are
spatially coherent, temporally long-lived, and energetic. A
difference between the simulations in S20 and the present
study is the spatial orientation of the coherent structures. With
(across-front, alongfront) geostrophic winds the axis of the
rolls is primarily aligned with the (x, y) directions, respectively.

The shear-convective rolls are readily identified in flow vi-
sualization of the velocity and temperature fields in 2D cutting
planes or in 3D volumes. For example, with across-front winds
vertical velocity viewed in x—y planes at varying z shows co-
herent alternating in y updraft and downdraft lines, the lines
are primarily aligned with the zonal velocity, i.e., the x axis.
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FIG. 4. Instantaneous velocity (v, u, w) in an x—z plane spanning the change in SST for a warm
front. The orange vertical bars along the x axis mark the start and end of the SST jump. The

color bar is in units of m s~ '.

Here with alongfront winds rolls are also present in the far field
but are rotated approximately 90° from the x axis aligning with
the wind V,. We examine the velocity fields (v, u, w) ina 2D x-z
plane perpendicular to the alongfront geostrophic wind at y =
0.84 km. Zooming on the interval x = [8-20] km left of the SST
change illustrates the impact of heterogeneous SST on the in-
stantaneous wind patterns, see Figs. 4 and 5 for (warm front,
cold front) cases, respectively. Inspection of the v patterns from
case Nul with A9 > 0 shows (U) ~ 10ms ™! at (x, z) = (20 km,
550 m) right of the SST and at (x, z) = (10 km, 880 m) left of the
SST change. The hummocks and valleys in v are well correlated
with the downdraft and updraft patterns in w, compare the
upper and lower panels of Fig. 4. However, the most intriguing
field is the spatial variability in the ageostrophic wind u
blowing across the SST isotherms. Focusing on the region 10 <
x < 16km and comparing the results with the far-field wind
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profile in Fig. 2 shows u > i near the top of the boundary layer
while u < i1 in the surface layer; recall it is well mixed vertically.
Thus the instantaneous flow visualization hints at a strong
vertical shear layer d,u > 0 in the middle of the boundary layer
left of the SST change. Cutting planes taken at other y and ¢
locations show similar results. A comparison with the cold
front case in Fig. 5 is noteworthy. The collapse of the hum-
mocks and valleys in v and of the updrafts and downdrafts in w
illustrate the transition of the unstable boundary layer toward a
stable regime left of the SST change. Now u displays an op-
posite pattern compared to the warm front case. In the upper
middle of the MABL, between 200 < z < 400m u < while
near the surface u > . Thus flow visualization suggests a vig-
orous shear layer in the interior of the collapsing boundary
layer but now d,u < 0. Although masked by the energetic
turbulence, organized secondary circulations are present in the
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FIG. 5. Instantaneous velocity (v, u, w) in an x—z plane spanning the change in SST for a cold
front. The orange vertical bars along the x axis mark the start and end of the SST jump. The
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instantaneous velocity and temperature fields. The secondary
circulations, induced by heterogeneous SST, impact MABL
mixing and surface fluxes as discussed below.

c¢. Surface-layer statistics

The orientation and magnitude of the geostrophic winds
relative to the direction of the SST isotherms induces impor-
tant changes in the surface fluxes which is illustrated by com-
paring results from alongfront winds with their counterparts
from across-front winds. Results for the surface wind stress
vector (7, 7,) and temperature flux (Qx) for warm and cold
SST fronts with alongfront winds are provided in Fig. 6. For
reference the SST variation 86,(x) = 64(x) — 6, is provided in
the bottom panel of Fig. 6. The wind stress components are
shown on opposite vertical axes with different ranges in the
upper panel of Fig. 6, and the surface fluxes of momentum and
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temperature are normalized by their respective values in the
far field, viz., (4%, Ox). Recall with positive alongfront geo-
strophic winds the ageostrophic surface wind # < 0 and
hence 7, > 0.

First notice Qs closely tracks the spatial variation of SST,
especially in the warm front case. Recall SST appears as a
boundary condition in the bulk formula for temperature flux at
the first model level in the LES which then closely couples Qs
and 6, as discussed in S20. The response of the surface mo-
mentum flux is spatially delayed compared to the change in
SST more so in the cold front case. It is especially noteworthy
that the ageostrophic component of the wind stress 7,/uZ (in-
creases, decreases) by a factor of 2 or more left of the SST
change for the (warm front, cold front) cases, respectively. As
discussed later in section 4d, the change in TX/ZZ; is a conse-
quence of SST induced secondary circulations left of x,. In the
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FIG. 6. (top),(middle) Spatial variation of surface-layer variables
(7y, Ty, QF) for warm (unstable) and cold (stable) SST fronts with
alongfront geostrophic winds V, = 10m s~ L. (bottom) The x vari-
ation of SST 86,(x) = 65(x) — 6,. The surface momentum and
temperature fluxes are normalized by (¢4, Qx«), respectively. In the
top panel, the (dashed, solid) lines denote (7y, 7,), and the (red,
black) colors denote (warm, cold) changes in SST.

cold front simulation, the ageostrophic wind u — 0 left of x,,
which is nearly sufficient to induce a sign change in 7, com-
pared to its far-field value. The variation of the average near
surface winds (u, w) is discussed in section 4d.

