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ABSTRACT: Motivated by previous studies, we examine the underestimation of the sea surface stress due to the stress
divergence between the surface and the atmospheric observational level. We analyze flux measurements collected over a
6-yr period at a coastal tower in the Baltic Sea encompassing a wide range of fetch values. Results are posed in terms of
the vertical divergence of the stress scaled by the stress at the lowest observational level. The magnitude of this relative stress
divergence increases with increasing stability and decreases with increasing instability, possibly partly due to the impact of
stability on the boundary layer depth. The magnitude of the relative stress divergence increases modestly with decreasing
wave age. The divergence of the heat flux is not well correlated with the divergence of the momentum flux evidently due to
the greater influence of advection on the temperature. Needed improvement of the conceptual framework and needed

additional measurements are noted.

SIGNIFICANCE STATEMENT: Flux measurements over the sea are typically made at 10 m above the surface.
However, the vertical flux divergence measured between two levels suggests that the variation of the surface fluxes and
the 10-m fluxes may be significant such that the observed flux at 10 m can seriously underestimate the surface fluxes. This
underestimation is documented from long-term flux measurements from a tower in the coastal zone of the Baltic.
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1. Introduction

The stress magnitude in the atmosphere can decrease sig-
nificantly with height immediately above the sea surface
(Miller 1998; Strom and Tjernstrom 2004; Fairall et al. 2006)
such that the stress measured at standard atmospheric obser-
vation levels may be significantly smaller than the surface
stress. Mahrt et al. (2018a) used linear extrapolation and
found that the 10-m fluxes underestimated the surface stress
by typically 20% with considerable variation. Stable bound-
ary layers may be particularly thin because reduced down-
ward mixing leads to lower wind speeds at the surface and
subsequently smaller surface roughness (Smedman et al.
1997; Mahrt et al. 2001b). A comprehensive study by Ortiz-
Suslow et al. (2021) found that the vertical divergence of the
momentum flux was more likely to be significant compared to
the vertical divergence of the heat and moisture fluxes. They
estimated that the momentum flux divergence could be ne-
glected for less than 1/3 of the observations depending on
stability and swell orientation. Widespread underestimation
of the surface stress could have systematically contaminated
calibration of existing surface similarity theory for predicting
the surface stress.

The vertical divergence of the heat flux does not necessarily
correlate with the momentum flux divergence partly because
the momentum flux divergence might be significantly affected
by the height dependence of the horizontal pressure gradient
in addition to advection of momentum (Fairall et al. 2006).
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In contrast, the heat flux profile can be controlled by temper-
ature advection and sometimes entrainment fluxes at the top of
the boundary layer.

Grachev et al. (2005) examined the momentum and heat flux
divergence over sea ice during the polar night with very large
fetch and found greater relative stress divergence compared to
the relative heat flux divergence [Egs. (5) and (6)]. For very
stable conditions over land, Mahrt et al. (2018b) found signif-
icant stress divergence generally associated with boundary
layer depths of less than 50 m. But the flux profiles for very
stable conditions can also be rather complex because layers of
momentum flux convergence and heat flux convergence appear
to be common in very stable conditions over land. Wyngaard
(2010) derived a general relationship of the depth of the
“constant” flux layer to the boundary layer depth, which can be
used to estimate when the vertical flux divergence can be
neglected.

Thin internal boundary layers are common in offshore flow
(Garratt and Ryan 1989; Rogers et al. 1995; Vickers et al.
2001; Sun et al. 2001; Skyllingstad et al. 2005; Dorenkédmper
et al. 2015). With flow of warm air over cooler water, the
stable internal boundary layer may be sufficiently thin that
the surface layer lies below typical observational levels
(Fairall et al. 2006; Mahrt et al. 2016) and the measurements
at the usual levels may significantly underestimate the surface
stress. For short-fetch offshore flow over cold water, the
downward momentum flux may increase with height due
to overlying advected turbulence from land and near collapse
of the turbulence near the surface (Vickers et al. 2001;
Mahrt et al. 2001a). Then the stress can increase with height
and the observed 10-m stress overestimates the surface stress
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magnitude, although this scenario may be uncommon. Formation
of a low-level jet in offshore flow can also lead to elevated
generation of turbulence that significantly influences the flux
near the surface (Smedman et al. 1995). Because observations
are limited over the sea, internal boundary layers in offshore
flow are less understood than internal boundary layers trig-
gered by onshore flow over land, depending on the complexity
of the land surface (Grachev et al. 2018). Distortion of the
flux profiles may also be significant when forced by less con-
centrated changes of the wind vector or SST over open ocean
conditions (Samelson et al. 2006; de Szoeke et al. 2017; Skyllingstad
et al. 2019; Samelson 2020).

