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Abstract A numerical modelling study is presented focusing on the effects of
mesoscale sea-surface temperature (SST) variability on surface fluxes and the
marine atmospheric boundary-layer structure. A basic scenario is examined having
two regions of SST anomaly with alternating warm/cold or cold/warm water regions.
Conditions upstream from the anomaly region have SST values equal to the ambient
atmosphere temperature, creating an upstream neutrally stratified boundary layer.
Downstream from the anomaly region the SST is also set to the ambient atmosphere
value. When the warm anomaly is upstream from the cold anomaly, the downstream
boundary layer exhibits a more complex structure because of convective forcing and
mixed layer deepening upstream from the cold anomaly. An internal boundary layer
forms over the cold anomaly in this case, generating two distinct layers over the downstream region. When the cold anomaly is upstream from the warm anomaly, mixing
over the warm anomaly quickly destroys the shallow cold layer, yielding a more
uniform downstream boundary-layer vertical structure compared with the warm-tocold case. Analysis of the momentum budget indicates that turbulent momentum
flux divergence dominates the velocity field tendency, with pressure forcing accounting for only about 20% of the changes in momentum. Parameterization of surface
fluxes and boundary-layer structure at these scales would be very difficult because
of their dependence on subgrid-scale SST spatial order. Simulations of similar flow
over smaller scale fronts (<5 km) suggest that small-scale SST variability might be
parameterized in mesoscale models by relating the effective heat flux to the strength
of the SST variance.
Keywords Internal boundary layer · Large-eddy simulation · Marine boundary
layer · SST variability
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1 Introduction
A basic understanding of coupling between the ocean and atmosphere is necessary
for accurate prediction of the atmosphere/ocean circulation at nearly all scales. For
example, seasonal forecasts of the El Nino/Southern Oscillation depend on realistic
representation of wind-stress forcing on the equatorial Pacific Ocean. At large scales,
satellite scatterometry indicates that wind-stress patterns are closely correlated with
sea-surface temperature (SST) throughout the world’s ocean (e.g. Liu et al. 2000;
Chelton et al. 2001, 2004; O’Neill et al. 2003). Smaller scale coupling has been noted
in mid-latitude regions, for example, near the Gulf Stream off the coast of North
Carolina (Mahrt et al. 2004). In that study, aircraft data show that for flow from warm
to cold water, the winds close to the surface decelerate over the cold water and may
decouple from the large-scale flow aloft, forming a separate, internal boundary layer
(IBL). Similar decoupling events have been reported in Smedman et al. (1997) and
Mahrt et al. (2001), with the IBL persisting for hundreds of km downwind from the
SST transition.
Historically, research focusing on wind/SST coupling has centered on tropical
regions, where measurements first indicated a significant connection between winds
and SST. Two main hypotheses have been presented explaining why the wind field
changes for flow over SST variations. Lindzen and Nigam (1987) proposed that most
of the variation in the winds is caused by a pressure effect, whereby warming of
the atmosphere over high SST regions causes a reduction in pressure via the hydrostatic balance, with a commensurate increase in pressure over cooler water. Because
changes in the surface heat flux take time to affect the atmospheric temperature, the
pressure effect proposed by Lindzen and Nigam requires scales of motion on the order
of hundreds of kilometres, depending on the atmospheric stability and wind speed.
An alternative to the pressure hypothesis presented in Wallace et al. (1989) contends
that vertical momentum transport by turbulence could account for changes in the
surface winds. In their theory, convective mixing of momentum over warmer water
causes an increase in near-surface winds by transporting faster moving air downward
to the surface. More recently, Samelson et al. (2006) explored the idea of the vertical momentum budget control by using a simple two-layer model. They found that
changing the depth of the stress boundary layer and therefore stress divergence could
explain the changes in wind speed produced by SST variations, following Wallace
et al. (1989).
Much of the effort in understanding how SST variations affect wind speed has centered on the offshore flow of cold air over warm water and the formation of an IBL
(e.g. Attie and Durand 2003). In these cases, the boundary layer changes in response
to both an abrupt increase in surface temperature and a decrease in surface roughness.
Less is known about open-ocean scenarios where changes in surface temperature and
