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ATSR

The ATSR primary objective is to
provide measurements of global sea
surface temperature with the level of
accuracy required for climate research
i.e. better than 0.5 degrees.

This level of accuracy has been today
demonstrated (even if the work will
continue; particularly to optimize the
performance of the radiative transfer
models in the tropics) by a number of
validation campaigns as well as global
analysis, for a spatial resolution of 50
km and considerable cloud cover
conditions. Of course, 1 km pixel
products are also available. The good
results have been shown to actually
depend on the dual view (nadir plus
forward), an essential feature of the
instrument to better correct for the
intervening atmosphere.

From 15.09.91 up to 27.05.92, the
ATSR 3.7 micron channel has produced
data of very good quality, then it
suddenly failed. The 3.7 micron channel
was used (in terms of the mainmission)
only to improve the derivation of the sea
surface temperature during the night
scans. Therefore, ATSR global mission
objectives are still being maintainedwith
the 10, 11microns channels. The
analysis is still under way but there are
good reasons to believe that the impact
on the missionwill not be important.

The Microwave Sounder

The microwave sounder was designed to
correct the altimeter path for the effect of
water vapour content in the atmosphere.

The brightness temperatures of the two
microwave channels are combined

together with the altimeter derived wind
to provide this correction. Also, the
cloud liquidwater content is retrieved. In
flight calibrationand data validationwere
performed. The system requires
continuousmonitoring so as to detect
possible instabilities.

The water vapour retrieval has been
validated and it is operationallyused at
the F-PAF for the generation of the
altimeter level 2 data. The liquidwater
retrieval is still under study and the work
is not completed. Actually, only the
water vapour correction is essential for
the altimetricmissions.

G. Paci
06.11.92
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ABSTRACT

The ERS-1 microwave radiometer bas been designed to
correct the altimeter tropospheric path for the delay due to
humidity. The data quality assessment bas consisted of veri
fying the instrument calibration, then of comparing the retrie
ved geophysical products with available observations. The in
fligbt calibration includes control of gain stability and long
term survey of internal and brightness temperature variations,
as well as footprint location verification. No anomaly bas been
detected after one year. Data validation is performed by com
paring routine radiosonde measurements with the retrieved
water vapours and altimeter path corrections. There is no rou
tine measurement of cloud water content, so this retrieval
cannot be simply tested. The water vapour content and al
timeter tropospheric path correction retrievals have been
validated, and are operationaly used at the French PAF.

1. INTRODUCTION
The microwave radiometer aboard ERS-1 has been designed
for the determination of the altimeter path delay due to tropos
pheric humidity. It is a two channel radiometer, nadir viewing
(fig.I). The two frequencies, 23.8 and 36.5 GHz, have been
selected to allow the retrieval of the columnar water vapour
content (or the altimeter path correction), with a good sensiti
vity to cloud liquid water content.,t
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Fig.I : geometry of the two channel field of view. The diame
ter of thefootprints is indicated (3 dB level).

Since launch, the radiometer has worked nominally, but the
absolute calibration can hardly be verified in flight. The in
flight calibration procedure consists of switching the instru
ment to either a sky horn (cold reference) or a hot internal load
at ambient temperature. It cannot account for calibration er
rors in the main antenna circuit, and particularly to those due
to the horns and the reflector.

After computing the brightness temperatures, the geophysical
parameters are retrieved, using algorithms developed before

launch (Refs. 1, 2) : a radiative transfer model (including sur
face emissivity effects) was applied to a large number of me
teorological profiles, then the algorithm coefficients
(assuming a log-linear function of the brightness tempera
tures) were determined using a linear regression method. The
surface wind effect was included as a correcting term (linear
function of the wind) in the algorithms. Validation of the re
trieved values is achieved by comparison with in-situ measu
rements. Thus water vapour and altimeter correction values
can easily be validated using radiosounding measurements
from ships or small islands, but there is no routine measure
ment of the cloud liquid water content.

Such a comparison is the only method to assess the radiometer
data quality. However, if a deviation is found, it is difficult to
distinguish between radiometer errors and model I algorithm
errors. In this paper, we present results of the calibration and
validation tests we have performed since launch.

2. IN-FUGHT CALIBRATION RESULTS

To obtain the brightness temperatures, the radiometer equation
was established. The transmission and loss coefficients of
each element are taken into account, as well as the antenna
and sky born side lobe contributions. A complete description
of the radiometer model is given in Bernard et al (Ref. 3).

Each radiometric count (from the main antenna, bot load and
sky born) is related to the instrument gain G, the antenna (or
load, respectively) temperature and the reference load tempe
rature to which it is compared. Because the instrument is not
perfectly isothermal, due to temperature exchanges with the
exterior, the internal temperature gradients must be taken into
account, as well as transmission and loss factors of each mi
crowave element (wave-guides, cireulators). The gain is dedu
ced from the difference between the sky born and hot load
counts. Its value is used to compute the antenna temperature.

2.1 On-ground calibration.

The determination of the radiometer model coefficients was
the purpose of the ground calibration (Ref. 3) which was reali
zed in three steps : a measurement of the transmission and loss
coefficients of the microwave elements was made in the labo
ratory, before the instrument was assembled; thermal vacuum
(fN) calibration; antenna modelling and calibration. From the
results of the ground calibration and radiometer modelling, the
radiometric error budget was deduced, assuming all errors
sources are uncorrelated. The error budget contributions result
in a RMS error of about 3 K.

2.2 In-flight calibration tests

The first tests, undertaken during the first four months after
launch, concerned the internal behaviour, antenna field of
view characterization; and the brightness temperature stability.

2.2.1 Internal behaviour. Two main series of tests were per
formed to verify the radiometer behaviour. A first series
concerns the radiometer gain, and the internal sources of er
rors affecting the antenna temperature. The second series

Proceedings First ERS-1 Symposium - Space at the Service of our Environment, Cannes, France, 4 - 6 November 1992
ESA SP-359 (March 1993)



2000 """°--(•) ,_ ,_ II l
Fig. 3: gain variations from month to month (same orbits as ::
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contribution of the surrounding elements to the brightness
temperature has to be estimated to eliminate measurements
contaminated by lands before retrieving geophysical parame
ters over oceans.
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concerns the antenna field-of-view, including the side lobe
contributions and antenna mis-pointing.

We compared data from the same series of orbits from month
to month. The mean stability with time of all parameters
could be verified, as well as the orbital variation (fig. 2). This
analysis, was undertaken during the first 4 months in orbit. It
has been continued since this date, giving the following re
sults:
- gain stability : after correction of orbital temperature varia
tions and smoothing within 12 calibration scans, the gain va
riation is less than 4%c of its mean value (for the two chan
nels), as shown in fig. 3;
- radiometer model coefficients : the coefficient set produced
after ground calibration has been updated, by accounting for
the reduced temperature range of orbital variations (16 K).

JIO

---(a) -
Fig.2 : internal temperaiurevariaiions (36.5 GHz channel)
from month to month, between August, 1991 and August,
1992. The same orbits are used within each phase.
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- Antenna pointing : the two channel field-of-view locations
were examined with respect to the satellite ground-track to
detect any mispointing effect, Coastal transitions were used as
they correspond to strong radiometric count consttasts (about
100 K variations). The mispointing bas been estimated to be
less than 0.2° and 0.5° between the two channels (respectively
along-track and across-track).
- Main antenna sidelobes : using again antenna measurements
over coastal transitions, the side lobe contribution was exami
ned. and succesfully compared to prelaunch simulations. using
antenna pattern measurements. The maximum contamination
distance of such a transition was found to be negligible when
the field of view is centered 30 km off the coast.

2.2.2 Brightpess temperature stability. Over sea ice and
Antarctic glaciers, the brightness temperature is rather diffe
rent, respectively ranging between 190 and 250 K. and bet
ween 130 and 200 K : over sea ice, it depends on the ice
concentration, and on the surface ice age, among other para
meters. On the contrary, the Antactic plateau is known for its
very stable surface properties (Ref. 4), and the atmospheric
contribution is negligible (very low water vapour content).
Thus the brightness temperatures are simply related to the sur
face temperature and the surface emissivity. The gradient ra
tio, given by :

GR= (Thl - Th2) I (Thi+ Th2)
where Tbl and Tb2 are respectively the brightness tempera
tures at 23.8 GHz and 36.5 GHz. is a function of emissivity,
the surface temperature being eliminated. In figure 4, the
brightness temperatures and the gradient ratio are plotted as a
function of time for four orbits in the area of the Wilkes land,
(115 - 130°E, 67 - 70°S). The brightness temperatures present
a very weak variation with time, essentially due to the seaso
nal surface temperature variation, and the gradient ratio is
nearly constant. This parameter is therefore a good indicator
of the instrument stability with time, very simple to compute
to survey the radiometer evolution during its life.
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Fig. 4 : brightness temperatures and gradient ratio planed as
afunction of time for four orbits overpassing the Wilkes land
(Antarctic continent).



3. VALIDATION OF THE GEOPHYSICAL PRODUCTS

3.1 Retrieval method

A radiative transfer model bas been developed, including an
atmospheric radiative transfer model (Ref. 5) and the sea sur
face.emissivity contribution (Refs. 6, 7 , 8). It provides the
brightness temperature at frequencies lower than 40 GHz. Its
complete description can be found in Lojou et al (Ref. 1).

A data set bas been created, containing the integrated water
vapour, liquid water contents and altimeter path correction,
the surface temperature and wind, and the brightness tempera
tures. The source of the meteorological data were analyses of
the European Centre for Medium range Weather Forecasting
(ECMWF) meteorological model within 5 months (Ref. 1).As
meteorological profiles do not contain informations about
cloud liquid water, we used a simple random generation of li
quid water at saturation levels

Relationships between the precipitable water W, the cloud li
quid water content L, the altimeter tropospheric correction db
and a combination of brightness temperatures Thi and surface
wind U(as it can be deduced from the altimeter received po
wer) were then obtained from multilinear regression analysis,
using the following form :

w
L = 1: 8i Log (To1-Tb1) + &o + b U
db

Tol is a reference atmospheric temperature for the frequency
considered, and ao, 8i and b are constant coefficients (see in
Ref. 2 for more details).

3.2 Validation of the retrirection Jved water vapour and airuneter cor-

The water vapour validation is achieved by statistically com
paring the retrieved value from the two brightness tempera
tures with integrated contents from radiosounding data over
oceans. The difficulty of this validation lies in the selection of
a sufficient number of colocated (in the range± 200 km) and
synchronized data (within the interval± 3 hours): shipborne
radiosoundings are sparse, and the ATSR/M microwave ra
diometer data are along track only.

However we have undertaken this validation by extracting a
first set of about 700 coincident radiosounding data from
ECMWF archives for the months of Aygust, 1991 to March,
1992, over the global oceans. The comparison showed a rather
good agreement between local measurements and retrieved
values, but mean bias of 0.18 g/cm2 was found, due to an
underestimate at very low water vapour values.

This deviation is probably due to a radiometer calibration
problem. By comparing brightness temperatures with direct
simulations at coincident locations, we found similar devia
tions at low values, larger on the 36.5 GHz channel than on
the 23,8 GHz channel. We interpret this error as due to a
change in a transmission factor after launch. By modifying it
in the radiometer model, we correct the 36.5 GHz brightness
temperature, and the retrieved water vapour: the scatter plot in
fig. 5 shows that the mean bias bas been completely suppres
sed, the RMS error is 0.5 g/cm2. At high water vapour values,
the retrieved water vapour appears overestimated. This devia
tion is caused by an algorithm problem, particularly when the
large water vapour content is associated with clouds and rain
(mainly at tropical latitudes).
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Fig. 5: comparison of retrieved waler vapour contents (W), in
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A similar result is obtained for the altimeter correction, pre
sented in fig. 7 : RMS error 3 cm, same slope and no bias.

50

e
~40

.s=
"V 30

i!a:
fl) 20•...c

10

0

0 ~ m m ~ m
r•dloaond• dh (cm)

Fig. 6: comparison of retrieved altimeter correction dh, in or
dinate, with radiosonde data (abscissa) over oceans.

3.3 CJoud liquid waJer coptent

As explained in section 3.1, the algorithm was developed
using a simulation of the cloud liquid water. There is no rou
tine measurement of this parameter, which can only be obtai
ned using aircraft measurements in clouds. Such data Ire very
sparse over the globe, and their representativity is not asses
sed. Thus all liquid water retrieval algorithms (Refs. 6, 7,
among others) are based on a small data set and/or assump
tions on the distribution of cloud properties. Similar studies
using the optical properties of cloud top (visible and IR ra
diances measured by meteorological satellites) present the
same limitations. Lojou et al (Ref. 8) compared SMMR and
GOES retrievals of cloud liquid water contents, and concluded
to a rather good qualitative agreement, but found a large mean
deviation between retrieved values.

To test our retrieval of liquid water content, we bad no in-situ
measurement However, we performed some tests to evaluate
the reliability of this retrieval. The main test constisted of ap
plying the algorithm to clear air pixels. Their location was
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determined using the cloud clearing procedure on the
ATSR/IR data, developed by RAL.

ATSR/M llquld water (mglci\t
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Fig. 7 : lcompiaed liquid water content asfunction of latitude
for clear air places (selected using tha ATSRIIR data).

The figure 8 presents the retrieved cloud liquid water as a
function of latitude over oceans, for cloud free locations (one
3-day cycle in November), showing negative values at tempe
rate latitudes, and positive values in tropical regions.
Analyzing this result leads to the conclusion that the present
algorithm is too sensitive to water vapour (tropics) and to the
surface wind (occuring at high latitudes). A more complete
study will be necessary to establish a better algorithm, at least
qualitatively. A large set of in-situ measurements would be
necessary to improve the quantitative retrieval of this parame
ter.

4. CONCLUSION

After one year, the microwave radiometer on board ERS-1 has
still a nominal behaviour. Among other parameters. the ther
mal stability has been verified and the antenna pointing is
normal. The survey of brightness temperatures is continuing
over particular areas, characterized by stable surface proper
ties.

Validation of retrieved geophysical parameters (water vapour,
altimeter correction and cloud liquid water content) bas been
undertaken. 1be latter parameter cannot be correctly retrieved
using the present algorithm, and a particular study is neces
sary. Water vapour and altimeter correction retrieval bas been
validated, using comparisons with about 700 radiosonde data
at coincident locations. They result in no bias, nearly no tilt
and a RMS error 0.5 g/cm2. This comparison will be conti
nued with other radiosonde data to get statistically represen
tative results.
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ABSTRACT

Observations from Along Track Scanning
Radiometer (ATSRl and Microwave Sounder
<MWSl onboard the first European Remote
Sensing Satellite <ERS-ll enable
retrieval of Sea Surface Temperature <SST)
within an accuracy of 0.3 K because dual
angle capability by ATSR accompanied by
total water vapour content <WVCl retrieved
by MWS is expected to reduce the existing
ambiguities due to atmospheric
stratifications especially in tropics. This
paper describes an algorithm to retrieve
SST based.on the simulated ATSR data over
Indian Ocean with the help of radiative
transfer models.

Keywords: Sea Surface Temperature,Water
vapor effect, dual angle, ATSR.

1. INTRODUCTION

Satellite IR observations are well
known to be affected by the intervening
atmospheric C02, water vapor and Ozone. For
atmospheric window region the absorption by
water vapor dominates over other absorbers.
McClain et al (Ref. 8l suggested a
Multichannel retrieval scheme to remove
this water vapor affect. The proposed
algorithm did retrieve SST within an
accuracy of 0.5 K in the region of low
atmospheric water vapor content, but could
not do so in the tropics where water vapor
content exceeds 35 mm <Ref. 2l. It was
found <Ref. ll that radiance in this
spectral region is significantly dependent
upon the distribution < rather than the
total water vapor content ) of water vapor
and possibly vertical profile of
temperature in the lower levels of the
troposphere. Since then a number of
alternative methods have been developed to
account for the water vapor by combining
AVHRR and TOVS observations and thereby
making use of the simultaneous measurement
of actual water vapor content (Ref. 2 &
lll. But these schemes' error increases
with a slight error in collocating the two
sensors' observations. Recently, following
the theoretical basis by McMillin <Ref. 9),
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Dudhia <Ref. 6l showed the feasibility of
removing the water vapor effect by taking
the observations made by two different
satellites viz. NOAA and METEOSAT at two
different angles. But this again could not
be operationalised because of paucity of
simultaneous coverage of NOAA and METEOSAT
over a region. With the launch of the
first ERS-1 satellite which carries onboard
ATSR and MWS, SST retrieval problem has got
a new dimension for removing the
atmospheric effect.

The first European Remote Sensing
Satellite <ERS-ll carries onboard the
instruments called ATSR and MWS
specifically designed for retrieving SST
within the accuracy of 0.5K even in the 80\
of cloudiness. These sensors share the
satellite platform alongwith other payloads
like wind scatterometer, radar altimeter
and Synthetic Aperture Radar (SAR). ATSR
senses the earth under a nadir angle of 55"
in forward scan and near vertically
downwards in the nadir scan. So the scan
line of this conical scanner is the
intersection of the earth's surface making
an ellipse at the ground. Although ATSR
contains all the channels which AVHRR
onboard NOAA satellite has, still there are
many new hardware features alongwith the
dual angle viewing capability in ATSR that
are expected to provide more accurate SST
measurements than is currently available
from satellite data. These features include
improved onboard calibration, more
efficient cooling of detectors and 12 bit
resolution data transmission. ATSR design
characteristics are described in detail by
Delderfield et al <Ref. 51. As suggested in
several studies <Refs. 2-4) the estimation
of total WVC in the atmospheric column is
strongly needed for atmospheric correction
in SST retrieval. MWS measures WVC in its
two absorbing bands of 23.8 GHz and 36.5
GHz with a resolution of 20 km. Making use
of dual angle scanning by ATSR and WVC by
MWS we have attempted to suggest an
algorithm to retrieve SST with better
accuracy in sec~ion 3. Section 2 deals with
the details of the atmospheric profiles
used for ATSR data simulation representing
the Indian Tropical conditions. Error
estimate, advantages and disadvantages of
such retrieval are discussed in section 4.
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2. DATA USED FOR ATSR SIMULATION

The tropical temperature and humidity
fluctuate very widely, so in any kind of
simulation for tropical atmospheres one has
to incorporate these extremes. We also have
simulated the observations of ATSR IR
channels using LOWTRAN software package
<Ref. 71 keeping in view the seasonal
variations of these parameters. The surface
temperature was subjected to vary from 295
K to 306 K alongwith the near surface
relative humidity of 60\ to 95\. A
distinctive feature of Indian Ocean is the
Inversion phenomenon i.e. increase in
temperature in the lower troposphere. So
it was also introduced in the profiles of
temperature by putting an artificial
negative lapse rate just above the ocean
surface. The whole data set was divided
into two groups, one being "Normal"
profiles <hereafter called 'N' type> and
the other being "Inversion" < hereafter
called 'I' type) profiles.