To illustrate the impact of alongfront versus across-front
winds on the surface stress we introduce (geostrophic, ageo-
strophic) surface stress ratios (Rgeo, Rageo) aligned with the x
and y directions:

(RgeO,R = (Ty/{';,Tx/']/';)I V.= 10ms™t,

(62)
(6b)

ageo)

(Ryeqs Rogeo) = (1/7,,7,/7): U, = 10ms™!,
where (7, 7,) are values computed in the far field. This nor-
malization allows a fair comparison between cases with
alongfront and across-front winds. The x variation of the ra-
tios in (6a) are shown in Fig. 7 using a common horizontal
distance measured relative to the location where the SST
change starts £ = x — xp: x5, = (18.6, 2.7) km for (alongfront,
across-front) winds, respectively. The important message in
Fig. 7 is that for a fixed geostrophic wind magnitude the
momentum fluxes are sensitive to SST changes depending on
the magnitude and direction of the surface winds. The per-
centage change in the wind stress components compared to
their far-field values is greater with alongfront winds, espe-
cially in the case of a transition to a stable boundary layer
regime. This is a consequence of persistent secondary circu-
lations (SC) induced with alongfront winds.

The secondary circulations also impact the divergence and
curl of the surface wind stress. Because of the homogeneity in
the y direction, (V - 7) = d,(7y) and (V X 7) = 9,(r,). With
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FIG. 7. Spatial variation of the surface stress ratios (Rageo, Reco)
perpendicular and parallel to the imposed geostrophic wind; see
Eq. (6). The (solid, dotted) lines are (alongfront, across-front)
winds with (V,, Ug) = 10ms™", respectively. Simulations (Nul,
Ns1) with (unstable, stable) changes in SST are indicated by (red,
black) lines, respectively. The ratios are normalized by their re-
spective values in the far field. To readily illustrate the compari-
sons, the variations are shown relative to the breakpoint x; where
the SST first starts to change, i.e., ¢ = x — x,,. Note that the abscissa
in the simulations with across-front geostrophic winds from S20 is
reversed increasing from right to left.

alongfront winds the curl of wind stress is larger (in magnitude)
than the divergence of the wind stress (not shown); this is
pronounced in the cold front case, i.e., when the flow tran-
sitions from unstable to stable surface-layer turbulence.
Previously, S20 found the divergence of wind stress is larger
than the curl of wind stress with across-front winds. Also the
curl of the wind stress is larger with the transition from
warm-to-cold as opposed to the transition from warm-to-
warmer. This shows changes in wind stress and SST are
correlated but dependent on surface-wind-SST orientation
and stability, at least for the small-scale changes in SST
considered here.

d. Secondary circulations (SC)

In the MABL with heterogeneous SST turbulence, co-
herent structures and SC each of varying amplitude and
scale coexist; the origin of the SC is discussed below. To
extract the SC from the turbulent fields, for example in
Fig. 4, we use unconditional space-time averaging, i.e., no
attempt is made to statistically identify the turbulence
structures separately. The velocity perturbations of the SC
are simply defined as average deviations from the far field
(up, vp, wp) = ((u—u), (v—1), (w)) where the space-time
averaging operator () is defined in section 3c; note that in
the far field the boundary layer is nearly horizontally ho-
mogeneous and then (W) = 0. Two-dimensional x—z fields of
(up, wp) for (warm, cold) front simulations are shown in the
visualizations presented in Figs. 8 and 9, respectively. The
streamfunction ¢, computed from [u, dz is shown in Figs. 10
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FIG. 8. Secondary circulation velocity fields (top) u, and (bot-
tom) w), for a warm front. The perturbation fields are normalized
by ux. The black vertical bars along the x axis mark the start and
end of the SST front. At x = (17.56, 18.56) km, the SST 6, = (0, +
2K, 6.), respectively.

and 11. The velocity perturbations and streamfunction are
normalized by 1/ux and Z;/ux, respectively.