roughness are smaller. In particular, cases with flow from warm to cold water have
only recently been studied using direct flux measurements (Garratt 1990; Vickers
et al. 2001; Mahrt et al. 2004). Overall, results from boundary-layer studies agree
qualitatively with large-scale observations taken from satellites, showing a positive
correlation between wind stress and the SST anomaly (e.g. O’Neill et al. 2003) .
Recent aircraft observations off the coast of Martha’s Vineyard in the U.S.A., as
part the of the Coupled Boundary Layer Air/Sea Transfer (CBLAST) experiment,
have provided wind and temperature data clearly showing the effects of SST fronts on
the marine boundary-layer (MBL) structure (Vickers and Mahrt 2006). We present
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two examples here representing flow from cold to warm water and warm to cold water.
Profiles from the cold to warm case shown in Fig. 1 demonstrate the rapid response
of the MBL as the airmass travels over an SST increase of about 3◦ C over 14 km
horizontal distance. On the cold water side of the SST front, low-level wind speeds
are relatively weak with significant vertical shear, increasing from 6 m s−1 at 10 m to
11 m s−1 at 140 m. The turbulence is weak and confined to a shallow layer below about
40 m height. Vertical velocity variance over the warm water is larger and relatively
uniform over the 140 m layer, suggesting that enhanced mixing associated with the
buoyancy generation of turbulence has increased the MBL depth. The temperature
profile over the cool water is quite stable, with an increase of about 2◦ C over the
profile depth. In contrast, the warm profile is nearly constant up to a height of about
110 m, suggesting that the top of the MBL is above the maximum observation.
Probably the most striking difference between the two sides of the SST front is
the changes that are evident in the wind speed and potential temperature. For both
momentum and potential temperature, turbulent mixing over the warm water downstream appears to have homogenized the MBL structure with near conservation of
the total heat and momentum. Because of sampling problems associated with strong
surface heterogeneity and limited aircraft coverage, the aircraft data cannot be used
to obtain reliable estimates of the vertical fluxes over the SST frontal region. This
lack of data is part of the motivation for the current study where we use a large-eddy
simulation (LES) model to gain understanding on how the boundary layer is forced
when moving over changes in SST. Figure 1 tends to suggest that mixing is the chief
mechanism causing the increase in near-surface winds when moving from cool to
warm water, agreeing with the hypothesis put forth by Wallace et al. (1989) and clarified by Samelson et al. (2006). However, without accurate pressure measurements,
we cannot quantify the importance of the pressure term in the horizontal momentum
equation.
Observations of flow from warm to cold water as shown in Fig. 2 are even more
difficult to analyze because of the very shallow nature of the IBL that forms when
turbulence is reduced by buoyant destruction over the cooler ocean water. The effects
of surface cooling have a significant impact on the turbulence strength as shown by
the vertical velocity (Fig. 2). At the same time, wind speeds decrease and temperature fluctuations are greatly reduced as the aircraft enters the stratified boundary
layer over the cooler water. Aircraft cannot adequately sample the vertical structure
in such a shallow boundary layer. Improvements in our understanding of these very
shallow boundary layers will require either in situ towers or other novel observation
platforms.
The stable boundary layer also poses a significant hurdle for turbulence modelling.
For the very stable boundary layer, LES does not resolve the eddy scales responsible
for vertical heat and momentum transport. Nevertheless, we can use LES to examine
how the boundary layer adapts to the changing SST for regions of the flow that are not
strongly stratified. For example, cases that have weakly stratified but fully turbulent
flow can be addressed with LES.
In this paper we use LES to examine the changes that occur in the MBL for the
two scenarios shown in Figs. 1 and 2. We employ the open boundary version of the
LES model described in Skyllingstad et al. (2005) that allows study of discontinuous
surface forcing. Two primary questions are addressed using the model: the first question examines the role of the “mesoscale” horizontal pressure gradient in controlling
the momentum budget of the boundary layer. Our goal is to evaluate how important
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Fig. 1 Aircraft data from early morning on July 30, 2001 showing (a) difference between SST and
10-m air temperature, (b) and wind speed, (c) vertical profiles over cold (solid) and warm (dashed)
water of wind speed, (d) vertical velocity variance, (e) wind direction, and (f) potential temperature

