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Air and Sea Surface Temperature Measurements
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and Vladimir Yemelyanovich Leuski

Abstract—Data obtained from a single-channel scanning 5- at least temperature gradient, is measured within this layer, it

mm radiometer on a research vessel were used for the study js possible to recover the total heat flux between the ocean
of sea surface temperature and lower-atmospheric temperature surface and atmosphere.

profiles under neutral, weakly stable, and unstable conditions. In the last ten to 15 bstantial in direct
Comparisons with in situ air and water temperature measure- n the last ten 1o years, substantial progress In direc

ments, dropsonde temperature data, radiosonde data, and VV Situ measurements of the sea surface temperature profiles was
Ku-band side-looking radar images are presented. The techniqgue made using dropsondes [5] or floating sondes [6] from a ship.
based on 5-mm measurements determines the air-skin water (skin But such measurements require repetition over perhaps an hour

depth of 0.3 mm) temperature difference with an accuracy of the , 6\ide reliable estimates, and such data can be obtained
order of 0.1 K. Analysis of the experimental data suggests that the v f hi f h
air-skin water temperature difference depends weakly on solar ONly from a ship at rest. Of course, such measurements

heating and wind speedV for 2.5 < V < 9 m/s. are impossible to carry out from aircraft and all of these
reasons restrict their applications for investigations of air-sea

interactions.
|. INTRODUCTION The idea to use radiometric measurements with different

ONITORING of sea surface temperature from satellite@(m depths for measurements of water temperature_ gragient
using infrared or microwave radiometers provides inf9S€ tol_ the Seg surf:ilc_ehwas prOp?_SGd forl the first dtlme
portant information for the study of dynamical processes Ry MCAlister and McCleish [7]. McAlisteret al. [8] use
the upper ocean and those determining climate and weatRBrairborme two-channel infrared radiometer during Barbados
[1]. Both infrared and microwave radiometers measure ti&-€anographic and Meteorological Experiment (BOMEX) in

water temperature in a thin layer near the water surface, theo9 and the total heat flow was estimated by McAlister
so-called skin layer. Its thickness is of the order of a fe@nd McCleish [7]. The radiometer operated at wavelengths of

hundredths of a millimeter for infrared measurements amg+—4-1#m and 4.5-5.3im, providing optical depths of 0.075
a few millimeters or smaller for microwave radiation. Th&"Mm and 0.025 mm. The small difference in the skin depths
processes of heat, moisture, and momentum exchange betw&8SH!tS in an extremely small temperature difference which is
ocean and atmosphere result in water-temperature profiles vifP€ measured for heat flux estimation. For example, a heat
large gradients near the sea surface. For this reason the whtgy of 300 W/n? corresponds to a temperature difference
temperature determined with standdrdsitu measurements P&€tween the two skin depths of only 0.02 K. To achieve such
(at a depth of 1 or 2 m) and radiometers can be substantigligcuracy is extremely difficult. _ _
different [2]-[4]. The understanding of physical processes thatA better estimate of tot_al heat flu_x can be obtained if one
control the temperature profiles near the sea surface is on&bfthe wavelengths provides a skin depth of the order of
the critical points for satellite oceanography [1]. 0.2-0.4 mm. Such values of skin depth are typical for infrared
Usually, the heat flux in water is dominated by turbulent arf#€@surements in the wavelength band 2+8, but these
molecular transport. Only very close to the surface, in a laygléasurements can be used only at night because of strongly
of about 0.02 mm, radiation losses contribute significantly t&flected solar radiation [8]. An alternative method to increase
the total heat flux. The turbulent heat transfer at the surfaceSiin depth is to use microwave radiometric measurements.
zero, and hence at some depth in the range 0.02-0.2 mm limdhis case, a typical temperature difference associated with
main contribution to heat flux is determined by the moleculdfe temperature gradient in the molecular sublayer is of the

conductivity of water [1], [3]. If the temperature profile, ororder £0.5 K. However, if one wavelength is used in the
infrared wavelength band and the other in a microwave band,
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. . . Fig. 2. Geometry of measurements. The antenna beam is rotated by a mirror
Fig. 1. The 5-mm radiometer frequency band and oxygen absorption at %55t is oriented at 45 from the radiometer beam axis
level calculated in accordance with [19]. '

atmospheric brightness temperature must be accounted ntinuous observations. It is simple and can be used from a

or a more sophisticated measurement technique is requir@(ﬂ)\”ng ship or low-altitude airborne platforms.

