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Wintertime Air-Sea Interaction Processes Across the Gulf Stream

JOHN M. BANE, JR.,! AND KENRIC E. OSGOOD?

Marine Sciences Program, University of North Carolina, Chapel Hill

Aircraft, buoy and satellite measurements have been used to study the wintertime air-sea interaction
processes across the Gulf Stream during January 25-30, 1986. The turbulent flux regime in the marine
atmospheric boundary layer exhibited considerable spatial and temporal variability during this 6-day
period, which was related to both the evolution of the synoptic scale atmospheric conditions and the sea
surface temperature (SST) field. During the pre-storm conditions prior to January 25, the spatial structure
of the SST field played an important role in generating a shallow atmospheric frontal zone along the
Gulf Stream front by causing differential heating of the marine atmospheric boundary layer over the
stream versus over the cooler shelf waters. As this front moved shoreward on January 25, the warm,
moist, maritime air flowing northwestward behind the front induced moderate ocean-to-atmosphere heat
fluxes (~300 W m total heat flux measured over the core of the Gulf Stream). The subsequent outbreak
of eastward flowing cold, dry, continental air over the ocean on January 27 and 28 generated high total
heat fluxes (~1060 W m2 over the core of the Stream), as did a second, somewhat weaker outbreak
which followed on January 30 (~680 W m over the core of the Stream). During each of these outbreaks,
with air flowing from land out over the continental shelf, Gulf Stream and Sargasso Sea waters, the SST
field again affected the spatial structure of the flux fields. The near-surface fluxes of both sensible and
latent heat were found to be relatively low over the cool continental shelf waters, while higher fluxes were
seen over the Gulf Stream and Sargasso Sea. Similar spatial structure was seen mn the near-surface
momentum flux values, but relative changes were typically smaller from one location to another on a
particular day. The most noticeable responses of the Gulf Stream to these surface fluxes were the
deepening of its mixed layer and a loss of upper layer heat; however, no direct current observations were
made in the stream, so velocity changes may not be assessed. An average mixed layer deepening of about
35 m was observed in the stream, and the upper layer heat loss was estimated to be 3.2 x 10" J m™'
alongstream, an amount sufficient to decrease the average mixed layer temperature by 0.62°C. No path
changes in the stream could be attributed to the atmospheric forcing of this period, since there was a large
offshore movement of the stream in the region of the Charleston bump at this time due to other
processes. Any path changes that may have been associated with the atmospheric forcing would have

been masked by that offshore movement.

INTRODUCTION

In this paper we present aircraft, buoy and satellite observations
that describe wintertime air-sea interaction processes across the
Gulf Stream off the coast of the southeastern United States. We
also show the Gulf Stream's upper layer thermal response to these
interactions. The data were collected between January 25 and 30,
1986, as part of the Genesis of Atlantic Lows Experiment
(GALE). During this time an atmospheric cyclone that had
developed earlier over the northwestern United States, swept
eastward toward New England and intensified. Weather within
the study region off the coast of the southeastern United States
progressed from “pre-storm” conditions to a strong cold air
outbreak, followed by a weaker cold air outbreak. This case
provided some of the strongest atmospheric forcing of the Gulf
Stream during GALE, and it gives a view into the complex air-sea
interactions typical of this area.

In the next section of this paper we provide a scientific
background, and in the third section we discuss the methods of
observation used during our study. A description of the
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meteorological events during the January 25-30 period then
follows. In this description we give an overview of the storm
system and its movement using GOES satellite imagery and near-
surface measurements from an offshore meteorological buoy. We
then focus on the study region and present detailed aircraft
measurements of (1) the structure of the marine atmospheric
boundary layer (MABL) over the continental shelf and Gulf
Stream, (2) the variation with altitude of vertical, turbulent fluxes
of momentum, sensible heat and latent heat within the MABL, and
(3) the upper ocean thermal structure. Data from flights on
January 25, 28, and 30 are given. Finally, we discuss the
observed changes in the Gulf Stream's thermal structure during
this period and consider the significance of such changes in light
of the measured air-sea exchanges.

BACKGROUND

Extratropical winter cyclones that travel over the northwestern
Atlantic Ocean provide some of the strongest meteorological
forcing of that ocean region. Winds produced by these storms are
strong, sometimes of hurricane strength, and can change in
direction and magnitude rapidly as the storm progresses [Sanders
and Gyakum, 1980; Gyakum, 1983a, b; Sanders, 1984, 19864,
b]. A maximum in the frequency of occurrence of winter cyclones
off the U. S. east coast is located along a wide band centered on
Cape Hatteras [Colucci, 1976]. Within this band many of the cy-
clones develop “explosively,” exhibiting central pressure drops of
more than 1 mbar h! for 24 hours or more [Sanders and Gyakum,
1980]. The studies of Hayden [1981], Zishka and Smith [1980],
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and Whittaker and Horn [1981] suggest that an average of from
1.5 to 3 atmospheric cyclones pass through this area during a
typical January, and possibly more during March. The GALE
studies were situated here because of the high frequency of
cyclone occurrence and strong cyclogenesis.

Fluctuations in atmospheric temperature, humidity and wind
stress over the continental shelf and Gulf Stream in the GALE
study area due to wintertime cyclones have periods of about 3—10
days. At a typical location in the GALE oceanographic study area,
the cyclonic winds around a travelling storm's low pressure center
are usually first noticeable as a southeasterly to southwesterly
flow of warm, moist, maritime air (the storm's warm sector). This
changes to a westerly to northerly flow of cold, dry, continental
air following the passage of the storm's cold front (the cold air
outbreak). As this cold, dry air flows out over the warm waters of
the Gulf Stream and Sargasso Sea it induces very high fluxes of
sensible and latent heat from the ocean to the atmosphere.
According to Budyko [1974], these heat fluxes achieve their
highest monthly averaged values in the world ocean over the Gulf
Stream in winter (~430 W m? sensible plus latent heat flux).
Gorshkov [1978], using 70 years of ship observations, indicates
that the maximum yearly averaged latent heat flux (~240 W m2)
occurs northeast of Cape Hatteras over the stream.

Prior to GALE a small number of cold air outbreaks had been
studied in the vicinity of the Gulf Stream, over the Gulf of Mexico
and over the Kuroshio Current. The recent work by SethuRaman
et al. [1986] during a 5-day cruise off North Carolina in
November 1983 sketched some of the instantaneous aspects of a
mild cold air outbreak over the Gulf Stream. Ahead of a cold front
passage through their study area, a southwesterly flow of tropical
maritime air was observed, and the MABL thickness was about
500 m. The cold front then passed, and a cold air outbreak
followed. The outbreak was characterized by a northwesterly flow
of cold, dry, continental air, and the MABL thickness was ob-
served to be about 1500 m in the presence of strong convective
conditions. The MABL was also better defined during the
outbreak with a strong thermal inversion at its upper boundary.
Turbulent surface fluxes of sensible and latent heat were estimated
with the bulk aerodynamic method. Sensible heat flux was almost
negligible during the pre-frontal and frontal passage stages,
whereas it was about 150 W m during the cold air outbreak. The
latent heat flux increased from about 100 W m? during prefrontal
conditions to over 300 W m-? during the outbreak. Air-sea
temperature differences were about 10°C during this outbreak.

