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Abstract:

A new multispectral method to derive sea surface emissivity and temperature (SST) by using
interferometer measurements of the near surface upwelling radiation in the infrared window
region is presented. As reflected sky radiation adds substantial spectral variability to the other-
wise spectrally smooth surface radiation an appropriate estimate of surface emissivity allows to
correct the measured upwelling radiation for the reflected sky component. The remaining radi—
ation together with the estimated surface emissivity, yields an estimate of the sea surface tem—
perature. Measurements from an ocean pier at the Baltic Sea in October 1995 indicate an accu-
racy of about 0.1K for the so derived sea surface temperature. A strong sea surface skin effect
of about 0.6K is found in that special case.

ISSN 0937-1060



1 Introduction

Evaporation, sensible heat flux, and longwave net radiative flux usually result in a net heat flux
from the ocean surface to the atmosphere, creating the so-called cool skin of the ocean (i.e.
Saunders, 1967; Graßl, 1976; Paulson and Simpson, 1981; Katsaros, 1980; Schlüssel, 1990).
Due to molecular heat transfer, this cool layer extends down to a few hundred micrometers and
it's temperature is found to be typically about 0.2 K less than that of the bulk water below
(Schlüssel et al., 1995). The skin effect is of consequence to several climatologically relevant
issues: Sea surface temperature determination from satellite data, SST parameterization in cli—
mate models, estimation and parameterization of ocean-atmosphere heat, moisture and mass
fluxes (e. g. C02). Therefore, substantial efforts have been made in recent years to derive the
skin temperature as accurately as possible and to collect examples under various circumstances
for the determination of a relevant climatology (i.e. Robinson et al., 1984; Coppin et al., 1991;
Schlüssel, 1995; Thomas et al., 1995; Donlon and Robinson, 1996; Smith et al., 1996).

The skin effect is usually determined from downward looking near surface radiometer meas—
urements around 11 pm in the infrared window in comparison with bulk water temperature
values. The biggest difficulty of the SST measurement with radiometers arises from the non-
blackness of the sea surface, which causes reflected sky radiation to add to the surface emis-
sion. Probably the most reliable procedure to overcome this problem is to view at the surface of
an intercomparison water bucket between successive ocean surface views. Sea water is con-
stantly pumped into the bucket and discharged through a pushbroom nozzle in order to destroy
the surface skin layer, so that the radiometer signal is free of the skin effect. At the same time it
is assumed that the bucket surface reflects the same amount of sky radiation as the sea surface.
Therefore, the radiance difference between the bucket and the sea surface view is believed to
cancel the reflected sky radiation and to yield a signal proportional to the cool skin of the sea
surface (Graßl and Hinzpeter, 1975; Graßl, 1976; Schlüssel et al., 1990; Schlüssel, 1995).

Other authors use radiometer measurements of the downwelling sky radiation and estimate the
reflectivity of the sea surface from simultaneous measurements of the surface wind speed. The
according emissivities depend on wavenumber, viewing angle, and wind speed as published by
Masuda et a1. (1988). This procedure has been used to calculate the SST e. g. by Barton et al.
(1995), Donlon et al. (1995), Thomas et al. (1995). Coppin et al. (1991) used a similar proce-
dure assuming a constant value for surface emissivity independent of wind speed.

In the following it is proposed to use a spectrally high resolving interferometer instead of a
lbroadband radiometer. Such interferometers with a spectral resolution around 1 cm" are avail-

able today in rugged and field proof design at affordable cost.

Smith et al. (1996) recently applied such an interferometer instead of a radiometer on board a
research vessel to infer SST and sea surface properties. They use a small spectral region around



1305 cm'l centred in the emission bands of methane and nitrous oxide to estimate the SST
with the help of emissivity data from Masuda et a1. (1988). These SST values are in turn
applied in other spectral regions for the derivation of the spectral distribution of emissivity.