Inspection of the results readily shows persistent organized
patterns in (u,, wp,) in both warm and cold fronts despite the
high levels of turbulence in Figs. 4 and 5. It is insightful to
compare the amplitudes of the SC with each other and also
with the mean ageostrophic wind and turbulence in Figs. 2
and 3. In the warm front case, the peak amplitudes w,/u, ~
0.03 and the vertical turbulence in the middle of the
boundary layer w,//(w'?) ~0.05. The maximum downdraft
w, ~O(2 cm s1) is noteworthy; it is nearly a factor of 10
larger than typical entrainment rates and maximum down-
draft found at the top of the boundary layer with across-
front winds, see Fig. 12 in S20. The peak magnitude of the
horizontal component u, ~0.44(i1) and compared to the
horizontal turbulence near the surface u, = +/(u'2). Similar
peak amplitudes (u,, w,) are found in the cold front case but
with opposite signs. The variation of the surface stress 7, in
Fig. 6 is a direct consequence of the near surface large am-
plitude and sign of u,; notice u,, > 0 for the cold front case.
Importantly, notice the perturbations (u,, w,) exhibit spa-
tial organization at kilometer scales horizontally with a
vertical scale ~z;, which is especially apparent in u,,.

In the streamfunction plots (Figs. 10 and 11) the smoothed
black curve annotated with an arrowhead is a subjective
drawing indicating the direction of the SC rotation. Note the
SC patterns are shifted slightly left of the location of the SST
change presumably by the the weak ageostrophic wind and also
more importantly by the horizontal pressure gradients. Based
on the streamfunction we can identify two-classes of SC in the
simulations. In the warm front case the SC is open at the left
end, i.e., the horizontal extent of the rotation fills the interval
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FIG. 9. Secondary circulation velocity fields (top) u, and (bot-
tom) w,, for a cold front. The black vertical bars along the x axis
mark the start and end of the SST front. At x = (17.56, 18.56) km,
the SST 0, = (6. — 1.5K, 0.), respectively.

10 < x < 18km. The clockwise rotation features a down-
welling branch near x ~ 17 km with nearly uniform negative
and positive u, regions at the bottom and top of the boundary
layer. In this simulation the horizontal to vertical aspect ratio
of the elliptical pattern >10. This open pattern of SC features
stronger rotation and is located much closer to the change in
SST compared to the simulation with strong across-front
winds in S20.

In the cold front case the SC patterns are sign reversed but
now feature a closed counterclockwise rotation, i.e., the rota-
tion is confined within the LES domain, 10 < x < 18 km; up-
welling and downwelling branches at the ends close the
circulation. The SC show (positive, negative) perturbations in
u, at the (top, surface) of the boundary layer and (updrafts,
downdrafts) at the left and right ends close the rotation. A
rough estimate indicates the horizontal-vertical aspect ratio
of the SC exceeds 10. The persistence of the SC is respon-
sible for the variations in the instantaneous fields observed
in Figs. 4 and 5. In their horizontally periodic simulations,
Wenegrat and Arthur (2018) also find velocity and tem-
perature patterns at the 10-m height shifted horizontally
from the location of the SST gradients.

How are the secondary circulations in Figs. 8 and 9 gener-
ated and maintained and how do they vary depending on the
direction of the geostrophic winds, i.e., alongfront or across-
front? To investigate the dynamics we introduce the average
momentum balances derived from the LES equations.
Adopting the decomposition (4) and applying the spatial
averaging rules outlined in section 3c to (1a) and (1b) results
in the (x, y) momentum balances in H:

3,(u) =f((v) = V) = (9,p) = W) (u) — (w)d_{u)

— az<u'w’ T~ ax(u/u/ +7.,) (7a)
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FIG. 10. (top) Streamfunction ¢, computed from the secondary
circulation wind u, normalized by z/ux for a warm front. The
shaded contours are evenly spaced. The black stream trace high-
lights the average direction of the secondary circulation. (bottom)
The variation of the SST (0 — 6.) with x. The far-field ageostrophic
wind (u) is from right to left.

