Satellite Observations of Sea Surface
Temperature Around the British Isles
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Abstract
TIROS-N Advanced Very High Resolution Radiometer (AVHRR)
imagery has been used to study the temperature structure of the sea
surface around the British Isles. We have combined the satellite
imagery from both TIROS-N, METEOSAT, and conventional
synoptic data to obtain a calibration for both 11 /im infrared
channels, which gave sea surface temperatures accurate to ± 1 K.
The changes in the sea surface temperature around the British Isles
for 12 July 1979 are shown well by the satellite data. In particular,
we have made a study of an anomalously warm patch in the North
Sea that appeared at local noon over an area where the surface winds
were weak, inhibiting surface mixing.

1. Introduction
Until recently, the only way to obtain sea surface temperatures over large areas was to rely on ship reports. The sea
surface temperature is measured by the established technique (Meteorological Office, 1969) of filling a canvas
bucket with sea water and noting the temperature of the sea
water with a thermometer. This is far from ideal, since only
measurements from one point can be made at any particular
time. There are only a few ships that make these measurements, so that even near busy shipping lanes the number of
observations in a one degree latitude/longitude square will
be small (~10/day maximum for the North Sea). The
temperature measured should be a representative average
bulk value for the top meter of the sea surface.
With the advent of meteorological satellites, sea surface
temperatures could be obtained from the radiative temperature measured in the atmospheric windows at infrared wavelengths (i.e., 3.7 and 11 nm) by a radiometer. The advantage
of this method is that temperatures can be obtained globally
twice a day over cloud-free areas with a spatial resolution
down to a kilometer. However, absolute values of sea surface
temperature over the whole globe at any time are still not
easy to obtain accurately (Williamson and Wilkinson, 1980)
since atmospheric absorption is difficult to estimate accurately (Maul and Sidran, 1973), as it is a function of the
temperature and water vapor profiles at the time of observation.
A more accurate calibration could be obtained for
TIROS-N/NOAA 6 data using the coincident sounding
data (TOVS) (Smith et al., 1979), which provide measurements of the vertical temperature and humidity profiles
below the satellite, and hence a better estimate of the actual
atmospheric absorption. Relative changes in surface temperature are well shown by satellite data, as is demonstrated in
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Fig. 1.
This paper describes some measurements of sea surface
temperature around the British Isles inferred from TIROSN AVHRR (Advanced Very High Resolution Radiometer)
imagery and METEOSAT images. These temperatures were
absolutely calibrated by the conventional ship reports.

2. Satellite data analysis
The principal reason for looking at both TIROS-N and
METEOSAT infrared images was that although the former
has a greater spatial (~1 km) and radiometric resolution
(1024 grey levels
0.1 K), it makes only two passes per
day, approximately 12 h apart. METEOSAT, however,
takes images every half hour from geostationary orbit,
allowing the development of short-lived phenomena to be
observed. It has a spatial resolution of 8 km for European
latitudes, and radiometric resolution of 256 grey levels (-0.5
K).
TIROS-N AVHRR data currently consist of four spectral channels, two visible at wavelengths of 0.7 and 0.9 /im,
one at 3.7 ^m, and one at 11 nm, which is the band used for
sea surface temperature determinations in this paper. The
radiation emitted from the sea surface at 11 /zm will be from
only the top few millimeters, because of the strong infrared
absorption characteristics of liquid water. The top meter is
usually well mixed, so that the observed surface layer temperature is close to the bulk water temperature. In fact,
Grassl (1976) shows that the surface radiative temperature
is normally only 0.2 K lower than the bulk water temperature. Figure 1 shows an infrared 11 /im image of the British
Isles from TIROS-N that has been enhanced to show up
relative changes in sea surface temperature. This enhancement was obtained by setting the warmest sea areas to black
and the coolest areas to white, so that variations in sea
surface temperature showed up on a scale between white and
black. This was carried out on the Interactive Planetary
Image Processing System (IPIPS) (Hunt et al., 1981) at
University College London. It should be noted that geometrical distortion due to curvature of the earth has not been
removed from the image in FIG. 1, as is evident at the eastern
edge. A sequence of corresponding 11 /xm infrared METEOSAT images (0315-1815 GMT) of the European area,
which were converted into a Mercator projection, were used
to study temporal variations of sea surface temperature.
A calibration for METEOSAT's infrared channel has
been carried out by comparing ship sea surface temperatures
and cloud top temperatures with coincident METEOSAT
count values (Koepke, 1980), which gives the 11 ^m brightness temperature in space, of the source. This initially was
used to calibrate the AVHRR data by comparing radiances
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FIG. 1. T I R O S - N AVHRR 11 >im infrared image of the British Isles for 1424 GMT on 12 July 1979.
The image has been enhanced to show up sea surface temperature changes (black-warm; white-cold). Two
prominent fronts are indicated.

over high, cold cloud and over warm land from the two
satellites. The ship measurements then were compared with
the satellite measurements. A difference of 6 K between
them was noted, due to the atmospheric emission and absorption between the satellite and sea surface, and uncertainties
in the calibration. This difference was consistent with the
value predicted from a full radiative transfer model using
near coincident radiosonde data. Figure 2 shows the relationship between METEOSAT and AVHRR counts with shipmeasured temperatures for 12 July 1979. The response can
only be assumed to be linear over the small range of
temperatures plotted. TIROS-N and METEOSAT have
on-board black bodies that can be used for monitoring drift
in the radiometer sensitivity and absolute calibration, so that
if the transmission of the atmosphere can be determined, sea
surface temperatures could be obtained for other days without in situ measurements.