For infrared measurements this problem can be solved, afn addition to the Wat_er—a_lr temp(_arature d|ff_erence, the
least from a ship. Schlusset al. [9] have shown that using same measurements provide information about air temperature

a well-stirred bucket of sea water moved in and out of t ofiles in the low atmosphere. Thus it is possible to compare

view of the radiometer the accuracy of the skin temperatu éﬁerent parameters which are rglgted to heat an(_j momentum
measurements can be as high as 0.05 K. In the microw. es and to check model predictions such as given in [17].

wavelength band the problem is more complicated since t e suggest that the proposed technique could be deployed

emission coefficient depends essentially on gravity-capillawdely in the investigation of ocean-atmosphere interactions.

. . xperimental data were collected on the research vessel
waves on the sea surface, and the wave intensity can V%\tf P

widely [10]-[12]. Although Gaikovichet al. [13] measured ademic loffeluring the Joint U.S./Russia Internal Wave Ex
2 : . eriment (JUSREX-92) [18]. This experiment was conducted
water temperature profiles in the laboratory with microwave™ . : .

: ol during July 1992 on the continental shelf approximately 60
radiometers that operated at atmospheric window frequencies, .. 4
. - . . : nautical miles south of the eastern end of Long Island, NY.
suitable accuracy would be difficult to achieve in oceanic con; . ; . .
i ) . he main goal of the experiment was to investigate surface
ditions that included surface waves and variable atmospheric . . . .
- o : manifestations of internal waves, but other problems of air-sea

radiation. In the Gaikoviclket al. [13] experiments, a metal . . . :
. interaction were also studied. Remote sensing measurements

screen was placed above the smooth water surface to insure . .
. .y . .. _Wwefe accompanied by standard meteorological measurements
a constant down-welling radiation flux. Under field conditions

the accuracy of water temperature retrieval based on traditioanld the drop-sensor temperature measurements described in

. . . . ection 111
microwave radiometric measurements, even if supported by. : . . .
The radiometer design and measurement technique are given

scatterometric or full polarization measurements, may be about : : .
in Section Il. The recovery of air temperature lapse rate is

0.5 K or worse [14], [12]. . . . . ;
. L . ._presented in Section IV and water-air temperature retrieval is

Nevertheless, as we will show, it is possible to achie e . . . . . i
iscussed in Section V. Section VI contains our main results:

a desirable accuracy of microwave water temperature mea- . L
comparison betweein situ and 5-mm measurements, compar-

surements, but only at specific wavelengths and by USISn with airborne Ku-band radar measurements, and analysis

a special radiometer design and measurement technlquoqsv\lind_Speed and solar-heating influences.
The main idea is to use for temperature measurements not
wavelengths with small absorption in the atmosphere but,
instead, to use radiometric measurements with relatively high
atmospheric attenuation. In this case, the radiation in theExperimental data were obtained by a 5-mm radiometer
horizontal direction can be used as a reference level sirggerated near the peak of the oxygen absorption band at 60
the brightness temperature is equal to the accurately measug#tk. Using a circular scanning mode, the sky and ocean
air temperature at the measurement height. Radiometric mbeghtness temperatures were sequentially measured. The ra-
surements are made in a scanning mode and the radiomeiemeter bandwidth was about 4 GHz and is shown in Fig. 1,
measures brightness temperature relative to air temperatureagether with oxygen absorption at sea level calculated using
We have used radiometric measurements at wavelengtlisbe’s model [19]. Scanning was done by a mirror rotating
equal to 5 mm in the oxygen absorption band. This wavelengilith a frequency of 1.3 Hz. A schematic of the measurement
band is usually employed for recovery of atmospheric tergeometry is shown in Fig. 2.
perature profiles [15], [16]. We note that the same techniqueMeasurements were done using an antenna with a main
can be used at infrared or millimeter wavelengths. As weeam width of 6.6 at the 3-dB level. The microwave part of
will demonstrate, the technique recovers water temperaturethe radiometer consisted of a Schottky-diode balanced mixer,
an accuracy of about 0.1 K or better and will allow longa GaAs Gunn local oscillator operating at 59 GHz, a transistor

Il. RADIOMETRIC MEASUREMENT TECHNIQUE
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Fig. 3. Block diagram of the 5-mm scanning radiometer.