The behavior of the stress becomes more complicated when
wave effects are important (Rieder et al. 1994; Rieder and
Smith 1998; Drennan et al. 1999; Grachev et al. 2003; Sullivan
et al. 2008; Grachev et al. 2011; Nilsson et al. 2012; Hristov and
Ruiz-Plancarte 2014; Patton et al. 2019), particularly with low
wind speeds and nonstationarity. On the other hand, infor-
mation on the wave state is generally not required for pre-
dicting the surface stress for sufficiently long fetch partly
because variation of the wave state becomes highly correlated
with the wind speed (Edson et al. 2013). Based on a case study
period, Smedman et al. (2009) found that the momentum flux
divergence was greatest with wind following swell, of unknown
generality. The influence of the wave-induced distortion of the
wind profile may reach the 10-m level with swell and low wind
speeds (Sullivan and McWilliams 2014). In addition, shoaling
and steering of waves induced by the bathymetry can influence
the wave-direction statistics and surface stress (Pettersson
et al. 2010).

In our study, we examine the dependence of the stress di-
vergence on stability and the resulting underestimation of the
surface stress. In section 2, we introduce the measurements and
flux partitioning. The relative stress divergence and depth
scales are defined in section 3. We then examine the relation of
the relative stress divergence to stability (section 4) and wave
state (section 5). We briefly investigate the heat flux divergence
in section 6.

2. Measurements

We analyze measurements from the Ostergarnsholm mast
beginning in July 2013 and ending in August 2019, and focus
on the Campbell CSAT sonic anemometers located at 10
and 26 m. Maps of the site include Figs. 1-2 in Rutgersson
et al. (2001), Fig. 1 in Smedman et al. (2009), and Fig. 1 in
Gutiérrez-Loza et al. (2019). For the current study, see Fig. 1.
The observational site is described by Smedman et al. (1999),
Rutgersson et al. (2001), Sahlée et al. (2008), Hogstrom et al.
(2008), and Rutgersson et al. (2020) and citations therein. The
potential influence of the local bathymetry and the presence of
the low flat island to the north (2km across) were also dis-
cussed. Fluxes measured at the mast compared well with buoy
measurements offshore for the open-sea wind directions (e.g.,
Hogstrom et al. 2008). Because transducer shadow errors for
CSAT sonic anemometers (Horst et al. 2015) partially cancel
when computing the difference of w'u’ between levels, we have
not attempted to correct for the transducer shadow errors.
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The current study also analyzes wave measurements from a
Directional Waverider operated by the Finnish Meteorological
Institute. The wave buoy is located approximately 4km
southeast from the Ostergarnsholm mast where the water
depth is 39 m. We divide the wind direction into sectors based
on the fetch and bathymetry (Rutgersson et al. 2020). For the
northeasterly wind direction (40°-80°), the fetch averages
about 220 km. For the southeasterly wind direction (80°-160°),
the fetch ranges from 130 to 250 km. The southerly flow sector
160°-220° is the most common direction and the fetch is near
300 km. The fetch is short for westerly direction, 220°-295° with
values as small as 4 km. The remaining broad northerly sector
contains a mixture of land and sea.

The flow variables are decomposed as

b=9¢'+o, )

where ¢ is potential temperature or one of the velocity com-
ponents and ¢' is the deviation from a local time average over
10min, ¢. For example, the along-wind momentum flux is
written as w't/ and the heat flux is written as w'¢’. The wind
speed is computed as

U=Vi2 + 2. %))

3. Stress divergence
a. Definitions

The stress divergence is estimated as
3w = C(w'uy —wul), 3)

where w'uj and w'u, are the momentum fluxes at 10 and 26 m,
respectively, and C = 10m/16 m converts the vertical differ-
ence of the momentum flux to an estimate for a 10-m layer
using a local linear height dependence. This provides some
measure of standardization independent of the particular
measurement levels for this site. Adding —5,w't’ to the 10-m
flux estimates the surface stress. In this study, we examine the
behavior of §,w't/. If the magnitude of the downward mo-
mentum flux decreases with height, then . w'u’ is positive so
that the flux divergence term in the momentum equation is
negative, as in a normal boundary layer. We also compute

S WT'=CwWT,—wT). “4)

Negative values of 6,w'T’ correspond to the usual vertical
convergence of the upward heat flux in the unstable boundary
layer and the usual divergence of the downward heat flux in the
stable boundary.