3.0 ATMOSPHERIC CORRECTION FROM MULTIPLE
ABSORPTION OBSERVATIONS:

From the simulation work of McMillin
<Ref. 91,it was shown that to remove water
vapor effect in retrieving SST from
satellite observations, one should either
have dual wavelength observations or dual
angle observations in the window region.
The obvious reason being that the
differential absorption due to different
wavelength or different optical pathlengths
can be approximated as proportional to the
intervening water vapor content. In
radiative transfer terms, we can write the
upwelling radiance in the simplest form as

I (vi B ( v ,Ts I t < v ,PO,8 I
tlv,p0,e1I

+ Ba<vi I1-

•••••• (1)

where I is the radiance reaching at the
satellite sensor, v is the
wavenumber, T is the atmospheric
temperature at pressure p, Ts is the
surface temperature, PO is the surface
pressure, "C is the transmittance, e is the
zenith angle and B is the Planck function.
Ba is the mean radiance of the atmosphere
for the given t and 8. It is clear from
equation <ll that SST estimate <i.e.
B<v,Tsll involves elimination of terms,
Ba<vl.

3.1 Dual frequency

If measurements at different
wavelengths are used, the dependence of B
and I on wavelength must be determined.
This is needed because in multiwavelengths
mode, elimination of Ba and estimate for
B!v,Ts> is possible only when the
atmospheric term Ba is approximately same
for the two wavelengths. Then we can expand
Planck function about the reference
frequency as

B<vr, Tl = Blv, Tl + l6B<v, Tl/6vllvr,-vJ
•••••••••• ( 2)

similarly we can expand the radiance in
terms of expected radiance of a reference
frequency vr, as

I!vl + [6I<v, Tl/6vllvr-v>
•••••••• ( 3)

where T is the equivalent blackbody
temperature determined by the value of
B!v,Tl by setting it equal to Ilv). In the
atmospheric window region, 6Blv,Tl/6v is
very weakly dependent on the temperature.
So if values of v and Vr are sufficiently
close, it is possible to neglect the
dependence of 6Blv,Tl/6v on temperature and
then Eq.121 can be written for two channels
as

B<vr,Ts>t<v1•PO•e1
t < v1 ,PO,8 I I

••••••• ( 4)
+ Ba<vrlll-B<vr,Ts>t<v2,po.e>

t I va- PO,8 I I
•••••••• ( 5)

As suggested by McMillin IRef. 91 if
values of Ba are nearly same for two
different values of t(vi•P0•81, then
differences in Ii<vrl can be related to the
differences in t. Through simulations it
was found that for a typical atmosphere,
values of Ba<vrl at 10.8 ~m and 11.5 ~m arc
294.25 and 294.14 respectively. If values
of Ba<vrl are assumed to be equal for two
different wavelengths, equation 141 and !51
can be aolved for Bs to give

B!vr,Ts> = I1<vr> + II1<vr>-I2<vr>l
.l<l-t<v1,p0,e111c<ttv1,p0,e1-
t<v2.p0,e1I

•••••••• ( 6)

which can be simplified as

B<vr,Ts> = I1<vrl + ~II1<vr>-I2<vr>l
•••••••• ( 7)

where

G [l-ttv1•P0•8ll/lttv1•PO•e1-
t<v2•PO•e1I

•••••••• ( 8)

In order to assess characteristics of
expression 191, we used the simulated data
(as described in section 2.01 of 'N' and
'I' types of the atmospheres separately as
well as a composite of the two. If we plot
G function and water vapor content for
'N' and 'I' type of atmospheres, we can sec
from figures(! & 21 that in both the cases
G decreases with WVC for lower WVC
i.e.<15 mm and then.increases for hiqher
WVC <>30 mml, thus functional form of G
can be determined with respect to WVC. But
in region where WVC is between 15 and 30
mm, G can not be represented by a
particular function in terms of WVC and so
the usual relationship between G and
WVC breaks down in this region. It is
imperative to say that split channel
observations alone are inadequate to
retrieve SST in all the water vapor
conditions.

3.2 Dual angle

For the case when the observations are
made in optically related view angles
rather than at different wavelengths,
selection of a reference frequency is not
required and G is given by



G= ll-tlv,po,e11111t1v,po,61>
t(v,po,62>l

••••••••••• ( 9)

Again through simulations, values of
G were calculated by solving equation 18)
for different atmospheres. The plot (figure
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Figure 1. Scatter plot of G function and
WVC for 'N' type of atmospheres (Dual
frequency case>.
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Figure 3. Scatter plot of G function and
I<61l-Il62l.

3) of G against the term II1<vr>-I2<vr>l
suggests that G is a linear function of the
difference term. This means that for dual
angle measurements, T is dependent on WVC
alone in a simpler form. Once we know the
value of Gin terms of II1<v>-I2lvll, we
can very well write the equation 17) aR
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Blv,Ts> • I1<v> + Q[I1<v> - I2<v>J
•••.••.. ( 10)

Seeing the figures(4 & S> for dual angle
cases, it is clear that a simple function
can be established between G function and
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Figure 2. Same as figure 1 but for 'I' type
of atmospheres.
WVC in both 'N' type and 'I' type of
atmospheres. If we combine the two
atmospheres then there is a slight change
in the function form. So theoretically it
is imperative to say that neither split
channel nadir observations alone nor single
channel dual angle observations are
sufficient to retrieve SST in all the types
of atmospheres in all the seasons.

4. ALGORITHM FOR SST RETRIEVAL FROM ATSR/M

As discussed above, it has been
established that multiple window
observations can retrieve SST with an
accuracy of 0.5 K in the low humidity
regions but are unable to retrieve SST with
the same accuracy in the regions of high
humidity and stratifications unless these
observations are supported by water vapor
and it's vertical profile. A part of the
uncertainty is removed by using the
multiple angle observations. Thia, however,
is also found to be inadequate because it
needed a different sets of coefficients for
'N' type and 'I' type of atmospheres. An
alternative approach then can be put
forward where we combine the multichannel
with multiview observations.

In order to account for the water
vapor content, multiwavelength observations
are required while its stratifications is
taken care of by using the multiangle
measurements. Therefore, if we use a
combination of multiview and
multiwavelength observations, both of these
atmospheric conditions can be taken into
account. Following this rationale, we have
simulated the radiances and equivalent
blackbody brightness temperatures for ATSR
IR channels for forward scan as well as
nadir scan and then we have regressed the
input surface temperature taking the
following relation:



SST= a+ b CTC840,0>> + c CTC925,0ll +
d ITl925,0l-TC925,55>> +
e ITC840,01-T(840,55ll +
W*CTC925,01-T1925,5511 +

W*CT1840,-01-TC840,5511
••.•113)

Table 1: Coefficients for the relation
SST =a+ blTC840,0ll + clTC925,011 + dCTC840,01-

TC840,5511 + e1T1925,01-TC925,5511
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SST= a+ b CTl840,0ll + c CTC925,011
+ d CTC925,01-TC925,551>
+ e (T(840,0l-TC840,551>

•••••(12)

Since ATSR carries Microwave sounder which
retrieves the total Water vapor content, it
is worth while to incorporate this
information in the SST retrieval and hence
the following combination was found to be
the most suitable

5.0 DISCUSSION

As shown in Table-1 & 2 the r.m.s
error of retrieval decreases from 0.06 to
0.03 if we incorporate the WVC retrieved
from MWS. So theoretically dual angle
technique for retrieving SST looks very
promising and in the present scenario, ERS-
1 can cater to such a technique, yet the
technique has to be used after a lot of
preprocessing and analytical efforts. for
example the geometric distortion in the
image due to the conical scanning of ATSR
and due to obliqueness of the earth when
the scanner's view angle is 55•, needs to
be corrected carefully. Navigation of ATSR
images as suggested by D.M.O'Brien &
A.J.Prata (Ref. 101 can be a good tool to

e

-7.811-3.6214.661-2.7312.52 I0.93,0.96,0.56,0.6310.061 0.9

b da c Correlation coefftslRMS !Goodness

Table 2: Coefficients for the relation:
SST= a+ b CTC840,0)1 + c ITC925,011 + d CTC925,0l-Tl925,5511

+ e CTC840,01-TC840,5511 + f (W*(T!925,0l-T!925,55111
+ g (W*ITC840,0l-Tl840,5511)

e

11.66IL16 1-0.2l-1.17l-o.06I3.30Io.06I.93,.96,.56,I0.03 Io.9
.63,.57,.63

b da c

where T!840,01 is the equivalent blackbody
brightness temperature of the channel
wavenumber 840 cm-1 for nadir scan and W is
water vapor retrieved by MWS. The
regression coefficients alongwith the RMS
error, correlation coefficients and
goodness test coefficient are given in
Table-1 and 2.
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Figure 4. Scatter plot of G and WVC for 'N'
type of atmospheres !Dual angle case).
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calculate latitude and longitude
corresponding to ATSR scan line and pixel.
Similarly the corrections arising out of
the Roll, Pitch and Yaw steering of the
satellite will certainly make the retrieval
algorithm more complex but accurate. Since
ATSR will have much improved cooling and
calibration capabilities than AVHRR, the
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Figure 5. Same as figure 4 but for 'I' type
of atmospheres.



corresponding NE/~T is also improved to be
0.1 K. Furthermore the error in retrieval
will also be reduced if minimum number of
channels are used <because the noise in
multichannel retrieval is m.NE/~T where m
is the number of channels used in
retrieval>. On the other hand the error in
retrieving water vapor will also add to the
overall error in SST retrieval. It waR
found that 1 cm error in WVC produces an
error of 0.06 mw/m2srcm-l in radiance of
channel centering around 840 cm-1 i.e.
nearly 0.18 K if surface temperature is
assumed to be 300 k. So in effect if the
maximum error in WVC estimation is 2 cm
las quoted in the literature), the error in
SST retrieval due to water vapor will be
0.36 K. The breakup of both the possible
errors is given below

Error due to NE/~T in 11 um channel=O.l K
Error due to water vapor estimation =0.36K

Total maximum error using single
channel data =0.46K
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ABSTRACT
In this paper, we describe a possible
method for these calculations based on
the data from ERS-1 ATSR/M, Scatterome
ter, and the NOAA-TOVS. The NOAA-TOVS
can provide information about the verti
cal structures of the humidity and the
temperature at coarse levels. The
oblique vi.ewangles of the ERS-1 ATSR/M
observations in the thermal spectral
bands have capability to detect the
stratifications in the boundary layer.
These combined with NOAA inferences are
found to provide adequate represent.ation
of the lower boundary layer.

1 .0 IllTBQWCTIQll;

The information about the boundary layer
and the interfacial layer at.t.he earth
atmosphere boundary is essential for the
understanding of the energy exchange
processes. This problem assumes greater
dimensions when, it is noted that. the
air-surface interaction is one of the
most important processes after the
radiative forcings, which completely
specify the cloud fields on the climatic
scale (see Agarwal 1992, 1991, Road
1976, Wetherald and Hanabe 1966}. The
parametrization of these processes is
generally based on very sparecely avail
able data sets e.~. from a few towers
near coastal regions and a few atolls
mainly scattered in the Pacific and
Atlantic oceans. A synoptic analysis is,
therefore, not possible most of the
time.

In this article, we suggest some innova
tive methods to set these boundary layer
fluxes from satellite data on synoptic
scales. The earlier indications of the
possible inference of the planetary
boundary layer structure using satellite
data have been provided in the simula
tions exercises to try to understand the

Proceedings First ERS-1 Symposium - Space at the Service of our Environment, Cannes, France, 4 - 6 November 1992
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"atmospheric corrections" for the
retrieval of the sea-surface-temperature
(SST). It has been observed (WHO 1966,
Agarwal and Ashajayanti 1963,1981) that
the radiation in the spectral "window
regions" (10-12 i.un) has a direct depend
ence on the vertical distribution of the
water vapor rather than the total water
vapor content (WVC) of the atmospheric
column. This means the radiance measured
in the window channels will have, at
least an indirect, dependence on the
thermal and the humidity structure in
the planetary boundary layer. Thoush
such inferences put tremendous difficul
ties for the retrieval of the SST from
these channels (specially where the
water vapor absorption terms show hisher
variations). The "rosy flide" of the
picture i~ that it raises the possibili
ty of information retrievftl about the
boundary structures. A successful demon
stration of the detection and the esti
mates of the intensity of the monsoonal
inversions in the central and western
Arabian sea durins and before monsoon
(Agarwal and Ashajayanti 1983, Narayanan
and Rao 1981) using a combination of the
observations in the "window channels"
and the sounding data from the satel
lite, leads credence to such specula
tions.

Now that the satellite SST retrievals
can be made independent of the stratifi
cations of the boundary layer (Mathur
and Agarwal 1991, Agarwal and Hathur
1985, Grassel et al 1986), together with
the retrievals of t.hevertical tempera
ture profiles (from NOAA), the winds and
the wind-stress (from satellite scatter
ometer) and the WVC (from microwave
radiomater), make it imperative to seek
methods for the detailed investisation
of the boundary layer structures from
the satellite data. These studies have
great potential for providing means for
the calculations of energy and the mass
fluxes in the planetary boundary layer
on synoptic scale.
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2.0 THE SIMULATIONS;

The initial exercise to demonstrate our
suggestion is based on the radiative
transfer calculations for the variouti
spectral channels of the sensors under
question. The calculations have been
performed on a variety of the atmos
pheres simulated within a set of fami
lies of the vertical profiletiof temper
atures and the humidity corresponding to
the standard tropical, mid-latitude and
the sub-arctic atmospheres as specified
under U.S. Standard (Valley 1965). The
boundary layers have been perturbed to
incorporate effects of the stratifica
tions. It has been found that the 15J.llll
C02 band spectral observations as in
HIRS/2 on NOAA-TOVS not only depend on
the vertical temperature profile but
also the moisture content in the lower
troposphere (Agarwal and Ashajayanthi
1981, 1963, Agarwwal and Mathur 1992).
This information when used in conjunc
tion with the retrieved SST, can provide
corrections for the moisture estimates
obtained by using spectral observations
in the 6.7µ.mHz0 band. Such a nml ti-
channel analysis can provide water
vapour content retrievals in more layers
than the customary three layers as
reported by the NOAA/USA finished
products. As a precursor to this conten
tion, these spect.ralchannels have been
specifically used to derived the mois
ture depletion or enhancement in the
planetary boundary layer. Of course, the
underlaying assumption that a robust SST
retrieval is available from some other
source is inherent in all these specula
tions.

3 . 0 5.6l EDS COMJUJIAT!Oll Ol MQLTIPLI
OBSDYATIQHS:

Normally, SST can be derived from satel
lite IR observations by viewing the
surface through two or more windows
using a radiative transfer equation as

l(v) = B(v,Ts>rCv,~,e> +

JB[v,T(p)]d•(v,p,0)

where I is the radiance reaching at
the satellite sensor, v is the wavenum
ber, T is the atmospheric temperature at
pressure p, Ts is the surface tempera
ture, P0 is the surface pressure, <- is
the transmittance, e is the zenith ansle
and B is the Planck function. In this
equation, the effect of the surface
reflection of emission from atmosphere
has been neglected. This will not be the
case if there is strong turbidity in
ocean water or the observa~ions were
being made near 4 µ.mwhere solar input
starts becoming important. Using Mean
vaLue theorem, then we can rewrite above
as

l(v) = B(v,Ts)•(v,p0,e> +
Ba(v)[l-t;(v,P0• 0)]

where Ba is the mean radiance of the
atmosphere fc>rt.hegiven t;and e. It is
clear from above equation that SST
estimate (i.e. B(v,Ts>> involves elimi
nation of terms, Ba(v).

3. 1 MULTIPLE WAVELEHGTBS:

lf measurements at different wave
lengths are used, the dependence of B
and I on wavelength must be determined.
This is needed becautie in mult.iwave
lengths mode, eliminatior1 of Ba and
estimate for B(v,Ts> have to be per
formed at a reference frequency for ease
of interpretation. For two wavelengths
in the 10-12 lllll window this can be
achieved by expanding the Planck func
tion about vr to give

BCvr, T> : B(v, T) + [5B(v, T)/5v]
[vr,-v]

In the atmospheric window region,
6B(v,T)/5v is very weakly dependent on
the temperature. So if values of v and
vr are sufficiently close, it is possi
ble to neglect the dependence of
6B(v,T)/5v on temperature and then the
SST retrieval equation for two channels
can be written as

where

[ 1--r;(v l •P0• 0 ) ]
r =·

If we plot gamma function vs water vapor
content for different types of atmos
pheres, we can see from figure(l} that
in all cases 181111Dadecreases with WVC
fc>r lower W'ICi.e.<15 mm and then in
creases for higher WVC (>30 mm), thus
functional form of gamma can be deter
mined with respect to WVC. But in region
where WVC is between 15 and 30 mm, gamma
can not be represented by a particular
function in terms of WVC and so the
usual relationship between gamma and WVC
breaks down in this region.
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3.2 MULTIPLE AHGLES

When the observations are made in opti
cally related different view angles at.
same wave lenght, selection of a refer
ence frequency is not required and • is
given by

(l-•(v,p0,e1))
r = ------------------------

[• {v,p0,e1)-•{v,p0,e2>l
The plot (figure 2) of • against the
term (!1{vr>-I2Cvr)) suggests that• is
a linear function of the difference
term. This means that for dual angle
measurements, T is dependent on WVC
alone in a simpler form. Once we know
the value of • in terms of [l1(v)
I2Cv)], we can very well write the above
equation as
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3.3 CQHBINAIIQN .Qf M!JLTI6NGLE AUD HQLTI
WAYELENGTH OBSERVAIIQNS:

The split window observations can re
trieve SST with an accuracy of 0.5 K in
the low humidity regions but are unable
to retrieve SST with the same accuracy
in the regions of high humidity and
stratifications unless we have more
information to determine behav.iorof the
function •· A part of the uncertainty
is removed by using the multiple angle
observations. Therefore, an alternative
approach then can be put forward where
we combine the multichannel with
multiview observations. Such retrievals
are possible from ERS-1/ATSR. A direct
measurement of WVC is also possible
using MWS.
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Following this rationale, we have simu
lated the radiances and equivalent
blackbody brightness temperatures for
ATSR IR channels for forward scan as
well as nadir scan and then we have
regressed the input surface temperature
taking the following relation:

SST = a + b (T(640,0)) + c (T(925,0)) +
d (T(925,0)-T{925,55))
+ e CT(640,0)-T(840,55))

and if we include MWS wat.er vapor
estimates

SST = a + b (T(840,0)) + c (T(925,0)) +
d (T(925,0)-T(925,55)) +
e {T{840,0)-T(840,55)) +
W*(T(925,0)-T(925,55)) +
W*(T(840,0)-T(840,55))

where T(840,0) is the equivalent black
body brightness temperat~1e of the
channel wavenumber 840 cm for nadir
scan and W is water vapor re
trieved by MWS. The resression coeffi
cients alongwith the RHS error, correla
tion coefficients and goodness test
coefficient are given in Table-1.

4.0 Boundary layer fluzes:

Next, we look at the responses of the
channel spectral radiance to the struc
tures in the planetary boundary layer.
As we mentioned earlier, (Agarwal and
Ashajayanthi 1962), the 15 wn C°'l band
has spectral channels quite sensitive to
the lower 1-2 Km of the atmosphere. A
similar expectatior1has been raised in
the '"nadir'"looks and the "oblique'"
looks of the ATSR though operating only
in the '"window-channel'".The reason for
such a speculatior1is that the oblique
view specially at large angles (as the
case in ATSR, ±55°) will have more
serious dependence on the boundary
layer distribution of the water vapor
and temperature compared to the nadir
looks due to the increase in the optical
path of the radiance. Therefore, a
simple linear difference of the spectral
radiances will not be able to completely
cancel out the water vapor absorption
effects in the SST retrieval, a view
point already expressed in the ongoing
efforts for the SST retrievals from ATSR
(Mathur and Agarwal 1992). At the same
time, this strong dependence on the
boundary layer water vapor distribution
renders this combination quite useful
for inferences of the eyapnratiye/and ~
sensible ~ fluxes from the surface.