this term is in controlling the wind stress versus changes in the vertical mixing rates.
The second question focuses on the heat and momentum budgets in regions of changing surface forcing. Most observational and modelling boundary-layer experiments
have been applied to approximately homogeneous surfaces. Heterogeneity introduces
significant problems in the assessment of heat and momentum budgets by introducing advective terms dependent on mesoscale parameters that are hard to quantify
(Nakamura and Mahrt (2005)). Here, we examine how the boundary layer changes in
response to a surface front with the goal of identifying whether the order of warming
and cooling affects the downstream MBL structure. This issue is of importance when
considering the proper resolution for accurate mesoscale simulations.
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Fig. 2 Aircraft data taken at about 1040 UTC on July 28, 2001 from a height of 10 m showing (a)
difference between sea-surface temperature and air temperature, (b) air potential temperature, (c)
vertical velocity, and (d) wind speed
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A brief description of the LES model and methods for initializing the experiments
is given in Sect. 2. Section 3 presents an overall picture of the two idealized cases
modelled in the study. Heat and momentum budget analysis is presented in Sect. 4,
with a summary and conclusions in Sect. 5.

2 Model and initial conditions
Simulations were conducted using the LES model described in Skyllingstad et al.
(2005) and Skyllingstad (2003), which is based on the filtered equations described in
Deardorff (1980). Subgrid-scale turbulence is parameterized using the filtered structure function model described in Ducros et al. (1996), which sets eddy viscosity according to the strength of resolved turbulent motions. This version of the LES model has
been modified to address surface discontinuities by implementing an open outflow
condition on the downwind boundary, and a recirculating region with periodic boundary conditions on the upstream boundary following Mayor et al. (2002). Mass conservation is ensured by imposing a vertical velocity on the model top boundary equal
to the difference between the average inflow velocity at the edge of the recirculation
region, and the average outflow velocity at the downstream boundary. Implementing
an upstream recirculation region is equivalent to running a separate LES case for a
periodic domain, and then using the flow variables on the model boundary as input
conditions for the upstream inflow boundary.
Surface forcing is prescribed using the Louis (1979) scheme with a prescribed
lower boundary SST and wind-speed dependent surface roughness length (Fairall
et al. 1996). As a simplification, latent heat flux is not considered in the simulations.
Initial conditions were prescribed using a uniform profile of potential temperature
from the surface to 80 m with potential temperature of 290 K, capped by an inversion
with a vertical potential temperature gradient of 0.015 Km−1 . Winds in the model
were initialized in geostrophic balance, with a velocity of 6 m s−1 .
Simulations were performed using a channel configuration with a domain size of
30.72 km in the along-flow direction, 0.8 km in the cross-flow direction, and 200 m in
the vertical direction with a grid spacing of 4 m. Recirculation was performed over
a sub-region of 1.28 km (320 grid points) along the left-hand side of the domain.
Two cases were examined representing warm to cold (WC) and cold to warm (CW)
transitions over an approximately 20 km region in the middle of the model domain.
Sea surface temperature was divided into four zones as summarized in Table 1. In
zone 1 the SST is set equal to the initial boundary-layer temperature, 290 K, generating a neutral, shear driven boundary layer as the upwind flow for both simulations.
Simulated conditions over zone 1 are nearly equivalent for both cases. Variations
in SST were prescribed in zones 2 and 3 by setting each region to a constant SST,
but alternating between cooling and heating in the two cases examined here. Zone
4 returned the SST to the background value of 290 K before the air mass exited the
model domain. Simulations were conducted for 80 min, which was long enough for
the boundary-layer structure to reach near steady state.
3 Boundary-layer structure
We first examine the boundary-layer structure for the two cases by presenting crosssections from the model at the end of the respective simulations in Figs. 3 and 4. In
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Table 1 Description of sea-surface temperature forcing and simulations