IF amplifier, a detector, and a low-frequency amplifier (seesult of averaging ofV; = 94 scans). Note that maximum
Fig. 3). The mixer operates in the double side band (DSBhanges of brightness temperature do not exceed 0.6 K, but
mode. The IF amplifier band was 0.2—2 GHz at the 3-dB levéhat fine angular structure is evident on each scan. Analyses
The equivalent noise temperature of the receiver was 120@sented in Section VI will be made using data with one
K. The receiver components were mounted in a temperatdreur averaging. For such an averaging time, the radiometer
stabilized box. The internal temperature is fixed af@0by a noise contributes only negligibly to errors of air- and water-
thermoelectric battery and an automatic temperature controllEmperature determination.
The operation and designs of the mixer are given in [20] The data shown in Fig. 4 were used for estimation of
and [21]. radiometer sensitivity. First, the mean value for each profile
The radiometer is a total power system with automatiwas calculated and subtracted from the measurements. Then,
compensation of the direct current in the output signal the mean valug7z(6;)) was determined at each anglg
compensation-type radiometer). No additional modulation eand the variance was estimated as
cept the antenna beam rotation was done in the radiometer. The S (T(6) — (Tp(6:) N

compensation is made by a RC high-pass filter in the output o2 = S
of the amplitude detector. The data are averaged digitally by N
the computer and recorded on a hard disk. whereN is the number of points, each of them being the result

Radiometer calibration was based on radiosonde tempegfzv, = 94 scan averages. The varianggwas determined as
ture profile data and Liebe’s model [19]. Calculated brightneggual to 0.006 2XK2. This value corresponds to one scan and
temperatures at different grazing angles provide the estimatignthe integration timer determined by the output RC filter
of two coefficients that were used for the linear transformatiqsf the radiometer. The calculated autocorrelation function has
of radiometer output to brightness temperature contrasts. Aown thatr = 0.010 s. The sensitivity of the radiometer at
analyses were based on the difference between brightngfsintegration time of 1 s was calculated &8, = o - 70
temperatures at various angles, and thus, absolute valuesygich yielded§T,.;, = 0.025 K. This value is in reasonable
brightness temperature were not required. agreement with an estimation based on the parameters of the

The radiometer was installed on the ship’s bow at th@icrowave elements and theoretical expressions given in [22].
altitude h = 8 m above the water surface. The antenna

received vertical polarization, and because of the reflection
by the mirror, the polarization plane was rotating during a
scan. Near nadir, the water surface was observed at horizontalhe research vessAkcademic loffés equipped with a large
polarization; at grazing angles, it was observed at vertical. set of well calibrated sensors for meteorological measure-
Fig. 4 shows an example of the measured brightness tements. Air temperature and wind velocity were measured at
perature variation as a function of angle from zenith. Ead®.5 and 32.0 m above the sea surface; the water temperature
line in the figure shows the results after averaging in theas measured at a depth of about 2 m. All data were collected
time interval of 1.2 min (thus, each point in the figure is thby the main computer system every minute. A GPS navigation

I1l. IN STU MEASUREMENTS
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Fig. 4. Example of 5-mm scanning measurements, July 21, 1992. Each curve was obtained with an averaging time of 1.2 min.
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Fig. 5. Wind speed (solid line) and wind direction (dashed line) during the experiment. UTC is used.