Over the northwest Florida Shelf in the Gulf of Mexico, Huh et
al. [1984] reported that latent, sensible, and radiative heat losses
accounted for 51, 16, and 33% of a total 52.9 x 106 J m2 lost
during a mild cold air outbreak. These losses changed to 58, 25,
and 17% of a total 184.5 x 10° J m™? lost during a severe
outbreak. Henry and Thompson [1976] used radiosonde data
from near New Orleans and Merida, Yucatan, Mexico, to deduce
the heat fluxes along an air parcel trajectory over the Gulf of
Mexico. Their budget calculation during cold northerly flow
indicated a total average heat flux of 2400 W m2 in the first 110
km of travel over the warm water. In their case the air over the
coastline was near -4°C, and the water was about 20°C. Chou and
Atlas [1982] have suggested that these fluxes are too large on the
basis of a technique for determining mean air column heating from
surface fluxes. Their method, developed from Stage and
Businger's [1981a, b] boundary layer model for cold air outbreaks
over warm water, gives estimates of 400 and 660 W m for the
average sensible and latent heat fluxes, respectively, over the
same portion of the trajectory.
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The Air Mass Transformation Experiment (AMTEX) studied
the air-sea interaction processes during a cold air outbreak over the
western North Pacific Ocean. AMTEX was conducted south of
Japan during February 1974 and February 1975 in a location
where cold continental air originating from the Asian land mass is
modified through interactions with the warm waters of the
Kuroshio. Kondo [1976] described the evolving meteorological
patterns within the AMTEX area during the cold air outbreak of
February 11-26, 1974. As the cold air penetrated southward and
eastward, the values of the surface heat and momentum fluxes
increased significantly. On February 26 the maximum wind stress
was about 0.5 N m2, and the sensible and latent heat fluxes were
in excess of 300 W m™ and 800 W m2, respectively. The largest
heat and momentum fluxes observed during the period first
occurred near the coast and then progressed seaward with the
leading edge of the cold air. The maximum values of the heat and
momentum fluxes occurred over the Kuroshio as the cold, dry air
interacted with the warm waters of the current.

The response of the Gulf Stream to strong atmospheric forcing
is not well known. Several studies have suggested that the
stream's position, circulation, and frontal structure are affected by
air-sea interaction processes. The recent numerical simulations by
Adamec and Eisberry [19854, b] provide a model basis for
describing the response of the Gulf Stream to atmospheric cooling
and wind stress. Their model stream's response to horizontal
cooling gradients is insufficient to significantly displace the stream
seaward, as has been suggested by Nof [1983]. In contrast, a
moderate increase in alongstream wind stress may efficiently
displace the model current laterally. This wind-stress-induced
effect is consistent with the observations of Horton [1984], who
found the main response of the stream to forcing by hurricane
Dennis in the region downstream from Cape Hatteras to be a
surface layer shift due to Ekman advection. In a later study,
however, Horton and Horsley [1988] reported that Ekman
advection in the stream was not observed to be very important
during a winter cyclone in that region.

Secondary, cross-stream currents with magnitudes from 0.3 cm
s”' [Adamec and Elsberry, 1985b] to 3 cm s'! [Nof, 1983;
Adamec and Elsberry, 1985b] have been observed in model
simulations due to combined winds and cooling. The effects of
strong surface cooling alone appear to steepen the Gulf Stream's
temperature front and sharpen its temperature gradients
[Worthington, 1976, Adamec and Elsberry, 1985b], while
cooling, combined with alongstream wind stress provides
competing mechanisms, which may actually result in frontal
weakening [Adamec and Elsberry, 1985b). Worthington [1977]
has postulated that an abnormally cold winter season will
accelerate the Gulf Stream through enhanced differential cross-
stream cooling.

METHODS

During our GALE air-sea interaction study, simultaneous
measurements of upper ocean thermal structure and MABL
structure were made on vertical sections across the continental
shelf and Gulf Stream. These measurements were conducted from
the NOAA P-3 and the NCAR Electra research aircraft using on-
board instrumentation for MABL variables and sea surface
temperature (SST) and using air-deployed expendable
bathythermographs (AXBTs) for subsurface ocean temperature
(P-3 only). P-3 flights were made on January 25 and 30, and an
Electra flight was made on January 28.

We present in this paper two types of aircraft-measured
atmospheric data. Synoptic scale wind, temperature, and humidity
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Fig. 1. GOES satellite images showing the meteorological conditions during the study. Low (L) and high (H) pressure
centers, surface cold fronts, and general surface level winds taken from surface charts are depicted on each image. The
flight tracks flown within the study area on each day are shown by the short, solid lines extending seaward from the
coastline of the southeastern United States. Pre-storm conditions prevailed in the study area on January 25 (Figure la)
with a southeasterly flow of warm, maritime air. Moving landward ahead of this air was a coastal front, which was just off
and along the coast of the Carolinas at the time of this image (dashed line). The cold air behind the strong cold front
(northwest of the low (L) that was positioned north of the Great Lakes at this time) is the air mass that moved down
across the eastern United States and out over the ocean during the next few days. That cold air may be seen sweeping out
across the entire eastern seaboard on January 28 (Figure 1b). Near-surface winds within the study area during this cold air
outbreak were westerly at 10 m s' or more. On January 30 (Figure 1¢) the strong cold front had moved farther east, and a
second, somewhat weaker cold front had just moved through the study area as a result of another low pressure center (L)
that had formed during the previous 2 days. Winds in the study area were northerly at about 8-9 m s™' during this second
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cold air outbreak. (Images prepared by C. Velden.)

data were collected with each aircraft's on-board “slow rate”
sensors [Merceret and Davis, 1981; Miller and Friesen, 1985]
in order to determine MABL structure. Atmospheric turbulence
quantities (velocity, temperature, and humidity) were measured
with the “fast rate” turbulence system aboard each aircraft
[Greenhut and Gilmer, 1985; Miller and Friesen, 1985].
Vertical “stack” patterns were flown to gather turbulence data at
several levels within the MABL. A stack is composed of a number
of straight and level flight legs, each one flown for several
minutes at a prescribed altitude to gather time series of the
appropriate variables. By “stacking” several legs over one
another, a vertical profile may be determined. The measured time
series were subsequently used in computing vertical turbulent
fluxes at the altitude of each stack leg using the correlation
method.

An intercomparison between the P-3 and the Electra was
performed in the study region during GALE, and a synopsis of
the results from that effort is presented in the appendix (see also
Osgood et al. [1987]). No differences were found between the
two aircraft measurement systems that would present significant
problems with the analysis presented herein.

Ocean subsurface temperatures were measured with Sippican
305-m AXBTs deployed from the P-3 on the January 25 and 30
flights. Sections were flown in the cross-stream direction, and
lateral AXBT station spacing was about 12.5 km. Calibration
information on the manufacturer's lot of AXBTs used in GALE
was gathered during a flight that deployed several AXBTs next to
the R/V Cape Hatteras, which was collecting conductivity-
temperature-depth (CTD) profiles at the time. On the January 25
and 30 P-3 flights and on the January 28 Electra flight, SST was
measured with a Barnes PRT-5 infrared radiometer. Data collected
on all of the P-3 flights conducted during our GALE Gulf Stream
studies, plus the AXBT calibration procedure and results are
documented by Osgood and Bane {1987].

THE METEOROLOGICAL SETTING

The storm system on which we focus was the main topic of
study during GALE intensive observation period 2 (IOP 2). The
conditions during the period January 25-30, 1986, are described
in this section with the aid of GOES satellite images (Figure 1)
and data from GALE meteorological buoy 5 (Figure 2). The



Fig. 1. (continued)



BANE AND OSGOOD GULF STREAM AIR-SEA INTERACTION IN WINTER

WIND (m/s)

3}
o
b3
[¥E)
—
.
<
= 1040 e ————————
E 1030 | /./\/\_\Vj
W 1020 P '\/
émm L 1
i 1000 [ 1
E o L L L] 1 1 1 ] 1 L 1 1 1
99
22 26 30 3
JANUARY DATE FEBRUARY

Fig. 2. Near-surface wind, air temperature and atmospheric pressure
measured over the outer continental shelf by GALE buoy 5 during
late January and early February 1986. (The location of buoy 5 is
shown in Figure 3.) Wind sticks are oriented in the direction the wind
was blowing, and true north is straight up in the plot. The three
vertical lines in the diagram indicate the central time of each of the
three flights discussed. The effect of the coastal front may be seen at
about the time of the first flight, with winds changing from
northeasterly to southeasterly as the air temperature abruptly rose.
The stronger cold air outbreak occurred on January 27-28, and was
characterized by westerly winds and low air temperatures. The second
cold air outbreak occurred on January 30 and had northerly winds and
cold temperatures, although not as cold as those on January 28.