We construct, the these fluxes using
empirical relations:

e = ~fl Ivi (~ -~ )
s = CdCp p Ivi (Ts-Ta)

where q,'5 a are the water vapor mixing
ratios for the surface and the air and
T5 a are the temperatures at the surface
and the air respectively. lvl is the
surface wind speed. The empirical coef
ficients Cd are called drag coefficients
and are normally determined using the
tower based observations of the vertical
profiles of temperature and humidity and
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----------------------------------------------------------------
: a : b : c : d : e :correlation coeffts:RMS :Goodness:
·-----•-----'----'-----'-----•--------------------·----·--------·I I I I I I I I t

:-1.s1:-3.62:4.66:--2.13:2.s2 :0.93,0.96,0.56,0.63:0.06: 0.9 :
·-----•-----•----•-----·-----•-------------------'----·--------·I t I I I I I I I

----------------------------------------------------------------
: a : b : c : d : e : f : s :corr coeffts:RMS :Goodness:
:-----~-----:----:-----:-----~----:----~------------:---·----------:
:11.ss:1.1s :-0.2:-1.11:-0.06:3.30:0.0s:.93,.ss,.56, :0.03:0.s
: : : : : : : ! .57' .63 : '
·-----·-----·----•-----·-----•----•----•----- ------·-------------·I I I I I I I I I '

the fluxes in the first 100111of the
interfacial layer. The information about
Ta is now expected to be available from
the NOAA/HIRS 15 /.Ull and 4.3 1-\lD C02
observations while the Qa construction
will be possible using NOAA/HIRS and
ERS-1/ATSR combination. The surface wind
speed tvl will be available from ERS-
1/Scatterometer data.

We cor1siderconstruction of an index:

o = (WVCex - WVCac})/(WVCex + WVCac)

as a measure of the dryr1essor wetness
of the bounC\ry layer where WVCex is the
water vapor content of the atmosphere
extrapolated throush the WVC for the
atmosphere above 700 hpa and the re
trieved SST values usins the climatolos
ical relationships. WVCac is actual
water content as retrieved from the
remote sensing data. The index a will be
-ve if the boundary layer has inversions
and +ve if there is some convective
activity. This index will be further
reinforced due to changes in the bound
ary layer temperatu:r:es(Agarwal and
Ashajayanthi 1963).

The requirement that the SST is re
trieved quite accurately free from the
boundary layer temperature and humidity
perturbations, are no hindrances to the
estimates of the index o. The main
problem encountered is in the estimates
of WVCac. The microwave sounders of the
ATSR or SHMR type produce WVC retrievals
accurate to ±4 mm, while the atmospheric
stratification in water vapor distribu
tion for some of the cases can be weaker
than this (even when the temperature
stratifications is quite pronounced, as
normally happens on the sround due to
the industrial aerosols or in the bis
cities}. The retrieval of the sround
(non-oceanic regions} temperature raises
some doubts about inferences on the land
parts, since the thermal emissivity of
the srour1dis not very adequately known
for use in the retrieval of the ground
temperatures. Therefore, presently all
the analysis efforts are so far confined
to the oceanic regions only.

The empirical adjustment of the drag
coefficients are, however, left as open

question because the existing coeffi
cients, these are presently calculated
over the near coastal or island resions
where a tower could be mounted easily,
and that too mostly .1n Pacific J&W1
Atlantic regions. These drag coeffi
cients are known to have dependence over
the temperature and the wind speed
(North 1990).

For simulation purpose, we took the
basic meteorological observations from
the ship measurements in the deep as
well as coastal oceans reinforced with
data from atolls and islands. The bulk
aerodynamical calculationo usins the
usual drag coefficients were performed
to estimate fluxes. The radiances for
the relavent channels in ERS-1/ATSR and
NOAA/HIRS were senerated usins standard
radiative transfer calculations for this
data set.

An index of the type:
o = (rad at 55°- rad a t0°)/ mean

has been constructed which signifies
departure due to perturbations caused by
the increase in the optical lengths in
the lower troposphere. The index o,
then, can be studied in relation to the
calculated fluxes. Apart from the tunins
required due to the possibility of
"unrealistic.. dras coefficients, the
relation does show very smooth behavior
as shown in the accompanyins sraphs
(figure 3 and 4). Therms deviation for
a linear resression for o vs (100-H)*Ws
where H is relative humidity in the
interfacial layer and Ws the wind speed,
is less than 10% which is quite remarka
ble and indicates that the starting
hypothesis has a reasonably valid base
and hence, points to the possibility
that the evaporative fluxes can be
calculated from the ERS-1/ATSR + Scat
terometer data. Detailed investigation
of this hypothesis are possible only
when actual ERS-1/ATSR data is available

4 . 2Snno1ble Be.At. fl n:ges:

Regarding the sensible heat fluxes, the
SST retrieved from ERS-1/ATSR or
NOAA/AVHRR+HIRS combination, alongwith
the !vi measurements from ERS-1/Scatter
ometer can be used. The air-temperature
estimations are some what tricky and
will require an extrapolations of the
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temperature profile retrievals from
HOAA/HIRS. Therefore, the index for this
purpose will be constructed as follows:

C: (THIRS-s-THIRS-7)/(tfflRS-7+tffIRS-6)

which has very strong correlation
(TS-Ta) occurring in the sensible
equation.

5.IZIConclusions:

with
heat

The above discussion, though based
mainly upon the simulations and radia
tive transfer calculations, demonstrate
that the estimates for the thermodynamic
fluxes across the surface-atmosphere
interfacial boundary are possible on
synoptic scale using the satellite data.
The expected accuracies from the exist
ing satellite systems are relatively
quite high (of the order of or better
than 2~). The need for the use of the
multi-satellite system, as at present,
can be easily dispensed with when more
sophisticated satellites and sensors
(e.g. those planned for EOS platforms)
are available. The need for the multi
sensor system is indispensable since it
will require all varieties of spectral
observations (microwave, thermal, near
thermal, and multi-angle).

A model based calculation of the turbu
lent mixing in the boundary layer now
seems to be possible through these
stability analysis. The turbulent fluxes
from the surface in terms of these
mixing& and the atmospheric drag effect
on the surface are calculable in terms
of the SST, surface wind, stability
index, the air temperature and the
moisture.

The calculations, presently
NOAA+ship data and later on to

with
be ap-

..

. ... .
.. .. .. .

figure4
plied to ERS-1 data, have been compared
with the classical bulk aerodynamic
calculations based on the ship data in
test areas. Though, the spot values do
not agree very well, the synoptic pat
tern of the distribution matches quite
well. This shows the basic idea is
tenable and with some refinements can be
used for the study of air-sea interac
tion processes.
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ATSR CORRELATIVE SKIN MEASUREMENTS OF SEA SURFACE TEMPERATURE

Peter Schliissel and Jens Meywerk
Meteorologisches Institut, Universitat Hamburg, Bundesstra6e 55, D-W-2000 Hamburg 13. Germany

ABSTRACT

The Along Track Scanning Radiometer (ATSR) measures
surface leaving radiation in four spectral bands and with
a dual view at the same surfaces that enables an advanced
atmospheric correction for an improved retrieval of sea
surface temperatures (SST). Retrieval schemes are devel
oped which take into account the intrument parameters
and are tested together with those of other authors. The
validation of the ATSR-derived SSTs which has been de
signed to reach accuracies of better than 0.5K requires
in-situ skin measurements that also have a high accu
racy. An experiment that meets this requirement has
been carried out at the research platform Nordsee in the
North Sea from May 1991 to January 1992. An infrared
radiometer has been operated ·with a special on-line cali
bration to achieve a continuous high performance of the
in-situ measurements. Case studies show that the ATSR
derived SSTs match the in-situ skin measurements within
few tenths of a degree.

Keywords: ATSR, remote sensing, sea surface tempera
ture, skin effect, validation.

1. INTRODUCTION

A new type of an infrared radiometer, the Along Track
Scanning Radiometer (ATSR), is flown on the ERS-1
spacecraft in order to measure sea surface temperature
(SST) with a higher accuracy than ever measured from
space before. The expected accuracy of the ATSR
derived SSTs is better than 0.3 /( which should meet
the scientific requirements of climate researchers. This
achievement immediately requires to think about the def
inition of sea surface temperature. While infrared ra
diometers only receive information about the radiation
that leaves the uppermost micrometres of the ocean,
namely the skin of the ocean, the SST was formerly
mostly considered to be a bulk temperature that is rep
resentative for the upper decimetres or metres of the wa
ter. The temperature of this bulk water is normally sev
eral tenths of a degree higher than the skin temperature.
The difference between bulk and skin temperature might
even reach values of more than 1K in extreme cases but
also negative ones in the case of strong diurnal heating
(Refs. l, 2). Therefore it is no longer possible to use the
satellite-derived SST as a proxy for the bulk temperature
as it is done done with other space-borne SST measure
ments (Refs. 3, 4) which have a lower accuracy.

First ATSR data have been made available by the
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Rutherford Appleton Laboratory (RAL) for validation
purposes. The ATSR products which are used here
are already pre-processed by RAL using the so-called
SADIST (Synthesis of ATSR Data Into Sea-surface Tem
peratures) Version-400 scheme. The Level-1.5 processed
products contain calibrated and geolocated brightness
temperature images while those of Level-2.0 processed
ones contain cloud-cleared images of sea surface temper
atures. Both products are mapped to 1 - km-resolution
images of 512 x 512km2•

2. ATSR CHARACTERISTICS

The ATSR, operating in three infrared channels at 3.7,
11, and 12µm and at a fourth channel at 1.6 I'm has four
important characteristics that are new when compared to
previous space-borne imaging infrared radiometers. The
utilization of two internal black bodies with temperatures
in a similar range which is covered by sea surface tem
peratures allowsan absolute calibration of the instrument
that is superior to previous approaches. The noise level
is reduced by an active detector cooling to equivalent
brightness-temperature differences well below 0.1Kin all
infrared channels. This is demonstrated in a brightness
temperature section retrieved from the image shown in
figure 1 which has been scanned on 26 October 1991,
21:08 UT over the North Sea and adjacent land areas,
Figure 2 shows the brightness temperatures measured in
the infra.red channels along a. transect through waters
with low temperature gradients not exceeding 1K, The
noise levels which can be found are of the order of 0.08,
0.02, and 0.04K for the channels centered around 3.7,
11, and 12µm, respectively. A second image of the same
scene is shown in figure 1 where only brightness tempera
tures of the North Sea a.reenhanced to get a.ninsight into
the SST va.ribility. Clearly visible are frontal features in
the temperature pattern which occur in the upper pa.rt
of the image and the cold plume extending from the Elbe
river to the middle of the image.

The third innovative property of ATSR is the inclusion of
a channel a.t 1.6µm that allows a better cloud detection
than with infrared channels only and which allows for
an enhanced correction for attenuation by atmospheric
aerosols in the infrared channels. Finally, the ATSR op
erates in a dual-view mode that enables the measurement
of brightness temperatures of the same scene at two dif
ferent viewing angles within a.bout 2.5 minutes. This
capability allows a more accurate atmospheric correction
of the brightness temperatures for the retrieval of sea sur
face temperatures.
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Figure 1. Brightness temperatures at 11µm in °C over
the North Sea and adjacent land areas as measured by
ATSR on 26 October 1991, 21:08 UT. The lower im
age shows details of the temperature distribution in the
North Sea.
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Figure 2. Brightness temperature distribution along the
section shown in figure 1, (a) at 3.i urn, (b) at 1l um,
and (c) at 121im.

3. SST RETRIEVAL SCHEMES

The brightness temperatures as shown in figure 1 only
represent relative distributions of brightness tempera
tures which are similar but not equal to the surface tem
peratures. An atmospheric correction has to be applied
to the brightnesses in order to retrieve absolute sea sur
face temperatures. This can be done in several ways
and many approaches exist using multi-spectral measure
ments to fulfil this task (Refs. 3-8). A new possibility that
allows a more sophisticated correction is the dual-view
capability of ATSR. Several retrieval algorithms have
been proposed already for the use with multi-channel and
dual-view SST retrievals (Ref. 6).

We have chosen to develop further retrieval schemes by



means of radiative transfer calculations in order to learn
about the transmission of the ocean-leaving radiation to
the satellite and its modification by the atmosphere. Four
different retrieval algorithms have been developed. Three
of them make use of the dual-angle capability. For day
time applications only the channels at 11 and 12um are
useful while during night also the 3.7µm channel can be
incorporated. During daytime the sea surface tempera
ture Ts is obtained by

At night the 3.Tum channel is included and the retrieval
schemes read

TsJ = ao + a1TJ.7+ a2(TJ.7-Tu)+ aJ(T3.7 -Tn)
+a.(T3.7 -T~.7) + as(T3.7 -T'll) + as(T3.7 -T;.2) (3)

Ts•= ao + a1T3.7+ a2(T3.7-Tu)+ a3(TJ.7 -T12)
+a.(T3.7 -T{2) (4)

where TJ.7,Tu and T12are the measured brightness tem
peratures at 3.7, 11and12µm, respectively, a,, i= 1,6,
are coefficients which are optimized by regression us
ing simulated brightness temperatures for a globally dis
tributed set of atmospheric situations and corresponding
sea surface temperatures. These coefficients are different
for each of the given algorithms; their values are tab
ulated in table 1 together with estimated standard er
rors c. The primes indicate brightness temperatures at
forward view while the plain quantities represent nadir
view brightness temperatures. The input and output
temperatures of equations (1) through (4) are measured
in Kelvin.

As seen in table 1 the inclusion of a dual-view measure
ment is not far superior to a simple "split-window" es
timate. The reason for this is the very low noise level
of the 11I'm measurements. The night-time measure
ments, however, benefit from both the inclusion of the
3.7µm channel as well as of the forward-view measure
ment. A similar behaviour has been found by Barton et
al. (Ref. 7). The 1.6 µm channel is not yet directly in
cluded. While it is used for cloud clearing it might be of
value for further corrections accounting for extinction of
the surface-leaving radiation due to aerosol particles.

4. SURFACE SKIN MEASUREMENTS

From 31May 1991 through 31 January 1992surface skin
temperature measurements were taken at the German re
search platform Nordsee which is situated in the North
Sea at 54°42'N, 7°10'E. The skin temperatures were
measured with a Heimann KT-4 radiation thermometer
mounted at a height of about 23m above the surface
looking on to the surface at an angle of 50°. The KT-4 is
equipped with a 10 - 12µm bandpass filter. Because of
the non-blackness of the sea surface at these wavelengths,
.>., which is represented in figure 3 as surface emissivity, e,
at varying viewing angles, 0, a correction has to be ap
plied to the measured brightness temperatures in order
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Figure 3: Surface emissivity of a flat sea surface at differ
ent viewing angles as computed with the Fresnel formulae
and complex indices of refraction from Ref. 9.

to get real skin temperatures. The temperature deficits
caused by the non-blackness are shown in figure 4 as func
tion of surface temperature for two viewing angles. The
temperature deficits are diminished by a small amount
only when accounting for the reflected downwelling radi
ation of the clear sky. Other effects that have an influ
ence on the radiometric temperature measurements are
drifts of the instrument electronics and the contamina
tion of the entrance optics with sea spray. Therefore
the radiometer is calibrated with a reference bath which
is moved into the radiometer's field of view every other
minute. This allows an accurate absolute calibration of
the radiometer which accounts for all of the above men
tioned effects and thus gives the surface skin temperature
with an accuracy of 0.05K. Further details of the cali
bration method are given in Ref. 1.

5. VALIDATION OF SPACE-BORNE
SST RETRIEVALS

The processing of ATSR brightness temperatures first re
quires a cloud detection with isolation of cloud contam
inated pixels and, in a further step, the application of
retrieval coefficients that combine the measurements at
different wavelengths and viewing angles to give the sur
face temperature. Therefore only parts of the images can
be filled with temperature values as seen in figure 5. A
cloud mask as shown in figure 6 results from several cloud
tests that have been applied within the frame of SADIST.
Comparing the temperature image with the brightness
temperatures from figure 1 sheds some light on the diffi
culties that are inherent to the cloud-detection schemes.
Obviously clear areas have been flagged cloudy and ex
cluded from the further processing. These are areas with
strong temperature gradients which have probably been



Table 1: Retrieval coefficients and estimated standard errors for equations ( 1) through (4)

Eq. ao a1 a2 a3 a4 a~ a6 c
(1) -0.053 1.015 2.475 - - - - 0.39A.
(2) -0.14 1.014 2.320 0.159 - - - 0.38 h.
(3) 1.22 1.013 -0.530 0.281 -0.034 -0.121 0.278 0.181~·
(4) 1.20 1.011 -0.955 0.646 0.1715 - - 0.19K
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Figure 4: Temperature deficits caused by the non
blackness of the sea surface at nadir view and e = 50°.

trapped in a spatial coherence test that is used to iden
tify clouds.

Comparisons of ATSR-derived surface temperatures with
those measured at the surface on 26 October 1991 and
on 21 January 1992 are shown in figure 7. The two hour
time series cover ERS-1 overpasses near 2100 UT. The
bars demonstrate the range of ATSR-retrieved surface
temperatures within boxes of 3 x 3 pixels surrounding

Figure 5: Sea surface temperatures in °C as derived from
SADIST for the same scene as in figure l. The position
of the research platform N ordsee is indicated by the ar
row.

the platform. The symbols indicate results from dif
ferent retrieval schemes. It is clearly seen that results
from those algorithms which are designed for the use
with ATSR data match the surface skin measurements
within few tenths of a degree while the application of re
trieval schemes which were derived for the use with the
Advanced Very High Resolution Radiometer (AVHRR),
taken from Ref. 4, fail to match the in-situ means of
comparison. The reason for this is mainly due to the dif
ferent spectral locations of the 12µm channels of both
instruments. The ATSR I211m channel is shifted to
higher wavelengths when compared to the correspond
ing AVHRR channel.

Further comparisons of the same type show similar re
sults, however, a statistically significant conclusion can
not be drawn from the low number of match-ups yet.
The use of ATSR measurements which are cloud covered
to a small extent still contain information about the sur
face temperature as shown in figure 8 for an overpass
on 6 January 1992 at 21:16 UT. A SADIST retrieved
surface temperature is not available in this case because
of the cloud influence which has been detected properly.
The variability of the derived surface temperature as de-



Figure 6: SADIST cloud mask which has been applied
to the image shown in figure .5. Bright areas have been
assigned to be cloud covered.

rived with the remammg algorithms increases and cer
tainly only the warmest retrievals represent a measure of
the true surface temperature. For such cases a special
retrieval scheme would be required that allows for partly
cloud-contaminated measurements and that accounts for
a supplemented error budget depending on the actual
cloud impact.