3,(v) =f(U, = () = (u)d, (v) = (w)d_(v)
-9, Ww+r )—9 v+, ). (7b)

At the same time, the average homogeneous momentum bal-
ances in the far field are as follows:

a,a) =f(B) = V) — o (Ww+T,), (8a)
0,(0) =f(U,— @) — o, Ww+7,,). (8b)

Next, subtract (8) from (7) which results in unsteady
(x, y) momentum balances for the secondary circula-
tions (u,, v,) = (u, v) — (i, v):

0,(u)) =flv) —(8,p) — (W, () — (wya, (u)
~—— ‘-;f-’ —

or x adv adv

—
—o (W +T,) -9 Ww+T Y+ (uw+T, ),
z uw Z uw

" >
" (9a)

3,(v,) = —flu,) = W (v,) = (w)d_(v) =9 WV +1,)
— 0w kT, o W ). (9b)

Equations (9a) and (9b) are interesting. First, they are coupled
in their Coriolis, advective, and divergence of turbulence flux
terms. And second the circulations are driven by spatially
varying horizontal pressure gradients (d,p) and by vertical
wind gradients, i.e., 9, (u, v) = 9, (up, v,) + 9.(it, v). Under the
assumptions of steady flow, weak horizontal gradients, and
negligible advection, then (9a) and (9b) can be interpreted
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FIG. 11. (top) Streamfunction ¢, computed from the secondary
circulation wind u, normalized by Z;/ux for a cold front. The black
stream trace highlights the average direction of the secondary
circulation. (bottom) The variation of the SST (6 — 6,) with x. The
far-field ageostrophic wind (u) is from right to left.

as a form of so-called turbulent thermal wind (TTW) (Gula
et al. 2014; McWilliams 2018; Sullivan and McWilliams
2019). McWilliams et al. (2015) used TTW and a single
column boundary layer parameterization to diagnose how
turbulent fluxes in the upper ocean can drive secondary
circulations that force ocean frontogenesis (McWilliams
2020). TTW was extended to include nonlinear effects by
McWilliams (2018).

Dominant terms on the right-hand side of the perturbation x
momentum equation, Eq. (9a), are evaluated for alongwind
and across-wind geostrophic winds for varying x. Typical re-
sults near the surface and boundary layer top are compared in
Figs. 12 and 13, respectively. The vertical range in the figures is
the same and terms are normalized by _;2;/2;. Terms with
underbraces in (9a) correspond to the labeling in the two fig-
ures. Inspection of Fig. 12 shows that large horizontal pressure
gradients (d,p) play a dominate role in the alongfront wind
simulation, i.e., when the ageostrophic wind perpendicular to
the SST isotherms is weak. Recall —(i)/(i),., ~0.2 in Fig. 2.
The large positive pressure gradient near the surface drives u,
to the left of the SST jump, while the large negative pressure
gradient near the boundary layer top drives u, to the right of
the SST jump. The vertical divergence of turbulence flux op-
poses the pressure gradient for x < 16 km. Horizontal advec-
tion is important at all levels while near the boundary layer top
vertical advection from the SC (w)d.(u) also contributes to the
momentum budget. The perturbation x momentum budget
with across-front winds in Fig. 13 features a strikingly different
balance of terms. Now the horizontal pressure gradient by
comparison is quite small and remains finite at large x away
from the SST change. The pressure gradient slightly increases
the surface-layer winds but slows the winds near the boundary
layer top at all x. Horizontal advection is balanced by vertical
flux divergence.
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FIG. 12. Terms in the perturbation x momentum budget equa-
tion, Eq. (9a), at z = (bottom) 20 and (top) 525 m with alongfront
winds above a warm front. The boundary layer ageostrophic wind u
is from right to left. The start and end of the change in SST is in-
dicated by the orange vertical bars along the x axis. The line la-
beling corresponds to the terms with underbraces in Eq. (9a).

With alongfront geostrophic winds the ageostrophic wind
component is weak and then organized horizontal baroclinic
pressure gradients spring to life. The spatial structure of the
horizontal pressure gradients for (warm, cold) front simula-
tions are compared in Fig. 14. The gradients which are of op-
posite sign at the bottom and top of the boundary layer drive
the secondary circulations left of the change in SST. The
pressure field in the LES is 3D, but when averaged in the
alongfront y direction, the average pressure field is the solution
of a 2D elliptic Poisson equation (e.g., Moeng and Wyngaard
1986; Pope 2000):

@ PN 9 I
o az2)P T ax\ "ax "oz

d ow aw —
+— —u——w—+B0+ - 1
6z< “oax "oz B )’ (10)

where the source term includes horizontal and vertical ad-
vection, buoyancy, and the ellipses denote all the other terms
on the right-hand side of (1a); as written, the advection terms
in (10) contain mean, SC, and turbulence contributions.
Apparently when horizontal advection ud,u is weak the vertical
gradients of buoyancy 89,0 at the bottom and top of the boundary
layer contribute significantly to the pressure solution. The gen-
eration of perturbation winds and SC in the atmospheric bound-
ary layer with heterogeneous SST is then a complex dynamical
balance that depends on horizontal pressure gradients, the mag-
nitude and direction of horizontal advection, and turbulence
flux divergence. For these simulations, apparently (9a) does
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tion, Eq. (9a), at z = (bottom) 20 and (top) 450 m for simulation
Eu2 with across-front winds above a warm front from S20. The u
component of the boundary layer wind is from left to right. The
start and end of the change in SST is indicated by the orange ver-
tical bars along the x axis.

