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ATMOSPHERIC RESPONSE TO SEA-SURFACE TEMPERATURE VARIABILITY
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1. INTRODUCTION

Stronger turbulent mixing and potentially larger fluxes
are associated with flow over warmer water due to en-
hanced buoyancy generation of turbulence, or in the case
of stratified flow, decreased buoyancy suppression of
shear-generated turbulence. In addition to the effect of
enhanced mixing, the fluxes of heat and moisture are di-
rectly related to SST through the air-sea temperature and
air-sea humidity differences in the bulk flux formula.

Traditional arguments predict a stronger flux response
to small-scale surface features in stable flow due to the
decreased length scale of the eddies responsible for the
flux. In contrast, footprint theory predicts a larger area
of influence, and thus a reduced correlation with the lo-
cal surface in stable flow. Strongly stratified flow may
become partially decoupled from the surface, reducing
the response (Mahrt et al., 2001). One complication with
addressing these ideas with measurements is that random
flux sampling errors are more severe in stable conditions.

In this study we use aircraft eddy correlation flux and
SST measurements collected over cold and warm pools
in the coastal region of the Atlantic Ocean to examine the
turbulent flux response to changes in SST. Here we focus
on the heat flux response. In the oral presentation we ex-
amine the height-dependence of the mean wind response
to an increase in SST using a case study.

2. DATA

We use data collected by the NOAA LongEZ (N3R)
aircraft during the pilot program of the CBLAST ex-
periment conducted over the Atlantic Ocean south of
Martha’s Vineyard Island, MA, USA, during July and
August of 2001. Eddy correlation fluxes were calculated
using low altitude (10m) flight segments where aircraft
altitude, roll, pitch and heading fluctuations remained
within prescribed limits and where the track was either
primarily into or following the mean wind, enabling an
estimate of the SST in the flux footprint, but significantly
reducing the size of the data set. With these restrictions,
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days which include 3 days with unstable conditions with
cold dry air outbreaks from the north and 6 days of stable
conditions with warm moist air advected from the south-
west. All references to temperature (T ) refer to the local
potential temperature.

Using too small a window size to compute the per-
turbations can lead to systematic flux loss and under-
estimation of the flux, while using too large a window
can include poorly sampled nonturbulent motions espe-
cially in stable conditions (Vickers and Mahrt, 2003). In
extreme weak turbulence, a flux calculation may not be
well posed due to strong scale-dependence. The sensitiv-
ity of the calculated heat flux to the window sizeτ used to
define the perturbations is briefly explored below. Prod-
ucts of perturbations, e.g.w0θ0, are averaged over a range
of scales referred to as the flux averaging scale (λ).

The upwind distance to the surface footprint of the flux
can be approximated aszU=σw based on simple scaling
arguments where the vertical transfer is proportional to
the standard deviation of the vertical velocity fluctuations
(σw) and horizontal transfer is equal to the mean wind
speed (U). Footprints calculated using the measurements
range from 100 to 1000 m depending on the particular
flight segment. This simple estimate may breakdown
when the strength of the mixing or the mean wind speed
changes rapidly with height. Calculation of the fluxes for
a sequence of upwind spatial lags with respect to the SST
showed that on average the correlation between SST and
the heat flux decreased slowly with increasing lag. The
2-km lag correlation is larger than the zero lag correlation
in a few cases with weak vertical mixing, for example in
the 30 to 35km region of Figure 2a at the sharp SST
front.

The stable boundary layer depth ranged from 30 to 200
m depending on the day and region based on vertical pro-
files from aircraft slant soundings (Vickers and Mahrt,
2004). In the shallowest stable boundary layer cases, the
10-m flux measurement level could be above the surface
layer.

3. HEAT FLUX RESPONSE

The correlation between the heat flux and a bulk model
type prediction of the heat flux using mean variables is
significant for these data (Figure 1). The correlation in-



Figure 1: τ = λ = 2-km averaged heat flux versus the mean
wind speed times the stratification for all days combined. The
slope of the linear regression line (Ch) is 0.9x10�3. The frac-
tional variance explained is 0.81.

creases slightly as the flux averaging window sizeλ in-
creases from 2 to 10km. Usingτ = 100m or 500m in
stable conditions to better exclude poorly sampled non-
turbulent motions removes some counter-gradient heat
fluxes and increases the overall correlation slightly, al-
though the magnitude of the downward heat flux is sig-
nificantly reduced usingτ = 100 m in some cases. In-
creasingτ to 4km for unstable conditions to capture even
larger eddies has small impact on the calculated heat flux
for these data.

Replacing the observed variable 2-km mean wind
speed with a constant reduces the fractional variance ex-
plained (Figure 1) from 0.81 to 0.76, indicating that the
mean wind speed influence is secondary to the stratifica-
tion for the heat flux. The slope of the regression line
forced through the origin (Figure 1) is an estimate of the
exchange coefficient for heat.