6. CONCLUSIONS

Case studies have shown that sea surface temperatures
as derived from ATSR with different retrieval algor
tithms match the surface skin temperatures which have
been measured with a precisely calibrated radiation ther
mometer within few tenths of a degree. Partly cloudy
ATSR data have been used too and show to be of value
for SST retrievals within 0 ..5 to 1 I\. accuracy. Retrieval
coefficients that are designed for the use with AVIIRR
data are inadequate for the use with ATSR measure
ments. The cloud detection scheme of SADIST properly
rejects cloudy pixels but also cloud-free measurements
in areas with strong SST gradients. The co-location of
nadir and forward view measurements as given from the
SADIST processing needs a further improvement for a
better match-up. A further validation of ATSR derived
sea surface temperatures is essential in order to get statis
tically significant conclusions about the accuracy of the
derived products.
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VALIDATION OF ATSR-1 USING AIRCRAFT RADIOMETER
MEASUREMENTS OVER THE SOUTH ATLANTIC

A.H. Smith and R.W. Saunders

UK Met Office,Remote Sensing Instrumentation, FarnborougL, UK

ABSTRACT /RESUME

In November 1991, the First ATSR Tropical Experiment was car
ried out to validate the ATSR measurements of sea-surface tem
perature (SST) in the tropics. A multi-channel radiometer v.hich
had channels spectrally matched to those at llµm and 12µm on
the ATSR was flown around the tropics (8°S,14°W) on a C-130
aircraft and used to make radiance and brightness temperature
measurements at a number of different altitudes. It was attempted
to quantify the absorption/emmission effect of any stratospheric
aerosol due to the eruption of Mount Pinatubo in June 1991.
ATSR sea surface temperature retrievals (using both nadir and
forward instrument views) were compared with low levelmeasure
ments of radiative sea surface temperature. Brightness tempera
ture profiles of the atmosphere were obtained for comparison with
those obtained from the Rutherford Appleton Laboratory radia
tive transfer model which was used to generate the ATSR SST
retrieval coefficients.
Keywords: Sea surface temperature, ATSR, tropics, stratospheric
aerosol

1 Introduction

The Along Track Scanning Radiometer (ATSR), an infrared ra
diometer designed for the measurement of sea surface temperature
(SST), was launched on ERS-1, a sun synchronous polar orbiter,
on 17th July 1991. Sea surface temperature measurements are
made by measuring upwelling radiances in the atmospheric win
dows centred around 3.7µm,llµm and 12µm through two different
atmospheric paths, at nadir and 55° forward, within 2} minutes
of each other. This gives ATSR a better correction for the ab
sorption and emission effects of the intervening atmosphere than
any other existing radiometers used for SST retrievals. The atmo
spheric absorption around the wavelengths of the ATSR channels
is highest in the tropics which means that tropical SSTs are more
difficult to measure.

The First ATSR Tropical Experiment (FATE) was carried out
in November 1991 by the UK Met Office in order to validate the
ATSR measurements of SST in the tropics. A multi-channel ra
diometer (MCR) was flownon board a C-130aircraft over an area
of the Atlantic around Ascension Island (8°S,14°W) in order to
measure radiances at a number of different altitudes. The MCR
recorded radiances at a number of different views (nadir, nadir
60° and zenith) using narrow-band channels centred at llµm and
12µm which were spectrally well matched to those on ATSR.

MCR radiances measured at 6.5km altitude were compared
with those measured by ATSR in order to establish whether high
concentrations of stratospheric aerosol (ie due to the eruption of
Mount Pinatubo in June 1991) had affected the ATSR radiances.

At low flight levels a PRT-4 radiometer measured the radiative
SST. This was then compared with the values of SST retrieved
from ATSR using coefficients derived from the Rutherford Apple
ton Laboratory (RAL) radiative transfer model. Finally MCR
nadir and zenith radiance measurements were made at several
different levels in the atmosphere in order to validate the RAL
radiative transfer model.

2 The Along Track Scanning Radiometer
The ATSR has three infrared channels centred at wavelengths of
3.7µm, llµm and 12µmwhich are in atmospheric windowregions
for sensing the surface. An additional channel centred at l.6µm, in
the near infrared, is used for the detection of cloud during the day
time. The ATSR achieves a high radiometric accuracy by having
precise on-board calibration blackbody targets which are regularly
viewed as part of the instrument's scan. In order to increase the
ATSR's signal to noise ratio, the detectors are cooled to around
85K using a long life Stirling cycle cooler.

One advantage of using infrared radiation to estimate the SST
is that the emissivity of the sea surface at these wavelengths is very
close to unity: however the emission and absorption of longwave
infrared radiation by the atmosphere is a proeees which is difficult
to model accurately. In order to improve on SST measurements
from space, the ATSR was designed to obtain a correction for the
intervening atmosphere by observing a given area of the sea sur
face through two different atmospheric paths. The ATSR has a
nadir view and a second view 47° forward of nadir which i1 equiv
alent to approximately 55° to local senlth for the ERS-1 orbit. As
the brightness temperature measured in a given channel provides
information on the SST and the intervening atmosphere, it follows
that a second measurement of the brightness temperature through
a longer path length will provide more knowledgeof the interven
ing atmosphere. For more details on the ATSR instrument see Ref
1 and for ATSR instrument calibration see Ref 2.

Given an accurate calibration system and a knowledge of the
ATSR spectral response, the measured signal can be converted
to an equivalent blackbody brightness temperature. The SST in
degrees K is obtained by combining the 1lµm and 12µmbrightness
temperatures at nadir view only according to:-

SST= aT11 + f3T12 +-y (1)

This is the conventional 'split window' equation which is used
for AVHRR SST retrievals. As f3 is negative, it is effectively the
difference between the llµm and 12µm brightness temperatures

Proceedings First ERS-1 Symposium - Space at the Service of our Environment, Cannes, France, 4 - 6 November 1992
ESA SP-359 (March 1993)
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which is used to calculate the SST. This brightness temperature
difference gives a measure of how much infrared radiation is ab
sorbed by the atmosphere. To make use of both the nadir and for
ward view ATSR brightness temperatures equation 1 is expanded
to:·

where N and F denote nadir and forward views. The coefficients
used in equations (1) and (2) have been derived theoretically to
give the optimum performance in a given set of atmospheric con
ditions (eg. for this case tropical atmosphere coefficients are re
quired). The coefficients used for equations (1) and (2) for the
three clear air flights performed in FATE are listed in table 1. For
a review of empirical and theoretical algorithms used to retrieve
SST see Ref 3.

3.9383' - -2.8983' - '-12.128
i 6.5606 i-3.3948 ! --l.8402: 2.6567; -l.978

j 3.9454 ! - -2.9052 I
'6.6196 '-3.4706 -4.8657: 2.6990

-12.223'
-l.982

Table 1: The RAL coefficients used to calculate SST for nadir only
(top row) and nadir and forward (bottom row) views. These are
the values substituted into equations (I) and (2). The first set
of coefficients applies for flights Al39 and Al44 whose flightpaths
lay within ± 25km of the sub-satellite track. The second set of
coefficients applies for flight A143 which has a flightpath between
25 and 75km from the sub-satellite track.

3 C-130Aircraft Radiometers

As well as having the capability to measure standard meteorolog
ical parameters such as static pressure, humidity and air temper
ature, the C-130 has two infrared radiometers which can be used
to measure atmospheric and surface radiances.

3.1 The Barnes PRT-4 Radiometer

This radiometer, which has a wide spectral response in the atmo
spheric window region of 8 - 14µm, is mounted directly beneath
the aircraft fuselage so that it views downwards with a field of
view of 2°. Calibration of the PRT-4 is carried out by moving
a blackbody, wh01e temperature is normally kept within ±3K of
the SST, in front of the radiometer. For the purpose of FATE this
radiometer was used to measure the radiative SST Croma height
of about 70m. It has been shown (Ref 4) that the atmospheric ab
sorption between the 1ea surface and the aircraft at this height is
negligible when integrated over the PRT-4 spectral response. The
measurement of radiative SST by the Barnes PRT-4 radiometer,
which has an absolute accuracy of ±0.3K, is taken as the value
against which the ATSR SST is validated.

3.2 The Multi-Channel Radiometer (MCR)

The second infrared radiometer on board the C-130 aircraft is
the Multi-Channel Radiometer (MCR). This is a narrowband ra
diometer which can view the sea surface at both nadir and a va
riety of oblique nadir view• up to 60°. The radiometer can also
view the zenith. During FATE regular measurements were made
at the nadir, zenith and 60° forward view (as this is the clo•f'•I
view to the ATSR forward view at 55°). For FATE, two of the
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Figure 1: The spectral responses of the llµm and 12µm channels
of ATSR compared with similar channell on the Multi-Channel
Radiometer

Figure 2: Optical layout of the Multi-channel Radiometer
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narrow pass filters were rotated in front of pyroelectric triglycine
sulphate (TGS) detectors. Figure 2 shows the layout of the MCR.

During each flight a blackbody is viewed for several minutes
between the atmospheric measurements in order to obtain a con
tinuous record of the gain of the longwave channels. In cloudfree
conditions at high levels(> 6km) the zenith view is also used to
estimate the detector gain. The absolute accuracy of the MCR is
±0.3K (Ref 5)

SCsc 40 30' 20' 10· O'

ATLANTIC,
OCEAN

---

I

Figure 3: Locations of clear air fligl1ts A139, A143 and A144. The
shaded area is the ATSR swatl1 for flights A139 and A143.

4 First ATSR Tropical Experiment
The UK Meteorological OfficeResearch Flight mounted the First
ATSR Tropical Experiment, (FATE), with the primary objective
of validating ATSR top of atmosphere radiances and retrieved
SSTs in tropical atmospheres. In addition MCR brightness tem
peratures were measured at a number of levels between 70m and
8km altitude to provide a brightness temperature profile which
could be compared with that predicted by the RAL radiative
transfer model which was used to derive the SST retrieval co·
efficients.

787

Figure 3 shows the region around Ascension Island (8°S.14°W)
where FATE was carried out. This figure highlights the areas
flown for three clear air flights Al39, Al43 and Al44 (1/11/91.
7/11/91 and 8/11/91 respectively) with the ATSR sub-satellite
track for flights Al39 and Al43 superimposed. Each flight is split
into a number of runs corresponding to different C-130 altitudes.
During each of the three clear air flights the aircraft was flying
over a cloud-free region as shown in Figures 4(a),(b) and (c).

Top of the atmosphere brightness temperatures (ie. at 6.5km)
weremeasured within ten minutes of the ERS·l overpass. Approx
imately one hour later the aircraft was at the lowest level (70m)
over the same area measuring the radiative SST using the l lµm
channel of the MCR and the PRT-4 radiometer. These measure
ments of radiative SST were taken as the 'ground truth' values to
be compared with ATSR retrieved SSTs.

5 Results

5.1 Top of Atmosphere Measurements

During each of the three clear air flights, the MCR was record
ing brightness temperatures at a height of approximately 6.5km
within ten minutes of an ERS-1 overpass of the area. Brightness
temperatures were also measured about fivehours later at a height
of 8km. For the purpose of this comparison the MCR measure
ments of brightness temperature taken at 6.5km will be used as
these are closest in time to the ATSR overpass.

The ATSR data used for this validation were produced retro
spectively by RAL using their in-house processing scheme which is
called SADIST (Synthesis of ATSRData Into Sea-SurfaceTemper
ature). This product contains 512 x 512 km collocated nadir and
forward view brightness temperatures at lkm pixel resolution for
the llµm, 12µm and the 1.6µm channels of ATSR. Also supplied
is a location grid containing 23 x 23 latitude/longitude pairs at
25km separation. This allows the location of any aircraft position
to be calculated in terms of an along and across-track coordinate
in the image. The estimated collocation error between the ATSR
and C-130 aircraft positions is less than 2km at the earth's sur
face in the latitude and longitude directions. Figures 4(a),(b) and
(c) show that the areas flown over at the time of the ERS-1 over
pass were mainly cloudfree. Where it was suspected that a small
amount of cloud was present those brightness temperatures which
were colder and noisier than the surrounding values were removed
from the average. Although these clouds do not show up in the
MCR data, the aircraft scientist's log does refer to stratus being
present outside the field of view of the MCR which may affect the
ATSR average.

Figure 4: ATSR 1.6µm reflectance images over a 512 x 512km area.
The bold white lines'represent the path of the C-130 aircraft at an
altitude of 6.5km within ten minutes of the ERS-1 overpass. (a)
A139, (b) A143 and (c) A144
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Table 2 1howsthe averaged nadir and forward MGR and coinci
dent ATSR 11,an and 12,an brightne11 temperatures for the three
clear air flightl. Each aYerage is taken OYerone run of approx
imately 5 minutes cloH to midday. The table shows that MCR
brightne11 temperatures are typically 0.8K warmer at 1lµm and

Nadir View
ATSR MCR

l'litrbt I 111'111 121'111 11,_ 12µm
AISll I 2114.0K 2113.2K 2111i.OK 2113.llK

SD O.lK SD O.IK SD 0.6K SD 0.6K
A143 I 2113.3K 2112.0K 2113.llK 2112.4K

SD O.lK SD O.IK SD 0.2K SD 0.3K
Al44 I 2112.0K 2110.8K 2112.TK 2111.3K

SD O.IK SD O.IK SD 0.3K SD 0.3K

Forward View
ATSR MCR

l'li11:ht I llp.m 12p.m llp.m 12p.m
A139 I 2111.6K 2110.TK 2112.&K 291.3K

SD O.IK SD 0.2K SD 0.7K SD 0.6K
A143 I 2110.3K 2811.0K 2110.TK 2811.0K

SD 0.2K SD 0.2K SD 0.3K SD D.4K
A144 I 2811.0K 287.8K 2811.5K 287.6K

SD 0.05K SD O.IK SD 0.3K SD D.4K

Table 2: Comparison of ATSR l lµm and 12µ,mbrightnns temper
atures with coincidentMCR brightness temperaturn measured at
approximately 6.5.kmaltitude.

0.5K warmer at 12µ,mthan the corresponding ATSR nadir view
brightne11 temperatures. Absorption by the atmosphere between
the MCR (at 6.51tm)and the ATSR (777ltm) has been estimated
as 0.4K at 11,an and 0.3K at 12µm by the RAL radiative trans
fer model. The remaining difference between MGR and ATSR
brightne11 temperatures may be due to the presence or 1trato
spheric aerosols as seen by other instruments on the C-130 (ref 6).
Forward view MCR brightne11 temperatures are also warmer than
those extracted for ATSR. Note that the ATSR forward view is
at 55° to the local zenith compared with the MCR forward view
of 60°. A1 the two paths to the surface are not identical, the
MCR and ATSR forward •iew brightne11 temperatures cannot be
so easily compared.

5.2 ATSR Sea Surface Temperature Retrievals

Approximately 100 minutes after the ERS·l overpass, the C-130
aircraft ftew down to a low level (70m) in order to measure the
radiative SST using the MCR and the PRT·4 radiometer. Both
of these radiometers have an ab1olute accuracy of ±0.3 K. The
measured radiative SSTs were averaged over a period of approx
imately five minutes. A1 the sea surface is not a pure blackbody
at infrared wavelengths, a correction was made to the MCR and
PRT-4 brightness temperatures for the downward reftected radi
ance which would apply for each flight and each spectral band
pass. The flightpath for this low level run was carried out close
to, but not necessarily coincident with, the ftightpath for the top
of atmosphere brightnese temperatures given in the previous sec·
tion. When the ATSR brightness temperatures were extracted for
this low level flightpath and compared with those corresponding to
the top of atmosphere flightpath in table 2, both sets of brightness

I
Flight ATSR I ATSR MCR PR1'·4
No oaJrr view n&Ju + forwuJ views 11,.... B Teaap 8 · ltiim U Temp

I

Al39 296.0K I 297.4K 298.0K 298.0K

Al43 296.6K 298.21\ I 299.0K 299.0f(I !
I I

IAIH 295.0K 296.61\ I 296.91\ I 297.31\I I I

Table 3: Compari1an of ATSR retrieved SSTs and brightness tem
perature• meuured at 70m above the sea surface b.v the MCR
llµm channeland the PRT-4 radiometer (B-14p.m).Each valueis
an aver•• of a 5 minute, straight and le'l'elrun. The reflected s.ky
component in the MCR/PRT-4 measurement has been removed.

I
Flighl MCR MCR MCR PRT-4 !
No uadir view nadir + forward view•• llµm DTemp 8 · H1un D Temp I

Al39 297.9K 298.4K 298.0K 298.0I\

'
Al43 297.SK 298.9K 299.01\ 299.01\

AIH 296.3K 296.GK 296.9K 297.31\

Table 4: Comparison of MCR retrieved SST11and MCR llµm
and PRT-4 (8-14µ,m)nadir bri1htness temperaturn measured at
10m above the sea surface. The nadir and forward view MCR
brightne111temperatures were obtained at an altitude of 6.5.km.
Each value is an aver•• of a 5 minute, 1trai1ht and level run.
The reflected s.ky component in the MCR/PRT·4 measurement
has been removed.

temperatures agreed to within O.lK, which i1 the a•erage standard
deviation of the brightne11 temperature• given in table 2.

ATSR SST1 are calculated by 1ub1tituting the coefficients in
table 1 in equations 1 and 2. Table 3 1how1SST1 calculated us
ing nadir only and both nadir and forward view ATSR bright
ne11 temperatures. The results show that for all three flights, the
SST1 which are derived using llµm and 12µm nadir 'l'iew only
brightne11 temperatures are 2.0K to 2.4K cooler than the radia
tive SST as measured by either the MCR or the PRT-4. When
the ATSR forward view brightne11 temperature• for the llµm and
12µm channels are combined with the nadir •iews according to the
coefficients in table 1, the ATSR derived SST1 are 0.6K to 0.8K
cooler than the measured radiative SST. Thus it bu been shown
for this cue that combining the nadir and forward YiewATSR
brightne11 temperature• allows for a better correction of the inter
vening atmo1phere than i1po11ibleusing only the nadir brightness
temperature•.

A1 an additional check on the retrieval, the MCR top of atmo
sphere temperatures are used to estimate the radi&tiYeSST u1ing
the 1ame coefficient• given in table 1. The result• gi•en in table 4
1how that the SST1 retrieved using the MCR brightne11 temper
atures are eloser to the measured SSTs than the ATSR retrieved
SST1. This could be becauae the MCR brightna1 temperatures
were not affected by 1trato1pheric ael'OIOl.For two out of the three
flights (namely A143 and Al44) the SST1 which are retrieved us·
ing 11µ,mand 12p.mnadir and forward MCR brightne11 temper
atures are closer to the measured radiative SST1 than are those
SSTs calculated using nadir only views. However for ftight A139
the SST estimated using the nadir only brightness temperaturee of
the MGR 11µ,mand 12µm channels is within O.lK of the measured
SST compared with the MGR estimate using nadir and forward



views which is 0.4K too warm. There are several possible reasons
why the nadir only brightness temperature gives a better result in
this case. Firstly the MCR radiances were noisier for this flight.
Secondly the total water column for flight Al39 is 23mm which
is actually closer to a mid-latitude atmosphere (compared with
"" 40mm water column for flights Al43 & Al44). Also it should
be noted that the coefficients in table 1 have been estimated for
the special case of ATSR which has a forward view of 55° to the
local zenith compared with the MCR forward view of 60° to local
zenith. The ATSR signal to noise ratio is also much better than
for the MCR. It followsthat the coefficientsderived for ATSR may
not necessarily be appropriate for use on MCR data.