Similar to the calculations of Grachev et al. (2005), we addi-
tionally compute the relative divergence of the momentum flux

s wu
I

©)

w'u!

The relative divergence of the momentum flux is normally
negative because 6, w'u’ is generally positive and w'u’ is usually
negative. The relative heat flux divergence is
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FIG. 1. The map of the local site and the inset were generated using GMT 6 (Wessel et al. 2019). The aerial
photograph was adapted from https://map.openseamap.org/ and the OpenStreetMap-Project (CC-BY-SA 2.0).

S wT
Z

wT

(6)

Our analyses will generally be based on bin averaging quan-
tities in terms of intervals of z/L designated with square
brackets, for example [w'u']. The term L is the Obukhov length,
and z is the height above the sea surface. Ratios are computed in
terms of bin-averaged quantities to obtain [§,w't/]/[w'u’]. Most
of the bins include a large number of data points so that the
standard error is generally small and difficult to visualize.
However, the uncertainty of the bin averages is probably sub-
stantially underestimated by the standard error because the
samples are not independent due to nonstationarity.

b. Depth scale

A depth scale for the momentum flux divergence can be
written as
[wu']

h =———-——. 7
e 8, [wu')/sz @

A similar expression can be written for the depth scale of
the heat flux divergence h,. If the fluxes decrease linearly
with height and approximately vanish at the boundary layer
top, then A, and h,, are estimates of the boundary layer
depth. Direct estimates of boundary layer depth are not
available for this dataset. If we expect both the momentum
flux and the heat flux to approximately vanish at the true
boundary layer top, then the observed significant differences
between h,,, and h,,, indicate that the low-level flux profiles
are not reliable estimates of the boundary layer depth. The
stress divergence tends to decrease with height within the
boundary layer at the Ostergarnsholm site, as shown in
Fig. 10b of Svensson et al. (2019) using momentum fluxes
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computed from lidar measurements. Thus, 4,,,, based on
near surface observations, may seriously underestimate the
boundary layer depth. We consider #4,,, to be a useful depth
scale as the first-order approximation to the near-surface
height variation of the turbulent fluxes.

c. Advective balance

The impact of advection on the flux profile is generally more
dominant for the heat flux profile compared to the momentum
flux profile. For semistationary adiabatic flow, the vertical
variation of the heat flux is often controlled by advection
so that

aw'e’

VoV~ - (8)

Cold-air advection can be balanced by heat-flux conver-
gence such that the upward heat flux decreases with height in
the layer of horizontal advection. Warm air advection would be
balanced by decreasing downward heat flux with height. In
either case, the relative flux divergence [Eq. (6)] is negative.
This interpretation assumes that upward heat flux occurs with
cold air advection and downward heat flux occurs with warm
air advection. As a less common example, both cold air ad-
vection and downward heat flux at the surface lead to an in-
crease of the downward heat flux with height which reaches a
maximum at some level, perhaps associated with an entrain-
ment zone where the magnitude of the downward heat flux
decreases rapidly with height. An analogous maximum occurs
with concurrent warm air advection and upward heat flux at the
surface.

Vertically integrating Eq. (8) across the boundary layer and
assuming that the heat flux vanishes at the boundary layer top,
the boundary layer depth can be estimated as
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FIG. 2. The relative frequency of the estimated vertical difference of the momentum flux
between the 10- and 26-m levels projected onto a 10-m layer [Eq. (3)] for different wind-
direction sectors. Positive values generally correspond to decreasing downward momentum flux
with height. The color scale describes the sign and magnitude of the vertical difference of the
momentum flux and the black boundary partitions the rose into the usual momentum flux di-

vergence (outward from the black boundary)
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Wes[c

"o =V vey

)
where {V - V6} is the layer-averaged advection of potential
temperature. Stronger advection implies a shallower boundary
layer. Because the magnitude of the surface heat flux is nor-
mally smaller for significantly stable conditions, the corre-
sponding value of 4,4 is smaller for the same magnitude of the
advection. Although qualitatively instructive, this relationship
requires unavailable estimates of the temperature advection.