There is considerable scatter for individual flight seg-
ments, especially for tracks with weak downward heat
fluxes (Figure 2). The heat flux is apparently sometimes
modulated by processes unrelated to the local mean wind
speed or stratification, for example where the heat flux
collapses to zero in the 15 to 20km region of Figure 2b.
The between-pass variability of the heat flux is large, in-
dicating that more than 3 passes would be required to
reduce random sampling errors to an acceptable level in
this example. Therefore, much of the scatter in Figure
1 is due to random flux sampling errors. The correla-
tion between SST features and the heat flux tends to be
larger for unstable conditions (Figure 3) although large
unexplained variability in the heat flux remains.

Figure 2: Spatial variation of the heat flux (solid line) and
U(SST � T ) for 3 passes over the same track on 23 July in
weakly stable flow.τ = λ = 2 km. The mean flow is left to
right.

Figure 3: Same as Figure 2 except for 3 passes on 27 July in
unstable flow.



Figure 4: Dependence ofR2 on flux averaging scale for cor-
relation between the heat flux andU(SST � T ) for unstable
and stable conditions (top), and the normalizedR2 for stable
conditions divided by the normalizedR2 for unstable condi-
tions (bottom). τ = 500 m for stable and 4km for unstable
conditions.

4. SCALE DEPENDENCE

The correlation between the heat flux andU(SST�T )
increases rapidly at small spatial scales for unstable flows
and then begins to level off for flux averaging scales be-
tween 1 and 2km (Figure 4a). It then remains nearly
constant out to the 20km scale. The correlation is larger
for unstable conditions presumably due to larger random
flux sampling problems in stable conditions. In addition,
the 10m measurement level may be too high in the shal-
lowest stable boundary layer cases.

WhenR2 is normalized by it’s value at large flux av-
eraging scales (here 2-km), the ratio of the variance ex-
plained in stable conditions to that in unstable conditions
increases with decreasing scale (Figure 4b). This is in
agreement with traditional arguments that the larger scale
eddies associated with unstable conditions are less influ-
enced by small-scale surface features. The characteristic
scale of the eddies as measured by the peak of the vertical
velocity spectra for weakly stable conditions (Figure 2)
is an order of magnitude smaller than for unstable condi-
tions (Figure 3). The normalizedR2 ratio is smaller than
shown in Figure 4b when computing the perturbations
using a fixedτ = 2 km for all conditions..

Figure 5: Mean and standard error of the relative change
(downwind minus upwind divided by the mean) in the fluxes
and mean fields as a function of the SST Haar transform (C).
Data has been bin-averaged such that each bin contains an
equal number of samples.τ = 2 km, λ = 4 km.

5. AMPLITUDE OF RESPONSE

Discontinuities in SST are identified using the Haar
transform, which calculates the difference in SST over
two 4-km half window means. A large positive (negative)
value of the transform indicates an increase (decrease) in
SST in the downwind direction which is coherent on the
scale of the window (8-km). The structure surrounding
SST fronts is composited based on the value of the trans-
form to examine the response of the fluxes and mean
fields to the amplitude of the SST fronts. The fluxes
and vertical velocity variance respond strongly when the
transform exceeds 1C, equivalent to an SST gradient of
0.25Ckm�1 (Figure 5). When the SST gradient is less
than this, the response is of questionable significance.
The magnitude of the relative flux response is similar for
flow over cold-to-warm and warm-to-cold SST disconti-
nuities.

There are small yet systematic changes in the mean
wind speed and air temperature across the discontinuities
(Figure 5). The 10-m mean wind speed increases an av-
erage of 6% with small scatter for all SST increases be-
tween 1 and 2C. There is large scatter in the mean wind
speed response to a decrease in SST. As the flow moves



Figure 6: Example shallow stable boundary-layer structure
from an aircraft slant sounding on 1 August.

from colder water to over warmer water, the mean flow
at 10m warms, moistens, accelerates and becomes more
turbulent. The opposite is true for flow from warm to
cold water.

6. SHALLOW BOUNDARY LAYERS

In stable boundary layers, the top of a surface-based
turbulent layer, a temperature inversion and a low-level
wind jet were often colocated (Figure 6). Monin-Obukov
similarity theory applied to the 10-m momentum flux
measurements fails in the most shallow stable bound-
ary layer periods apparently due to the importance of z/h
and the implied vertical flux divergence between the sur-
face and 10m (Figure 7). The departure is slightly more
severe when a low-level jet is present at the top of the
boundary layer, as also observed by Smedman et. al.
(1995). The low-level jet is thought to suppress large
scale eddies, although the mechanism responsible is not
well understood.
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