3. Observed variations in sea surface
temperature around the British Isles
Taking the 5-day mean of sea surface temperatures reported

by ships around the UK, Fig. 3a was produced. Figure 3b
shows the sea surface temperatures measured by the
TIROS-N AVHRR channel at 1424 GMT, but absolutely
calibrated over uniform areas by the ship data shown in Fig.
3a. The satellite data show up more detail in the sea surface
temperature structure. The orbit of TIROS-N is such that it
gives sea surface temperatures at approximately the time of
maximum diurnal heating. The structure is best seen by
referring to Fig. 1 (darker shades represent warmer water).
Well defined discontinuities in the temperature can be seen,
for instance, along the line from Humberside to the Netherlands (Flamborough Head front) and across the St. Georges
Channel from SW Wales to SE Ireland (Celtic Sea front).
These "tidal fronts" have been predicted and observed
(Pingree and Griffiths, 1978) and are the result of sudden
changes between stratified and well mixed conditions in the
sea. The Dogger Bank is evident as a crescent-shaped patch
of cooler water north of the Flamborough Head front in the
North Sea. Baroclinic eddies (Pingree, 1978) are also evident
off the west coast of Cornwall. These fronts are only present
during the summer months, when the net heat fluxes tend to
form stratified conditions.
Another feature immediately obvious in Figs. 1 and 3b is a
warm patch of water to the north of the Netherlands. The
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center of this area was as much as 3.5 K warmer than the
surrounding sea at 1424 GMT. To investigate how the
phenomenon varied with time, the METEOSAT images
were studied. A plot of the sea surface temperature, measured at the center of the warm patch by METEOSAT as a
function of time of day, is shown in Fig. 4. Note the peak
after noon, which suggests that direct solar heating is responsible. The anomaly also was visible in the same position on
the TIROS-N image of the previous day (1436 GMT).
The surface winds were plotted (Fig. 5) for this time,
showing that the observed warm area appeared to be at the
center of a ridge of high pressure, where there will be
relatively low wind stress. This suggests that surface wind is
an important parameter when considering how much mixing
there is in the surface layers. Also, the fact that the area is in
a stratified regime during the summer months (Pingree and
Griffiths, 1978) will help to inhibit mixing over a deep
layer.
Given that calm conditions reduce mixing at the surface, a
rough calculation was attempted that assumed that only a
shallow layer (d ~ 1 m) remains well mixed. Neglecting heat
losses due to conduction, the energy balance equation is given
by:
pd Cp dT/dt = S(z)(l - A(z))( 1 - exp(-K„d))
Heating term
Solar absorption
FIG. 2. A plot of METEOSAT and AVHRR counts against
measured sea surface temperature for 12 July 1979. This calibration
is only strictly valid for this time and location.

- e(ar - f(T, q)) - LF - SF
Net IR flux Latent Sensible
where p, Cp, A, Kv, and e are the density, specific heat, albedo,

FIG. 3. Isotherms of sea surface temperature around the British Isles for 12 July 1979 from a) ship
reports 1200 GMT and b) AVHRR 11 /im data 1424 GMT.
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FIG. 4. Observed (from METEOSAT) and calculated temperature values (for mixing depths of 0.6 and
1.0 m) at the center of the temperature anomaly as a function of time.

energy absorption coefficient for solar radiation, and emissivity of sea water, respectively. S is the incident solar
radiation at the sea surface for a solar zenith angle z; LF and
SF are the latent and sensible heat fluxes, q is the specific
humidity of the air. Considering the solar absorption term in
Eq. (1), Ivanoff (1977) states that the first meter of clear sea
water absorbs 55% of the solar energy flux. He also gives

FIG. 5.
1979.