Case WC
Case CW

Zone 1
X = 0–4.48 km

Zone 2
X = 4.48–14.08 km

Zone 3
X = 14.08–23.68 km

Zone 4
X = 23.68–30.72 km

290 K
290 K

292 K
288 K

288 K
292 K

290 K
290 K

Case WC (Fig. 3), surface heating in zone 2 generates convective mixing that extends
from the surface to 150 m where eddies impinge on the background initialized stratification. Overall, the boundary layer over the warm water is relatively well-mixed for
heat and momentum. As the air travels over the colder surface (zone 3), the boundary
layer divides into two regions. Near the surface, an IBL forms with much cooler air,
stronger stratification, and weaker turbulence. This IBL deepens gradually to about
30 m before reaching the end of the cooling region at x = 23.68 km. In the remnant
layer above the IBL, turbulent eddies transported over the cooler water gradually
decay due to dissipation and the expenditure of energy against buoyancy as warmer
air above the MBL is entrained downward, and cold air from the new stratified IBL
is mixed upward. The IBL persists beyond the cold water region, and begins to mix
upward more rapidly in response to relatively warmer water in zone 4. However,
stable stratification forced by surface cooling in zone 3 limits vertical mixing so that
the two-layer structure persists all the way across zone 4 to the model boundary. The
thermally induced pressure gradient in this case is very small over zones 1 and 4, but
forms a near constant, weak horizontal gradient as the MBL moves over the warm
and cool water zones.
Case CW (Fig. 4) presents a markedly different scenario from Case WC even
though the total heat content of the upper ocean represented by the SST changes
is essentially the same. In zone 1, the two cases are statistically equivalent as noted
above. As the air moves downstream over zone 2, surface cooling quickly generates
an IBL that is similar to the cold zone in Case WC, but with much weaker turbulence
in the remnant boundary layer above the IBL because there is no intervening zone
of surface heating. Even so, the depth of the cold IBL in case CW appears greater in
comparison with the cold IBL shown in Fig. 3 with case WC. Subsequent movement of
the air over the warm water zone 3 region causes the rapid production of convective
eddies, increased vertical mixing, and destruction of the cold IBL.
Horizontally averaged profiles over zone 1 and sub-sections of zones 2 and 3 (Fig. 5)
provide a bulk view of the boundary-layer transformation forced by the changing SST.
We chose sub-section averages over the warm and cold water zones to emphasize the
change in MBL structure. In Case WC, profiles show a typical, neutral MBL in zone
1 with a nearly uniform potential temperature in the vertical. Convective forcing
over zone 2 generates strong mixing as shown by the increased vertical velocity variance and well-mixed horizontal velocity and potential temperature. Over zone 3,
surface cooling forces a two-layer structure effectively isolating the upper portion of
the boundary layer (referred to as a remnant boundary layer) from the surface, with
the cool IBL having stronger shear and stratification in comparison with the remnant mixed layer between 40–120 m height. Turbulence, as indicated by the vertical
velocity variance, decreases dramatically with downstream distance because of stable
stratification and isolation from the remnant boundary layer. Horizontal momentum
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Fig. 3 Cross-sectional plots in the vertical and horizontal direction at y = 126 m for Case WC showing
(a) perturbation pressure (Pa), (b) horizontal velocity (m s−1 ), and (c) potential temperature (K)
after 80 min. Sea surface temperature in this case is 290 K in Zone 1, 292 K in Zone 2, 288 K in Zone
3, and 290 K in Zone 4

in the remnant mixed layer is greater over the cold zone 3 in comparison with the
warm zone 2, since decoupling from the surface shear stress leads to flow acceleration.
However, most of this change is due to decreasing momentum over zone 1, which has
not yet propagated downstream (see budget discussion in the next section).
Vertical profiles over the warm and cold zones for case CW are similar to Case
WC with some notable differences. In both cases the vertical velocity variance is a
maximum over the warm water, especially in case CW. Warming in case WC generates
a greater increase in boundary-layer temperature because of stronger entrainment of
air from the overlying stable inversion layer (above 120 m). Entrainment is weaker
in case CW because surface forced convection over zone 3 must first erode the cold
IBL before entrainment can transport warmer air downward from the upper-level
inversion.
Case CW represents a scenario similar in some ways to the observational case
presented in Fig. 1, such as the observed wind speed transition from a nearly constant
vertical gradient over the cold water to well-mixed conditions over the warm water.
Mixing in the simulation produces a similar result, although shear over the cold zone
is more intense near the surface because of the well-defined IBL. We do not see the
overturning of potential temperature as suggested by the profiles in Fig. 1f. Simulated
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Fig. 4 Same as Fig. 3, except for Case CW. Sea surface temperature in this case is 288 K under Zone
2 and 292 K under Zone 3