not reduce to a simple linear momentum balance as assumed
in TTW because of nonlinear mean horizontal advection.

e. Winds, temperature, and vertical fluxes

Analysis and flow visualization of the LES database with
alongfront winds shows SC impact the mean wind and tem-
perature but also the important details of the turbulence mo-
mentum and temperature fluxes and velocity variances. SC
modulate the vertical transport between the bottom and top of
the boundary layer over an extended horizontal region left
of the SST change; their impact on mixing, however, depends
on the thermal stratification. Similar to S20 the variation of the
turbulence statistics is not spatially monotonic in the interval
left of the SST change, i.e., in the interval 10 < x < 18 km.
To demonstrate these ideas we present 2D contours of the
total vertical momentum flux (u'w’) and vertical profiles of
(0, u, ', wo, U, Uw') at particular x locations in Fig. 15.
The far-field boundary layer is weakly unstable with the
inflow wind and temperature profiles well mixed as shown
in Fig. 2. In simulation Nul, heterogeneous SST disrupts
the shape of the mean profiles. In the region 10 <x < 18 km the
temperature profile retains its well-mixed shape, but the
ageostrophic wind shows persistent vertical shear 0, (1) despite
the unstable thermal forcing, see the top row, middle panel of
Fig. 15. The clockwise rotation of the SC increases the surface
winds and decreases the winds at the top of the boundary layer.
The vertical shear, which reaches a maximum in the middle of
the boundary layer z ~ 300 m, generates high levels of turbu-
lent momentum flux —(u'w’). The flux magnitude is large
—(u'w') ~ 0.85u3 and is opposite in sign and 3 times larger than
the surface stress 7, shown in Fig. 6. The horizontal extent of
the region with enhanced momentum flux is broad x = [10-
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FIG. 14. Contours_of the horizontal pressure gradient d.(p)
normalized by —Z;/u% with alongfront winds. Over a horizontal
distance ¢ = 1 km, the SST change is (a) Af = 2 K, warm front case,
and (b) A9 = —1.5K, cold front case. In both cases, the ageo-
strophic wind is from right to left. The start and end of the SST
jump is marked by the black vertical bars, see Fig. 1.

17] km. Because of the SC the vertical flux divergence d,(u/w’)
between the surface and flux maximum in the middle of the
boundary layer is large.

Next, consider the cold front case where the flow is stably
stratified left of the SST change; see Fig. 16. Now the SC has an
opposite effect compared to Nul it reduces mixing and pro-
motes stably stratified turbulence. Figure 11 shows a counter-
clockwise rotating SC and its magnitude is nearly sufficient to
reverse the direction of the surface winds. As a result the
surface stress 7, is greatly reduced as shown in Fig. 6. The SC
rotation reduces the magnitude and sign of the vertical shear
d,(u) in the interior of the boundary layer which in turn
weakens the turbulence production. In the cold front case, in
the region say 10 < x < 18 km the SC promotes stably stratified
turbulence, an opposite effect compared to the warm front
case. As the SC decays, for example at x = 10km in Fig. 16, the
stable stratification at the surface is weaker and the boundary
layer properties tend to a weakly stratified regime; this is
shown by comparing the 0 profiles at x = (10, 16) km with the
far-field 6 profile; see bottom row, left panel of Fig. 16. There
are also significant changes in the alongfront momentum flux
(v'w'); see bottom row, right panel in Fig. 15. The latter is not
linear in z and shows a collapse left of the change in SST which
leads to an increase in the alongfront wind (v) over a greater
depth in the boundary layer; see bottom row, middle panel
of Fig. 15.