GOES images are from January 25, 28, and 30, the days on
which we conducted the P-3 and Electra flights to be described
below. GALE buoy 5 was located on the outer continental shelf in
the vicinity of the flight tracks. Figure 3 shows the locations of the
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flight tracks on the three days and the locations of GALE buoys 5
and 6. A schematic representation of the salient oceanographic
features in the study area is included in this diagram. The tem-
perature front found along each side of the Gulif Stream and the
mid-shelf temperature front played important roles in determining
the spatial structure of the air-sea interaction processes, as will be
shown below. The mid-shelf front is a boundary between very
cool inner shelf waters and warmer outer shelf waters, which are
formed from a mixture of shelf and Gulf Stream waters [Oey,
1986]. The shoreward Gulf Stream front can be spatially complex
because of meanders and frontal eddies which often progress
along the stream's edge [Bane et al., 1981; Lee et al., 1981, this
issue]. A frontal eddy with a surface warm filament is indicated
schematically in Figure 3.

A low-pressure center (L) was positioned over the northern
Great Lakes on January 25, and a mass of very cold, continental
air was poised to its northwest behind a strong cold front (Figure
1a). (This is the cold air that moved down across the United
States during the next few days and comprised the cold air
outbreak of January 27-28 in the GALE region.) A weaker cold
front stretched from the low-pressure center eastward and then
southward across the central United States. A minor frontal wave
was present on that front near the Louisiana-Mississippi gulf
coast. Offshore on January 25 a coastal front (dashed line) had
formed in the vicinity of the shoreward Gulf Stream front and was
moving slowly landward [Bosart, 1988; Riordan and Wang,
1988]. The buoy data in Figure 2 show that the winds shifted
from northeasterly to southeasterly and the temperature rose
abruptly as the coastal front passed the buoy location on January
25. Aircraft data shown below reveal several other properties of
this front. (Southeasterly to southwesterly warm air flow over the
ocean is referred to herein as “pre-storm” conditions.)

On January 28 the primary low-pressure center (L) was located
north of Maine. Associated with its cyclonic circulation, the
strong cold front and the cold air behind it had moved across the
central and eastern United States and out over the ocean (Figure
1b). The air flow over the shelf and Gulf Stream in the study area
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Fig. 3. A map of the study area showing the the flight tracks flown on January 25, 28, and 30. The short lines crossing the
flight tracks (on all but the southern track of January 25) show the locations of the stacks flown for turbulence
measurements. Important oceanographic features of the area are indicated schematically. The Gulf Stream with a warm
filament along its shoreward edge is shown, as is a typical mid-shelf front separating cool inner shelf waters from warmer
outer shelf waters. The Sargasso Sea is the open ocean region seaward of the Gulf Stream in this part of the North

Atlantic.
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was westerly to northwesterly at speeds near 15 m s”', and the air
temperature had fallen to its lowest value of the period. Buoy data
in Figure 2 show that air temperatures near -5°C existed over the
outer shelf on January 28. This cold air outbreak provided some
of the strongest thermal forcing of the ocean during GALE.

Another cold front moved through the area early on January 30
as a result of a secondary low-pressure center (L,, Figure 1c),
which had formed over the central United States 2 days earlier and
had then moved eastward. Air temperatures fell again and
northerly wind speeds increased over the Gulf Stream. Aircraft
data presented below show that northerly wind speeds over the
Gulf Stream were about 9 m s°!, but the data in Figure 2 show that
surface winds were less than 5 m s! at buoy 5 on the outer shelf.
Although air temperatures were not as low during this cold air
event as on January 28, the thermal forcing of the Gulf Stream
was still quite strong, as will be shown below.

ATMOSPHERIC AND OCEANIC STRUCTURE

The non-turbulent structure of the MABL and the upper ocean
thermal structure on January 25, 28, and 30, 1986, are discussed
in this section. The locations of the vertical sections flown on
those dates are shown together in Figure 3. Two sections were
flown on January 25 and one was flown on each of the other
days. No atmospheric turbulence measurements were made on the
southern section on January 25; only the northern section from
that day will be discussed here. The study was planned to provide
repeated sections along a flight track off Charleston, South
Carolina (CHS in Figure 3) that was nearly coincident with the
ship track over the shelf there [Atkinson et al., this issue]. The P-
3, however, experienced a mechanical problem on January 28,
which prevented it from flying that day, and airspace restrictions
offshore of Charleston did not permit the P-3 sections flown in
that area on January 25 and 30 to be coincident. Significant
meteorological differences did not exist in the along—Gulf Stream
direction over the separation distances of these sections, though.
We focus here on the MABL changes in the cross-Gulf Stream
direction on each day.

The vertical sections presented in this section show the thermal
structure within the upper 350 m of the ocean (excluding January
28 sections, since the Electra did not make AXBT measurements)
and the structure of wind speed, wind direction, air temperature
and relative humidity in the lower 1500 m or so of the
atmosphere. SST profiles from PRT-5 (a Barnes Precision
Radiation Thermometer) measurements along the flight tracks are
shown at the bottom of each section for every flight day.
Atmospheric data on these sections were collected with the slow
rate sensors on board each aircraft.

January 25 Sections

Recall that the January 25 sections were made during pre-storm
conditions, with warm, moist air flowing from the ocean
northwestward across the Gulf Stream and outer shelf. Sections
showing atmospheric and oceanic structure off Charleston on this
date are shown in Figure 4. The MABL had little lateral variation
and a relatively constant thickness of about 1000 m over the Gulf
Stream, implying only slight lateral variation in the modification
of the marine air due to air-sea interaction as it flowed
northwestward across the Gulf Stream. Notice in Figure 4c the
warmest air was over the Gulf Stream core (~210 km along the
section) and a Gulf Stream filament (~100 km along the section),
where temperatures were only about 2°C above those on either
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side of the Gulf Stream. Relatively large variations in all measured
atmospheric variables occurred over the outer shelf; however,
these were due to the coastal front that was moving shoreward
through that area at this time.

The Gulf Stream was defined well by its SST profile and
subsurface structure. Its near-surface core had temperatures above
24.7°C, and a clear SST front was seen on both the shoreward
side (~160 km from shore) and the Sargasso Sea side (~265 km
from shore) of the stream. Interestingly, the seaward front had a
greater SST gradient than the shoreward front at this time. There
was a warm filament of Gulf Stream water located over the upper
continental slope, and mild isotherm doming was observed
between the slope and the main body of the stream.

January 28 Sections

Figure 5 shows the vertical sections of atmospheric structure as
measured by the Electra on January 28. These data were collected
during the stronger cold air outbreak of January 27 and 28
(compare with Figure 2). Recall that no AXBTs were deployed
from the Electra, so no subsurface ocean thermal structure is
shown. The SST profile measured along the section by the
Electra's PRT-5 is shown at the bottom of each section. The Gulf
Stream's shoreward (seaward) SST front may be seen at about
115 km (250 km) along the section.

Low level winds were westerly, from about 270°-290° at
speeds of 9~11 m s*! (Figures 5a and 5b). The air was flowing
almost directly from the coast out across the shelf and Gulf
Stream. The air temperature and relative humidity sections reflect
the air mass modification that was occurring as a result of the
ocean-to-atmosphere fluxes of heat and moisture. The air
temperature increased from about -4°C to over 1°C between the
shelf water region and the Sargasso Sea end of the section, while
the relative humidity increased from less than 50% to over 70%.
The MABL thickness increased from approximately 800—850 m
over the coast to about 2300 m over the seaward edge of the
stream. (More detailed accounts of the MABL structure and
dynamics on this day may be found in the work of Grossman
[1987], Palm et al. [1988], and Wayland and SethuRaman
[1989].)

