IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 12, DECEMBER 2003 1

High-Sensitivity Radiometry of Air—Water Interface
Fast Temperature and Heat Flux Variances

Konstantin P. Gaikovich

Abstract—Fast variances of temperature profile and heat flux
through the water—air interface caused by atmospheric turbulence
in weak wind conditions have been determined on the basis of mea-
surements of radio brightness evolution of water at the frequen-
cies of 60 and 131 GHz. Two components of the heat flux related
to evaporation and to thermal conductivity have been obtained,
which enabled us to determine evaporation rate and viscous sub-
layer depth variances. Statistical parameters of water surface tem-
perature variations have been calculated.
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1. INTRODUCTION

HIS PAPER continues our investigations [1]-[11] of

subsurface radiometry. The theory of radio-emission
in a medium (half-space) based on simultaneous solution of
emission transfer and thermal conductivity equations has been
developed in [1]-[3]. Expressions for brightness temperature
of radio-emission as integrals of boundary conditions evolution
have been obtained [1], [2] and, next, the inversion of these
expressions gave the formulas for the boundary conditions and
the temperature distribution (profile) of a medium as integrals
of brightness temperature evolution [3]. That enabled us to
obtain an exact solution of the problem of one-wavelength tem-
perature profile retrieval. These results have been applied for
radiometer investigations of the diurnal heat dynamics in soil
(by brightness temperature measurements at the wavelengths
of 0.8 and 3 cm), and also for investigations of the atmospheric
boundary layer (using measurements at the frequency of 60
GHz in the oxygen band center) [3].

In earlier papers, another radiometry method of the tempera-
ture profile retrieval was developed. This method is based on in-
version of the frequency dependence of radio brightness [4]-[9].
Interesting results in the subsurface sounding have been ob-
tained using this spectral approach. In particular, temperature
profiles have been retrieved in water [1], [5], [6], soils [1], [7],
[8], and in living tissues [9]. In stationary media, it proved pos-
sible to retrieve by frequency dependence of radio brightness
the depth distribution of thermal sources [4]. In those works,
the Tikhonov method of generalized discrepancy was used for
solution of the corresponding ill-posed problems (Fredholm in-
tegral equations of the first kind).
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The same spectral approach can also be applied, of course,
for investigation of the temperature dynamics in media under
nonstationary boundary conditions, but the above-mentioned
one-wavelength method has very significant advantages. First,
it gives a rigorous solution of the inverse problem. Second, it
is much simpler in use because of the compactness and better
calibration accuracy of one-channel radiometry system that
could be comparable with radiometer sensitivity.

Consequently, we employed this method in [10] for analysis
of the dynamics of temperature profile and heat flux through
the water—air interface in the process of air turbulization in lab-
oratory conditions. An equation to determine a viscous sublayer
depth by the retrieved heat flux dynamics has been obtained and
applied in the analysis. The retrieval accuracy of the temper-
ature profile (determined by comparison with the direct mea-
sured temperature) amounted to 0.07 K [10]. Next, similar in-
vestigation has been performed in outdoor measurements using
high-sensitivity radiometers. It allowed us to retrieve fast vari-
ances of heat flux and temperature in water caused by natural
air turbulence [11]. In this paper, results of the subsequent anal-
ysis of those data are presented. It is an important step toward
application of this radiometry method to real conditions.

Investigation of the water near-surface thermal regime is
especially interesting because temperature gradients in a thin
subsurface layer and evaporation from the water surface deter-
mine heat exchange between the ocean and the atmosphere.
This layer, known as a water cold film [12]-[14], has been
widely studied using contact and infrared sensors. Radiometric
methods have also been applied [15]. Typically, to determine a
heat flux, the difference between the surface sea temperature
and the “bulk” water temperature is measured. This approach
neglects the temperature profile in a film. Low-inertia falling
contact sensors [14] allow us to determine the temperature
profile in a cold film, but at fixed place and time, and they
inevitably disturb the measured medium. Further development
of the proposed high-sensitivity radiometry method could give
a new possibility for the real-time noninvasive control of the
temperature profile in water and heat exchange through the
air—water interface.