Vertical temperature flux couples the heterogeneous
ocean surface with boundary layer entrainment, and ulti-
mately with low-level cloud formation (Atkinson and Zhang
1996). The bottom-left panels of Figs. 15 and 16 show single
column vertical profiles of normalized temperature flux
(W’H’)/é; at selected x positions left of the SST change.
Companion two-dimensional contours of temperature flux are
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depicted in Fig. 17. In Fig. 15, notice the vertical temperature
flux profiles are not linear in z but slightly concave left of the
change in SST. More importantly over the interval x = [10-
18] km the minimum entrainment flux (w'¢'),/ 0+ ~—02
despite a nearly factor of 3 increase in surface temperature flux;
the interior of the boundary layer warms considerably as shown
in the profiles of temperature, left panel in the top row of
Fig. 15. In the far field (w'6')/Q% = —0.2 as shown in Fig. 3.
Hence the usual assumption for entrainment flux parameteri-
zation does not hold in the vicinity of a warm front with
alongfront winds because of the downwelling induced by the
SC. In Fig. 17 the temperature flux contours are surprisingly
similar in shape to those in S20 (Figs. 19 and 20) taking into
account the difference in sign of the u wind component. In the
case of the warm SST front, tracing a constant contour shows a
near linear increase in z with decreasing x left of the SST
change. Similar to S20, the temperature flux also displays an
overshoot followed by relaxation followed by a smooth slow
increase with decreasing x. However because of the weak
ageostrophic wind the overshoot is located much closer to the
change in SST compared to the case with across-front winds
by a factor of 4 which is slightly less than the ratio of u,./|u|, see
discussion in section 4a. The entrainment flux is also lower with
alongfront winds. The maximum normalized entrainment flux
is ~—0.4 atx = 3 km left of the SST change; at this location the
normalized surface flux (Q*>/é; ~ 3, see Fig. 6. Both Figs. 16
and the lower panel of Fig. 17 show a turbulence collapse in the
upper boundary layer and transition from a weakly convective
unstable regime to a weakly stable regime. Broadly, the
surface-wind orientation relative to the SST isotherms, is
then a key factor influencing the coupling between the atmo-
sphere and sea surface.

f. Parameter variations

The richness of possible SST states and surface-wind ori-
entations permits numerous responses in the MABL; it is in-
feasible to explore all of them. In S20 and the present work we
examined single-sided warm and cold SST fronts. Figure 18
illustrates the complexity of motions that can be generated in
the MABL by alongfront winds in the case of warm and cold
filaments. Cold filaments are important for upper-ocean mix-
ing (e.g., Sullivan and McWilliams 2018, 2019). A warm fila-
ment is a combination of cold-warm and warm-cold fronts
separated by a small finite distance. In Fig. 18 the SST jump is
A6 = (2, —2) K separated by a 1km middle region; the full
width of the filament 3¢ =3 km. Swapping the horizontal po-
sitions of the fronts in a warm filament generates a cold fila-
ment. In our configuration, the streamfunctions show the warm
filament generates a pair of closed secondary circulations that
are a combination of the secondary motions in Figs. 10 and 11.
The strength and size of the SC are asymmetrical, left of the
filament centerline x, = 12km the clockwise circulation gen-
erated by A6 > 0 is stronger and wider than the counter-
clockwise circulation centered near x ~ 3km generated by
A6 < 0. The SC combine to generate an updraft in the central
middle region x ~ 7km. Meanwhile the cold filament also
generates SC but with opposite signs of rotation thus
generating a downdraft in the middle region The response of
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FIG. 15. Results from the simulation above a warm front. (top) Contours of total momentum
flux (w'w’) /.. The black vertical bars denote the start and end of the SST jump. Also shown are
the average vertical profiles of (middle left to middle right) temperature (6 — 6,)u=/Qx,
ageostrophic wind (u)/ix, and total momentum flux (&'w’)/u3, and (bottom left to bottom right)
total temperature flux (w'6')/Qx, alongfront wind (v)/itx, and total momentum flux (v'w')/u2..
Profiles are denoted at x = 10 (green), 12 (orange), and 17 km (black) and the red line denotes

profiles in the far field.

the MABL to cold filaments is important because Gula et al.
(2014) finds elongated cold (dense) filaments are pervasive in
the ocean submesoscale regime compared to warm filaments,
also see the synthetic aperture radar images in McWilliams
et al. (2009). Our estimates of the x perturbation momentum
budget also find that horizontal pressure gradients and mean
advection are important similar to the results with single-
sided fronts.

Figure 19 is a companion to Fig. 18 and shows the effect of
filaments on the resolved (normalized) vertical temperature
flux (w/e’)/é;. In both cases, the most potent impact on the
vertical flux occurs near the middle of the filaments at x =
12km where the largest increase or decrease to the surface
temperature flux occurs. The SC in the cold filament can also
be spotted in Fig. 19 over the region x = [6-10] km near the
boundary layer top where the SC reduces the normalized en-
trainment ratio compared to the far-field value —0.2, see Fig. 3.
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For example, the normalized ratio ~0 at (x, z) = (8, 600) km.
This is noteworthy, cold filaments are common in the upper
ocean (McWilliams et al. 2009), and can potentially impact
low-level cloud formation (Atkinson and Zhang 1996). In
contrast, warm filaments modestly increase the entrain-
ment, e.g., near the center of the SC in Fig. 18 the normalized
ratio ~—0.33.