5.3 Brightness Temperature Profiles

During each of the three clear air flights, the MCR was able to
make measurements of radiances at several different altitudes.
At each level a zenith view radiance was measured, followed by
measurements of the nadir and 60 e nadir brightness temperature
and radiances. The resulting brightness temperature profiles and
zenith view radiances were supplied to RAL to be compared with
those output from the radiative transfer model which is used to
generate the SST coefficientsgiven in table 1.

Examples of the brightness temperature profiles obtained dur
ing FATE are given in Figure 5. Figure 5(a) shows the llµm
brightness temperature profile for flight Al39. The accuracy of
MCR brightness temperatures is ±0.3K. The temperature deficit
between the l lµm brightness temperatures measured at 70m al
titude and those measured at 8km altitude gives an indication of
how much absorption or emission has occurred for nadir and 60°
nadir paths through the atmosphere. For flight Al39 the temper
ature deficit is 2.5K for the nadir 0° view and 4.5K for the nadir
60° view. Also shown in figure 5(a) are the broadband PRT-4
measurements of SST and the ATSR llµm nadir and 55° forward
brightness temperatures.

A similar profile for the MCR 12µm brightness temperatures
measured in flight Al44 is shown in figure 5(b). In this case the
temperature deficit between the valuesmeasured at 70mand 8km
is 6.3K in the nadir 0° view and 8.3K in the nadir 60° view due
to the higher total column water amounts for Al44 and higher
absorption at 12µm.

6 Conclusions

The First ATSR Tropical Experiment was planned to coincide
with the end of the commissioningphase of ERS-1 in order to val
idate the operational SST retrieval algorithm developed by RAL.
The objective of FATE was to measure brightness temperatures
through a tropical atmosphere at the time of the ERS-1 overpass
in channels similar to the llµm and 12µmchannels on ATSR and
to obtain vertical profiles of ATSR channel radiances to verify the
RAL radiative transfer model (and hence the SST retrieval coeffi
cients).

For the three FATE clear air flights, the 'top of atmosphere'
brightness temperatures measured by the MCR at 6.5km are on
average 0.6K warmer than the equivalent ATSR llµm and 12µm
brightness temperatures. Half of this temperature difference is
probably due to the presence of stratospheric aerosol (ie between
the aircraft and ATSR) from the eruption of Mount Pinatubo in
June 1991 and gives a measure of the .effectof this aerosol at IR
wavelengths.

The ATSR SSTs estimated using the nadir only llµm and
12µmbrightness temperatures are 2K to 2.4K cooler than the mea
sured radiative SSTs. When the nadir and forward ATSR l lµm
and 12µm brightness temperatures are combined using the RAL
derived coefficientsfor a tropical atmosphere, the ATSR SSTs are
only 0.6-0.8K cooler than the measured SSTs. This demonstrates
the value of having two views through the atmosphere at least
in the tropics when stratospheric aerosol is present. Part of this
remaining bias ("" O.7K) is likely to be due to the high concentra-
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Figure 5: Brightness temperature profiles for (a) llµm channel
for Hight A139 and (b) 12µm channel for Hight A144.

tions of stratospheric serosol present during this experiment. The
aerosol effectsare not included in the radiative tran1fer model used
to generate the retrieval coefficients. This can be demonsrrated us
ing the high level nadir MCR brightness temperatures, unaffected
by aerosol, which give SSTs much closer to those measured. Other
biases in the radiative transfer model are now under investigation
by comparison with the MCR nadir and 1enith radiance profiles.

A recent comparison of ATSR SSTs with quality controlled
drifting buoys reported in ref 7 also gives a cold bias but reduced
to 0.4K. These data were not subject to high concentrations of
stratospheric aerosol but would be expected to have a cold bias
of several tenths of a degree due to the 1ltineffect as in this case
radiative SSTs are being compared with in-situ SSTs.
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A USER APPRAISALOF ATSR NEAR-REAL-TIMEPRODUCTS

Dawn L. Harrison and Clive P. Jones

United Kingdom Meteorological Office
London Road, Bracknell, Berkshire, England

ABSTRACT

ATSR near-real-time (NRTJ products consist of
0.5° x 0.5° averaged sea surface temperatures (ASSTs)
plus ancillary data. Data are processed at Tr-ornse
Satellite Station (TSS) and are transmitted to the
United Kingdom Meteorological Office (UKMO), the end
user, within 24 hours of their acquisition. The major
task performed by the UKMOis to assess the quality of
the NRT products with a view to incorporating the data
in the operational SST analysis scheme. Comparison of
NRT ASSTs with drifting buoys indicates that a bias of
around -0.4K exists. This can largely be attributed to
the genuine difference between the temperature of the
ocean's radiative skin. as measured by ATSR, and the
sub-surface bulk temperature measured by buoy sensors.

Keywords: ATSR, sea surface temperature, drifting
buoys, skin-bulk temperature difference.

I. INTRODUCTION

The ATSRNRT demonstration project was established
in order to address the needs of meteorological centres
for fast-delivery (FD) data (ref. J). It is a Joint
venture between Rutherford Appleton Laboratory (RALi,
TSS and the UKMO,who are the pilot users of the data.
ATSR NRT products consist of 0.5°x 0.5° ASSTs plus
ancillary data.

The aim of the NRT demonstration project is to
show that the data processing and transmission system
devised can provide data, of high quality and in near
real time, to an end user. If this can be achieved then
it is hoped that the system will eventually be adopted
by ESA as part of the ERS-1 FD service, which currently
includes products from the scatterometer and radar
altimeter. This will allow distribution of ATSR NRT
products to other users.

The NRT ASSTs are assessed by comparison with
coincident SSTs derived from the UKMO's operational
global SST analysis and with collocated, high quality
drifting buoy observations. The evaluation has been
further subdivided into day and nighttime observations
and those resulting from the use of single and dual
view data because different algorithms are used for the
SST retrieval under these conditions.

2. NRT PRODUCTRECEPTION

NRT products from the ATSR have been received by
the UKMO since November 1991. The raw data are
processed at TSS to form the ASSTs and the products are
quality assured using data from the satellite's
engineering reports. The quality assured products are
then transmitted to the UKMOwithin 24 hours of their
acquisition. On average, approximately 13000 ASSTs are
received per day (see figure 2.1). The gaps in
reception are the result of several different factors:
orbit manoeuvres, payload power shut-downs and
instrument operations have all caused data to be lost.
Problems with the main antenna at TSS and with the
communication links to the UKMOhave also resulted in
loss of data products on a number of occasions.

Reasonable coverage for latitudes between 55°N and
55°S is generated in several days, as indicated by
figure 2.2 which shows data coverage for a 10 day
period. At present. only sparse quantities of data are
obtained for higher latitudes. This is due to
imperfections in the cloud screening procedure causing
an overestimation of the number of measurements
contaminated by cloud. Optimisation of the cloud
detection thresholds is ·still ongoing at RAL and has
proved a complex task. Future modifications should go
some way to improving the coverage obtained at mid/high
latitudes.
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Figure 2.2: The distribution of ATS/~ Nlff products for the period 08/08/')2 to 17/08/92.

792

The processing of ATSR NRT products at TSS is
limited to a maximum of 10 ERS-1 orbits per day. This
results in some missing orbits, which can be identified
in figure 2.2, and prevents global data coverage.

3. NRT PRODUCTEVALUATION

3.1. Comparison against an in situ analysis

The quality of the NRT product s is assessed
primarily by comparison with coincident SSTs from the
UKMO'soperational analysis. This analysis is performed
once per day and incorporates observations from surface
marine sources (ships, buoys and bathythermospheres)
received, via the global telecommunications system, in
a 24 hour period. The observations undergo quality
control and then a background field, simply the
previous analysis, is updated by lncorpor-attng the new
observations using an iterative assimilation scheme. A
detailed description of the UKMO operational SST
analysis scheme is given by ref. 2.

The comparison of this analysis of in situ data
and the NRT products has been useful in several
respects: during the initial period of operation
anomalies in the NRT processing system were rapidly
identified and corrected and the impact of subsequent
changes to the data processing system could be easily
evaluated.

A global mean bias, for dual view data, of
approximately -1 K with respect to the SST analysis
(see table 3.ll has been persistent throughout the
lifetime of the project. Part of this negative bias can
be attributed to the genuine difference between the
temperature of the oceans radiative skin, as measured
by the ATSR, and the sub-surface bulk temperature
measurements from ships and buoys. The skin temperature
is generally of the order of several tenths of a degree
K cooler than the bulk temperature but the difference
is dependent on variations of a number of elements
including surface wind stress, solar insolation and
cloud cover (ref. 7). Other factors which may
contribute to the detected bias are diurnal effects and
the incomplete screening of cloud. The use of SST
measurements made via the engine intake of ships in the
SST analysis scheme may also be influential. This
ethod of observing has been shown, in many cases, to

produce temperatures with a warm bias of around 0.3 K
(ref. 3).

3.2. Single and dual view differences

The main feature of the ATSR which facilitates the
retrieval of SSTs with an accuracy better than
previously attainable is the availability of data from
two views. This is made possible by the conical
scanning technique employed by the instrument. The
difference between ASSTs calculated from single and
those derived from dual view data has been examined.
ASSTs based on single view data are returned where both
views are not cloud free. Table 3.1 shows the bias with
respect to the bulk analysis for both single and dual
view data and demonstrates the increased agreement
achievable using the dual view algorithm. This is not
surpr ismg: the single view algorithm is intrinsically
less successful in correcting for atmospheric
attenuation and the single views tend to originate from
more cloudy areas and are hence more prone to error
(ref. 4).

further evidence of the improvement in performance
possible using the dual view technique is obtained by
looking at the difference between dual view ASST and
the corresponding ASST derived from the nadir view
only. The differences, for 10° latitude bands, are
plotted in figure 3.1. The largest discrepancies are
found at tropical latitudes which coincides with the
location of the greatest concentration of water vapour
and the area where single view retrieval algorithms
perform least well. Although the improved performance
demonstrated by the dual view technique is very
encouraging the results are by no means conclusive: the
improved performance may simply be a reflection of
errors in the single view retrieval algorithm.

N Hean 0-A S.D. 0-A
Latitude Dual-

Single Dual Single Dual Single Dual single

60-90 N 186 N/A -1.70 N/A 0.88 N/A N/A
30-60 N 15150 12176 -1.07 -1.06 0.74 0.80 0.23
0-30 N 25078 61389 -1.85 -1.13 0.65 0.62 0.46
0-30 s 28779 82544 -1.53 -1.00 0.55 0.56 0.38

30-60 s 32826 25452 -1.66 -1.35 0.75 0.80 0.30
60-90 s 1996 44 -1.57 -1.87 0.61 0.51 0.04

All 109703 15 -1.58 -1. 10 0.67 0.63 0.38

Table 3.1: Observation minus analysis statistics for
single and dual view ATSRNRT products, Sepember 1992.
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Figure 3.1: The mean difference between ATSRdual and
nadir only view SSTs for 10° latitude bands, Septembr··
1992.

3.3. Comparison against drifting buoys

An additional study comparing ATSR NRT products
with collocated, quality controlled, drifting buoy
measurements has been carried out. Drifting buoys are
generally considered to give reliable SST measurements
and have been used extensively to calibrate SSTs
derived using other satellite instruments such as AVHRR
(ref. SI.

Spatial and temporal limits for coincident ATSR
and drifting buoy observations were set at 0.5°
latitude/longitude and ±3 hours. Figure 3.2 shows
ATSR-drifting buoy temperatures plotted, for individual
buoys, for day and nighttime observations made during
August 1992. A mean bias for day and nighttime data is
plotted using linear regression. The distr-lbution of
the drifting buoys used in this study is illustrated by
figure 3.3: the Pacific and North Atlantic Oceans are
well represented but few drifting buoys producing
collocations are found in the South Atlantic or Indian
Oceans. The daytime data show an overall bias of -0.4K:
the nighttime bias is approximately 0.5 K larger. The

regression lines are approximately horizontal
indicating a consistent bias over a range of sea
temperatures. The daytime results are very encouraging
since the remaining bias can largely be explained by
the skin-bulk temperature difference. The poorer
performance of night time ASSTs is probably the result
of the loss of the 3.7 µm channel (from 27105/1992) and
the consequent problems in identifying low level cloud.
These results are significantly different from those
obtained using the operational analvsis and further
highlight the limitations of using ship SSTs. a large
proportion of which are now derived from engine intake
temperature readings.

4. THE OPERATIONAL APPLICATION
OF NRT PRODUCTS

One reason for the evaluation of ATSRNRT data is
to deduce whether the data are of sufficient quality to
be used in the operational SST analysis scheme. Other
sources of satellite data have been used in the past:
AVHRRand Meteosat data were used until shortly after
the eruption of Mount Pinatubo, in June 1991. It became
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evident that aerosols forced into the stratosphere as a
result of the eruption were having a detrimental effect
on the quality of the SST retrievals (ref. 6) The dual
view technique of the ATSR should mean that accurate
SST retrievals are possible even under conditions of
high aerosol concentrations.

Validation statistics for ATSR NRT data and other
sources of SST observations are shown in table 4. J. The
other satellite derived SSTs (from the NOAA polar
orbiting satellites with AVHRR and the European

i I Mean !std deviation~I
Observation type I N

I 0-A o-c I 0-A o-c

1Ships 55127 0.06 0.24 I.OS I.17
Moored buoys 43978 -0.02 0.19 0.52 0.68
Drifting buoys 35182 -0.04 -0.09 0 36 0.56

I
Bathythermospheres 1186 0.JS 0 44 0 41 0.53I~·o.., 30998 -0 47 -0.49 0.75 0.72

15884 -0 97 -J 90 I.12 I.16 I
I

AYl!RR (NOAA-II) 90987 -0. 13 -0.08 0.68 0.70

11
ATSR (ERS-1) 1181605 -I.JO -!. 01 0.63 0.65

Table 4.1: Observation minus analysis and observation
minus climatology statistics for all SST observation
types, September 1992.

(Meteosatl and Japanese (GMSJ geostationary platforms)
are derived using algorithms that are tuned empirically
using in situ data. They are therefore estimates of
bulk SST and have smaller biases than obtained from
ATSR dual view data but comparable standard deviations.
The standard deviation for ship data is considerably
larger. These figures indicate the potential value of
ATSR data once a suitable method for eliminating the
bias problem has been established. One approach is to
devise an empirical bias correction scheme based on
selected high quality surface based observations. The
other possible approach is to parameterize the skin
effect using surface wind stress and heat flux fields
from a numerical weather prediction model. This will
take some time to develop.

Trial analyses using ATSR data only have been
performed and the differences between these and the
operational scheme have been examined (see figure 4.1).
In general differences are negative and lie in the
range -0.5 to -1.5 K. However, where data are missing

due to data processing constraints (see section 21 the
pattern changes because the analysis reverts to
climatology, which is based on ship (bulk) SST
observations. The analysis is. therefore inconsistent in
its representation of SS7. These anomalies would not
occur if a correction was applied to the ATSR data to
convert between skin and bulk temperatures.

AVHRRand ATSR data will be introduced into the
operational analysis in the near future with a bias
correction based on in situ data applied. This will
greatly improve the global coverage provided by the
various SST data sources, particularly in the southern
hemisphere where coverage is sparse in the absence of
satellite data, and should therefore lead to a better
analysis.

5. SUMMARY AND CONCLUSIONS

ATSR NRT products have been evaluated over a
period of one year. After the initial elimination of
several errors in the processing system the data
products are now of a quality which makes them suitable
for operational application. Daytime ASSTs derived
using the dual view algorithm give the best agreement
with surface based observations. These data show a bias
of approximately -0.4 K compared with drifting buoy
observations. This can largely be attributed to the
genuine difference between the oceans radiative skin
and the sub-surface bulk temperature. ATSR data will
therefore be introduced into the UKMO'soperational SST
analysis scheme in 1993 along with a bias correction
scheme to eliminate the skin effect.

The improved agreement with in situ observations
achieved by dual view SSTs suggests that the conical
scanning technique used by the ATSR does produce
improved results. The differences may, however, be
simply be a reflection of errors in the single view
retrieval algorithm.
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Figure 4.1: The di f Ference between an ATSR only and the in situ analysis. Tiu: analyses are
valid for 18/08/92: a 'spin up' period of JO days was allowed for the ATSR analysis.
Shading: light (0 to -0.5 KJ, intermediate (-0.5 to -1 K), dark (<-1 KJ.
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CLOUD STUDIES USING ATSR DATA

C. I. Rice and E. J. Williamson

Department of Atmospheric, Oceanic and Planetary Physics
University of Oxford, UK

ABSTRACT

The two angle measurement technique of ATSR pro
vides the opportunity of determining cloud charac
teristics. A simple one-layer model of a cloud can
be used to determine the cloud top temperature and
cloud optical depth from ATSR radiances in the
nadir and forward views. Results are presented in
which optically thick and optically thin clouds are
identified using an interactive image display system.

Keywords· ATSR, Cloud, Optical depth, Retrieval

1. The cloud model

A simple one layer model of a cloud is shown in figure
1. According to this model, the radiance received by
ATSR when observing this cloud is given by

where

Ri(9) is the radiance measured by ATSR in channel
i at zenith angle 9

Bi(T) is the Planck function corresponding to mea
sured brightness temperature T in channel i

T11 is the brightness temperature corresponding to a
radiance at zenith angle 9

f is the fraction of the field of view covered by cloud

cSi ( 8) is the optical depth of the cloud in channel i at
zenith angle 8

Tc is the cloud top temperature

This model ignores scattering of radiation by the
cloud and atmospheric absorption and emission
above the cloud.

R;(8)

Cloud

B;(T11)

I
Figure 1. The cloud model

The optical depth is related to the cloud's spectral
and geometric properties through

s; (8) = zf3t
cos8

where

z is the geometric thickness of the cloud

A is the volume extinction coefficient in channel i

9 is the senith angle

We will restrict ourselves to situations in which the
cloud fills the field of view of ATSR (! = 1). In this
case the radiance can be written

In the case of an optically thick cloud, 6;(8) -+ oo so
R;(8) = B;(Tc) and the measured radiance is inde
pendent of senith angle.

In the case of optically thin clouds, however, the
ATSR measured radiance will be dift'erent in each
of the nadir and forward views corresponding to the
same cloud pixel.

Proceedings First ERS-1 Symposium - Space at the Service of our Environment, Cannes, France, 4 • 6 November 1992
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If the senith angles in the nadir and forward views
are ~ and 9p respectively then the optical depths of
the cloud in the two views will be given by

zf3i z/3i
6, ((JN) = -9- and .S,(9p) = --a::-

cos N COSvt·

where z/3i = 61(0)is the optical depth in the vertical
direction.

The measured radiances in the two views will be
given by

and

Here wehave two equations in three unknowns. How
ever the values of B1(T9") and B1(TBr) can be esti
mated from measurements made in nearby clear pix
els on the assumption that the radiance will be the
same. This allows us to solve the equations for 61(0)
and Tc.

If we look at the difference between the forward and
nadir views we obtain the relation

B (T. ) ( -•~o> -••101 )- i c eco•" -eco•p

In the case of optically thick cloud, the difference is
zero and if there is no cloud (61(0)= 0) the difference
15

B1(T9") - B1(TBr)
as we would expect. This difference is small unless
the atmospheric correction is large. In the case of
optically thin cloud, the difference can become much
larger. This is illustrated in figures 2 - 4 which show
images in the forward and nadir views and the dif
ference image. An area of thin cloud which is not
evident in the separate views shows up clearly as a
dark area in the difference image.