4. Dependence on wind direction and stability

The dependence of the frequency distribution of §,w'u’ [Eq.
(3)] on the wind direction (Fig. 2) indicates that the flow from
180° to 220° is dominated by the momentum flux divergence
(8,w't > 0, light green to red, outside of the black boundary).
Wind directions from 220° to 295° correspond to shorter fetch
and greater frequency of the momentum flux convergence
8. w't/ < 0 (blue-green, inside of black boundary), often related
to increasing downward momentum flux with height, discussed
below. Thus, the behavior of §,w's/’ at this coastal site depends
significantly on the fetch or wind direction.

a. Stability dependence

We composite the relative momentum flux divergence
8. w'u//w'i’ over intervals of the wind direction and intervals of
z/L where z = 10 and L is based on the 10-m fluxes, as is W't/ in
the denominator of the relative momentum flux divergence.
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and the momentum flux convergence (inward).

The stability z/L is contaminated by the difference of the fluxes
between the observational level and the surface although here
z/L is used only crudely to represent the stability. To compute a
bin-averaged value of 6,w't//w'u’, both 6, w'u’ and w'u/ are bin
averaged independently and then the ratio is computed to avoid
very large individual values of the ratio where the magnitude of
wi is particularly small. The magnitude of the relative stress
divergence is greatest for stable conditions (Fig. 3). The nega-
tive values of §,[w't/]/[w'u’] correspond to decreasing down-
ward momentum flux with height, which acts to decelerate the
flow, as in a normal boundary layer where the stress divergence
and the horizontal pressure gradient oppose each other.

Figure 3b shows the relative momentum flux divergence as a
function of an extended range of z/L, which is possible for the
southerly wind direction interval 160°-220° where the sample
size is largest. The fetch is longest and the magnitude of the
relative stress divergence is largest for this wind-direction
sector. Near-neutral conditions contain the most data.

The magnitude of the relative stress divergence for the
most stable interval of z/L reaches ~ 0.65 (Fig. 3b, black).
This systematic increase of the relative stress divergence with in-
creasing z/L is in agreement with Grachev et al. (2005, their Fig. 2).
For a given value of z/L, the magnitude of the relative stress di-
vergence in Grachev et al. (2005, their Fig. 2) was significantly
smaller than in Fig. 3b of this study. This difference is at least partly
due to computing §,[w't/] over significantly smaller intervals of
height in Grachev et al. (2005) compared to the current study.

The magnitude of the relative stress divergence is a little more
than 10% for near neutral and unstable conditions. The larger
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FIG. 3. (a) The relative stress divergence as a function of z/L for
different wind-direction sectors. The wind direction intervals are
40°-80° (red circles), 80°-160° (blue squares), 160°-220° (black X
marks), and 220°-295° (cyan asterisks). (b) The relative stress di-
vergence for 160°-220° for an extended stability range (black X
marks). The other wind direction sectors did not contain sufficient
data for this extended range. Also shown is the informal fit [Eq.
(10)] for the southerly wind-direction sector (green circles).

composited values of the relative stress divergence for greater
fetch are partly due to the persistent positive sign of §,w't/
(Fig. 2). Shorter-fetch conditions have numerous cases of neg-
ative §,w't/’ such that the composited values (Fig. 3) are smaller
due to sign switching between observations. Only a small per-
centage of the cases correspond to upward momentum flux so
that most of the sign switching of the relative flux divergence is
due to changes of 6,w'u’ rather than changes off w'u/’.

Because of the shared variable w'u’ in Fig. 3, the relationship
between the relative flux divergence and z/L is influenced by
positive self-correlation. However, the observed correlation is
negative and thus not caused by the self-correlation. Estimation
of the standard error for &, [w'u/]/[w't/] is a little more difficult to
interpret because 8,wu/ and wu'w't/ are composited sepa-
rately, each having its own standard error.

The significant stress divergence for the unstable case for
southerly flow (160°-220°, black curve) might be unexpected
because of an anticipated deeper boundary layer for longer-fetch
unstable conditions. However, the depth of the convective
boundary layer could be constrained by a low-level capping in-
version. The frequency distribution of §,[w'«/] for the unstable
case is quite peaked with few outliers. For southerly flow,
8,w'u’ < 0 (flux convergence) occurs for only 17% of the 10-min
periods. Thus, the downward momentum flux near the surface
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decreases with height for most of the unstable cases. Only a few
events occur where the stress convergence is persistent for more
than a couple of subsequent 10-min periods.

For the other wind directions, events of persistent stress
convergence are more common. In general, the decrease of
the stress with height is not related to directional shear or
crosswind stress. The crosswind stress is mainly important for
U < 2ms~ ! and the sign of the crosswind stress is not system-
atic. For unstable conditions the flux footprint may shrink to the
extent that local shoaling becomes important, although there is
no evidence that the relative stress divergence is changing sig-
nificantly with increasing —z/L (Fig. 3). The potential effects of
wave state on the flux divergence are discussed in section 5.