potential temperature always shows an increase as the boundary layer travels over
the warm zone, whereas the observations indicate a cooling for air above 70 m. Such
cooling is only possible if most of the mixing is due to mechanical stirring, which
seems unlikely given the convective forcing by the warm water. Alternatively, the
atmosphere may have warmed by advection aloft.
A qualitative comparison between Case WC and the flight data presented in Fig. 2
can be made by plotting potential temperature, vertical velocity, and wind speed at
10 m height as shown in Fig. 6. Overall, the model reproduces the gross qualities of
the 10-m structure, such as the decrease in wind speed and temperature when travelling from warm to cold water. Turbulence intensity, as measured by the strength
of small-scale perturbations, is not duplicated accurately by the model. For example,
aircraft data indicate a significantly smoother data series over the cold water for all
of the measured fields, indicating weak turbulence. In comparison, modelled velocity perturbations only decrease slightly and potential temperature variations tend to
increase when going from warm to cold water.
What we are probably seeing in the simulation is a limitation of the LES model when
trying to simulate stratified turbulence. In the observations, turbulence at the aircraft
flight level decreases rapidly in response to increased stratification. Turbulence is less
likely to collapse in the numerical model because of the relatively coarse grid spacing and restricted subgrid parameterization, which cannot adequately accommodate
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 Fig. 5 Vertical profiles of horizontally averaged (a) horizontal velocity, (b) potential temperature,
and (c) vertical velocity variance taken from Case WC (left column) and (d) horizontal velocity, (e)
potential temperature, and (f) vertical velocity variance taken from Case CW (right column). Averages are performed between x = 0 and 4.48 km (labeled zone 1), x = 13.44 − 14.08 (zone 2 subsection)
and x = 23.04 − 23.68 km (zone 3 subsection)

a thin MBL. In addition, the parameterized roughness length may be too large for
the wave conditions that existed in the observations. Nevertheless, the LES model
generates a stably stratified boundary layer, but probably with too much turbulence
and over a deeper column than would be observed. Because the model has a deeper,
more turbulent stable boundary layer, we expect cooling rates to be overestimates of
actual conditions, but probably not grossly out of range considering that the observed
temperatures also decrease over time.

4 Momentum budget
We calculate the cross-stream average momentum budget by averaging terms in the
momentum equation for the u component of velocity, and then decomposing into

Fig. 6 Simulated values of (a) potential temperature, (b) vertical velocity, and (c) horizontal velocity
taken from a height of 10 m at location y = 126 m for Case WC. Data overlap the transition region
between zones 2 and 3
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u = U + u where U = ū, using the divergence equation and periodic cross-stream
boundary conditions, and finally applying averaging rules, obtaining
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Terms in (1) are (i) the local tendency or storage term, (ii) horizontal advection by the
mean wind, (iii) vertical advection by the mean vertical motion, (iv) horizontal turbulent flux divergence, (v) vertical turbulent flux divergence, (vi) Coriolis term, (vii) horizontal pressure gradient term, and (viii) subgrid-scale mixing term. Double primes in
term viii indicate subgrid-scale velocities for parameterized fluxes. Terms v and vii describe the two dominant momentum forcing components discussed in the introduction.
Although observed estimates of the terms in (1) are possible using an array of
tower data, calculating horizontal gradients can be very difficult because of surface
variations and inadequate instrument coverage. Consequently, momentum budget
studies from observations typically look for conditions where term (v) is dominant,
which can be more easily measured using time-averaged tower data. In the case of
ocean aircraft observations, we are limited by much less data. However, if we divide
the flow into two regions associated with either the warm or cold water, and then
consider the Lagrangian budget for the mean flow between the two regions, we obtain
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dU
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(2)
dt
∂x
∂z
ρ ∂x
∂z
∂x
where the average advection terms have been combined to form a total derivative
or Lagrangian time derivative for the mean flow. Equation 2 indicates that the total
change in the mean flow can be attributed to the local turbulent flux terms, Coriolis
term and the horizontal mean pressure gradient if we consider how the velocity profile
changes between two separate locations, as is shown in Fig. 1.
Analysis of the LES results provides a means of evaluating the momentum budget
for transitional flows using (1) and (2). However in analyzing (1), we find that the
horizontal and vertical advection terms tend to offset, overwhelming the role of the
vertical flux divergence and pressure terms. Because of the large, offsetting terms in
the total momentum equation, a more effective way to analyze the model momentum
budget is to use the Lagrangian budget described by (2). This is accomplished by first
calculating the total change in momentum, U/t, between the cold and warm water
regions using