II. MEASUREMENTS

Measurements of water medium (see the schematic in Fig. 1)
have been carried out using the equipment that included a water
pool having size 2 x 1.5 x 0.2 m and radiometers at the frequen-
cies of 60 and 131 GHz [both have been elaborated in Space Re-
search Institute (RAS)] and contact temperature pin-transmit-
ters, which can be placed into water at any given depth. Horn
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antennas were placed together in nadir direction 1 m above the
water surface. Nominal radiometers sensitivity was 0.01 K at
the integration time 7 = 1 s. The antenna beam widths were 5°,
since the beam footprint on the water had the diameter of about
10 cm. The same water medium at two known different values of
temperature is used in the calibration method. The homogeneity
and invariability of radio brightness background, its closeness
to measured values of brightness temperature (7},), and the ab-
sence of direct solar irradiation were provided by measurements
under a plane metal screen (it was somewhat larger in size than
the water pool and was placed 10 cm above the antennas). This
method [1], [4]-[8] compensates almost completely the surface
reflection influence. If the power reflection coefficient of the
water is R and the brightness temperature of upwelling radia-
tion of water is (1 — R)Tj,, the received emission after multiple
reflections will be [(1 — R)T}, + R(1 — R)T}, + R*(1— R)T}, +
-] = Ty. Actually, two to three reflections are sufficient to
achieve needed accuracy of measurements. So, this calibration
method, in which the reference brightness temperatures (aver-
aged over the time of 1 min) are assumed to be equal to the
corresponding values of water temperatures, provides the con-
dition as if the reflection coefficient were zero. It made possible
to achieve the measurement accuracy comparable with the ra-
diometer sensitivity. There remain only small variations of the
received brightness temperature because of limited sizes of the
“water surface-metal screen” system (part of variances of the
atmospheric background radio-emission reflected several times
at the screen and at the water). It is an additional noise of about
0.03 K that limits achievable measurement accuracy.

The skin-depth of thermal radio-emission formation deg =
1/~ (v is the power absorption coefficient of radio-emission) at
the frequency f = 60 GHz amounts to d.g = 0.2 mm, and at
f = 131 GHz it is about 0.1 mm. At large values of tempera-
ture gradients in the water thermal films, the difference between
the surface temperature and the brightness temperature amounts
to 0.3 K at f = 60 GHz. Such values should be considered
as significant for the realized measurement accuracy; they con-
tain important information about processes and should be taken
into account in the analysis on the basis of the above-mentioned
theory. Measurements at f = 60 GHz are more suitable for our
goals because this wavelength is in the center of a strong oxygen
absorption band where the atmospheric brightness temperature
is close to the temperature of the surrounding air. Atmospheric
radio brightness variations are comparable with the air temper-
ature variations. Variations of the atmospheric radio brightness
at the second wavelength can be much larger and depend on the
presence of cloudiness. So, measurements at f = 131 GHz were
used mainly for comparison. All measurements were carried out
under cloudless conditions.

Initial homogeneous temperature distribution in water was
obtained by means of mixing and this distribution was un-
changed in the absence of air turbulence during a few minutes
interval.

ié

Fig. 1.

Scheme of measurements.

III. DETERMINATION OF THE HEAT EXCHANGE THROUGH THE
AIR—WATER INTERFACE CAUSED BY AIR TURBULENCE

The main goal of these measurements was to test the ability of
high-sensitivity radiometry of retrieving fast variations of tem-
perature and heat flux in the most simple and specific conditions
(weak wind, no water convection, or turbulence). It is the next
step after laboratory testing [10] to further applications of this
method, particularly, in sea conditions.

From the beginning, the water was in the near-stationary con-
dition as a result of sun heating, thermal emission, evapora-
tion, and thermal conductivity balance. Then, by mixing (under
a polyethylene film), a homogeneous temperature distribution
was achieved, the sun emission was screened, and (after re-
moving the polyethylene film) the water temperature dynamics
related to evaporation and thermal exchange due to air turbu-
lence was recorded by radiometers.

The depth of the viscous sublayer above the water surface de-
pends primarily on wind speed variations. Here we suppose that
molecular diffusivity in the viscous sublayer is the only process
of heat and mass transfer. Above the viscous sublayer there is a
region of turbulence. Because the eddy diffusivity coefficient is
several orders higher than the molecular diffusivity coefficient,
we can assume that all the temperature and water vapor concen-
tration changes occur within this layer. So, we have a two-layer
atmosphere model.