January 30 Sections

A northerly wind flow with speeds of about 8-9 m s™! prevailed
over the shelf and Gulf Stream section on January 30 (Figure 6).
Although this wind was not oriented directly across the coast and
shelf, the air was flowing from the land out across the cooler shelf
waters and over the stream. The resulting air mass modification is
indicated nicely by the temperature and relative humidity sections
(Figures 6¢ and 6d). The near-surface air temperature increased
from about 4°C near the coast to over 12°C at the Sargasso Sea
end of the section, while relative humidity remained near 70-80%
throughout this range. The MABL thickness increased from about
600—800 m near the coastline to 1200 m or so on the Sargasso Sea
end of the section in concert with this air mass modification.

Near-surface temperatures within the Gulf Stream core (~175
km along the section) were near 23°C, about a degree lower than
those observed on January 25. (A more detailed look at this
change will be given below.) The subsurface doming of the
isotherms at about 150-300 m over the upper continental slope is
associated with the seaward deflection of the Gulf Stream and a
weak warm filament along the stream’s inner edge (see Figure 10
below).



10,761

BANE AND OSGOOD: GULF STREAM AIR-SEA INTERACTION IN WINTER

"UOTIOSIIP PUIM Ul SUOIJELIEA PISTIED ‘2IOYS WOy Wy 001—0S moqe uoniod jays
3Y) 19A0 U23S 3G ABUI YITYM IUOIJ [BISEOD Syl JO SINIONNS Y1 YSNOYI[E ISEAYINOS A Woj A[[eIoUsd sem molj puIm dyJ, "Aupruny 2Ane[aI (p) pue
‘ormesadwa) 1e (2) ‘WONdANP puim (q) ‘paads puim (v) moys sjoued oy oy ‘joued YIES JO WONOQ Y1 18 UMOYS ST JOJOWOIPEI S,)JeIdIIE 34 Aq
painseaw ofrjoid aimeradwa) 938JINS BIS AU "0S 10 W QS| JOMO] SH Ul 2umonxs Susydsoune ayi pue ueado Yl Jo w g¢ Joddn sy ur armions
[euuay) oy smoys joued yoes ‘¢z Arenuer Jo aur| ySiy) Woyuou ay) SUO[e AIMONS JIUBIOO PuB JLIAYdSOwIe SULMOYS SUOTIOAS [EIUIDA “ "STf

un Qog uni 00Z wy 001 wy 0 wy 00g wy 00z wy 00t iy oE
(15 101 0 oLy 1 @
0zt 10z |2 0zt 10z |2
ogl log & oel log &
T ] = ooct toos |2
0% (D) dn3L laxv 7008 8 F s (0) dnaL 18xv| 9
0021 * 100z |3 00zt : tooz |3
. \/\Z. . J00¢ < [ \/\iNZF ool |Z
oot { ﬁ)\/\l&/ > oo I3 oot{ \)xg(\\/ foo |5
L H Lev” e\
00z} K\./ W //ﬁ 00z ooz{ /fme = 00z
oov| s o) (ke 00¥ oov{ o ooy |
ooof 2 009 |& ooe} 51 o009 |&
[ SL 2] = 3 r =
0o8{ 08 008 | oos{ o CCE
| \l\l‘[ | l\.\\l'
00041 o6 o 000 L] ™ 0001 { \\IN_ o rooo1f™
oozit . o Loozi|3 oozl £00Z1|3
oovit L ooy L oovit 0N L ooy 1
00911{ :..; (%) ALQINNH 138]} oot 0091{ AOV () anaL uv]|}oost
A(M,28,9L 'N,SZ,1E) g NVP G2 M.EZT.6L ‘N, ¥0.£€) A(M,2G,9L 'N,SZ,1E) QgQ NVP GZ (M,€2.8L N, ¥0,E0)A
uni 00 wy 00Z un 001 wy 0 Ev_omon wy 00T wy 001 wy 0 "
o1 siumm P T 7
] 17, 5 1 1]
0z 1oz 12 ozt 1 =
oel log € ogl ] s
oogt =) 00¢ o
ooz) (0) dW3L 18XV m oozk m
1 \/\'NZ \u.nl | \um
ooi{ ﬁl(\)\)x/ —— B oot{ 3
L \, L
00z r\ / 0 @L - 00z 00z J ﬁ\v/f NW.\ Qe 002
oort ost ©= N onhg.b/lu oov oorf s & i 00Y
[ : [ ] >
oog} oct ~_ 009 |& oog} o foos |5
oost \/ 008 | oo8t . o roos |5
oooif o‘(m_)\/ oo} ™ 0004{ o }oooi|m
oozL} A 00z1|3 0021 toozi|3
00w i} 00¥1 00% 1 N L oov 1
[ —~ [ — ]
009t ADV ozt (,) 0 anm|{oo9t 0094{ Amv (s/w) ads anim|}ooal

(M,25.9L 'N,SZ,1€) g8 NVP GZ (M,£Z.6L N, ¥0,£9)4 A(M, 26,94 'N,SZ.1E) g NVIF GZ (M, £Z.6L 'N,¥0,£5)




BANE AND OsGOOD: GULF STREAM AIR-SEA INTERACTION IN WINTER

10,762

‘PS PUB OG SAINSL] ul PIJedIpul e Itk TGV A Jo Sutualsiow pue Sunesy Ul pajnsar JeaI1qino Jre pjod siy) Suump spuim A[I21som
Suoxng *(endsig sy woIy pako[dop d1om SLEXY OU) SIMONIIS [BULISY] UBSI0 doppInsqns oY) Moym gz Asenurr 10y Inq  amSLf Ul sy G “Sig

un 0o wy 00z wy 001 )
—oTT T4
oz{ —_— e toz |2
ogt log |2
00z @ lo.nouAI(\,L {V/@@/ [00e
001 o o8y / 100¥
[ oL Op 1 >
009{ 009 |
oost %5 09 Sos= 008 |
oootf 7 {ooot|™
00zif T3 \\oﬂ }oozi|3
oorif ) m LoovL
oom:..AUv (%) ALIGINNH 133|009
AM,L¥ovL 'N,SZ,S2) 98 NYP 8Z (M,B¥olL 'N,Tl.pE)A
wy 00§ ws 00z wy 00| wy 0
%3 FOT |2
oz{ —_— — oz |2
ogl Lo 1S
I 0627 (. \‘~os2~ —~
i A T Nz
oo} osz— 082 a\/\/\oJllﬂ\/\ 1oov
[ s ] >
009f .IJ/\ = 7900 |5
ooy toos |2
L N 1 (v
00041 ) loooi|™
00zZLT > loozi|3
L \owu/ J "
0ov1{ foovi
oof..ADv () ua anm]}ooss
A(M, LY o¥L 'N,SZ,88)

98 NvI' 8¢

(M, 8Fo2L ‘N, 2L bE)A

wy 00 us 00z wst 001 uy 0
DT FoT 4
oz Loz |2
ogl Log |2
ooz} }ooz
oor} loor
009t v loog |2
oos{ }oos m
oootf — joooifm
oozL{ V?/ A // 100243
oovi{ Loovi
oosif (9) T gt ] { o
AM, Ly o¥L 'N.ST,EE) 98 NVI 82  (M.BYolL 'N,Zt.pe)l
un 00 wy 00z wy 00l wy 0
OlT %o— M
oz —_— e bz |2
ogl loc |2
oozt ooz
ooim }oov
oost Loos |&
oos{ }oos m
0004} looor|m
0ozif #.oom_ E
oo 1{ 1oory
oosif (&) (757 s a] oost
AM LY ¥L 'N,GZ,55) (M, 8Y.LL 'N,ZL,¥E)