The relative stress divergence depends significantly on wind
direction for this coastal site. For northeasterly flow, the relative
stress divergence is less than 10% even for the most stable con-
ditions (Fig. 3a, red circles). For southeasterly flow (blue squares),
the relative stress divergence for unstable conditions is small,
similar to that for northeasterly flow. For stable conditions, the
magnitude of the relative stress divergence is more significant. For
the short-fetch westerly flow, the relative stress convergence
5. [wu')/[w'i'] >0 occurs with unstable conditions (cyan aster-
isks) that would act to accelerate the flow over the sea, probably
associated with the decrease of the roughness from land to sea.
Elevated advection of more significant turbulence from land may
occur at higher levels and lead to an increase of the downward
momentum flux with height (flux convergence). Low-level jets at
this site (Smedman et al. 1995) generate elevated turbulence and
downward transport of turbulence and momentum.

b. Formulation

The relative flux divergence [8,w't/]/[w'u/], projected onto a
10-m layer for the 160°-220° wind-direction sector (black,
Fig. 3b), is subjectively approximated for stable conditions as
(green curve)

8 wi)[wir] = —0.12 — 0.7[1 — exp(1.2 z/L))].

Z

(10)

To estimate the surface stress, the predicted §,[w'u'] can

be added to the 10-m stress w'u’. For the unstable case,

5. [wu')/[w'i] is approximated as constant equal to 0.12.

Although Eq. (10) is oversimplified, it can serve as a basis for
evaluating model sensitivity to stress corrections.

5. Wave state

The effect of nonequilibrium wave state is often represented
in terms of wave age defined as C,/ux or C,/U where C, is the
wave phase speed at the peak frequency. With long fetch, the
wave age C,/usx becomes well correlated with U and explicit
inclusion of wave age in the prediction of the drag coefficient
appears to be unnecessary (Edson et al. 2013). With short fetch,
wave age is more likely to be independently important.
Although u./C, could be preferable to C,/U for quantitative
examination of the momentum exchange between the wind and
wave fields, partitioning the observations according to u./C, for
examination of dependencies on z/L corresponds to a form of
shared variables (self-correlation) of unknown significance.
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FIG. 4. The relative stress divergence &,[w'u']/[w't/'] as a function
of z/L for three classes of C,/U for the wind-direction sector
160°-220°.

We proceed with use of C,/U and note that the two forms of
wave age are well correlated and the ratio (C,/U)/(Cp/uy) is
simply the square root of the drag coefficient.

Figure 4 displays 8, [w't//]/[w't/] as a function of z/L for three
different classes of C,/U, based on the Directional Waverider
buoy. Cases where the dominant wave direction differed by
more than 40° from the wind direction were eliminated.
Imposing a restriction on the period, such as <6s, reduces the
possibility of long waves shoaling. Such a restriction had little
impact on the overall results and was not applied. For southerly
flow (160°-220°), approximately 50% of the cases correspond
to larger wave age C,/U > 1.2 (swell) and 19% of the cases
correspond to smaller wave age C,/U < 0.8 (wind sea); see also
Table 2 in Hogstrom et al. (2008).

The magnitude of the relative flux divergence is greatest for
small wave age (C,/U < 0.8, red curve, X marks) and smallest for
the larger wave age (C,/U > 1.2, black curve, circles). Perhaps
the young waves are still developing and the boundary layer
depth is smaller than that for more mature waves. The magnitude
of §.[w't/]/[w'u] for the intermediate class of wave age (cyan
squares) for near neutral conditions is less than that for the large
wave age class, although the value for the intermediate wave
class is similar to that for small wave-age class. The error bars in
Fig. 4 are very small but likely significantly underestimate the
uncertainties. The accuracy and generality of Fig. 4 is uncertain.

Representing wave state by wave age C,/U alone could be a
serious oversimplification because of the potential indepen-
dent importance of other wave characteristics. For example,
wave steepness can strongly influence the stress (e.g., Taylor
and Yelland 2001; Drennan et al. 2005), although the physics of
the impact of wave steepness on &, [w't/]/[w'u’] was difficult to
isolate. In addition, nonstationarity of the wind field partially
decouples the relationship between fetch and wave age.
Nonstationarity presumably influences the wave evolution
when the wind field changes significantly during the parcel
travel time from the coast to the observational site. In general,
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FIG. 5. The relative heat flux divergence for different wind-
direction sectors as a function of z/L. The wind direction intervals
are 40°-80° (red circles), 80°~160° (blue squares), 160°-220° (black
X marks), and 220°-295° (cyan asterisks). For unstable conditions,
the upward heat flux decreases with height possibly driven by cold
air advection or local warming of the air. For stable conditions, the
downward heat flux decreases with height possibly driven by warm
air advection or local cooling of the air.

wave characteristics would lag local time changes of wind field.
Even with stationary conditions, curved trajectories can com-
plicate estimation of the fetch.