In the following a somewhat different procedure for simultaneous derivation of sea surface
emissivity and SST from rather highly resolved spectra is described. While the emission from
the sea surface should result in a smooth spectrum, the reflected sky radiation adds spectral
variability, at least in cloud free cases. The observed variability should therefore allow for the
correction of reflected sky radiation. This paper describes the principle of the proposed new
multispectral method (ch. 2), the available instrument, first measurements (ch. 3) and prelimi-
nary results (ch. 4).

2 Multispectral method for SST determination

The upwelling spectral radiance LK (K = wavenumber) recorded by a downward pointing radi-
ometer or interferometer consists of three contributions:
- emission from the sea surface transmitted to the interferometer (A),
0 emission of the atmosphere between the sea surface and the instrument (B),
0 the reflected part of the downwelling radiation of the atmosphere which is transmitted to the

interferometer (C).
For an non-scattering atmosphere these contributions are described by

LK = 8K‚e_ffBK(TS)exp(—ö: /u) (A)

iö

+ jBK(T)exp(—(6:—8K)/u)d8K/u (B) (1)
0

ö1c‚T0A

+(1—8K,6‚ff)exp(—ö:/LL) j BK(T)exp(—5K/u)d5K/u (C)
0

Ts denotes the thermodynamic temperature of the sea surface, BK the Planck—function, 8K 6 ff

the emissivity of the sea surface (depending on wavenumber K, viewing zenith angle 6, and
wind speed ff), u the cosine of the zenith angle, 5K, TOA the total optical thickness of the
atmosphere, and öK’k the optical thickness between the sea surface and the instrument level.



To assess the emitted contribution (B) of the layer between the sea surface and the instrument,
line-by-line radiative transfer calculations (Hollweg, 1989) have been carried out for the meas-
urement situation described in Ch. 3.

Fig. 1 shows, that the contribution to the surface brightness temperature is smaller than 0.05K
from 770 to 1100 cm'l, due to the location of the interferometer near the sea surface. Since the
contribution from the reflected sky emission (C) is in the order of 1K, (see Ch. 3) the direct
emission component (B) is neglected in the following procedure. For the same reason the
absorption factor in term (A) is set equal to 1.

If the reflected sky radiation would also be negligible the recorded spectrum should be spec—
trally smooth. This is because the emissivity 8K 6 ff is a smooth function of wavenumber,

observation angle and wind speed (Friedmann, 1969; Sindran, 1981; Masuda et al., 1988). The
Planck-function is also a smooth function of wavenumber.

Reflected sky radiation (C), however, adds considerably to the surface emission, introducing
spectral line and band characteristics to the radiation registered by the interferometer. This
spectral signature can be used to correct the observed spectrum for the atmospheric reflected
sky radiation component. An appropriately weighted amount of downwelling sky radiation is
subtracted from upwelling radiation detected by the interferometer until the remaining spec-
trum becomes smooth. The weighting coefficient represents the surface reflectivity, which in
turn yields the emissivity of the ocean surface. From this information the Planck-function of
the sea surface can now be calculated. Consequently the sea surface temperature can be esti-
mated by inverting the Planck—function. Not only the dominant contributions of the line and
band emission from water vapour and C02 are accounted for, but the water vapour continuum
emission is also considered (Fiedler, 1996).

The proposed procedure to derive the sea surface temperature consists of the following steps:

1. Correction for the atmospheric emission between ocean surface and the instrument,
which is usually negligible for the window range 770 — 1100 cm'l.

2. Correction for the reflected sky emission by subtracting a weighted part of the sky
spectrum from the sea surface spectrum, until the resultant spectrum is as smooth as
possible. Here, a least squares procedure is applied to spectral intervals of about 100
cm"1 width in order to follow the spectral variability of surface emissivity to estimate
the optimum weight.

3. The derived reflectivity yields also the surface emissivity, since the transmissivity of
the sea water is small in the IR window region (Schlüssel, 1995). The spectral Planck-
function according to the surface temperature TS is then derived as the ratio of the
measured radiance, which is corrected for the reflected sky emission and the surface
emissivity.