98 NVl 8¢




10,763

BANE AND OSGOOD GULF STREAM AIR-SEA INTERACTION IN WINTER

un 0o¢ wy 00¢ wy 001 wy o
ol 7}
[ 9]
ON. \|I_
ogd G
oogt m
oozt 3
0oLt 5
ooz}
oo oov
009 oos |&
008 [ 008 w.
0001 L 0ooL|™
00Z1 -o0z1|3
[
00r L,  oavL
0091} :uv (%) ALQINAH 134 |1009L
{(M.2Z.LL 'N,20,1E) 98 NVP 0F (M,£S.6L 'N,0¥,2¢)
Wy 00¢ wy 002 wy 001l wy o
Ol \lu'l\\l\ TOT ")
[ E o
021 10z 12
(0}% loe &
00¢€1 oog |2
[ (9) dwaL Laxv ul
0021 00Z |3
oot Joou |5
! (o)
00z f o - f /ﬁ 002
oorf & o o B toov
[ <] 7 e >
0091 / ) % 009 |5
008 /onn/oIII\./ oog |2
0001l ove ooot}™
oozt ozc oge n 00z 1|3
oovL{ \\OJ// 00w L
oomfﬁn: () 4ia anim|}oogt
A(M 22,42 'N,20, 1) (M.5G.6L 'N,0v,20)A

98 NVl 0%

*p9 pue 79 saJL] ur pajesipul se
“UB300 A1 IOAO TV ) U1 UOTEIIJIPOUI SSBUI JIE PIonpul SJep SIi U0 moyy Jie ALIayMou ‘P[od SYJ, "OF Arenuef 10§ Inq 4 am3Ly ut sy 9 ‘314

98 NVI 0O¢

wx_00¢ w002 w> 00l wy o
[s1% Hl\ll\l\ [0]8 w0
[ )
0z loz |2
0g. oe |
8019 3 ooc 19
o |//II)//// ) anaL 1exv]{ - |5
L '/IINN 3 b\.o\l\ .uuﬁ._
ool /4/ oot |3
2 J
002y ———w—g, 002
U L 0o¥
009 \ . 008 W
000t oooL]™
00zZ1 /\I. o0z 1|3
oovi§.O L0oY L
oot} (9) (9) dnaL uiv|}oo9l
A(M,ZZ,LL 'N,Z0,1€) 98 NVP Of (M.£S.6L 'N.0¥,ZE)A
wy 00¢ wy 002 wy 0ol wy Q
[\1% \1|\|\|\ o] 8 $
"l loz |2
-y oc S
oog} oot |2
0oz} o0z |3
oot} too |5
ooz} 002
oor} 00v
009 009 |7
008 o8 |2
oooLf ool ®
00zt . Loozi|g
oovlf M [ oob 1
0031 “Amv (s/w) ads anim|}oost
(M,220LL "N, 20,1€) (M.£5 .62 'N,0%,25)]



10,764

TURBULENT FLUXES

Vertical, turbulent fluxes of momentum, heat and moisture were
determined for the three flights at various locations and levels
within the MABL. Profiles of these fluxes are shown in Figures 7
and 8, along with the oceanic thermal structure in a manner similar
to the previous vertical sections. Under most circumstances the
aircraft were able to fly at altitudes as low as 50 m over the ocean
surface. The fluxes discussed here as *“near-surface” fluxes are
those computed from data taken on the stack leg at the lowest
altitude flown for that stack. No extrapolation down to the sea
surface has been attempted. The momentum fluxes are displayed
in Figure 7 in a fashion which gives the correct sign for stress
exerted on the surface directly below the stack level. The heat
fluxes displayed in Figure 8 are the fluxes upward from below.

Momentum Fluxes

Momentum fluxes on January 25 were modest near the sea
surface (less than 0.15 N m2) at both the outer shelf location and
the Gulf Stream location. The vertical structure was different at the
two locations, however. Total momentum flux decreased with
height up to 1000 m over the outer shelf, while an increase in flux
was observed upward to about 700 m followed by a decrease
upward to 1500 m over the Gulf Stream, This spatial difference in
the vertical structure is a result of the landward moving coastal
front on that date. The leading edge of the warm, maritime air was
at the location of the outer shelf stack at the time of these
measurements (see Figure 4). Thus the seaward stack was entirely
within the warm air, while the shoreward stack was within the
frontal zone itself.

Near-surface momentum fluxes on January 28 were the
strongest observed on any of the three flights. The total flux was
0.65 N m2 over the shoreward edge of the Gulf Stream and
ranged between 0.21 and 0.36 N m2 on the other stacks.
Directional variations were seen, but the stress on the ocean
surface (assuming it was in the same direction as the lowest level
momentum flux at each stack) was generally toward the east; the
exception was over the core of the Gulf Stream where it was
southward. Note that cloud cover over the stream prevented any
stack legs from being flown there at altitudes over about 200 m.

During the strong southward winds on January 30 the near-
surface momentum fluxes were greatest over the Gulf Stream,
with a total magnitude of over 0.2 N m2. Over the shelf waters
the momentum fluxes were dramatically lower, with a total
magnitude of only about 0.03 N m2. In each of the four profiles
there appears a mid-level maximum in flux magnitude.

Heat Fluxes

With the exception of the outer shelf sensible heat flux profile,
all profiles on January 25 have a clear mid-level maximum (Figure
8a). This is believed to be a result of the movement of the coastal
front through the region on January 25. Recall that the warm,
maritime air was just passing the location of the outer shelf profile
at this time (see Figure 4). Near-surface fluxes of sensible heat
were very low at both profile locations, while the latent heat fluxes
were about 200 W m2 at the outer shelf location and near 260 W
m™ over the Gulf Stream.

The strong flow of cold, dry air out over the ocean during the
cold air outbreak of January 28 produced the highest heat flux
values measured by the aircraft during this study period (Figure
8b). Flux profiles decreased with height for all but the Sargasso
Sea stack (about 260 km along the section), typical of cold air

BANE AND OsGOOD. GULF STREAM AIR-SEA INTERACTION IN WINTER

outbreak situations [Grossman, 1987; Wayland and SethuRaman,
1989]. Near-surface fluxes increased with distance from shore to
the Gulf Stream core but then decreased somewhat as the air
reached the slightly cooler Sargasso Sea waters. Near-surface
sensible (latent) heat flux was about 200 (350) W m2 over the
inner shelf, while over the Gulf Stream core it had increased to
320 (710) W m2, (The data shown in Figure 85 were kindly
supplied by R. Wayland and S. SethuRaman.)

Heat flux profiles on January 30 all exhibit decreasing values
with height, again due to the cold, dry air flow over the warm
shelf and Gulf Stream waters (Figure 8c). (The sensible heat flux
value at the 750-m level over the inner shelf is believed to be in
error.) Maximum near-surface fluxes were observed over the core
of the stream, where sensible heat flux was almost 200 W m2 and
latent heat flux was just over 500 W m2, Near-surface fluxes at
the outer shelf and Sargasso Sea locations were slightly lower
than these values, while those over the inner shelf were quite low.
Latent plus sensible heat fluxes over the inner shelf totalled little
more than 100 W m2,

Comparison Between Aircraft-Determined and
Buoy-Determined Heat Fluxes

Blanton et al. [this issue] have computed time series of sensible
and latent heat fluxes from the Buoy 5 and Buoy 6 data with the
use of bulk aerodynamic formulae developed by Liu et al. [1979].
Here we compare those fluxes with the fluxes computed from
aircraft data gathered on the stacks flown over the shelf waters.
For each P-3 flight near-surface data from a stack flown close to a
buoy are compared with that buoy's data. For the Electra flight
data taken on the second stack from shore are compared with data
from Buoy 5. Although these two locations are separated by some
distance alongshore, they were each within the domain of the
outer shelf waters. This comparison must be viewed with some
degree of caution, since the aircraft stacks were not flown
precisely over the buoy locations (see Figure 3) and the aircraft
stack altitudes were typically several tens of meters above the
ocean surface.