6. Heat flux divergence

The dependence of the relative heat flux divergence on
(z/L) (Fig. 5) omits near-neutral conditions because the heat
flux is generally small and calculation of the heat flux diver-
gence becomes unreliable. The magnitude of the relative
heat flux divergence varies substantially across the omitted
near-neutral regime. For unstable conditions, the relative
heat flux divergence is generally negative because the upward
heat flux decreases with height (6,w'T" < 0, w'T” > 0). For
stable conditions, the relative heat flux divergence is also
negative because the downward heat flux decreases with
height (6,w'T" > 0, w'T" < 0).

For the southerly wind direction interval 160°-220° (black
X marks), the relative heat flux divergence is 15%-20% for
significantly unstable and the most stable conditions. Smaller
heat flux divergence would normally be expected for unstable
conditions if the boundary layer depth is deeper for unsta-
ble conditions and temperature advection is small. Evidently
advection is important. Estimation of advection is difficult
and can be sensitive to the horizontal scale of the calculation
of the horizontal temperature gradient. For northeasterly
flow (red circles), the heat flux divergence is near zero for
unstable conditions possibly due to deeper boundary layers.
The heat flux divergence is significant for stable conditions
where the relative flux divergence is about 20%. For the most
stable conditions, the relative heat flux divergence for all
wind direction groups converges to about 15%-20%, perhaps
fortuitously.




NOVEMBER 2021

For the short-fetch westerly flow (Fig. 5, cyan asterisks), the
heat flux convergence is relatively large for unstable conditions
(15%-30%, Fig. 5). Thus, the heat flux profile is consistent
with a thin unstable internal boundary layer generated by cold-
air advection from land. The momentum flux convergence
(Fig. 3) is probably associated with the decrease of the roughness
from land to sea. Unstable conditions presumably preferentially
occur with cold air advection as may occur at night with offshore
flow in the coastal zone, or may occur due to larger-scale cold
air advection. Stable conditions due to advection of warmer air
are more likely in daytime with advection of warm air from
land or general synoptic warm air advection.

Comparing Figs. 3 and 5 indicates that the relative flux
divergence for heat and momentum are not closely related in
spite of being generated by the same turbulence. The heat flux
divergence is often controlled by horizontal advection of
temperature especially for quasi-stationary conditions. In
contrast, the stress divergence is partly controlled by the
horizontal pressure gradient and its height dependence.

7. Conclusions

Approximately 6 years of eddy-covariance measurements
from two observational levels at the Ostergarnsholm site in
the Baltic Sea were analyzed to investigate the vertical di-
vergence of the stress. For the current dataset, the relative
stress divergence tends to increase with increasing stability
and decrease with increasing instability, probably because the
boundary layer depths are generally smaller for stable con-
ditions. However, no observations of the boundary layer
depth were available. Because of the substantial stress di-
vergence, the magnitude of the surface stress appears to be
significantly underestimated by flux observations at standard
levels such as 10 m. That is, the calibration of the bulk formula
with existing observations is expected, on average, to un-
derestimate the surface stress.

For southerly flow (longest fetch), results are summarized in
terms of an informal fit of the relative stress divergence to the
stability to provide a basis for model sensitivity studies. Any
corrections for the surface stress must be applied with caution
because estimating the vertical divergence of the stress is more
vulnerable to errors than estimating the stress itself. The av-
eraged relative stress divergence tends to be smaller for short-
fetch wind directions because of cases of momentum flux
convergence. The magnitude of the stress divergence tends to
decrease with increasing wave age, although the generality of
this result is not known. The heat flux divergence is not closely
related to the divergence of the momentum flux partly due to
the important role of temperature advection.

Improved estimates of the stress divergence would benefit
from an offshore tower with more flux levels. Ideal deployment
would include a flux level closer to the surface that could be
mechanically raised with high seas. Measurements of the
boundary layer depth would be most useful for further un-
derstanding of the factors controlling the stress divergence.
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