It should be mentioned that there are some small variations of
water temperature and heat flux, which we are unable to mea-
sure because of integration over footprint and time. They are
related to high-frequency (small-scale) variations of air turbu-
lence that lead to high-frequency (but small) variations of vis-
cous sublayer depth and, hence, to small variations of water sur-
face temperature. These variations are still smaller because of
water thermal inertia smoothing.

The temperature and vapor concentration gradients in the vis-
cous sublayer are inversely proportional to its depth, so varia-
tions of these gradients will be strong. The following analysis
gives the retrieval of all the details of heat and mass exchange
in the air—water system.

The measured evolution Tg(7) in the time interval —oco <
7 < t has been used to determine the subsurface temperature
profile T'(z, t) using the known solution of the system of equa-
tions for emission transfer and thermal conductivity equations
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[3] for homogeneous half-space z < 0 (z is depth) with tem-
perature diffusivity coefficient a? and radio-emission absorp-
tion coefficient

t 2 44 dr
T(z, t) = Ty (1) (—z)e~ /A=) T
(%) /—oo b(r)(=2) dra?(t — 7)3
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the second term of which can be integrated by parts for the re-
gion z < 0
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and for the surface temperature To(t) = T(0, t), at z = 0,
where (2) is not valid, (1) transforms into
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The heat flux through the air—water interface is determined by
the time derivative T} (t) [3]
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J(t) = aZy
where £ is the thermal conductivity coefficient. In our case, the
integration in (2)—(4) starts from the initially homogeneous tem-
perature distribution T'(z, 7in) = Tin (Th(7in) = Tin) and if
we use in the linear equations (2)—(4) the difference ATy, (7) =
Ty (1) — Ty, (Tin) to obtain AT(z, 7) = T(z, 7) — Tip, then the
lower limit (—oco) in (2)—(4) can be changed to 7,min.

This approach is valid if the thermal conductivity is the only
process of heat transfer in water. In our previous paper [10],
we observed in laboratory conditions the process of convection
in water and studied its influence on radiometer measurements
and on results of retrieval as well as the influence of water tur-
bulence. We showed the possibility to predict the beginning of
convection on the basis of Rayleigh number calculation by re-
trieved temperature profile. In this paper, as a first step to real
conditions, measurements have been carried out in weak wind
conditions, when temperature gradients in water are too small to
develop convection, so the above expressions are undoubtedly
valid.

In the upper (atmospheric) half-space of the air—water inter-
face, the total heat flux determined from (4) can be considered
as a sum of different components. Among these components, the
latent (related to evaporation) flux is clearly dominant. There is
also a thermal conductivity component. It is difficult to calculate
the radiation flux component exactly because of the uncertainty
of the backward radiation, but the estimation shows that it does
not exceed 1% to 3% of the total flux at the maximum. The com-
ponent related to a horizontal heat flux is also small (not more
than 0.5% of the total flux). These two components can be sig-
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Fig.2. Radio brightness dynamics T}, () related to atmospheric air turbulence
(bold line) at frequency 60 GHz and retrieved (by radio brightness 7}, at 60
GHz) dynamics of surface temperature Ty (¢) and temperature T'(¢) at depth
levels z = —0.1cm and z = —1 cm.
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Fig. 3. Retrieved temperature evolution in water related to air turbulence.
nificant only during wind drops, when evaporation diminishes
drastically. These components are also independent of the depth
of a viscous sublayer and can be considered as additive errors
of the total flux that is a sum of two first components.

In the framework of the above-mentioned model, the heat flux
J(t) = —k(dT/dz)(0, t) is the sum of the first component
related to evaporation and the second one related to molecular
temperature conductivity in a viscous sublayer

J(t) = Jy(t) + Jr(t)

dq drl
=—LpD, -~ (0) - & E(O)

« —q(0 T, —T(0
:_L/,quidq() _pCPQZT() 3)

where ¢ is water vapor concentration, L is specific heat of evap-
oration, p is air density, D, is vapor diffusivity coefficient, c,
is specific heat capacity at constant pressure, d is viscous sub-
layer depth, and ¢, and T, are values of vapor concentration
and temperature at the turbulent-nonturbulent interface, respec-
tively. The air density is p = (1/R,)(P/T), where P is air pres-
sure and R, is gaseous constant of air. It was found that typical
relaxation time to linear profiles of temperature and vapor con-
centration in a viscous sublayer is about 0.2 s; hence, it is rea-
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Fig. 4. Dynamics of the heat flux J(t), its evaporation component J, (%), and its thermal conductivity component Jr(t).
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Fig. 5. Retrieved dynamics of the atmospheric viscous sublayer depth.
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Fig. 6. Retrieved evaporation dynamics.