The fluxes to be compared are shown in Table 1. With the
exception of the latent heat flux on January 25, the buoy-
determined fluxes are all greater than the aircraft-determined fluxes
by amounts ranging from 12% (January 28 latent heat flux) to
more than 200% (January 25 and January 30 sensible heat
fluxes). A simple extrapolation of each of the flux profiles shown
in Figure 8 down to buoy sensor level (3 m) does not alter these
differences significantly. Rapid temporal changes occurred at the
buoys on both January 25 and 30 [Blanton et al., this issue], and
they introduce variations that may contribute to the differences.
Recall that the coastal front was progressing shoreward across the
shelf on January 25, and it is likely that it had an important impact
on the flux fields then. No meteorological buoys were deployed in
the Gulf Stream, so no similar comparison may be made for the
Gulf Stream region.

We may also consider the method of Liu et al. [1979] using
aircraft data alone. This method states that the ocean-to-
atmosphere flux of sensible heat is proportional to the air-sea
temperature difference times wind speed and that the latent heat
flux is proportional to the specific humidity just above the sea
surface minus that at the sea surface (where the air is assumed to
be at 100% relative humidity) times the wind speed. This implies
that the spatial and temporal variations in the upper ocean thermal
field and the MABL wind, thermal, and moisture fields that
existed on the 3 days studied here would contribute to the
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Fig. 7. Vertical, turbulent momentum fluxes within the MABL for (@) January 25, (b) January 28, and (c) January 30.
The presentation formats are similar to those used in Figures 4-6. Modest near-surface momentum fluxes occurred during
the pre-storm conditions of January 25, with magnitudes less than 0.2 N m-2(Figure 7a). The strong westerly winds on
January 28 resulted in near-surface fluxes greater than 0.4 N m*? along the shoreward Gulf Stream front (Figure 7b).
During the second, weaker cold air outbreak of January 30 near-surface momentum fluxes were about 0.2 N m, except
over the shelf where they were very low (Figure 7¢). (Data from January 28 supplied by R. Wayland and S. SethuRaman.)
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Fig. 8. Vertical, turbulent fluxes of sensible (S) and latent (L) heat within the MABL for (a) January 25, (b) January 28,
and (c) January 30. The presentation formats are similar to those used in Figures 4-7. Total heat fluxes depended on both
atmospheric conditions and ocean region, with lower heat fluxes ocurring over the inner shelf waters and during pre-storm
contitions, while higher heat fluxes were found over the Gulf Stream and during cold air outbreak conditions. (Data from
January 28 supplied by R. Wayland and S. SethuRaman.)
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TABLE 1. Comparisons of Sensible and Latent Heat Fluxes Calculated With Aircraft- and
Buoy-Measured Data

Calculated Heat Flux, W m?

Date Flux Type Buoy 5 Buoy 6 Nearest Aircraft Stack Altitude of Stack
Jan 25 sensible 25 7 90 m
latent 125 186
Jan 28 sensible 500 362 32m
latent 700 626
Jan 30 sensible 110 35 48 m
latent 215 86

structure observed in the near-surface flux field. Using aircraft
data from the lowest altitude leg in each stack, the sensible (latent)
heat fluxes are compared with the air-sea temperature difference
times wind speed (specific humidity difference times wind speed).
This comparison, shown in Figure 9, indicates that the aircraft
data collected on the three GALE flights discussed here and the
turbulent fluxes computed therefrom are consistent with a
relationship of the form suggested by Liu et al. [1979]. An
exchange coefficient was determined in each case with a linear
regression that was forced through the origin. The values found
for the exchange coefficients C,, and C, are 0.9 x 103 and 1.3 x
1073, respectively. These are close to the values reported by Liu et
al. [1979], which were both about 1.3—1.4 x 10~ for comparable
atmospheric conditions (i.e., wind speed, air-sea temperature
difference, and relative humidity).
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Fig. 9. (top) Near-surface sensible heat fluxes versus air-sea
temperature difference multiplied by wind speed, and (bottom) near-
surface latent heat fluxes versus near-surface/surface specific humidity
difference multiplied by wind speed. This comparison shows how con-
sistent the aircraft-measured near-surface fluxes are with the bulk
parameterization formulae discussed by Liu et al. [1979). The ex-
change coefficient for each heat flux is shown, and they compare well
with the values of about 1.3-1.4 x 1073 determined by Liu et al.

GULF STREAM THERMAL RESPONSE

Gulf Stream Path Considerations

Ocean temperatures measured with AXBTs reveal the changes
that occurred in the oceanic mixed layer along the Charleston line
between January 25 and 30. Recall that these two sections were
not coincident in space, with the section from January 30 having
been flown about 65 km to the southwest of the January 25
section. We will consider the mixed layer changes in similar
regions of the sections that were caused by the atmospheric
forcing during the intervening period, and we will assume that the
differences in section locations alongshore have a small effect
when compared to these.

Two satellite SST images are shown in Figure 10 and in Plate
1. (Plate 1 can be found in the separate color section in this issue.)
These are the cloud-free images which are closest in time to the
flights on January 25 and 30. A flight track is shown on each, as
are the GALE current meters with daily current vectors. Cloud
cover prohibited the availability of a satisfactory image on January
28. The flight of January 25, the track of which is depicted on the
January 22 image, extended from the nearshore region to the
Sargasso Sea side of the Gulf Stream. The flight track crossed a
warm Gulf Stream filament located just seaward of the shelf break
on January 25, and it was over this filament that the northwestern
stack was flown (see Figures 7a and 8a). Two filaments may be
seen in the January 22 image near the flight line. One was trailing
the meander crest that was located southwest of the shoreward
stack position at that time, and one was due south of the stack
position (Figure 10, Plate 1). It is likely that the former of these
two features propagated “downstream” in the intervening 3 days
to be under the shoreward stack on January 25; however, clouds
prevented satellite viewing of the sea surface during that 3-day
period, so ambiguity does exist in this matter. Note that the
currents measured at the edge of the shelf were significantly
affected by the Gulf Stream and its filaments (see Lee et al. [this
issue] for a complete discussion of the current meter
measurements). The southeastern stack on Janvary 25 was flown
over the core of the Gulf Stream (Figures 74, 8a, and 10 and Plate
1). Notice the slight seaward deflection of the body of the Gulf
Stream just to the southwest of the flight line. This is the well-
documented seaward deflection of the Gulf Stream offshore of
Charleston [Brooks and Bane, 1978; Pietrafesa et al., 1978,
Legeckis, 1979; Bane and Dewar, 1988].

The flight on January 30 covered a cross-shelf and cross-stream
distance comparable to the flight on January 25, extending from
the shoreline to the offshore side of the Gulf Stream; however,
four stacks were made on this flight as opposed to two (bottom
panels, Figure 10 and Plate 1). They were positioned over the
various oceanic temperature regimes, beginning with the cool
inner shelf water near the coast. The second stack offshore was
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Fig. 10. Satellite sea surface temperature images showing the flight tracks over the shelf and Gulf Stream waters. (See
also Plate 1.) Flight tracks (longer white lines) and stack pattern legs (shorter white lines) are indicated, and the GALE
current meters are shown with daily currents in black. The flight track of January 25 is shown in the January 22 image
(top), and the January 30 flight track is shown in the January 31 image (bottom). Cloud cover prevented recovery of a
satisfactory image on days closer in time to these flights. Ocean surface temperatures range from below 10°C near the coast
to about 26°C in the core of the Gulf Stream. The positions of the flight tracks and locations of the stacks relative to the
ocean temperature regimes may be seen clearly here. (Images prepared by O. Brown and R. Evans.)
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over the warmer outer shelf water, the third one was over the core
of the Gulf Stream, and the last one was along the Sargasso Sea
side of the stream. Note how the seaward deflection of the stream
had amplified between the two images in Figure 10. (Lee et al.
[this issue] discuss the changes in the shelf currents associated
with this strengthening in the deflection.)