Surface winds over the North Sea for 1200 GMT 12 July

expressions for the incident solar radiation S(z) and the
albedo A(z) as functions of solar zenith angle for the North
Atlantic Ocean. The infrared emission term in Eq. (1) will be
the balance between emitted upward radiation from the sea
surface, and downward radiation from the atmosphere /(T,
q). Budyko (1956) gives values for net infrared heat loss
from the surface as a function of air humidity and sea
temperature. The losses due to sensible and latent heat were
calculated from Krauss (1972) and found to be negligible
(SF ~ 0, LF ~ 10-20 W/m 2 ) for the observed conditions.
The net absorbed flux was calculated from sunrise in half
hourly intervals. The temperature rise is shown plotted on
Fig. 4. The best agreement with the METEOSAT data is
obtained when a mixing layer of depth 0.6 m is assumed.
Another possible explanation of the warm area observed in
the satellite images was that the atmosphere contained less
water vapor over this region. This would have the effect of
increasing the observed infrared flux from the sea surface
below this area, even though the surface temperature was no
warmer than the surrounding areas. In order to determine
how much water vapor must be removed from an atmospheric column to obtain the observed temperature rise, a
line-by-line atmospheric transmission model was used. It was
found that 8 mm precipitable water amount (one-third of the
total) would have to be removed from the atmospheric
column through descent to achieve a temperature rise of 3.5
K. The TIROS observation of a temperature anomaly at
1436 GMT the previous day strongly suggests a diurnal
variation, whereas the water vapor removal would only be
expected to occur once, which makes this mechanism seem
unlikely.
Further evidence that surface wind stress influences diurnal sea surface temperature changes is shown in Figs. 6a and
b. The visible TIROS-N image shows striking variations in
reflected brightness over the sea surface. This is due to the
fact that the Sun-Earth-Satellite angle for this area is near to
the angle that gives direct specular reflection from the sea
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FIG. 6. A TIROS-N visible (a) and infrared (b) set of images for 1436 GMT, 22 July 1980, showing
information about the sea surface in both channels.

surface. Calm sea remains dark because there will only be a
small range of angles for which direct reflection is possible,
but rougher seas will present a range of angles for the sea
surface to directly reflect solar radiation. Therefore, over a
small range of observation angles, there is a sensitive measure of sea surface roughness from the visible channels. By
comparing Fig. 6a with Fig. 6b, it can be seen that calm sea
areas on the leeward (NW) side of the land (dark in the

visible) are warmer (dark in the infrared) than the surrounding sea.

4. Conclusions
Infrared images from conventional meteorological satellites
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can be used to obtain maps of sea surface temperature that
give more detail than the conventional observations. In order
to retrieve absolute values, accurate to ± 1 K, it is necessary
to have either a few coincident in situ measurements, or a
value for the atmospheric emission, either obtained from
coincident observations or calculated from measured temperature and water vapour profiles. T h e importance of combining polar orbiter data ( A V H R R ) with geostationary data
( M E T E O S A T ) is demonstrated by the latter showing the
diurnal variation of sea surface temperature. T h e existence
of tidal fronts predicted and observed by Pingree and Griffiths (1978) is well shown in the enhanced A V H R R imagery.
T h e position of the warm patch of water in the N o r t h Sea
was found to be well correlated with an area of low surface
wind stress that reduced surface mixing to a layer about 0.6
m deep, deduced from energy balance considerations.
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announcements (continued from page 266)

STREX Meteorological

Atlas

The STREX Meteorological Atlas, providing a collection of analyses intended for use as a basic resource for investigators carrying
out a broad array of research activities involving the STREX (Storm
Transfer and Response Experiment) data set, has recently been
published. For the period from 12 GMT 6 November through 12
GMT 13 December 1980, full-page maps for surface analyses at 00
GMT and at 12 GMT for mission days are given; half-page maps for
surface analyses at 12 GMT; half page maps for 500 mb analyses at
12 GMT; and half-page maps for 500 mb analyses at 00 GMT on
mission days. For the surface analyses, machine-plotted unanalyzed
charts were obtained from the Pacific Weather Center, Atmospheric
Environment Service, Vancouver, British Columbia. Next, ship
reports received over the West Coast Marine teletypewriter circuit
not already appearing on the maps were plotted by hand. (Drifting
buoy reports were not used in the analyses because of the unreliability of their unedited data.) Isobaric and frontal analyses were then
made, with special attention given to ensuring time continuity and
with extensive use of satellite data. The 500 mb charts were handplotted, using data from the land stations on the periphery of the
STREX region together with data from the research ships. For
nonmission days, the National Meteorological Center analyses were
essentially copied, and on mission days dropsonde data were added
as available.
In most cases the original plotted reports are not readable because
of photographic reduction. Since the purpose of the atlas is to make
available a set of finished analyses, this deficiency can be considered

minor. Those wishing to examine the basic surface and upper-air
data should draw upon the data sets compiled specifically for such
use. The original analyzed charts will be kept on file and available for
inspection at the University of Washington's STREX Data Center.
Copies of the STREX Meteorological Atlas are now available to
interested researchers through the STREX Data Center, Department of Atmospheric Sciences AK-40, Seattle, Washington 98195
tel: (206) 545-2888.

Call for papers — 1983 Summer Computer Simulation
Conference
Stewart Schlesinger, Conference General Chairman, has announced
that the 1983 Summer Computer Simulation Conference will be held
in Vancouver, British Columbia on 11-13 July 1983. Walter Karplus, University of California-Los Angeles, and A.J. Schiewe, of
The Aerospace Corporation, are program Co-Chairmen. Abstracts
for topical papers in the area of systems simulation will be welcomed
through 15 November 1982.
Inquiries regarding the 1983 Summer Computer Simulation Conference may be addressed to Stewart Schlesinger, The Aerospace
Corporation, P.O. Box 92957, Los Angeles, Calif. 90009 tel: (213)
648-6020.
((continued on page 314)
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