5. Summary and discussion

High-Reynolds-number large-eddy simulation (LES) is used
to simulate weakly convective marine atmospheric boundary
layers (MABL) forced by a combination of geostrophic winds
Ve = 10ms~! and spatially heterogeneous sea surface tem-
perature (SST). The SST heterogeneity is time invariant and
varies solely in the x direction, and the imposed one-sided SST
fronts feature jumps A6 between two temperature levels over a
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FIG. 16. Results from the simulation above a cold front. (top) Contours of total momentum
flux (w'w’)/ul.. The black vertical bars denote the start and end of the SST jump. Also shown are
the average vertical profiles of (middle left to middle right) temperature (6 — 6,)ux/Qx,
ageostrophic wind (u)/i, and total momentum flux («'w’)/u, and (bottom left to bottom right)
total temperature flux (w'6')/Qx, alongfront wind (v)/itx, and total momentum flux (v'w’)/u5.
Profiles are denoted at x = 10 (green), 12 (orange), and 16 km (black) and the red line denotes

profiles in the far field.

finite distance ¢ = 1 km characteristic of an ocean mesoscale or
submesoscale regime. Positive warm front and negative cold
front temperature jumps A8 = (2, —1.5) K are considered.
The geostrophic wind is oriented parallel to the imposed SST
isotherms, i.e., a regime with “alongfront winds.” In the x
direction turbulent inflow—outflow boundary conditions are
prescribed using a numerical ‘“‘Fourier-fringe” technique
described in S20. Grid meshes of 2.2 X 10° points with fine
resolution (horizontal, vertical) spacing (6x = 8y, 8z) = (4.4,
2) m are used. Previously, S20 considered similar MABLs
forced by geostrophic winds oriented perpendicular to the
imposed SST isotherms, i.e., a regime with “‘across-front”
winds. Results with alongfront and across-front winds show
important differences.

Ekman boundary layer dynamics generates surface winds
parallel (geostrophic) and perpendicular (ageostrophic) to the
imposed pressure gradient fU,; fis the Coriolis parameter and
U, = (Uy, V) is the geostrophic wind vector. Typically, the
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ageostrophic surface wind is an order of magnitude smaller
than the geostrophic wind (e.g., Wyngaard 2010). Thus in
the present study a key difference between cases with
alongfront winds and across-front winds is the magnitude of
the wind component (u) blowing perpendicular to the SST
isotherms. In the far field, away from the SST front,
—(i)/Vy=0.17 in the alongfront case compared to the
across-front case where (i1),. /U, = 0.85. Thus, with (along-
front, across-front) winds horizontal advection (u){d,p) near
the SST front is (weak, strong).

A horizontal momentum balance written for the velocity
perturbation from the far-field wind u, = (1 — i) highlights
the importance of horizontal advection, horizontal pressure
gradients, and divergence of turbulence flux terms. Given a
fixed value of V, = 10ms~! horizontal pressure gradients
(d,p) play a significant role in maintaining the horizontal
momentum budget with alongfront winds compared to
across-front winds in S20 with Uy = 10m s~ 1. With alongfront
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FIG. 17. Contours of normalized vertical temperature flux
(W'6')/Qsx for a (top) warm front and (bottom) cold front. The start
and end locations of the SST change is shown by the orange vertical
bars at the top of each panel. The ageostrophic wind u is from right
to left.

winds above a warm front — (9,p) is (positive, negative) near
the (surface, boundary layer top). The sign of (d,p) is reversed
with cold front.

With weak surface winds # < 0, the MABL develops
secondary circulation (SC) slightly left of the SST front;
the SC are well organized and persistent. The SC rotate
(clockwise, counterclockwise) for (warm, cold) front cases,
respectively. The SC impact the surface momentum fluxes
to a greater degree compared to similar simulations with
across-front winds especially for stable SST fronts. The
curl of the wind stress d,(7,) is larger than the divergence of
the wind stress d,(r,). In the case of a cold front the surface
wind is nearly reversed compared to the far-field value by
the SC (1) — 0; hence the surface stress component 7, — 0.
With a warm front, the SC also generate significant mo-
mentum flux —(u'w’) compared to the total wind stress u%;
in the middle and upper MABL —(u/w')/u% ~0.85. Cold
fronts and SC, however, reduce the momentum flux in
the MABL.