system was used for ship velocity measurements and thain gradient of temperature is seen in the thin layer close
corresponding wind speed corrections. to the water surface. The skin depth for 5-mm radiation in
Radiosonde measurements were carried out by the Agalt ocean water is 0.31 mm & 20°C). At distances of a
plied Physics Laboratory of the Johns Hopkins Universitiew skin depths, the temperature profile can be considered as
(APL/JHU). APL/JHU also installed an additional packelinear and we can assume that the water temperature based
of meteorological sensors on the bow mast. Analyses @f the 5-mm microwave radiation analyses is equal to the
differentin situ measurements were reported by Chapman aftgan temperature at the skin depth. We note that the difference
Rowe [23]. between water temperature determined by 5-mm radiometric
The 5-mm measurements were carried out during JuR€asurements and water surface temperature determined by
18-25, 1992. Fig. 5 shows wind speed and wind directidfifrared measurements can be up to 0.4 K.
recorded during this period. It is seen that on July 22, due to
a cold atmospheric front, the wind changed direction by°180 IV. AIR TEMPERATURE LAPSE RATE RETRIEVAL

This front replaced stable-neutral air over the testing area withyyg techniques are commonly used by ground-based 5-mm
unstable air. In addition to standard meteorological measufgdiometers to obtain information on atmospheric temperature
ments, some high-resolution temperature measurements Weiiles [15], [16]. One relies on the frequency dependence
obtained by a research group headed by A. Soloviev frogf the atmospheric absorption and uses channels at several
the Shirshov Institute of Oceanology, Moscow. These unigfi@quencies to profile atmospheric temperature. The other uses
data were collected using a sensor that was dropped frangingle-channel radiometer to measure atmospheric radiation
the ship’s bow as described in [5]. Fig. 6 shows examples different elevation angles. Information on the vertical vari-
of temperature profiles near the surface. Each profile wason of the air temperature is contained in a set of such
calculated as the mean of from five to ten soundings. Theeasurements. To obtain temperature profiles, both techniques



TROKHIMOVSKI et al: AIR AND SEA SURFACE TEMPERATURE MEASUREMENTS 7

] 1.0
4

£ ]
© E al b C 08 i
T
ot 3
2 7 £ 06 .
E £
TR E
° 3 % I
= 43 T 04 B
5 )
0 d e - J S 02 —
§ : ? i 75
o 3 v |
M E ’ 0.0 R . —
o § 1 K 0.0 0.2 0.4 0.6 0.8 1.0

] —_— Weighting function (km))

-2
Fig. 7. Normalized weighting functions for the retrieval of lapse rate. Curves
Fig. 6. Temperature profiles near the water surface obtained by A. Solovieai® labeled by zenith angle in degrees.
team. (a) July 13, 1992, 23:01, stable conditions. (b) July 20, 1992, 06:23,
nearly neutral conditions. (c) July 24, 1992, 15:51, unstable conditions. UTC

is used. normalized weighting functions at several selected elevation
angles. It is seen that the radiometer is not sensitive to temper-

require measurements of absolute brightness temperatupddre lapse rates above 500 m. Writing the above equation in a

However, it will be shown here that a single-channel ranatrix form and then applying Twomey—Tikhonov' s inversion

diometer can also be used to measure temperature lapse gghod [24], we obtain the profile of temperature lapse rate as

W|'thout requiring absolute callbratlon. Dlﬁgrences between T = (ATA ++H)"}(A”g + vHT,)

brightness temperatures at various elevation angles and a

reference brightness temperature at a fixed elevation anglgere

are used instead of absolute brightness temperatures. Thu%: AT,(6), A matrix containing the weighting functions

variations of system offset are tolerable in the retrieval process. for temperature lapse rate;

We assume that the atmosphere is stratified. Since thgg unit matrix:
5-mm radiometer is not sensitive to the air beyond 1 km, Ty first-guess of the temperature lapse e
this assumption is valid in many situations. However, the Lagrangian multiplier.