Mixed Layer Structure and Evolution

The vertical ocean temperature sections from the two flights are
shown in Figure 11. The mixed layer, shaded in each panel, is
seen to generally deepen in a seaward direction on each day. On
January 25 it was about 20-40 m deep over the outer shelf and
deepened to about 100-150 m near the seaward end of the section,
along the Sargasso Sea side of the Gulf Stream. An area of locally
deep mixed layer may be seen about 110 km from shore, which
was within the Gulf Stream filament that was located there (see
Figure 10). The seaward deepening of the mixed layer base within
the stream followed approximately the 24°C isothermal surface
until it reached the offshore end of the section. There was a
double mixed layer observed near the core of the Gulf Stream, and
the upper mixed layer portion there is indicated by the cross-
hatched area. Mixed layer depths along the section measured on
January 30 were consistently deeper, and near-surface
temperatures were lower than those on January 25. The shelf
portion observed on January 30 was essentially mixed throughout
the water column, and the mixed layer depth increased seaward
from the shelf break to about 200 m along the seaward edge of the
stream. Again there was a double mixed layer region within the
core of the Gulf Stream. It is indicated by the vertically hatched
area.

Quantitative comparisons of mixed layer depth, temperature,
and heat content were made for the Gulf Stream portions of the
two sections. This was done after shifting the data along the
sections in order to align them at the position of the shoreward
Gulf Stream surface front. This was necessary because the
stream's path had evolved somewhat between the two flights and
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Fig. 11. Cross-stream ocean temperature sections for the (top)
January 25 and (bottom) January 30 flights. The mixed layer is shaded
in each section, and the upper mixed layer in the region of double
mixed layer is indicated on each day with a cross-hatching (25) or
vertical hatching (30). The mixed layer base was seen to slope
downward 1n the seaward direction on each day, and there was mixed
layer deepening of about 35 m (cross-sectional average) between the 2
days.
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Fig. 12. Mixed layer depth profiles from the January 25 and 30
flights. These profiles have been aligned at the shoreward Gulf Stream
front. The deepening between the 2 flight days may be seen (bold
cross-hatched area), and the upper mixed layer in the double mixed
layer region on each day is indicated in the same fashion as in Figure
11.

because the two flight lines were offset from one another. This
shifting prohibits a similar comparison for the shelf region.

The “aligned” mixed layer depth profiles (Figure 12) show the
deepening which occurred between the 25th and the 30th. The
areas of double mixed layer are also indicated as they were in
Figure 11. Two computations of average mixed layer depth across
the Gulf Stream portion of the section were done, one using all
AXBTs shown in Figure 12 and one beginning with the AXBT
just seaward of the front. The average amounts of deepening in
the two computations were 33.5 m and 35.5 m. The actual
deepening is indicated by the bolder cross-hatched area in Figure
12. (In one small area the mixed layer depth on the 25th exceeded
that on the 30th.)

A closer look at the double mixed layer region is given in Figure
13, which shows the actual AXBT profiles taken in those areas.
Profiles from both days show that the warmer, single mixed layer
to the left of the double mixed layer region shallows seaward and
becomes the upper portion of the double mixed layer, while the
cooler, single mixed layer to the right continues under the warmer
water and becomes the lower portion of the double mixed layer.
This structure is believed to be a resuli of the flow within the core
of the Gulf Stream jet, which has brought the warmer upper
mixed layer water swiftly from the south, thereby allowing it to
override the cooler mixed layer water below. (Note that there are
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Fig. 13. A closer look at the double mixed layer structure in the Gulf
Stream core. On January 25 there was only one AXBT profile
recovered in the double mixed layer region, while there were two on
January 30. Mixed layer temperatures are shown for each profile. On
each day the warmer, single mixed layer to the left of the region
shallows seaward and becomes the upper portion of the double mixed
layer. The cooler, single mixed layer to the right continues under the
warmer water and becomes the lower portion of the double mixed
layer.
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indications of other, smaller mixed layers even deeper than the
mixed layer delineated by the dashed line. These may be remnants
of earlier surface mixed layers or may be the result of small-scale,
internal instability and mixing processes.)

Heat Content Change

Because of the northward flow of the Gulf Stream the flights on
January 25 and 30 did not measure the same parcel of water.
Nonetheless, relatively large changes that occur in the local, upper
layer structure within a few days may be viewed as a result of
excessive atmospheric forcing (excluding, of course, events such
as a ring—Gulf Stream interaction). Consider the following. The
average wintertime atmospheric cooling of the Gulf Stream is
roughly sufficient to lower the stream's surface temperature as it
flows northward while leaving the local temperature unchanged;
that is, a local steady state exists. In the event of excessive at-
mospheric cooling along a sufficiently large stretch of the current,
local cooling of the upper Gulf Stream would be observed, as the
water flowing from the south would have been excessively forced
in a fashion similar to the local waters. This cooling would be
reflected in a lowering of the local upper layer heat content, and
would likely cause the mixed layer to deepen through convective
overturning and wind mixing.

Figure 14 shows the upper ocean temperatures along the flight
lines of January 25 and 30. The ocean “skin” temperatures
measured with the PRT-5 are shown in the top panel, and the
mixed layer temperatures measured by the AXBTs are shown in
the bottom panel. (Only temperatures to the right of the Gulf
Stream front [“G. Str. Front” arrow] should be compared.) Both
skin temperatures and mixed layer temperatures decreased during
the time between the two flights on the order of 1°C. Thus both
mixed layer deepening and a decrease in the upper layer Gulf
Stream temperatures were observed between January 25 and 30,
in line with the discussion of the previous paragraph.
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Fig. 14. Sea surface temperature profiles along the flight tracks of
January 25 and 30 as determined by (top) the PRT-5 on the P-3 and
(bottom) the AXBTs. These profiles are aligned at the shoreward Gulf
Stream front (arrow), so shelf temperatures to the left of the front
may not be compared. A temperature decrease of about 1°C is
indicated, consistent with the average mixed layer heat content
change of -0.62°C computed from AXBT data.
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Because of the mixing which accompanies mixed layer deep-
ening and the variations in mixed layer structure (for example, the
double mixed layers in the core of the Gulf Stream), temperature
changes alone may not accurately represent the effect of strong
atmospheric forcing. Upper layer heat content is a better
quantitative indicator of upper layer change than is temperature.
Using the AXBT-measured upper layer temperatures, the heat
content of a volume along the aligned sections was calculated for
each flight. The volume was bounded by the ocean surface, a
vertical side at the shoreward Gulf Stream front, a vertical side on
the Sargasso Sea end of the section, and the base of the deeper
mixed layer along the section (which is the mixed layer base on
January 30 for all of the section except the short portion at about
150 km in Figure 12). The volume considered was 1 m thick in
the direction normal to the section. Effects due to mixing with
deeper waters are minimized by using such a volume.

The heat content change in this volume between January 25 and
30 was computed to be -3.2 x 103 I, an amount equivalent to a
volume-averaged temperature decrease of 0.62°C. For
comparison, a heat flux of 500 W m2 from a column of water 100
m deep acting for 5 days is sufficient to decrease the average
temperature in the column 0.5°C. Recall that the near-surface
latent plus sensible heat fluxes over the Gulf Stream ranged from
several hundred to well over 1000 W m on the 3 flight days; thus
the computed heat content change is in line with the measured heat
fluxes. Other processes not considered here, such as radiation
fluxes, lateral mixing and downstream heat advection, make this
simple comparison incomplete, however. A more detailed analysis
of the heat budget within the Gulf Stream is beyond the scope of
this paper, and will be presented in a later report.