This procedure should also work in case of thin or high level clouds with brightness tempera-
tures considerably smaller than that of the surface, but not for rather thick low level clouds.
These clouds emit almost like a blackbody of environmental or sea surface temperature as the
cloud base temperature is not far from the SST. The additional emission in the line centers of
water vapour add only little to this background signal so that the spectral variability of down-
welling sky radiation is small in this case. As the spectral shape is similar to that of a black-
body at sea surface temperature it is not possible to distinguish between the contributions from
the sky and the sea surface in the upwelling radiation.

3 Measurements

The observation equipment for the necessary measurements is sketched in Fig. 2. Measure—
ments have been taken from the head of an ocean pier at the Baltic sea shore near Graal—
Miiritz, Germany, between 19 and 23 Oct. 1995.

The equipment consisted of an interferometer, which subtended a nadir view angle of 53°
towards the ocean. The interferometer is of the BOMEM MR 154 type, which uses the double
pendulum principle with corner cube mirror arrangement. A liquid nitrogen cooled MCT
detector for the spectral range 600 - 2000 cm"1 was used at a spectral resolution of l cm'l. For
the calibration, a Galai BB—50 variable temperature calibration blackbody was moved into the
field of view of the interferometer at regular intervals. The calibration was performed at least
every 30 minutes. The calibration source properties are given in Table 1 :

Table 1: Properties of the calibration source BB-50

parameter value

temperature range -20°C to 100°C
accuracy 0.1° C

diameter 5.5 cm

emissivity 0.99 i 0.005

stabilizing—time ~ 20 minutes

Measurements at two temperatures allowed a linear calibration procedure according to Rever—
comb et al. (1988).

Moreover a calibration water bucket was alternately moved into the field of view of the inter-
ferometer for intercomparison purposes. This bucket is constantly flooded with sea water,
which is discharged through a pushbroom type nozzle in the middle. The purpose is to destroy
the surface skin layer so that no skin effect is observable. The water temperature in the bucket
was monitored at a depth of about 1 cm as well as the bulk water temperature in 1.5 m depth



with platinum resistant thermometers.

In addition, a data acquisition system for standard meteorological data was operated.

Unfortunately no measurements of the downwelling atmospheric radiation were possible, due
to the necessary sea spray protection. Therefore sky radiation spectra taken a few weeks earlier
during an intercalibration measurement campaign at Potsdam, Germany, are applied in the fol-
lowing data evaluation.

The data used in this study come from a measurement phase between 0:40 and 4:30 on 22 Oct.
This phase is characterized by clear sky with a net radiative flux of ~150 W/mz, onshore wind
at around 4 m/s, relative humidity of 80%, sea surface temperature of 12 °C and air tempera—
ture of 2 °C. This large temperature difference results in a total bulk heat flux of about —340 W/
m2 (calculated after Hasse, 1971).

4 Results and Discussion

Fig. 3 displays calibrated brightness temperature spectra of the sea (full lines) and the bucket
surface (dotted lines). In the spectra, the reflected downwelling sky emission can be clearly
identified as the ozone band at 1040 cm'1 and the water vapour bands at 800 cm'1 and
860 cm'l. To smooth the displayed spectrum a weighted running average filter (Savitzky and
Golay 1964) of 12 cm'1 halfwidth has been applied to the spectra of sea and bucket surface.
The individual spectra cover a time range of 6.5 minutes each and their differences indicate the
variability of the sea surface temperature. Bucket temperatures have been increased according
to the measured temperature difference between the ocean bulk (at 1.5 m depth) and the bucket
(1 cm below surface). Although the spectra of the bucket surface are not required for the pres-
ently proposed method, they are included for reference. As that surface should be free of a cool
skin these spectra provide a test case for the procedure.