24.3
5.1
km
km
1
U(z) −
U(z)
N
U/t =

y=23.7 km

y=4.5 km

t(z)

(3)

where sums are also calculated over the cross-stream direction, N is the number of
grid points in the two horizontal domain sub-regions and
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(4)

4.8 km Sfc

is an estimate of the transit time for a column of air. Equation 3 represents the
Lagrangian momentum change when travelling across the SST front. Plots of this
term along with the vertical flux divergence and horizontal pressure gradient (averaged over zones 2 and 3) are shown in Fig. 7, and allow us to evaluate the role of
turbulence versus pressure forcing.
For both cases, the change in velocity from cold to warm is very similar in form
to the vertical momentum flux divergence but with a significant positive offset. As
the pressure term shows, the offset is only partially explained by pressure forcing.
A much better match between the velocity change and vertical momentum flux is
obtained by including the average local change in horizontal momentum, ∂u/∂t, that
is produced upstream in zone 1 along with the pressure forcing term, as shown by
the right panels in Fig. 7. The Lagrangian description of the flow provided by U/t
assumes that the upstream flow is near steady state. Then, any changes that occur
over the SST front should be local and therefore dominated by the flux divergence
and local pressure gradient. However, for a turbulent neutral boundary layer as exists
upstream in zone 1, the flow is continually losing momentum to the surface, which
is then redistributed vertically throughout the boundary layer. By adding the zone 1
average tendency or storage term to the vertical flux divergence term, we are able to
account for the upstream momentum change and obtain a good match between the
Lagrangian momentum change and flux divergence.
We note that the pressure term is small in both cases relative to the turbulence flux
divergence. This result is in conflict with studies conducted for larger scale flows, for
example by Lindzen and Nigam (1987), and indicates that the hypothesis put forth by
Wallace et al. (1989) may be more applicable for small-scale SST fronts.
Wind speed profiles shown in Fig. 1 also suggest that convection over the warm
water generates a well-mixed boundary layer where the total momentum is basically
conserved. This is consistent with the vertical flux divergence having a dominant role
in changing the flow field; eddy mixing exchanges momentum vertically, reducing the
average shear in the process. However, our simulations suggest that knowing the vertical flux divergence at a single location is not enough to explain how the momentum
budget evolves. Measurements over a horizontal range are needed to pin down the
important terms in the budget. At a minimum, upstream tendencies are needed so
that local effects can be separated from changes that are a direct result of horizontal
transport.
Other key factors that determine how the surface wind will respond to changing
SST are the strength of the horizontal and vertical transport terms in comparison
with the impact of surface drag. If transport terms are small, then changes in the
boundary-layer depth should lead directly to changes in the surface wind speed as the
surface momentum loss from drag is redistributed over a different boundary-layer
depth. For example, a shallow boundary layer will have a slower flow in comparison
with a deep boundary layer because of the greater influence of the surface drag term
relative to the depth-integrated momentum. Samelson et al. (2006) did a scale analysis
of this effect by examining the time scales associated with transport and surface drag,
defining a ratio
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(a) Case WC

(b) Case CW

Fig. 7 Horizontal- and time-averaged terms from the momentum budget from Equation (3) for (a)
Case WC and (b) Case CW. Figures on the right side include the upstream momentum tendency and
pressure term along with the flux divergence. Terms are defined in the text