Parameter variations in SST show that warm and cold fila-
ments, generated by pairs of warm-cold and cold-warm fronts
separated by a finite distance, create pairs of opposing closed
SC. Streamfunctions calculated from u, show with (warm,
cold) filaments there is a central (upwelling, downwelling) re-
gion. The SC pattern is shifted left of the surface temperature
distribution. With weak surface winds the SC in the MABL
are a cousin to the secondary circulations generated in free
convective boundary layers over land (no mean wind) with
surface heterogeneity (e.g., Krettenauer and Schumann 1992;
Raasch and Harbusch 2001; Patton et al. 2005; Owinoh
et al. 2005).
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FIG. 18. Streamfunction ¢, computed from the perturbation
wind u, normalized by Z;/ux for (top) cold and (bottom) warm
filaments. The black stream traces indicate the average direction of
the rotation. (bottom) The variation of the SST (6 — 6.) with x. The
far-field ageostrophic wind (u) is from right to left.

An important result from the present work emphasizes the
importance of the magnitude and orientation of the surface-
wind relative to the orientation of the SST isotherms. To es-
tablish correlations between boundary layer winds and SST,
field observations in areas of oceanic fronts and internal
boundary layers need to account for the magnitude and di-
rection of the overlying MABL winds relative to the spatial
variability in the SST (e.g., Wijesekera et al. 2016; Wang et al.
2018; Quinn et al. 2021; Shroyer et al. 2021). With alongfront
winds above a warm front, the boundary layer entrainment flux
(w'0), is nearly constant despite a factor of 3 increase in the
surface temperature flux. The inversion layer and the standard
assumptions for entrainment are disrupted by SC which has
potential impacts for the prediction of low-level clouds and
internal boundary layers in coastal regions. The linear
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distribution is given in Fig. 18 and the color bar changes between the two panels. The cold filament impacts
boundary layer structure and entrainment to a greater extent than the warm filament. The orange vertical bars mark

the start and end of the filament.

momentum balance based on TTW needs to account for hor-
izontal pressure gradients and nonlinear effects as discussed by
McWilliams (2018). Warm and cold filaments develop pairs of
closed cell SC. Cold filaments, which are common in the upper
ocean, reduce the turbulence entrainment near the boundary
layer top and thus can also potentially impact low-level cloud
formation (Atkinson and Zhang 1996).

It is interesting to compare the response of the MABL and
ocean boundary layer to surface SST (or density) variations. In
the MABL, the Rossby number is large based on the pertur-
bation velocities (u,, v,) and the SC width, we estimate
Ro ~ O(10). This is consistent with the Coriolis forcing being
small and differs from oceanic fronts where Ro ~ O(1). The
main MABL balance is a vertically sign-reversing (baroclinic)
pressure gradient (d,p) balanced by vertical flux divergence
(d,u'w') and mean horizontal advection (u)d,(u). This is dif-
ferent from oceanic fronts in which (d,p) usually does not
change sign in z and the Coriolis forcing matters. Both MABL
and oceanic regimes essentially involve vertical flux diver-
gence, and both have w in the sense of upward flow on the
warm/light side of an SST gradient and vice versa, but in the
MABL the w circulation is displaced downwind, presumably
by horizontal advection. This implies a conversion of potential
energy to kinetic energy by the SC; we find (w)(6 — 6) >0 for
all simulations (results not shown). This has the effect of locally
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restratifying (stabilizing) the MABL. Similar to ocean fronto-
genesis (Sullivan and McWilliams 2019; McWilliams 2020) in
the MABL vertical momentum mixing plus horizontal gradi-
ents of surface buoyancy makes SC that have surface conver-
gence and hence frontogenesis. With alongfront winds, the
surface winds at the reference height z = 10 m show fronto-
genetic tendencies; we observe peaks in vertical vorticity
(d,u)/f with opposing horizontal gradients (d,u) when aver-
aged over a time period of 5400s. The simulations and anal-
ysis by Wenegrat and Arthur (2018), assuming periodic
sidewalls, suggest frontogenesis can potentially occur in the
MABL with alongfront winds at long time scales.

The variation of wind stress presented here and in S20 is
qualitatively consistent with large-scale satellite altimetry ob-
servations (e.g., Chelton et al. 2004). In LES, with across-front
winds the wind stress divergence d,(r,) is large and well cor-
related with the change in SST. Meanwhile with alongfront
winds wind stress curl d,(r,) is large and the results are con-
sistent with observations. In LES the magnitude of the diver-
gence and curl of wind stress varies with stability and the
orientation of the near surface winds relative to the SST front.
Recent work finds SST induced wind speed perturbations are
surprisingly observed in the submesoscale regime of 1-10 km
(Gaube et al. 2019; Shao et al. 2019), similar to the present LES
experiments.
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