Fig. 4 shows the derived spectral reflectivity of the sea (full line) and the bucket surface (dotted
line). The reflectivity is an average over 32 spectra, which are collected during 4 hours with
cloud free sky. The error bars indicate the rms difference between individual calculations of
reflectivity. For comparison, the theoretical values provided by Masuda et a1. (1988) for 50°
view angle and 3 m/s wind speed are added. Their size and spectral distribution is similar to
our observed values. The derived reflectivity values of the sea and the bucket surface exhibit
significant differences below 900 cm'l, which may be due to the considerably different details
of the sea and bucket surface structure. On the one hand the certainly different wave spectrum
may be responsible for the emission difference. On the other hand the nozzle causes a small
water—bulge on the calibration bucket water surface which changes the angle of incidence of
emitted and reflected radiation as compared to the sea surface. The angle of incidence at the



water bucket surface is on the average changed towards smaller values, which results in higher

emissivity and a lower reflectivity in comparison to the sea surface. Above 900 cm'l, the differ-
ence between the measurements of the two surfaces is no longer statistically significant,

although the sea surface exhibits still consistently higher values up to 1150 cm'l. At the same
time the theoretical value increases to higher reflectivities than the measurements do.

The resulting spectra, which are corrected for the reflected atmospheric component and for
emissivity are shown in Fig. 5. The brightness temperature spectra are almost independent of

wavelenght for K > 880 cm"1 as they should ideally be after the correction.

The remaining spectral variability is most probably due to the use of a somewhat inappropriate
atmospheric correction spectrum that has been recorded at a different time and location.

Another reason for spectral variation of the brightness temperature could be a vertical temper-
ature gradient below water surface. As has been discussed e.g. by Kelly (1978) the transmissiv—
ity of sea water changes considerably with wavenumber in the thermal window. The radiation
leaving the water in different spectral intervals is therefore related to different depths and asso—
ciated temperatures. This could in principle be used to infer the vertical temperature gradient
and from this the heat flux at the water surface (Timofeev, 1966; McAlister and McLeish,
1970; McKeown et a1., 1995). Reasonable temperature gradients however result in very small
brightness temperature differences of less than .01 K across the thermal window. As this is def-
initely smaller than the accuracy limits of our measurements no conclusions about heat flux at
the sea-air interface can be drawn. This situation should improve with the foreseen use of the

additional spectral interval between 2300 and 3000 cm'1 where the transmissivity of sea water
differs considerably from that of the infrared window region.

The skin effect is given by the difference between the sea and the bucket surface spectra. In this
case it amounts to about 0.6 K. This is considerably smaller than the ~1K difference of the
original spectra (Fig. 3), which represents the result of the standard radiometric procedure. The
large value of 0.6 K is consistent with the mentioned high energy flux from the sea surface due
to the clear sky night conditions.

As the bucket surface should be free of the skin effect and its temperature is measured near to
the surface this provides a benchmark measurement for the accuracy of the proposed method.
Fig. 6 presents the comparison between the retrieved spectrally averaged bucket surface bright-
ness temperature (averaged from 833 cm'1 to 1000 cm'l) and the thermodynamic temperature
measured at 1 cm depth. A difference of —0.12 i 0.07 K remains between the retrieved bucket
surface and the measured thermodynamic temperature. Whether this characterizes the accuracy
limit of the technique is not yet Clear. Under the given strong cooling conditions it may also
signify that the suppression of a cool skin on the bucket surface was not complete.



5 Conclusions

These first results suggest that the proposed technique is able to provide the sea surface tem-
perature with an accuracy of the order of 0.1 K. This is possible without additional assump-
tions and measurements (i.e. with a water bucket) as are required for the standard radiometric
procedure. To generalize this conclusion, additional measurements have to be carried out,
including simultaneously measured sky spectra.

The advantage of the new multispectral method is that the surface emissivity is estimated
directly from the measurements and is not parameterized or taken from theoretical calculations
to determine the SST as in former methods. The multispectral method offers the opportunity to
distinguish between the change of emissivity and SST. This is not possible with a classical
radiometer since both changes can result in the same brightness temperature variation due to
the wide spectral range.

The direct measurement of sea surface emissivity shall be used to study properties of surface
films which change sea surface emissivity. Such measurements would complement earlier
studies with different techniques (Jarvis, 1962; Alpers et a1., 1982). This is important since sur-
face films play a relevant role in the interaction between ocean and atmosphere and cover up to
70% of the ocean surface (GESAMP, 1995; Schlüssel, 1995). This technique should also prove
useful in future studies for remote sensing of total heat flux between ocean and atmosphere.
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