Co-locating the forward and nadir views is not al
ways easy and an interactice program has been writ
ten that allows this to be done manually. A cloud
usually appears different in the two views. This is
illustrated in figure 5.

The cloud appears displaced, mainly due to the
stereoscopic effect which is proportional to cloud
height. It may also have moved due to winds in the
time between the forward and nadir views although
this effect is usually small. It also changes shape
becoming larger in the forward view. This effect in
creases with the thickness of the cloud.

<,

'~::~~.. ' ...., .
\

....

Figure 2. Siberia (nadir view)

Figure 3. Siberia (forward view)

Figure 4. Siberia (difference image)
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Figure 5. Cloud displacement and distortion

A second example illustrates the effect of optically
thick and optically thin clouds. Figure 6 shows a
nadir image with two areas of cloud identified as A
and B. The clouds look much the same. In the dif
ference image, figure 7, cloud A has virtually disap
peared showingit to an optically thick cloudwhereas
cloud B has turned black identifying it as an optically
thin cloud.

We are hoping to automate the cloud registration
process so that data can be processed to produce
global cloud statistics.

799

Figure 6. Lake Victoria (nadir view)

Figure 7. Lake Victoria (differenceimage)





801

A COIG>JUUSON 01' ATSR ARD SBZPBOAJU> RADZOlm'l'D. SST NBASORmmNTS
ALONQ TRANSECTS BBTllKJ:NTllJ:0. It. ARD TllJ:Alft'ARC'UC

J.P.Thoma•, J.Turner and C.J.Symon

Briti•h Antarctic Survey, Nadingley Road, ca.bridge, CB3 OJ:T,
O.lt .

.ABSTRACT

1. SHIPBOARD NBASORmmNTS

Between October 1991 and May
1992 a campaign to make in-situ SST
measurements to validate the ATSR SST
product was carried out from the RRS
Bransfield as it sailed from the UK
to Antarctica and back. The ship
carried an infra-red radiometer, a
temperature sensor trailed from the
side and a hull thermistor. The
results show that the present ATSR
SST product gives results cooler than
the in-situ measurements. In the
tropics the difference was ~lK except
in the one case where the forward
view was used in the retrieval, when
agreement was within O.lK.

Keywords: ATSR, SST, Infra-red
radiometer

1.1 Ship/satellite co-location
The British Antarctic Survey's

ship RRS Bransfield makes an annual
voyage from the U.K. to the Antarctic
research stations, departing in
October and returning the following
May. It therefore passes through most
of the major climatic zones of the
Atlantic Ocean and crosses the
Southern Ocean several times during
the voyage. During the 1991/92 voyage
the ship carried instrumentation to
measure the sea surface skin
temperature and atmospheric
temperature and humidity profiles.
ERS-1 overpass times were computed
from orbit elements supplied weekly by
the Royal Greenwich Observatory and
wherever possible the ship's Master
and the Navigation Officer worked out
a course which followed an ERS-1
ground track to maximise the
probability of obtaining co-located
ATSR and in-situ data. ATSR has such a
narrow swath that the zenith angle
from the surface location to ERS-1
must be greater than 75° to be within
the swath. It was therefore much more
difficult to obtain colocated data
than for a wide beam instrument such

Fig. 1. Location of SST datasets
obtained simultaneously from RRS
Bransfield and ATSR between October
1991 and May 1992 ( + = southbound; x
= northbound; * = ATSR data not yet
processed)

as AVHRR, especially as the ship had
to keep to a tight schedule and could
not go to specific locations and wait
for overpasses.

The map in Figure 1 shows the
positions at which co-located
measurements were successfully
obtained from the ship and from ATSR.
Most of the points lie in mid
latitudes and the tropics where
weather conditions were more
favourable, with less cloud cover,
calmer seas and no sea-ice. A long in
situ time series was obtained in early
December in excellent conditions in
the southern Weddell Sea, but ERS-1

Proceedings First ERS-1Symposium - Space at the Service of our Environment, Cannes. France. 4 • 6 November 1992
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was being manouevered into the ice
phase orbit so that it was difficult
to predict overpasses. ATSR data for
this period have recently become
available, but have not been processed
yet. If co-located data can be found
from this period they will be
extremely interesting as the Weddell
Sea area was affected by volcanic dust
from the Mount Hudson eruption at the
time and very colourful sunsets were
observed from the ship. The
concentration of measurements in the
tropics and sub-tropics is however
very useful as this region provides
the toughest test for ATSR due to the
large amounts of atmospheric water
vapour and also of volcanic dust from
recent eruptions.

1.2 Shipboard Instruments
1.2.1 Infra-red radiometer

An infra-red radiometer was
mounted on RRS Bransfield so that the
temperature of the sea surface skin
layer could be measured accurately.
The radiometer was very similar in
design to the one used in a previous
campaign to validate AVHRR SST
measurements from the same ship
(Ref.l) but this time it was purchased
from a commercial manufacturer,
Satellites International Limited of
Newbury, Berkshire, UK. The instrument
was self-calibrating as it could
periodically measure the signal from
two internal black bodies at known
temperatures, one at the internal
instrument temperature and one heated
to several degrees above this. The
signal was limited to a narrow
waveband centred at llµm or 12µm by
moving an appropriate filter into the
field of view.

The radiometer was mounted on a
boom which could be swung out over the
bow of the ship so that it could view
undisturbed water almost vertically
below the aperture. This did however
make the instrument vulnerable to
waves and limit its use in rough
conditions. The radiometer could also
be swung inboard to view a well
stirred tank of sea water at known
temperature on the deck of the ship.
These measurements were used to
validate the algorithm relating the
internal calibration measurements to
external target temperature over a
wide variety of climatic conditions.
An example of one set of water tank
measurements carried out in the
tropics is shown in Fig.2. The sea
water in the tank was cooled below its
normal temperature by inserting bags
of ice into the tank. It was then
allowed to warm up again to produce a
timeseries of increasing target
temperatures. It can be seen from
Fig.2 that the function relating the
internal calibration measurements to
the external target temperature must
include a small quadratic component.
The results from 15 sets of
measurements made over a range of
latitudes from polar to tropical show
that the standard deviation of the
difference between thermometric and

radiometric water tank temperature was
0.2K. The radiometer used is
therefore capable of measuring the sea
surface skin temperature with the
accuracy required for ATSR validation.

1.2.2 Upper air profiles
A Vaisala radiosonde system was

installed on the ship for obtaining
the profile of atmospheric temperature
and humidity during an ERS-1 overpass.
The profiles were then processed at
Rutherford Appleton Laboratories using
a radiative transfer model (Ref.2) to
calculate the brightness temperature
of the sky. A correction for
reflection of the sky could then be
applied to the radiometer measurement
of skin temperature.

1.2.3 Bulk sea water temperature
The bulk sea water temperature

was measured by a TetraCon 96A-4
Temperature/Conductivity probe which
was trailed from the ship and suitably
weighted to keep it in the water and
close to the surface. The ship has
been fitted with a hull thermistor by
the UK Met. Office so the temperature
at Sm depth was also available.

2 . .l.'l'D SS'l' ~A

All ATSR data used have been
received directly from the Rutherford
Appleton Laboratories (RAL). Initially
an attempt was made to obtain near
real time data at BAS in Cambridge
while a team from RAL were working at
Kiruna, but it was not usually
possible to get information on the
ship's position to them in time. Once
the opportunity was missed the ATSR
data disappeared into the system for
several months.

Eventually the data discussed
later were received, having been
processed at RAL using the SADIST
Version 400 software.
Only the SST products as supplied by
RAL were compared to the in-situ data
and no alternative SST retrieval
algorithms were tested. The SST
products for the colocation times were
extracted for pixels within a Skm
radius around the ship's position so
that the temperature variability in
the vicinity could be assessed. If the
area was cloud free then a sub-sample
of pixels was taken within 1.Skm of
the ship, to account for errors in its
position, and the mean SST for these 5
or 6 points calculated. Where these
pixels were all cloud contaminated
then the mean SST within the Skm
sample was calculated.

3. USUI.'l'S

The results of comparing the nine
colocated datasets obtained so far are
illustrated in Fig.3 where in-situ
bulk and radiometer SST measurements
are compared against the values from
the SADIST product. Compared to the
straight line indicating perfect
agreement, the ATSR SST values are
overall cooler than the in-situ SST.
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~n '!'DIS La.'f. LON. H8a ~ ~ ~ l'OmltD DU/
(QK'f) 88'!'IC VDW RXQBT

16/10/Sll 12:03 38.75N 1'.25W 213.1 -0.2 -0.1 0.1 If() DU

U/10/Sll 12:06 27.65N U.lOW 2H.7 -0.2 0., 0.6 If() DU

21/10/Sll 23:,5 17.20N 23.30W 2H.5 0.1 1.1 1.0 HO NIQB'l'

22/10/Sll 12:0t 1'.80N 24.2tw 2H.1 -0.2 2.1 2.3 RO DU

26/04/t2 03:07 '4.738 57.'"' 285.2 -0.1 0.5 0.6 RO NIQBT

27/04/t2 13:52 36.878 56.3tw 2t0.8 -0.5 0.8 1.3 D8 DU

05/05/t2 12:55 18.08 38.76W 300.6 0.0 -0.1 -0.1 DB DU

06/05/t2 01:20 16.508 37.76W 300.6 -0.1 O.t 1.0 RO NIQBT

1'/05/t2 12:00 36.78N 16.0'• 2111.2 0.2 0.3 0.1 RO DU

Table l. Results of intercomparison of SADIST 400 ATSR SST with in-situ SST.
(.6BR• Bulk-Radiometer; .6BA• Bulk-ATSR; ~ • Radiometer-ATSR)

The disagreement is worst at the
higher temperatures experienced in the
tropics, except for one case (A in
Fig.3) where there is perfect
agreement. Thia is the only case out
of the four above 298K where the
forward view as well as the nadir view
data were used in the SST retrieval
algorithm. The magnitude of the
disagreement in the other cases is too
large to be explained by the skin
effect, which is small in the tropics
(Ref.l).

In only one out of the five cases
at higher latitudes (temperatures
lower than 298K) was the forward view
included in the retrieval (B in
Fig.3). Again the ATSR SST is cooler
than the in-situ values, but there is
significant disagreement between the
radiometer and bulk measurements .
These data were however collected as
the ship entered the outflow from the
River Plate, an area with high SST
variability. Examination of the
radiometer data shows variations of up
to 3K in a few minutes as the
continuous measurements could resolve
much smaller, warm, surface features
than either the hull thermistor record
or the lkm ATSR pixel.

Table l gives more details of the
SST differences between ATSR and in
situ measurements and between the two
sets of in-situ data. It also shows
whether the forward view was used in
the ATSR retrieval algorithm and
whether it was local day or night at
the overpass time. Ignoring 27/4/92,
the River Plate case discussed
earlier, all the radiometer
measurements lie within 0.2K of the
bulk SST, with a bias towards being
warmer. It would therefore seem that
large skin temperatures did not occur
during any of these overpasses.
Radiometer data were collected as
often as possible during the voyage,
not just during overpasses, so the
skin effect variability during the
entire period can be assessed and
compared to previous work (Refs.l,3)
for consistency. This will give added
confidence in the radiometer SST
algorithm being used.

The in-situ minus ATSR SST values
show that unacceptably large
differences occur in the tropics,
except for the one case where the
forward view was used. At the higher
latitudes two cases with quite large
differences of 0.6K occur on the
19/10/91 and 26/04/92. The forward
view was not used in either case, but
there is no proof yet that this would
make a difference. If cloud free
forward view data exist for all the
cases in Table l, then it will be
possible to include them in a new SST
retrieval and so prove more
conclusively whether they improve the
results.

'· CORCLU8ION8

Some results have been presented
of comparisons of in-situ skin and
bulk SST measurements with the SADIST
SST product produced at RAL. The
number of successful comparisons is
quite small considering the time and
effort involved which illustrates the
difficulty of validating such a narrow
swath instrument by an opportunistic
rather than dedicated campaign.
However, the campaign has been
continued in late 1992 from the RRS
James Clark Ross, so more data may
soon be available. There is also one
important Antarctic dataset from
December 1991 which hasn't yet been
analysed as the ATSR data only became
available recently.

The results presented here show
that the SADIST SST product has a cold
bias compared to in-situ measurements,
but the magnitude of this is
unacceptably large only in the
tropics. There is some evidence to
show that including the forward view
brightness temperatures in the
retrieval improves the results
considerably. Some further work is
required to prove this conclusively.
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PRELIMINARY VALIDATION OF ATSR SEA SURFACE TEMPERATURES NEAR THE FAEROES

T.N. Forrester, T.H. Guymer, and P.G. Challenor

James Rennell Centre for Ocean Circulation,
Chilworth Research Centre, Chilworth, Southampton SOI 7NS, U.K.

ABSTRACT

Measurements of sea surface temperature made with a
thennosalinograph on the RRS Charles Darwin on a cruise
near the Faeroes have been compared with those derived
from the Along Track Scanning Radiometer on ERS-1.
Qualitatively, the temperature fields are very similar and
show that the area was under the influence of the lceland
Faeroes Front. Although the presence of significant
horizontal gradients and of appreciable amounts of cloud
has complicated the analysis it has been demonstrated
that the accuracy of the ERS-1 temperatures is within their
design specification of 0.5K. The ERS-1 values are a few
tenths of a Kelvin colder than the in situ data, this being
consistent with the skin effect.

Keywords: Sea surface temperature, front, ATSR, ERS-1,
thermosalinograph

1. INTRODUCTION

The Along-Track Scanning Radiometer (ATSR) has been
designed to measure sea surface temperature (SST) with an
absolute accuracy of ±0.5K and, as a further scientific
goal, to achieve ±0.3K. This represents a significant
improvement over the performance of the Advanced Very
High Resolution Radiometer (AVHRR) but requires careful
comparison with in-water measurements if such accuracies
are to be validated. The James Rennell Centre is
contributing to the ATSR validation programme through
measurements on research cruises. To date four have been
held: near the Faeroes (September 1991), Tyrrhenian Sea
(October/November 1991) and two in the North Atlantic
(August 1991, June 1992). From November 1992 to April
1993 SST will also being measured on several cruises in
the Southern Ocean, extending from the SE Pacific, across
the Atlantic to the SW Indian Ocean, as part of the World
Ocean Circulation Experiment. In this paper, preliminary
results from the Faeroes experiment are presented.

During 8-24 September 1991 RRS Charles Darwin
occupied a triangle to the northeast of the Faeroes with
the main objective of obtaining an independent high
quality dataset for the validation of radar altimeter
significant waveheight, wind speed and sea level;
scatterometer wind velocities; and ATSR SST and water
vapour content. A detailed description of the measurement
programme and first results was provided by Cotton et al.

(1992). Radiosonde determinations of atmospheric
temperawre and water vapour content were presented in
Forrester & Guymer (1992) (Ref. 2) Here, we consider
only those aspects relevant to the validation of SST.

Most of the measurements taken on the cruise were made
in a triangle to the east and north of the Faeroes, two sides
of which coincided with the subsatellite track of ERS-1,
and hence with the middle of the ATSR swath (Fig.l). At
this time ERS-1 was in its 3-day repeat. The ship was
equipped with two systems for measuring SST. a
thermosalinograph (TSG) recording temperature (and salt
content) of water pumped on board from an intake at 5m
depth and a thermistor trailed at a depth of 2 or 3 cm from
a boom on the starboard bow. The latter suffered from
large drifts with time probably due to leakage of the
sensor. Only the TSG data have been used in this paper.

During the cruise two surveys round the triangle were
made, coinciding with ERS-1 overpasses, so that spatial
variations within the ocean could be measured. The SST
data to be discussed are from the second of these surveys.
The triangle was situated near an interesting
oceanographic feature (the Iceland Faeroes Front) which is
a climatological feature running approximately NW/SE
through the area. Fig. l shows its mean position
determined from several cruises in the 1970s. Its surface
expression is often seen on IR images although cloud
coverage is a problem. An AVHRR image acquired just
before the cruise in cloud-free conditions showed an
apparent surface front running approximately NNW/SSE
through the western edge of the triangle with the coldest
water at the northwest comer and the warmest at the
southern comer.

2. PROCESSING

Before attempting comparisons with the satellite data the
accuracy of the TSG has been investigated. During the
cruise 26 Conductivity-Temperature-Depth (CTD) casts
were made from the surface to cover most of the water
column as part of a programme to determine sub-surface
structure. (The CTDs had been calibrated to very high
accuracy in the laboratory.) Values of temperature
corresponding to 5m depth were extracted and compared
with TSG values at the same location. The agreement was
within 0.03K, showing that errors in the TSG data are
negligible in the ATSR comparison. Although the
comparisons are, of necessity, restricted to times when
the ship was stationary there is no reason to suppose that
the TSG accuracy deteriorated when underway.

Proceedings First ERS-1 Symposium - Space at the Service of our Environment, Cannes, France, 4 - 6 November 1992
ESA SP-359 (March 1993)
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During the survey ATSR passes occurred at 1156 and
2144GMT on 22 September. ATSR data were provided by
Rutherford Appleton Laboratory in the form of lkm
resolution SSTs (SADIST Version 3.10) (both passes) and
the 0.5 degree spatially-averaged product (for the first
pass only). The latter provides a mean SST for the 0.50
box even when the box is partially cloudy and has been
designed for global climate applications. Both products
have been atmospherically-corrected using a dual viewing
angle and the split-window technique. We have chosen to
validate the products separately.

2.1 Method for validntjne lkm product
One method of validating satellite data is to take ship data
at the exact time of overpass and to compare them with
values given by the satellite for the pixel in which the
ship is located. (Some averaging of in situ data may be
needed to obtain a value representative of that pixel as
will be discussed later). The maximum number of
comparisons thus obtained is equal to the number of
satellite overpasses, which in our case was 10. However,
for most of these occasions the pixel containing the ship
was cloudy (see Fig. 2 for an example). Many more
intercomparisons can be made if the requirement for exact
coincidence is relaxed. SSTs for cloud-free pixels sampled
at some other time by the ship can then be used. Clearly,
there is a price to be paid for relaxing the time constraint
in that the SST may change during the time interval due to
diurnal warming or advection. On the other hand reducing
the time tolerance limits the number of comparisons. A
time Jag of -10 hours lapsed between the morning and
night passes and a comparison of the two images showed
a mean nns difference of 0.2K. Also, Minnett (1991) (Ref.
3) found that from buoy SSTs in a nearby region of the
Norwegian Sea a time lag of between approximately 1 and
12 hours was associated with an r.m.s. difference of 0.2K.
Given these facts, and after finding no correlation
between increasing time lag and a larger ATSR/in situ
difference, a time window of ±10 hours was adopted. Ship
SSTs within this time window and a spatial tolerance of
±0.5km centred on the middle of each ATSR pixel were
averaged to provide a single in situ comparison for each
ATSR value. The number of cases satisfying these criteria
for the two ATSR passes was 51.