attenuation also limits retrievals to low altitudes. Relative to Re
reference brightness temperature at a fixed elevation #qgle
the brightness temperature at anglenay be expressed as

set the elements dfy to be 9.8C/km and empirically
determinedy to be 1075,

ATy (0) = Ty(6o) — T(6) V. AIR-WATER TEMPERATURE DIFFERENCE RETRIEVAL

o>
:/ p(z)(e—r(h,z)/cow_e—r(h,z)/coseo)dz (1) _The sea-air temperature difference was ret_rieved .fr(_)m
h brightness temperature measurements of upwelling radiation.

where I['(z) = —dT(z)/dz is the temperature lapse rateOUr retrieval algorithm accounts for the slope distribution of

T,(6) is the brightness temperature, ang, z) is the vertical the sea surface. TheT cqntribution of short waves, multiple
optical path between the level of measurementand level Scattering and refraction in the atmosphere are considered as
z. Dividing the atmosphere inte layers and assuming thatnegligible.

(1) as from an altitudeh at anglef can be calculated as
AT;(6) = Tywi(6) ﬁ@zwmww//H%wMMMﬁ@)
where I'; is the lapse rate in layei and w;(f) is the + (1 = R(0)Tw]deps dpy + (1 — exp(—7n)) T
corresponding weighting function at elevation angleThe )
weighting function can be expressed as
1 (hozimn)fcost _ =r(hzi) cost where
wi(f) = a_i(cose(e vt —e T ) Pz, 0y) visible slope distribution;
— cos eo(e_r(h,zi_l)/coseo) _ e—‘r(h,zi)/coseg)) Tbl brightness temperature of down-
welling radiation;
wherecq; is the mass absorption coefficient and; andz; are TJ brightness temperature of upwelling

the lower and upper boundary heights of laigfig. 7 shows radiation;
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Fig. 9. The brightness temperature contrast caused by the surface slope
. ) _ distribution atV’ = 10 m/s. The long dashed line: vertical polarization,
The = 7(07 h)/COS(Q) optical thickness of the atmosphericshort dashed line = horizontal polarization, and solid kaeoolarization of

layer below altitudenh; the 5-mm measurements under consideration.
R(6;) Fresnel reflectivity coefficient;
To, T air and water temperatures.

o ~ temperature difference between a smooth and a rough sea
The local angle of incideno and angle of reflected radiationsyrface) as a function of the viewing angle. Calculations

6, are easily determined from the angle of view and locake made for a wind speed of 10 m/s and an air-water
surface slope (see Fig. 8): temperature difference of 3 K. In the angular range used for
the recovery of water temperature, the contrasts caused b
cos(th) = (k-my); - cos(b,) = = (k- 2) surface slop):e distribution ch)) not exceed 0.1 K. In most of oury
measurements, the contrasts are smaller because the typical
values of wind speed were about 5-6 m/s. Model calculations
have shown that these contrasts also become smaller as the air-
water temperature difference is reduced. Thus, typical values
of brightness temperature contrasts caused by the slopes of
avity and gravity-capillary waves are about 0.03-0.06 K.

k,,:k—2-(k-nl)-nl

wheren; = (1 + ¢2 + 4,0321)_71{1,—(,0,;,—(,03,} is the unit
normal to the surface; = {0,0,1} is the unit vector in the
vertical direction, andk is the unit vector from the observed
point on the water surface to the receiver. The quartity;)

in (2) depends both on local angle and polarization. Sim[ﬁ

geometrical consideration shows that the polarization vecto vertheless,.we hgve accounted for this contribution, since
changed due to scanning ps= {— sin #cos 8, cos 6, sin? 6} errors in relative brightness temperature of 0.1 K can result
) ) *

This change leads t& = Ry (6;) -Sin2(9)+RH(91) ~cos2(6). in errors of up to 0.3 K in the retrieved values of the water