γτ A =

Tτ
hVV
=
,
TA
τL

(5)

where Tτ represents a time scale associated with surface drag, Tτ = hV
τ , TA repreL
sents a time scale for horizontal transport effects, TA = V , and h is the boundary-layer
depth, V is the average boundary-layer velocity, V is the change in boundary-layer
wind speed over the SST transition region, τ is the surface stress and L is a length
scale characterizing the SST variations.
When γτ A > 1, advection dominates over surface friction in controlling horizontal
momentum in the boundary layer. Case CW represents an example of this scenario as
shown by evaluating γτ A over zone 3 using h = 100, V = 4.5 m s−1 , V = 1 m s−1 , τ =
0.03 N m−2 , and L = 10 km, yielding γτ A = 1.5. Heating over the warm region in this
case actively forces vertical mixing and downward transport of momentum, increasing
the near-surface winds over zone 3. Samelson et al. (2006) identify this mechanism as
the non-equilibrium hypothesis because the momentum change is controlled by the
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Fig. 8 Horizontal- and
time-averaged momentum flux
divergence for the horizontal
wind component from
80–82 minutes over zone 3

WC

CW

transport of momentum from outside of the boundary layer defined over the cold
water region in zone 2.
When γτ A < 1, boundary-layer momentum is controlled primarily by surface wind
stress and the depth of the boundary layer as demonstrated in Case WC. Using values
over zone 3 of h = 25 m, V = 4.5 m s−1 , V = 1 m s−1 , τ = 0.02 N m−2 , and L =
10 km, yields γτ A = 0.56. In this case, the warm boundary layer produced over zone
2 decouples when moving over the cold region of zone 3. A shallow boundary layer
quickly forms over the cold water, limiting h and decreasing γτ A . Surface wind speed
changes in this example are controlled mostly by the surface stress and the shallow
boundary-layer depth and the flow is considered to be in quasi-equilibrium.
Plots of the vertical momentum flux divergence over zone 3 (Fig. 8) clearly demonstrate how vertical mixing and the mixed-layer depth control the near-surface
momentum. In case WC (γτ A < 1), vertical flux divergence is mostly confined to
below 40 m where stress is removing momentum from the flow. For this case, changes
in the near-surface momentum are generated primarily by surface friction. In contrast,
flux divergence for case CW (γτ A > 1) suggests a transfer of momentum from the
remnant boundary layer between 35–140 m to the near-surface region.

5 Discussion
Surface flux parameterizations, for example as based on Monin–Obukhov similarity
theory, assume that forcing conditions are relatively homogeneous and evolve only
slowly in time. Our experiments show that this assumption is not valid when SST
varies rapidly over horizontal distances of a few kilometres. To help understand how
surface flux variations affect the MBL, we examine the aggregate values for mean
temperature and momentum as shown in Fig. 9. These profiles compare the average
boundary-layer properties over the region of varying SST (zones 2 and 3), as well as
the zone 1 profile predicted upstream from the SST fronts and a profile downstream
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Case WC

Case CW

(a)

(b)

Fig. 9 Vertical profiles of horizontally averaged (a) potential temperature and (b) horizontal velocity
taken from case WC (left) and CW (right) at 80 min from zones representing the frontal transition
(zones 2 and 3), upstream conditions (zone 1), and downstream conditions (zone 4)