SUMMARY

Aircraft, buoy, and satellite measurements have been used to
study the wintertime air-sea interaction processes across the Gulf
Stream during a 6-day period in January 1986. The turbulent flux
regime in the marine atmospheric boundary layer exhibited
considerable spatial and temporal variability during this 6-day
period, which was related to both the evolution of the synoptic
scale atmospheric conditions and the ocean surface temperature
field. During the pre-storm conditions prior to January 25, the
spatial structure of the SST field played an important role in
generating a shallow atmospheric frontal zone along the Gulf
Stream front by causing differential heating of the MABL over the
stream versus over the cooler shelf waters. As this front moved
shoreward on January 25, the warm, moist maritime air flowing
northwestward behind the front induced moderate ocean-to-
atmosphere heat fluxes (~300 W m? total heat flux measured over
the core of the Gulf Stream). The subsequent outbreak of
eastward flowing cold, dry, continental air over the ocean on
January 27 and 28 generated high total heat fluxes (~1060 W m-
measured over the core of the stream), as did a second, somewhat
weaker outbreak which followed on January 30 (~680 W m-2
measured over the core of the stream). During each of these
outbreaks, with air flowing from land out over the continental
shelf, Gulf Stream, and Sargasso Sea waters, the ocean surface
temperature field again affected the spatial structure of the flux
fields. The near-surface fluxes of sensible and latent heat were
found to be relatively low over the cool continental shelf waters,
while higher fluxes were seen over the stream and Sargasso Sea.
Similar spatial structure was seen in the near-surface momentum
flux values, but relative changes were typically smaller from one
location to another on a particular day.
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The most noticeable responses of the Gulf Stream to these
surface fluxes were a deepening in its mixed layer and a loss of
upper layer heat; however no direct current observations were
made in the stream, so velocity changes may not be assessed. An
average mixed layer deepening of about 35 m was observed in the
stream, and the upper layer heat loss was estimated to be 3.2 x
1013 J m! alongstream, an amount sufficient to decrease the
average mixed layer temperature by 0.62°C. No path changes in
the stream could be attributed to the atmospheric forcing of this
period, since there was a large offshore movement of the stream
in the region of the Charleston bump at this time due to other
processes. Any path changes that may have been associated with
the atmospheric forcing would have been masked by that offshore
movement.

APPENDIX

On March 5, 1986, a non-IOP day, the NOAA P-3 and the
NCAR Electra were flown in formation to intercompare several of
the parameters measured by the two aircraft. Four straight-and-
level legs of 8-min duration each were flown in an area
approximately 100 km southeast of Cape Hatteras, North
Carolina. The first two legs were flown at 170 m altitude and the
second two at 440 m. At each altitude, two airspeeds were flown,
200 knots indicated airspeed (KIAS) (103 m s'!) and 220 KIAS
(113 m s"). The legs were flown crosswind, since crosswind-
measured turbulent flux estimates have generally been found to be
more reliable than alongwind flux estimates.

For the slow rate data (one data point per second) the quantities
intercompared were pressure, radar altitude, air temperature, dew
point temperature, sea surface temperature, wind direction, and
wind speed. Means and standard deviations of the parameters for
each leg were calculated and compared between the two aircraft.
For each variable, the average mean differences between the
values recorded by the two aircraft and the ranges of the mean
differences are presented in Table Al.

The P-3 consistently recorded higher values for the pressure,
air temperature, and dew point temperature than did the Electra for
the same legs (Table Al). The Electra consistently recorded
higher altitudes and sea surface temperatures. The differences in
the altitudes of the aircraft would account for some, but not all, of
the differences in the pressure. Therefore there seem to be
consistent, real offsets between the values recorded by the P-3 and
the Electra for pressure, air temperature, dew point temperature,
and sea surface temperature, assuming the altitude offset to be a
result of the aircraft actually being at slightly different levels.
Table Al also shows that the P-3 consistently recorded slightly
greater values for the wind direction. For the wind speed,

TABLE Al. Comparison Statistics Between the NOAA P-3 and
NCAR Electra Slow Rate Data

Variable <A* Range

Pressure, mbar -1.8 -2.1to -14
Altitude, m 4.0 300 7.0
Air temperature, °C -0.3
Dew point temperature ,°C -1.2 -1.3to -1.2
Sea surface temperature, °C 1.5 1.5t0 1.6
Wind direction, deg -4.6 -7.9 to -1.8
Wind speed, m s -0.4 1.4 to 04

Means are computed from four straight-and-level legs which were
flown simultaneously.
*AX =X

Electra ~ *p3°
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TABLE A2. Comparisons Between the NOAA P-3 and NCAR
Electra for the Vertical Fluxes of Horizontal Velocity,
Humidity, and Temperature

Leg# P-3 Electra Difference, %
Horizontal Velocity Flux
1 0.29 m?s? 0.37m?s? -22
2 0.46 m2s? 0.45 m? 5?2 2
3 0.17 m*s? 0.04 m? s* 325%
4 0.16 m?s? 0.17 m? s -6
Humudity Flux
1 0.296 g m™s 0.307 g ms -4
2 0.252 g m%s 0.288 g m's -12
3 0.176 g m'%s 0.270 g m3s -35
4 0.217 g m?s 0.281 g m3s -23
Temperature Flux
1 0.198 °Cm s 0.186°Cm s’ 6
2 0.181 °Cm s 0.163 °Cm s 11
3 0.097 °Cm s 0.108 °C m s! -10
4 0.103°Cm s 0.129°Cm s -20

Difference = ((P-3 - Electra)/Electra)x100
*The Electra value is suspect here.

however, the P-3 recorded higher values than the Electra on legs 2
and 4 but lower values on legs 1 and 3. This suggests that there is
a real, consistent offset between the wind directions recorded by
the P-3 and Electra that could be taken into account; hewever,
nothing consistent occurred for wind speed. / '

The fast rate data (20 samples per second for the Electra and 40
samples per second for the P-3) recorded by the two aircraft were
also intercompared. The quantities of interest here are the vertical
fluxes of velocity (<u'w'>, <v'w'>), humidity (<g'w'>), and
temperature (<T"w'>). Preliminary results of these turbulence
comparisons are presented in Table A2. Here the x- and y-directed
velocity fluxes have been combined into a single velocity flux.
These results show that for legs 1, 2, and 4 there was good
agreement between the P-3 and Electra for the vertical fluxes of
velocity; however, for leg 3 there was poor agreement between the
two aircraft. It seems that the leg 3 value for the Electra is suspect,
since the P-3 value is consistent with the values from leg 4 while
the Electra value is quite different. For the vertical flux of
humidity, there was good agreement between the aircraft for all
four legs. Both aircraft were also self-consistent on the reverse
heading runs. For the vertical flux of temperature there was good
agreement between the P-3 and Electra for all four legs. Qnce
again, both aircraft were self-consistent on the reverse heading
runs. More detailed studies of these intercomparison data are
presently underway.
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Plate 1| [Bane and Osgood]. Satellite sea surface temperature images showing the flight tracks over the shelf and
Gulf Stream waters. (See also Figure 10.) Flight tracks (longer white lines) and stack pattern legs (shorter white lines) are
indicated, and the GALE current meters are shown with daily currents in black. The flight track of January 25 is shown in
the January 22 image (top), and the January 30 flight track is shown in the January 31 image (bottom). Cloud cover pre-
vented recovery of a satisfactory image on days closer to these flights. Ocean surface temperatures range from below 10°C
near the coast (dark blue) to about 26°C in the core of the Stream (red). The positions of the flight tracks and locations of
the stacks relative to the ocean temperature regimes may be seen clearly here. The SST color scale is shown on the left in
each image. (Images prepared by O. Brown and R. Evans.)