Transforming (2) yields the equation shown at the bottom [gmperaiure. ) .
the page. lWe checked the ?ssumptlon made above that thf differences
If measurements are done at wavelengths with high gt (9) = Za aanI;) (6) — T, can be replaced by, (¢,) —
mospheric absorption, then the brightness temperature in #ié7/2), and T, (¢) — Ty(w/2) in a set of model numerical
horizontal direction is equal to the air temperature and ti§@lculations using typical environmental conditions observed
diﬁerences]}}(e) — T, and TJ(Q) — T, are determined in JUSREX. We calculated; as a function of angle using
directly from brightness temperature scans with high accuraéyebe’s [19] model for the atmospheric emission and Cox and
We have used Cox and Munk’s model for the slope distributiddunk’s model for the slope distributioffo (¢, ¢,) [25]. We
Po(z, ¢y) [25] and the air-water temperature difference walkien modeled the antenna as a circular aperture with tapered
estimated using a best fit for the zenith angle interval dfumination with a taper function of1 —r2)? [35], where we
140° to 17C¢°. We note thatR(#;) depends slightly on the examined botlp = 1 andp = 2. In a difficult case, where
water temperaturd, and salinity, but can be estimated bythere was a gradient in air-sea temperature of 1.5 K, and with
climatology within a limited range of conditions. an air temperature difference of 2.5 K in the first 100 m of
Accounting for the slope distribution provides a smalthe atmosphere, the difference betweEnand the antenna
correction of the retrieval results of the order of a few tentliemperature was 0.12 K. As a result of further simulations, it
of a degree. This small effect results from the relativelwas concluded that in 90% of the conditions encountered in
low difference between surface and atmospheric emissigJSREX, the calculated brightness temperature in horizontal
Fig. 9 shows brightness temperature contrasts (the brightndsection 7, (7 /2) differed from the air-temperature by less

(1;1(8) = Tu) exp(rne) = [ [ Plpa, 0y)R(O) (T} (8) = Tu)depy dipy,
ST P(pe, ) R(O1) dipr dipy — 1
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Fig. 10. Comparison between experimental data (crosses) averaged over one hour and model predictions. (a) Stable conditions, July 19, 1992. (b)
Unstable conditions, July 24, 1992.

than 0.08 K. Since errors are larger for sharper gradients, itusstable conditions [see Fig. 10(b)]. We suppose that the
expected that the accuracy of air-water temperature retrieveason is connected with short ripple scattering or multiple-
will be less under strong stable conditions. scattering events, which are not included in the model. In any
Equation (2) is written under the assumption that the aiase, this part of the radiometric scan wasn't used for the
temperature depends negligibly on altitude in the layer bdetermination of water temperature. Data close to the nadir
tween the measurement level and the sea surface. This is tngre also excluded from analysis, since in the vicinity of the
for ship measurements but a correction is required for aircraftiip we can expect additional microwave radiation from the
measurements. Here, one also has to retrieve and to take Btigp’s bow, disturbances of wind flow, wave spectrum, and
account the air temperature gradient below the aircraft. @fater temperature. Only angles in the range 1402Xv@m
course the errors of air-water temperature difference retriewanith were used for the retrievals described in Section Il
will increase for higher-altitude deployment of the radiometer. Comparison between experimental and calculated sea sur-
face brightness temperatures confirms the high accuracy of the
proposed technique. Indeed, small changediyy of about
0.1 K result in substantial disagreement between calculated
Comparison_s between _air _temperature gradient, air-walf{q measured values at angles 120°180can be seen that
temperature difference arid situ measurements were madeyccyracy is a little higher during stable conditions. One of
for data averaged over 1-h time intervals. No data wef§e main contributors to experimental errors is error in the
excluded from analysis, regardless of wind direction relative {utermination of the horizontal direction. From this point
ship orientation. The analysi; of date} using different tempor@{ view, the data shown in Fig. 7 represent extreme cases,
averages has shown that an integration time of one hour is 8ffce the angular gradient of brightness temperature near the
absolutely necessary and a stable retrieval can be achieveq,§¥,ontal direction is high (about 0.07 K/grad). The other

integration over 2 min. Nevertheless, the large integration tiggnditions can result in zero gradient at viewing angles near
was used in this analysis to suppress time and space variabi{¥ nhorizon (see, e.g., Fig. 4).

of environmental conditions as is required for a comparison
with in situ measurements.