sonable to suppose that the temperature and concentration gra-
dients are constant. The water vapor concentration at the water
surface ¢(0) can be expressed through saturated concentration
that depends on the surface temperature only (see [10]). Hence,
all the parameters in (5) depend on water surface temperature

150 200 250

only, and, as it was shown in [10], the expression (5) can be
solved as a quadratic equation relative to the viscous sublayer
depth d. Both the solutions are physically meaningful, but only
the first solution (with plus at the square root) is achieved in the
atmospheric turbulence conditions.
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The radio brightness variances caused by atmospheric air tur-
bulence variations (after mixing of water) at the frequency of 60
GHz as well as the retrieved evolution of surface temperature,
and the temperature at two other depth levels are shown in Fig. 2.

The retrieved temperature variances can be seen in detail in
Fig. 3.

It was sunny weather with low wind during the measure-
ments. For the case shown in Figs. 2 and 3, the wind speed was
the following: almost steady wind 5—6 m/s in the time interval
0-50 s; dropped to zero in the interval 50-90 s; very light wind
0-3 m/s in 90-160 s; dropped to zero in 160-190; 5-7 m/s in
190-200 s; light wind 3 m/s 200-250 s.

In Figs. 2 and 3, one can see how sharp surface temperature
variances transfer to deeper layers of water with more and more
delay, where these variances gradually become smooth. The cor-
responding heat flux dynamics through the air—water interface
determined from (5) is shown in Fig. 4.

These results prove that the heat flux has fast and strong vari-
ations. It is possible to determine a viscous sublayer depth from
(5) and then two components of heat flux related to evapora-
tion and thermal conductivity. These components are also shown
in Fig. 4, and variances of the viscous sublayer depth retrieved
from (5) are given in Fig. 5. The influence of the evaporation
component of the heat flux is obviously predominant. It should
be mentioned that small negative values of the total heat flux
during the wind drops are unexplained because both its com-
ponents are positive (the water was warmer than the air). It is
possible to see that in time intervals when the wind drops, the
depth of a viscous sublayer enhances drastically. It is so large
that in this case it is necessary to take into account the inertia of
diffusivity in this layer, and the expression (5) is not quite cor-
rect. The radiation component can also be responsible for these
small negative values (the influence of the horizontal heat flux
is also positive).

The viscous sublayer depth was, upon the whole, larger than
in the conditions of laboratory measurements [10] where it was
about 2 mm. The values above 4 cm are not shown in Fig. 5
because during the wind drops the concept of viscous sublayer
itself is inapplicable as well as (5).

It is easy to obtain the evaporation dynamics as integral of the
evaporation component

t
mgy(t) = 1/L/ J,(t") dt'. (6)
0
The corresponding results are shown in Fig. 6.

IV. COMPARISON OF RESULTS AT TWO WAVELENGTHS

Measurements at f = 131 GHz have been carried out mainly
for comparison with results at f = 60 GHz. The radio bright-
ness dynamics at 60 and 131 GHz for a shorter time period as
well as the retrieval dynamics of the surface temperature and the
temperature at the depth z = —1 mm are given in Fig. 7.

One can see that the difference of retrieved temperatures at
z = —1 mm agrees well with the rms error of retrieval (0.07 K)
obtained in [10]. The retrieval error for the surface temperature
was not determined in this paper because of both experimental
and theoretical difficulties of this problem. So, data presented

309

Ty, T, K
308.8

308.6
308.4
308.2

308
307.8
307.6 +

307.4

307.2
0 2 4 6 8 10

Fig.7. Radio brightness dynamics T}, () at two wavelengths [(solid line) f =
60 GHz]; (dashed line) f = 131 GHz] and retrieved temperatures 7, and
T(z = —1 mm) [(solid line) by T}, at 60 GHz; (dashed line) by T;, at 131
GHz].
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Fig. 8. Radio brightness dynamics at (bold) 60 GHz and 131 GHz and (dashed
line) results of their mutual retrieval using (7).

in Fig. 7 give reasonable estimation of this error, which amount
to 0.1-0.2 K.