2.2 Method for yalidating half-deeree woduct
SSTs were extracted from the ATSR product for all half
degree boxes through which the ship track passed and in
which a valid satellite value was obtained. Only those
pairs of values for which the time difference was <2 days
were retained in the analysis. The TSG data, having been
sampled at 150m spacing were further averaged over 50km
segments (equivalent to 0.50) of ship track to produce data
comparable with the satellite sampling. This neglects the
effects of any cross-track SST gradients. Where the ship
had crossed a half-degree box more than once an average
of the ship values was taken. As a result ten comparisons
were achieved.

3.RESULTS

The SST distribution given by the ATSR lkm product is
shown in Fig. 2, the night-time pass on 22 September.
Cold water (<80C) lay to the north of the triangle with
warm water (>100C) to the south. At the NE corner the
temperature was 9.5oC. This pattern was similar to that of
the AVHRR image on 5 September. Fig. 3 shows the
variation of SST measured by the ship as it surveyed the
area and is consistent with the satellite data. In Fig. 4
comparisons have been plotted between the ATSR and

TSG data, processed as described in 2.1. The range of
values was 8.9 - 1030C measured by the TSG but 83 -
I0.2oc according to the ATSR. An indication of the
spread of TSO values within each ATSR pixel is shown by
the error bars, which correspond to, one standard
deviation; mostly these are <0.05K but two locations
exhibit -0.2K. An attempt to fit a straight line to the data
has been made, but the range of SSTs is too small for this
to be done satisfactorily.

Overall, the ATSR was found to be biased low compared
with the TSO as given by the following relationship:

ATSR-TSO = -0.25 ±0.35K (1)

Rather different results emerge, however, if the
comparisons are carried out separately for the two passes.
For the morning pass a straight line fit is a good
approximation. No such behaviour is evident on the later
pass where there is a wide spread of ATSR values for a
restricted range of TSO temperatures. Possible reasons for
this are discussed in Section 4.

Comparisons between the half-degree ATSR product and
the SOiemTSG averages have been plotted as differences
in Fig. 5. (A scatter plot showed similar features to Fig.
4.) From these results the following relationship has been
derived:

ATSR-TSG = -0.20 ±0.23K (2)

For all but one of the squares the ATSR showed negative
or zero bias, the largest value being 0.6K.

4. DISCUSSION

Both sets of comparisons revealed that the ATSR
temperatures were low compared with the in situ data,
sometimes by more than 0.5K, and by -0.2K in the mean.
There is a physical justification for such a bias since the
ATSR measures the temperature of the surface skin (top
micron), whereas the TSG sampled water from 5m below
the surface. Evaporative and radiational cooling at the
surface can lead to a temperature difference of several
tenths of a degree between skin and bulk temperatures.
Using the meteorological measurements that were also
carried out on the cruise it may be possible to quantify the
skin effect in terms of these surface fluxes. Near surface
deployments of IR radiometers offer a more direct means
of validating the ATSR SSTs but this option was not
available to us on this particular cruise. For the rest of
this discussion it is assumed that the bias is due to the
skin effect and not to a bias in the ATSR.

The residual scatter about the mean is ±0.35K for the lkm
comparisons and ±0.23K for the 0.50 comparisons, well
within the accuracy specified for the ATSR. Some of this
scatter is undoubtedly due to the real SST changes
occurring in the time interval between the satellite
measurement and the ship measurement. A cursory
examination of the data shows that there is no obvious
dependence of the size of the temperature difference on the
time separation of the observations, as would be expected
if diurnal heating were involved. (This effect was
probably negligible given the strong mixing conditions
and the large cloud amounts.) A more likely problem is
that horizontal advection has occurred. Large temperature
changes can take place if the observation point is located
near a strong, mobile SST feature such as a meandering
front From Fig. 3 it can be seen that abrupt changes were



encountered by the ship in the southern portion of the
triangle which were associated with the Iceland-Faeroes
Front.
Several of the points in Fig. 4 refer to measurements
taken very close to these regions of strong SST gradient
and this may explain some of the scatter. In particular, the
comparisons with the evening ATSR pass were obtained
when the ship was passing through strong SST gradients
near 62.70N and sow. This raises a key issue for accurate
validation of satellite SST. In regions of high oceanic
variability adopting a time window of a few hours implies
that the satellite and ship may be observing different
patches of water with significantly different temperatures.
If the variability is known to be small then a larger
window can be used. However, completely homogeneous
water (SST variability < 0.2K over 50km) is uncommon.
Even if such 'calibration zones' can be found they are
probably of much less oceanographic interest and it may
be difficult to justify cruises in these areas. A further issue
is that some SST gradient across the cruise area is
desirable so that the validation can span a range of SST. It
should be noted that the effects of spatial variability are
much less severe for the 0.50 product comparison because
the movement of SST features is typically very much less
than the averaging scale used so it hardly affects the
calculated mean.

These considerations also suggest that geolocation errors
in satellite data can be of considerable importance in the
validation of SST when near fronts. It is possible that
errors of a few kilometres wen: present in the version of
ATSR data used for this study and this aspect is being
investigated further.

15° 10°

5. CONCLUSIONS
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An investigation of intraseasonal variability in sea-surface temperature in the tropical Pacific
using data from the Along-Track Scanning Radiometer
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Abstract

Precision, 0.5° x 0.5° resolution, sea-surface temper
ature observations of the equatorial Pacific region
from the Along-Track Scanning Radiometer are pre
sented for the period August 1991to March 1993. In
addition to the annual cycle and 1991-2and 1992-3
El Niiio events, there is clear evidence of 30-50-day
period wave activity 2.25°N of the equator in the
central Pacific during the period August-December
1992. Such waves have been detected before, and
have in the past been attributed to shear instabilities
("Legeckiswaves"). Detailed comparison with data
generated by an ocean model forced with daily wind
stress data, however, described in Lawrence et al. in
this volume (Ref. 1), showsa remarkably-close corre
spondence of phase and phase-propagation velocity,
indicating more may be involved in the generation of
these waves than a simple instability.
Keywords: ATSR, Legeckiswaves.

1 Introduction
The existence of seasonally-modulated, westward
travelling waves in the equatorial Pacific has been
established by satellite and buoy measurements of
sea-surface temperature in recent years, (Legeckis,
Ref. 2: Halpern, Ref. 3). These Legeckis waves typ
ically have periods in the range 14-43 days and oc
cur during the May to December period (Legeckis,
Ref. 4).
ATSR observations provide a data set of sufficiently
good time and temperature-resolution to investigate
the nature of these waves. Although ATSR covers
about 90%of the Earth every three days, cloud cov
erage reduces the SST data-set to less than 50% of
this coverage. A further problem is due to the nature
of the orbit repeat cycle; the periodicity of the gaps
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due to the 35-day repeat cycle poses difficultiesin es
tablishing the periodicity and significanceof signals
which appear in the sea-surface temperature signa
ture.

2 The ATSR precision ASST
product

ATSR appears to be measuring ocean skin temper
ature in the tropical Pacific to within the instru
ment's design specification of 2u <0.5K, (Barton et
al., Ref. 5). The ATSR instrument is described in
Delderfield(Ref. 6), and the details of the production
of the precision Averaged Sea-Surface Temperature
(ASST) product are given by Bailey, (Ref. 7).
The ASST product considered in this analysis con
sists of 0.5° x 0.5° spatially-averaged, sea-surface
temperatures. The ATSR data set used here cov
ers the period August 1991 to March 1993. Those
data which fell outside the range of ±6K from cli
matalogical values have been omitted; this resulted
in the exclusion of less than 0.5% of the tempera
ture values. The remaining data were then averaged
to a resolution of 1.5° x 1.5°, for direct comparison
with the ocean model described in Lawrence et al.,
(Ref. 1).

3 Results

The ATSR data are here presented in the form of
Hevmollerdiagrams, that is, plots of time versus lon
gitude for a particular latitudinal cross-section. The
latitude 2.25° North of the equator is chosen for ini
tial consideration as it is this region of the Pacific in
which the dynamical processes under investigation

Proceedings Second ERS·1 Symposium - Space at the Service of our Environment. Hamburg, Germany, 11 · 14 October 1993
ESA SP-361 (January 1994)
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Figure 1: Time-longitude &ection of ATSR precision.
SST data across the equatorial Pacific at 2.25°N.
Dark corre&pond&to cold SST, light to warm. Mi&&
ing observations shoum. white. Note pattern of gap&
in data due to orbit repeat cycle, and we&tward
propagating wave& (darker &tripe&,indicating colder
temperatures] between 200 and 25U'E.

are expected to occur, being the northern boundary
of the equatorial cold tongue.
Figure 1 shows the ATSR data at this latitude over
the longitude range 120-290° East for the first 600
days of the mission. The regular pattern of the miss
ing data is due to the orbit repeat cycle. From the
initiation ofdata acquisition in July 1991until March
1992, the ERS-1 satellite operated in a 3-day repeat
cycle. In this mode, equatorial regions wereobserved
once every three days, or not at all, hence the full or
absent coverage at a particular longitude. Subse
quent to this phase, a 35-day repeat was employed
in order to achieve full global coverage. The transi
tion is apparent as the change between the straight
columns of gaps to the shifting coverage indicated by
the diagonal columns in March 1992.

Clearly apparent in the figure is the seasonal cycle.
Comparison with climatological data (not shown)
clearly indicates anomalously warm conditions dur
ing these two El Niiio years. However the most in
teresting aspect of the figure is the appearance of
westward-propagating waves (dark stripes propagat
ing lower-right to upper-left in the figure) during the
August-December period in 1992.
The period of these propagating waves appears to
closelymatch that of the orbit repeat cycle leading to
suspicion these are not unconnected. Furthermore.
there is little evidence of such significant wave activ
ity during the corresponding season in 1991when the
3-day repeat cycle was in use. (A method of estab
lishing the significance of periodic signals detected
using sparse and periodic sampling techniques is un
der development. This uses the technique of data
adaptive time-domain spectral filtering and will be
the subject of a forthcoming publication.)
Figure 2 showsan expanded region of the first figure,
that is the region from 200-270° East for the period
January 1992to March 1993.

4 Model-ATSR data compar
ison

The suspicion that the waveactivity apparent in Fig
ures 1 and 2 might indicate an orbit-cycle-dependent
bias in the ATSR data motivated a detailed compar
ison of this data with SSTs generated by an ocean
model. SST data generated using the Oxford model
of the tropical Pacific are described in Lawrence et
el., this volume. This is a medium-resolution Cox
based general circulation model forced with daily
wind stresses obtained from the European Centre
for Medium Range Weather Forecasting (ECMWF)
analyses.
As discussed above, it is possible that the ATSR 35-
day repeat cycle is implicated in the appearance of
the 35-day signal; therefore it is important to note
that no ERS-1 data was included in the ECMWF
analyses used (scatterometer data are to be used in
the operational analysis only from January 1994on
wards).
Figures 3 and 4 show the analogous plots as the
first two figures for the model data, and it is ap
parent that the same wavesappear at the same time
of year. More interesting still, it is apparent that
the most prominent wave appears to be coherent in
both model and data, and with a remarkably similar
phase-propagation velocity. This is surprising, since
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Figure 2: As previous figure but ezpanded to show
wave activity more clearly.
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Figure 3: Time-longitude section of model SST data
across the equatorial Pacific at 2.2S° N. Dark corre
sponds to cold SST, light to warm. Note westward
propagating waves (darker stripes, indicating colder
temperatures) between 200 and 2500E .

these waves are generally attributed to instabilities,
and suggests there may be aspects of their generation
mechanism which are still ill-understood.
Time series of model and ATSR SST data at
224.25°Eand 233.25°Eare shown in Figures 5 and 6.
It must be emphasized that these two data-sets
contain nothing in common other than the (real
world) data used in the ECMWF operational anal
ysis. Note the additional noise at the beginning of
the ATSR dataset, the origin of which is the sub
ject of a separate publication. The relationship be
tween the phases of the 30-40 day waves between
model and data is clearly not a simple one. In the
wave-generationregion, to the east of224°E, the first
wavesappear in phase, but propagate slightly slower
in the model to the data, and so have moved almost
exactly out of phase by 224°E. The strongest wave,
however,appearing as a minimum in the ATSR data
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Figure 5: Time-series of model (3olid line) and
ATSR (dotted) SST data at 2SS.25E, 2.25N.

in the middle of October {Figure 5) and at the begin
ning of November 1992{Figure 6), appears to remain
in phase in model and data throughout its evolution.
The appearance of these waves in a model of this res
olution is in itself quite surprising. Further investiga
tion of their generation and propagation character
istics using precision satellite SST data, supported
by in 3itu observations, may shed more light on the
details of their origin.

5 Future Work
Future plans include:

• the use of signal-reconstruction techniques to in
terpolate over missing data;

• the use of sophisticated signal processing to ex
plore the significance of features which appear;

• the use of a longer ATSR SST data set as it
becomes available.

• the investigation of sea temperature data from
the TOGA/TAO buoy array.
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ABSTRACT

Five ATSR images (day-time and night-time) acquired over
Niger. in the framework of the HAPEX-Sahel experiment. have
been analysed. The objective was to comparedifferent algorithms
for surface temperature retrieval. combining spectral channels
and/or view angles. along with atmospheric correction based on
radiosoundings. For night-time images. with dry atmosphere, all
algorithms behave very well within 0.2 K. For general
situations. the work tends to indicate that. when using non nadir
data. account should be made of emissivity angular effects. Large
"apparent" emissivity angular variation has been extracted.
especially for day-time images. the origine of which is not yet
understood. High radiometric resolution allows observing faint
thermal contrasts related to geological features and hydric soil
properties.

Keywords: surface temperature. infrared emissivity. atmospheric
corrections.

I. INTRODUCTION

The HAPEX-Sahel (Hydrology Atmosphere Pilot Experiment!
campaign. that took place between mid-August and mid-October
92, was focussed on surface fluxes in relation to hydrology. at
the scale of the [2-3° E). (13-14° NJ square. Remote sensing is
the only means to address the question of the spatial extension of
the local measurements. Land surface temperature (LSD is a key
parameter for mapping energy fluxes and soil hydric propenies.
Thus, it was expected that the ATSR thermal infrared radiometer
on board ERS-1 could provide superior results because of its
high radiometric resolution and accuratecalibration.
Five ATSR scenes. and for each one both nadir and forward
images, have been made available, for the dates 08/19. 09/17.
09/23. (daytime) and 09/25, 09/28 (night-time). The data are
available in thermal channels 1 (12 µm) and 2 (11 µm) only.
since the 3.7 µm channel 3 was no longer in operation. The main
objective of the present work is to check different algorithms
developed for correcting satellite data for atmospheric effects.
and the potential of this new generation of instrument for land
surface studies.

2. METHODS

2.1 LST retrieval

Because of geographical location and season of acquisition of the
images. changing atmospheric conditions. relative to water vapor

content and aerosols can be expected. making the atmospheric
correction step more demanding. Atmospheric corrections are
best made by solving the radiative transfer (RT\ equation with the
help of a RT code and atmospheric profiles derived from
coincident radiosoundings. Otherwise. the easily implemented
Split-Window (SW) method has been widely used with dual
channels instruments such as AVHRR/2 (Ref. I l. Similarlv .
methods combining different channels and I or viewing angl~~
can also be applied. the latter beeing a specificity of ATSR
having both nadir and forward views.
In the present work. radiosoundings exist for images I. 2. 4 and
5. They were made at location [13°33' N. 2°06 or 2°24' E J.
within less than 50 minutes of the satellite time of passl•l_These
soundings will allow comparing RT corrections with SW or DA
(dual angle) methods and observing their areal validity.
SW algorithms developed for AVHRR/2 channels 4 and 5 can
be transposed to ATSR's channels 1 and :! since the channel
spectral filter functions are comparable. These algorithms are of
the general form:

(I I

where T1• T2 are the brightness temperatures at the satellite.
From theory, the coefficients ai depend on atmospheric state.
surface emissivities and view angle. Their dependence is
minimized through a regression method that relies on the use of a
RT code. here LOWTRAN-7 (Ref. 2), with a wide set of surface
conditions (temperatures and emissivities) and atmospheric
conditions (temperature and humidity profiles. total water vapor
content W. plus minor gazeous constituants. and. as much as
possible. aerosols). With respect to view angle effect. the
situation with ATSR is simpler than with AVHRRsince the view
angle does not change much accross an image. either nadir or
forward. the latter corresponding to a view angle of
approximately 53° at the surface. With ATSR. similar regression
methods can be applied to built (dual angle) DA-LST algorithm
with one spectral channel.
The algorithms that have been used in this work are the
following:

- SW (nadir or forward):
, I -Ee .:iE0 T + T

Tsw<0) = a0(0) +(I + a(0,- + b(0) 2) ~
E9 E9

1 - E., .:iE T - T.
+ (c(0)+ d(0)---" + e(0) ~) -T (2)

E9 E9-

(a)We are indebted to MetCo-France for providing the radiosounding of image
n°2. and to Mereorologie Nationale du Niger for providing the other
soundings.

Proceedings Second ERS-1 Symposium - Space at the Service of our Environment, Hamburg. Germany, 11 - 14 October 1993
ESA SP-361 (January 1994)



390

where the subscripts i and j refer to channels I and 2. and ~£0 =

Eei - Eej= ~Ee(i. j).

- DA (channel i. i = 1. 2):

where ~Eei = EOi- Eei= &0(0, Fl.
The coefficients appearing in equations (2) and (3) take different
numerical values depending on atmospheric water content. These
values will not be given here for shonness.
It has been demonstrated theoretically (Refs. 3. 4) that precise
LST determination requires the knowledge of the channel
emissivities, with emphasis on the spectral difference betwen the
two SW channels. This information is presently not available for
the area of interest and at the scale of the ATSR pixels. However,
field measurements that we conducted during the HAPEX
experiment of averaged emissivity t. [10.5-12.5µm), and
associated spectral investigations, have given, for a variety of
soils, ~ = 0.974 ± 1% and little spectral variation. The
emissivities at the pixel size arc likely to be of the same order of
magnitude or higher because of sparse vegetation and humidity.
For the present analysis, a guess value of £(1lµm)=0.975 and a
difference £(12µm)-£(1lum) equal to zero were adopted.
With ATSR's forward view, the question of an angular variation
of the surface emissivity arises. No information exist on such an
angular effect at the proper scale. Angular variation of emissivity
does exist for smooth surfaces (water) as a consequence of
Fresnel coefficients. Laboratory work on soils (Ref. 5) also
showed angular effects, a few % for the angular range and
spectral domain of interest. that are difficult to assign, probably a
combination of Fresnel and roughness effects. Nevertheless. for
ATSR data. an angular dependance cannot be ruled out. Angular
effects on emissivity have been reported (Ref. 6) for AVHRR
data under different view angles.The work hypothesis was made
that the effect is the same in both 11and 12µm channels.
Actually, SW, or similar algorithms, cannot correctly operate
with one set of constant coefficients for all atmospheric
situations, because of the non linearity of the RT equation. One
way to overcome the difficulty is to make the coefficients
dependant on atmospheric total water vapor content W. Several
methods, not relying on actual radiosoundings. have recently
been proposed and developed for different instruments (Refs. 7-
9). The "R" method used in this work is similar to the SW
Variance Ratio (SWVRl of Jedlovec (Ref. 8) and is based on a
statistical procedure applied to the satellite data. It can be shown
(Ref. I0) that the ratio R of the atmospheric transmittances (here
R= t 1tt2) is related to the variability of the brightness satellite
temperatures in the SW channels, provided that the channel
emissivities are very similar and that the LST exhibits sufficient
spatial heterogeneity:

NI,<T1i-I1l (T2j - Izl
= IR = t1it2 = N

L (T2 - Iil2
. 1 JJ =

From regression analysis. a non linear relationship can be found
between Wand R.
This "R" method is however very sensitive to the noise
(radiometric resolution) of the instrument and is more likely to
correctly work with ATSR, contrarily of AVHRR. It also needs
enough temperature heterogeneity of the ground surface to be
applied.