Fig. 10 shows, as a function of the viewing angle, a
eraged experimental brightness temperatures and the resultsig. 11 shows roughly ten days of data. In Fig. 11(a), the
of model calculations. The first example was obtained undair-water temperature difference as obtained from radiometric
stable conditions, the second under strong unstable ones. @hta and fromin situ data is plotted. Fig. 10(b) presents
brightness temperatures of downwelling atmospheric radiatidbte mean air temperature gradient in the atmospheric layer
(0—90C) were calculated using APL/JHU radiosonde datdetween the level of measurements (8 m above sea surface)
Model predictions for sea surface brightness temperature ared an altitude of about 200 m. The gradients were retrieved
plotted for three different water temperaturés, = 74 + from radiometric measurements and from radiosonde data
AT sw. Good agreement between model and experimentabvided by the APL/JHU research team. Note the difference
values is seen at the angles 02@hd 110-170 from zenith. between stable (July 18-July 21) and unstable (July 22—-July
A difference can be noted at small grazing angles und2s) conditions. If the entire data set, including both stable

VI. RESULTS

\A. Comparison with In Situ and Radar Measurements
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and unstable conditions, is considered, we observe that value:
of air-water temperature difference retrieved from radiometric
measurements are about two times smaller than the tem-
perature difference estimated from bulk measurements. The
regression between the two data sets is plotted in Fig. 12 anc
the best linear fit is given byTiys — T4) = —0.21 4+ 0.49 -
(Tws — T4). This dependence is in reasonable agreement
with temperature profiles measured by a drop sensor undei
stable and unstable conditions [Fig. 6(a) and (c)]. From drop-
sensor data, it is seen that skin temperature is nearly equal tc
the mean value of bulk water and air temperatures. However,
under conditions close to neutral, temperature profiles in the
vicinity of the water surface may be more complicated [see,
e.g., Fig. 6(b)]. In this case, bulk and skin measurements
predict different stability as can be seen from the July 21 and
22 measurements plotted in Fig. 11(a).

The radiometrically-derived air temperature gradient is in
excellent agreement with the radiosonde data. Such good
correlation is not surprising because radiosonde data were used
for external calibration of the radiometric system. Of course, 7
radiometric measurements provide essentially continuous data .
in time, although radiosonde data show more detailed air
temperature structure.

The different conditions determined by 5-mm measurements
are observable in the aircraft side- looking Ku-band radar im-
ages [26], [27]. Radar images of the sea surface are indicative
of atmospheric processes due to modulation of surface wind
velocity. Such events as wind fronts, gravity internal waves
or, convection of different types are clearly seen in VV radar
data [26]-[28]. During the time period under consideration,
the aircraft laboratory TU-134, with a Ku-band dual-polarized
radar on board, made four flights. The times of these flights
are indicated in Fig. 11. Fig. 13 shows typical examples of
VV radar images. The first (July 19) was obtained under
stable stratification of the atmosphere as indicated by the air
temperature gradient and by the skin water-air temperature
difference. No modulation caused by any atmospheric pro-
cesses can be noted in this case. The second example (July
21) was obtained under about neutral conditions, as concluded
from the zero air temperature gradient and the negligible skin
water-air temperature difference. Strong internal waves in the
atmosphere are apparent on the radar images. Fig. 13(c) shows
one of the examples (July 24) when strong convection in the
boundary layer was developed. The same characteristics were
exhibited by all radar measurements obtained after July 22.
The analysis performed by Smirnov [27] has shown that the
typical size of convection cells was 0.5 to 3.5 km. Most of
the convection cells can be classified as the open type, which
is usually the case when cold air in the convection layer is
heated by a warm surfade?/dt > 0) [29].

We emphasize that the 5-mm radiometric results, both in
temperature difference and air-temperature gradient, provielg 13. Ku-band images under (a) stable, (b) neutral, and (c) unstable
the correct explanations of the main features in radar imag@gditions.
and can be used to support radar image analysis.