from the frontal region from zone 4. If we assume that small-scale SST variations
are averaged in operational mesoscale models, then the high and low SST used here
would tend to offset, resulting in a uniform SST field and a neutral MBL structure
similar to the average profile over zone 1.
Comparing the zone 4 profiles between case WC and CW in Fig. 9 indicates that
case WC forcing creates the most significant variation in the mean profiles after passing over the frontal zone. As noted above, the potential temperature for zone 2 in case
WC is noticeably warmer than the zone 3 average from case CW. Consequently, the
mixed layer in case WC is deeper resulting in a greater reduction in wind shear and
stronger winds below 80 m over the frontal region. Downstream, the winds decrease
near the surface because of the stable boundary-layer that persists after leaving the
cold water region. Turbulent fluxes of heat and momentum (not shown) are consistent
with the deeper mixed layer, showing more vertical transport and stronger entrainment at the MBL top over the frontal region in case WC. The effects of the cold water
in case WC generate a significant negative heat flux between 25–35 m in the zone 4
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profile. In comparison, the zone 4 heat flux for case CW is similar to the zone 1 profile
with relatively weak values.
As shown by this relatively simple set of experiments, developing a parameterization that accounts for small-scale SST variability poses a big challenge. Our results
suggest that subgrid-scale variations in SST can generate significant variations in the
boundary-layer structure that are strongly correlated to the degree of surface warming
versus cooling and the order in which surface fluxes vary in the downwind direction.
When warming is upstream from cooling, the SST variation has a bigger impact
because of boundary-layer deepening arising from convective overturning. Cooling
upstream from warming generates an internal cold boundary layer that constrains the
effects of downstream warming.
Increasing model resolution will reduce this parameterization problem. At what
point do SST variations become small enough so that an average value may be used?
As a final test, we conducted an experiment with a warm to cold transition reduced
in scale so that zone 2 and 3 encompassed just 2.4 km. Average profiles taken from
this case over the warm and cold water and just downstream from the frontal region
(not shown) suggest that small amplitude SST variations have a minimal effect on the
mean properties of the MBL. Nevertheless, the heat flux variations produced by the
front (not shown) are still different from the constant SST example.

6 Conclusions
Experiments are presented using a large-eddy simulation model suggesting that relatively small horizontal variations in SST can have a significant impact on the vertical
structure of the marine boundary layer over the investigated distances of 10–20 km.
Two cases are examined, one for atmospheric flow over an SST transition from relatively cold to warm water, and the second for flow from warm to cold water. Results
indicate that mixing is increased in the warm to cold case because of the initial deepening of the boundary layer over the warm water. In the cold to warm case, initial
cooling generates a shallow internal boundary layer that initially limits mixing over
the warm portion of the domain. The net effect is a deeper boundary layer in the
warm to cold case, which causes stronger near-surface winds and greater entrainment
of the stable layer at the boundary-layer top.
Surface fluxes are also affected by the history of the flow as the flow passes over the
warm and cold water. For example, upward fluxes are larger over the warm water in
the cold to warm case because the upstream cooling generates a greater SST gradient
over the warm water. Similar effects are noted in the wind stress, but with smaller
differences between the two SST scenarios.
Analysis of the momentum budget for both scenarios shows that the most significant term affecting horizontal momentum over the frontal zone is the turbulent
vertical flux divergence. Although the thermally forced pressure forcing is significant,
it only averages about 20% of the flux divergence term, indicating that for fronts on
10–20 km scales with light winds (6 m s−1 ) most of the momentum response is produced by turbulent mixing and changes in the boundary-layer depth rather than hydrostatic pressure. Our results agree with scaling arguments presented in Samelson et al.
(2006) indicating that the boundary-layer depth controls the downstream strength
of near-surface winds in warm to cold transitions, whereas advection and vertical
transport are more dominant in cold to warm scenarios.
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Boundary-layer changes produced by SST fronts are uniquely defined by the order
of the surface forcing (cold to warm versus warm to cold) and would be even more complicated by random SST variations. We therefore hypothesize that accurate parameterization is not feasible for SST variability on larger scales. For smaller scales, a
single test using the model over a 2.4 km frontal region suggests that small amplitude
variations may have negligible impact on the overall boundary-layer structure. Nevertheless, they do affect the net surface flux, which may be significant in regions with
large SST variance. Many of the effects of small-scale SST variability may be already
built into flux parameterizations, which are based on large empirical datasets and use
average correlations of flux and T data (e.g. Vickers and Mahrt 2006).
Some caution is necessary in considering the conclusions of this study, particularly
with regard to the behaviour of the stable boundary layer produced by the downward
heat flux over cold water. Although LES produces a cold boundary layer with acceptable average properties, it is likely that the strength of turbulence and resulting fluxes
are overestimated for flow over cold water. Further comparisons with observations
are needed to verify if the results presented here are representative of actual internal
boundary layers produced by surface cooling.
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