Two-wavelength measurements are also interesting from an-
other point of view. The point is that a formula was obtained in
[16] that relates the dynamics of brightness temperatures 71,1 (¢)
and Ty,5(%) at two different frequencies f; and fo

o) = 210+ [ Ba(r)(1-2 ) a0

1 J—co 71
1

_ —72ae(72“)2(t—7)erfc(72a\/t -7 ) dr (7)

w(t—7)
where ; and v, are radio-emission absorption coefficients at
two different frequencies. The radio brightness dynamics at 60
and 131 GHz and results of retrieval of each of them by the
other using (7) are given in Fig. 8. One can see that results of
the retrieval of radio brightness dynamics at 60 GHz by data at
131 GHz and vice versa are in a good agreement.
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Fig. 10. Normalized structure function of variances of water surface temperature.

V. STATISTICAL ANALYSIS OF VARIATIONS OF
WATER SURFACE TEMPERATURE

Results of the retrieval allow for investigation of statistical
properties of water temperature variations. Autocorrelation co-
efficient of water surface temperature Rr(7) is shown in Fig. 9.
Of course, it is significant for the given weather conditions only.
For nonstationary atmospheric processes related to wind speed
variances, correlation functions have very limited applicability.
In this case, structure functions have much more physical sense.
In Fig. 10, one can see the ratio of the square root of the struc-
ture function of water surface temperature to its rms variations
or = 0.44 K. If we use Taylor’s model of “frozen turbulence,”
the temporal correlation and structure functions in Figs. 9 and
10 can be considered as the corresponding spatial functions with
argument p = V7, where V is the mean wind speed in the
near-surface layer. The typical correlation time in Fig. 9 cor-
responds to the time of transfer of the outer eddy scale in the
atmospheric boundary layer (about 100 m) with the wind speed
of 5 m/s.

The results show that the rms difference of temperature grows
with an increase in the time shift. For 7 > 25 s, it becomes
greater than 1 K, which exceeds the level of the air temperature
variations that have been about 0.05 K at the same time shift

during measurements (determined by variations of the atmos-
phere radio brightness variations measured at f = 60 GHz).
This occurs because the influence of evaporation variances is
much greater than the thermal exchange between the air and the
water due to thermal conductivity.

Note that the typical correlation time of the surface tempera-
ture of water is comparable with the time of the cold thermal film
formation in turbulent water (about 10 s) that was determined in
[10]. So, we can conclude that in the presence of turbulence (a
very common case in real conditions) a cold thermal film will
experience very rapid and strong depth variations. They will
lead to corresponding spatial variations of the film depth. The
amplitude of variations depends on air humidity and air—water
temperature drop. For example, they will decrease if the air hu-
midity is close to its saturated value and if the air temperature is
near the water temperature.

VI. CONCLUSION

The first physical information about fast processes of heat
and mass exchange through the air—water interface has been ob-
tained by thermal emission dynamics in natural conditions using
high-sensitivity radiometry. Water temperature variances in a
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near-surface water layer caused by atmospheric air turbulence
have been retrieved in weak wind conditions. Fast evolution of
a heat flux through the air—water interface has been revealed.
A viscous sublayer depth in the air has also been found, and
shown to have strong variations. It plays a regulating role in the
thermal exchange process because heat and mass fluxes are in-
versely proportional to this depth. Statistical parameters of the
surface temperature of water have been found, and it has been
revealed that variations of the surface temperature in the condi-
tions of experiment are an order of magnitude greater than air
temperature variations.

The results show the possibility of the radiometry method
application for investigation of fast processes of the heat and
mass exchange between the atmosphere and the water surface.
It can give valuable information about this process in various
weather and climate conditions. Especially interesting would be
investigations of a spatial structure of heat exchange process, in
particular, of spatial variability of viscous sublayer depth. Sharp
variations at the length of tens of meters can be expected that
may give a picture of strongly inhomogeneous heat and water
vapor fluxes in the atmosphere from the water surface, which
influence the process of atmospheric turbulence and convection.
The next step in developing of this method is investigation of its
potentialities at stronger wind, in the conditions of convection
and turbulence of water.

Similar investigations of thermal emission and thermal
regime dynamics for various kinds of background may also
give interesting results about the atmosphere—background
interaction.
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