. depth. The model for this value was proposed in [30] to correct

B. Data Analysis bulk water temperature from ships and buoys, since models of

Using the data shown in Fig. 11(a), it is possible to deteair-sea interaction demand real surface temperature [30], [31].
mine the water temperature difference between bulk and skiowever, attempts have also been made to parameterize heat
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fluxes using the difference between bulk and skin temperatureThe diurnal behavior of data obtained under neutral and
[9], [32] or the temperature difference across the cool skimeakly-stable conditions (July 18-July 22) is shown in
of the ocean surface [33]. To illustrate the differences thktg. 14. Wind speed is included as a parameter and we show
can arise, we will analyze diurnal cycle and wind-speedhta for three categories: wind speeds higher than 6 m/s, wind
dependence for all three temperature differences: skin waterspeed in the range 4 to 6 m/s, and wind speeds below 4 m/s.
(Tws — Ta), bulk water-air(Tyyp — T4), and bulk water-skin A minimum in Tywyg — Tws, Twe — T4 is observed in the
water (Twe — Tws). The first of these was measured by thafternoon. The value of the minimum due to solar heating of
5-mm radiometer, the second is based on bulk measuremewister is in agreement with published data [9], [30], [33]. It
and the last was obtained from a combination of radiometii seen that diurnal modulation is higher at low wind speeds,
and bulk measurements. which is also in agreement with theoretical and experimental
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results. In contrast, the skin water-air temperature differen€gps — Tws = Tws — Ta — (Tws — Ta)] and Tiwg — T4
(Tws — Ta) plotted in Fig. 14(a) does not show correlations based only on twdn situ measurements. The reason is
with local time and wind speed. This implies that during ouronnected with correlation between data in Figs. 14(a) and
measurements the coupling between the water surface and(the which can be easily noted during the nighttime intervals.

atmospheric surface layer was extremely high.
We note that data scatter is smaller f@tyg — Tws

during stab

This fact confirms that variations observed by the radiometer

le-neutral conditions are not random, but reflect

than for Tywwp — 14, although the first value was calculatedunderlying physical conditions.
using three independent sensors [water temperature sensor, dihe analysis of the data have established that variations
temperature sensor, and 5-mm radiometer, since we calculatédws — 74 before July 22 are correlated with air potential
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temperature gradient retrieved from the upward-looking part ahd air temperature profiles should give rise to wide applica-
the radiometric scan. Fig. 15 shows the value of the gradigian of this technique.
in the layer 20-200 m as a function @fy — Tws (from Two parameters were determined from 5-mm scanning
the radiometer)7y — Tywp (from in situ measurements), andmeasurements: air temperature gradient and air-water temper-
Tws — Twp (from radiometer-in situ). Note that we have ature difference. Retrieved values are in reasonable agreement
changed the sign of the temperature difference to providéth standard bulk measurements, high-resolution dropsonde
correspondence between positive values onxaxes with temperature profile measurements, and aircraft Ku-band VV
stable conditions. Under unstable conditions, we have radar data.
dependence because all values of air temperature gradier®ne of the surprising results of the data analysis was the
are about zero corresponding to an adiabatic lapse rate; tiisence of diurnal dependence and wind speed dependence
situation is observed in 95% of cases in the unstable & the air-skin water temperature difference during neutral-
layers close to the surface [34]. The retrieved air temperatiugtable conditions. Conversely, both air-bulk water temperature
gradient during stable conditions show good correlation wittifference and skin-bulk water temperature difference depend
T4+ — Tws [Fig. 15(a)] and large scatter i’y — Twg or on wind speed and solar heating.
Tws — Twp are used as independent variables [Fig. 15(b)
and (c)]. As discussed above, the reason is connected with the
strong diurnal and wind speed dependence of the latter two
temperature differences. The authors are grateful for the assistance from A. Soloviev,

In general, the results shown in Figs. 11-15 confirm tH@ho providing drop-sensor data, V. Irisov, who was re-
well known idea that sea surface temperature, and particulag§onsible for all ship radiometric data acquisition, and R.
its difference relative to the air surface-layer temperaturehapman for radiosonde data. They also acknowledge the
is the dominant value for air-sea interaction. The tradition&#seful comments on the manuscript by J. B. Snider and J. A.
bulk water temperature depends essentially on solar heatfpig@w. The images in Fig. 13 were provided by A. Smirnov.
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