2.2 Cloud fi!terin~

With two thermal channels, cloud filteringof ATSR images relies

on thresholds on T 1 and difference (T2-T1 ). These thresholds are
different for day-time and night-time images. and for nadir and
forward views. Two other contributions were found usefull for
detecting clouds: i) comparison between forward and nadir
images (a specifity of ATSR>due to the parallax effect on clouds
relative to ground; ii) sensitivity of the "R" method to thin clouds
(see next §).

(3) 3. ANALYSIS OF DATA

3.1 Atroosoheric water content

The "R" method was applied after the first step of cloud filtering.
The size of the box used to calculate R was chosen to be 30x30
pixels, a compromise between stability and reprentativeness of
result and fine mesh grid to eventually investigate the variability
of the atmosphere. Cloudy pixels tend to give R ~ I. a value
which is not physically acceptable for the ratio t1it~.Thus. the
method can be used to complement cloud filtering. and values
very close to unity were attributed to contamination by thin
clouds. R (or W) values were used to segment the image into
classes of water vapor content. and appropriate SW coefficients
accordingly chosen.
Consistency of the "R" method was checked against the W
figures obtained from the soundings (Table 1): the first column
gives the W values obtained from the radiosoundings; the second
shows the W values for a 4x4 boxes area around the location of
the sounding; the third isW averaged over all boxes in the image.

-~
Table I: Atmosphericwater contentW (gem -)

im. n° W(sda) W(R) <W(R)>

I 3.14 2.71 "2.56

2 2.05 - 1.44
3 - 2.31 1.87
4 2.26 2.04 1.40
5 1.53 1.24 0.96

Image n°2 has the smallest number of pixels available for
applying the method because of extensive cloud contamination
and a number of pixels with high surface temperature leading to a
saturation of the instrument. Although not identical. the R
extracted values (column n°2) are comparable in magnitude with
W(sdg) and exhibit the same behavior.The relativeerror between
the two determinations is 10-15%. This. however, would
represent a still rather large error. were the technique used for
meteorological problems. It should be noted that, in the present
case, the method is used for adapting the SW coefficients. for
which purpose, an estimate of W is enough. The W averaged
over the image systematically exhibit lower values;more detailed
analysis is needed before we can decide on an explanation.

3.2 LST results

(4)

Three LST products were extracted from each image in the
following manner: i) use SW(nadir) to obtain Tsw<O);ii) extract
the angular variation of emissivitiy &(0,F) between nadir and
forward views, in channel (2) from inversion of DA(2) algorithm
using Tsw(O); iii) obtain Tsw<Fl using Ei(F)as determined in the
previous step. with the assumption that the angular effect is the
same in both channels; iv) obtain TDA (I) using the angular
variation of e 1• With images n°1, 2. 4 and 5, the surface
temperature was also determined by solving the RT equation in
one channel (1 or 2), with LOWTRAN-7 to calculate the
atmospheric transmittances and radiances. Strictly speaking. only
the apparent (i.e. including the reflection of the downward
atmospheric radiation) ground brightness temperature could be
obtained. The surface temperature is only at the cost of assigning
an arbitrary value to the channel emissivities.The same figures as
above were used.



Table 2 presents the three LST products. along with the
temperatures obtained from RT correction for the nadir images in
the l lµm channel. and variance associated with temperature in
column 1.

Table 2: Surface temperature from SW. DA methods and RT
correction (°C)

im. n° T sw<O> Tswff)
1DA IRT(O)

o(11 µm) (II µm)

1 39.10 38.38 38.90 39.93 11.SS
2 37.71 38.Sl 38.39 36.68 12.47
3 37.SS 38.Sl 39.13 - 7.73
4 26.91 28.81 27.90 26.59 3.44
5 2S.14 2S.14 2S.30 2S.11 3.70

Taking Tsw(O) as the reference. it is observed that the difference
with respect to TRT(O)is on the average less than 1°K and less
than 0.3°K for night-time images with little heterogeneity.
indicating that the adapted SWperfomswell, especially regarding
the lack of spectral information. With image n°S, which
corresponds to the driest atmosphere. the agreement is excellent
between all types of algorithms. This, however, is not true with
the other images where, on the average, the LST products
disagree by 1-2°K.There is a tendancy for the TDA algorithm to
give better agreement with TswCO)than for the TswCF). This
might indicate that, apart from the emissivity spectral effect, the
regression coefficients have not been correctly worked out with
respect to the dynamical range of emissivity angular effect (see
next§). With·regard to the spatial variability of the atmospheric
water content, it was not possible to draw any reliable
conclusion, although. for image n°1, looking at the difference
[Tsw(O)-TRT(O)]shows a tendancy for this figure to have larger
values farther from the location of the sounding.

3.3 Emissivity angular behavior

The emissivity at S3° can be obtained, as seen above, either by
means of the DA method or from RT correction in the forward
image. It is thus the consequence of setting the surface
temperature equal to the temperature given in the nadir image.
The histograms of E(F) are presented on figure la (DA method)
and 1b (RT correction). It is found that E(F)is. on the average.
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statistically lower than E(O}by 6-7%. for night-time images (half
maximum spread of 3%). For day-time data. we observe the
same tendancy. although with a wider spread particularly
towards lower values. There is a-trend to spreading.and lowering
the E(F) values from one image (day) to the other. Image n°3
exhibits the strongest effect. with an average of 0.83 ( l S'lc
decrease) and values as low as 0.7S. Closer inspection show that
these very low values come from pixels imbeded in a cloudy
region. and thus not quite reliable. When E(F)is extracted on the
basis of RT correction. the result is not much different. although
for day-time data. the spreading tends to develop towards lower
values and the trend is more clearly observed for images I. 2 and
3 (this one was tentatively corrected for atmosphericeffects using
a standard atmosphere). Looking at E(F) for image n°1 (Figure
2). it is observed that the pixels located on the river Niger have
the smallest effect (E = 0.9S). This is consistent with an
emissivity decrease with observation angle of the order of l.S'7c
measured for water sutiaces (Ref. 11). As a consequence. day-
time E(F) images make quite apparent the river and a number of
segments of the hydrological network (see figure 2). The origin
of the large emissivity decrease observed is extremely difficult to
understand. Pan of it might be an artefact of the atmospheric
correction procedure. although image n°Swould contradict. Since
the decrease and spreading tend to develop with increasing
thermal heterogeneity. pan of the effect is likely to arise from a
brightness temperature anisotropy. associated with vertical
structure in sparesely coveredareas (for instance: tiger bush
plateaus), rather than from an actual angular emissivity effect. It
must be emphasized that residual atmospheric effects. from
aerosols for instance, cannot be ruled out. This is particularly the
case with image n°3 (09/23) for which the aerosol optical
thickness t(0.4S µm) .= 1<h>,and which has the most
pronounced effect.
~different values for the emissivity £(2) in channel 2. and
for the spectral variation were used. too. This results in a shift of
the LST. but the general features arc not significantlyaltered.

Figure 2. E(F)cartography for imagen°1 (08/19/92;DA method)

3.4 Surface temperature images

Figure 3 is the sutiace temperature (RT correction) for August
19. 92 (day-time). Figure 4 is the surface temperature image for
September 2S, 92 (night). Although the surface temperature is
quite homogeneous (see Table 2) the high radiometric resolution
'of ATSR make it possible to observe the detailed, and in some

(b) Artemio Fattori, Laboratoire d'Opuque Atmosphc!rique - Private
communication.
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respect. very subtle thermal structure: indeed. a series of thermal
"filaments" hardly discernable on day-time images. running
accross the image. can easily be seen. representing a temperature
modulation of less than ± 0.5 K. A preliminary inspection shows
that this is in relation to paleo-dunes system that reveals in
ground thermal and hydric propenies. Similarly. dark elongated
area correspond to moist soils. Thus, ATSR images appear to be
very powerfull for surface hydrology.

Figure 3. Surface temperature cartography for image n°1
(08/19/92; RT correction)

Figure 4. Surface temperature cartography for image n°4
(09/25/92; RT correction)

4. CONCLUSION

The analysis of a series of ATSR images (day and night-time)
over the Niamey (Niger) area indicates that the different
algorithms developed for the different combinations of channels
and/or view angles perform correctly. provided that the actual
atmospheric situation (total precipitable water) is taken into
account. It is crucial, particularly when using the forward view,
to account for large emissivity angular effects along with
emissivity spectral effects. Indeed, large "apparent" emissivity
angular effects have been extracted, the interpretation of which
beeing still an open question and leading to new lines of research

in the field of land surface processes. Beside this. the high
radiometric resolution of the instrument allows observing very
faint thermal contrasts that might be of great significance for
geological and soil studies.
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ABSTRACT

The Oxford model of the tropical Pacific (a medium
resolution Cox-based general circulation model) is
forced with wind data from the European Centre for
Medium Range Weather Forecasting analyses and a
simple parameterisation of other surface fluxes for
the period covered by the ERS-1 mission (August
1991 to present). One aim of this work is to com
pare model results with data from the Along-track
Scanning Radiometer, although this comparison will
not be made here. Results of a simulation of the de
cline and re-occurence of the 1991-92 El Nifio event
will be discussed. The re-warming of the tropical
Pacific ocean in 1993 was not consistently forecast
by the modelling community, indicating that there
are important processes involved in the decline of
ENSO events which are still poorly understood. A
propagating signal of about 35 day period was dis
covered in the model results which is considered to
be a Legeckis-wave type instability. Such waves are
unusual in a model which uses a medium resolution
grid, and the results will be considered in some de
tail.

Keywords: ATSR, El Nifio, GCM.

l. INTRODUCTION

In order to model and predict ocean dynamics more
precisely, it is essential to have accurate knowledge
of observed wind stress, heat fluxes and sea-surface
temperature (SST). The Along-track Scanning Ra
diometer (ATSR) provides SST accurate to better
than 0.5° C in tropical regions (see Barton et al.,
this volume). It will greatly benefit the modelling
community as a long, consistent SST data-set be
comes available.

523

Large-scale (- 103 Km) oceanic processes were sim
ulated using a Cox-based ocean general circulation
model (GCM) of the tropical Pacific ocean for the
period January, 1991 to September, 1993. Whilst
emphasis during this work was placed on a compari
son between the model data and that obtained from
ATSR, we will mainly discuss the model results here.
Readers are referred to Allen et al., in this volume,
for more details of the ATSR/model comparison.
The essential difference between this study and
other model simulations in Oxford (Ref. 1, Ref. 2)
is that this model was forced with daily varying
wind stresses obtained from the European Center
for Medium Range Weather Forecasting (ECMWF)
analyses. Previously, the forcing consisted of linearly
interpolated monthly values, using the stresses pro
duced by O'Brien et al. (Ref. 3). The ECMWF
analysis winds for the period considered here do not
contain ERS-1 or ATSR data. This is an important
point if we are to make an objective comparison with
ATSR data, since we want to be sure that the model
results are not corrupted by the inclusion of these
satellite data, however implicit that may be.
Section 2 outlines the GCM (described more fully in
Stockdale, Ref. 1), while section 3 describes the wind
and heat flux forcing fields used. Section 4 discusses
the results and finally, in section 5, a summary and
conclusions are provided, together with our sugges
tions for further work in this area.

2. THE MODEL

The Oxford GCM which was used in this study is
due to Stockdale (Ref. 1). It is closely based on the
Cox code (Ref. 4), with a regular 1.5 degree trop
ical Pacific grid spanning the region 30°N to 30°5.
There are 16 levels in the vertical with high reso
lution (lOm) near the surface. The boundaries are
closed, no-slip and insulating East and West, but
heat transport is allowed through the North-South
boundaries. The vertical mixing scheme is due to
Paconowski and Philander (Ref. 5).
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3. FORCING FIELDS.

The forcing fields occur in the equations which rep
resent the transport of heat and momentum. The
heating term used in the model is a parametrisation
in which the SST always adjusts towards a model
seasonal cycle (i.e. a model climatology computed
before this simulation). Equation (1) below illus
trates the method, and has the following effect. If
the SST is larger than the climatological value, then
the heat flux will act to decrease the SST in subse
quent calculations. On the other hand, if the SST is
Jess than the climatological value, the heat flux will
act to increase it.

(1)

Here, Qc represents the heat flux obtained from the
model climatology and Tc the corresponding SST.
8Q/ aT is an empirical quantity obtained from Ober
huber (1988). Tm is the model SST calculated during
the simulation and / determines how strongly the
SST relaxes towards the model climatology. Qc is
calculated from an analogue of equation (1), replac
ing model climatological values with observed (Ober
huber, Ref. 6) values.
The forcing of momentum is a wind stress I.. =
( Tx, Ty), obtained as daily averages from the
ECMWF analysis and interpolated linearly onto the
model grid. In this work, we are using a prescribed
L, thus allowing the simulation of the actual ocean
state through the direct response of the model to a
wind stress. This allows a more realistic comparison
with ATSR data than forcing with monthly winds.
The problem is that the O'Brien winds have been
averaged over a month and are temporally smoother
than the daily ECMWF winds. Forcing with the
monthly winds therefore results in a model response
which will be smoother than reality.

4. RESULTS

In this section, the results of the model simulation
are discussed. These take the form of plots of time
versus longitude, for a particular latitudinal cross
section (Hevrnoller diagrams). The latitude used in
all of these plots is 2.25° North of the equator. The
cross-sections thus encompass the equatorial wave
guide, a region of the Pacific in which many of the
important dynamical processes occur which are of
interest in this study.
Figures 1 and 2 show the zonal and meridional com
ponents of the wind stress. The important features
are illustrated in figure 1, where we note that the
zonal stress is largely Easterly (black end of the spec
trum). This is, of course, a characteristic of winds
over the tropical Pacific ocean close to the equator
(see, for example, Ref. 7). Other features of interest
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Figure 1. The zonal wind stress

in figure 1 are the Westerly wind bursts, evident at
the times marked with an arrow, and occurring right
over in the West Pacific. Although these bursts are
relatively short lived (lasting for only a few days)
they are high amplitude (- 0.15 N m-2). These
bursts have a significant effect on the ocean as we
will now discuss.
Figure 3 shows the average temperature of the first
360 m. There are several features of interest. Firstly,
one notices the seasonal cycle, in which the temper
ature rises during Northern summer months (white
represents 32° C, black 24° C), particularly in the
Eastern Pacific. This rise in temperature is modu
lated in 1992 by the 1991-92 El Nino event, in which
the temperature is higher than that found in the
other two summers. Secondly, one notices the fast
(- 2 m s-1) Eastward propagating signals, whose
starting time is labelled by arrows. These are equa
torially trapped Kelvin waves and are excited by the
high-amplitude wind bursts discussed above. As the
Kelvin waves strike the eastern coast, they reflect to
form Westward propagating Rossby waves, and these
are just visible in figure 3, where the time at which
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Figure 2. The meridional wind stress

they reflect off the Eastern coast and their initial
speed is denoted by arrows (these waves are more
prominent when a colour scale is used). Note that
the first of these propagates faster than the second,
indicating that they are two different Rossby modes,
possibly with different vertical structure correspond
ing to first and second vertical modes.
In figure 4, the bulk sea surface temperature (i.e. at
5m depth) is plotted for comparison with ATSR data
(see Allen et al. in this volume). Again one notes the
seasonal cycle, and the 1992 warming due to the El
Nino. Figure 5 shows the corresponding results us
ing the O'Brien (Ref. 3) winds for the years 1991 and
1992and one finds that the temperatures in the East
ern Pacific are generally higher than those of figure 4.
The reason for this is that the model has been tuned
towards the use of the O'Brien winds, which are gen
erally stronger than the ECMWF stresses and hence
induce more upwelling of colder, sub-surface water
in the East. Furthermore, the Kelvin and Rossby
waves described above are not evident in either of
thes plots, since they are largely due to sub-surface
dynamics, and one would not expect them to be so
prominent in a plot of SST.
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Figure 3. Vertically averaged temperature of the first
360 m (ten levels).

Finally, we point out the propagating features in fig
ure 4. These appear to begin in the Eastern Pacific
during August, 1992 and propagate Westward until
about January 1993. The important point to note
here is that these features are also present in the
ATSR data (see Allen et al. in this volume), ocurring
at the same time and place. It is not obvious why
these model waves should match so favourably with
ATSR, since we are comparing two independent data
sets. As stated earlier, the model contains no forc
ing fields which are common with ATSR. The data
sets are not completely identical, however, since the
ATSR waves quickly become out of phase with the
model waves. We conjecture here that these waves
are Legeckis waves, or shear instabilities, (Ref. 9)
excited by a particular frequency component in the
ECMWF wind stresses. Note that the forcing of this
model with O'Brien stresses do not show such fea
tures, possibly because there is not enough power
in those winds at the relevant forcing frequencies. A
more complete statistical study of these waves can be
found in the article by Allen et al. , in this volume.
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Figure 4. Temperature in the first layer of the model
when forced with the ECMWF winds.

5. DISCUSSION

In this paper, we have summarised results obtained
from an ocean GCM forced with daily winds. Many
of the results are consistent with previous work (e.g.
Ref. 1,10). The seasonal cycle is well determined, al
though generally warmer than expected. Kelvin and
Rossby waves are produced by the model, consistent
with the Westerly wind bursts in the ECMWF wind
stress data. The important result, however, is that
Legeckis waves occur and this is very unusual in a
model whose grid resolution is so low as to be below
the threshold for spontaneous instability to occur.
With regard to further work, the primary aim will
be to determine the cause of the 35-day waves. In
order to pin-point the source more precisely, we have
forced the model with the ECMWF wind's clima
tology plus red-noise with power at frequencies of
interest (i.e. greater than 0.0083 cycles day-1). The
point is that if the waves are due to model dynam
ics as well as direct wind forcing, then they will also
appear in this analysis. That is, an ocean instabil
ity may be produced because the ECMWF wind cli-
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Figure 5. Temperature in the first layer of the model
when forced with the 0 'Brien winds.

matology establishes an ocean state from which the
waves can be initiated, and then forces the ocean at
the 'correct' frequency. That is, the ocean acts as a
kind of filter to the winds. The results indicate that
the waves do appear when forced with a climatology
plus red-noise, but are almost absent when forced
with the climatology alone.
Figure 6 shows the resulting SST when forced with
climatology plus noise, whilst figure 7 shows the re
sult when forced with the climatology alone. These
results could explain why the Legeckis waves can
be seen in higher-resolution models forced with the
monthly winds (e.g. Ref. 2): the instabilities pre
sumably depend upon the model and its parametri
sations, such as grid size or mixing, and so the ques
tion as to whether they will be excited by different
forcing fields will depend upon the model. This ques
tion is currently under investigation by studying the
behaviour of the waves as the resolution of the grid
is increased.
There are several other approaches which will aid the
study of the waves. For example, are the waves pro
duced by the forcing of the model with different wind
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Figure 6. Temperature in the first layer of the model
when forced with the ECMWF wind climatology plus
red noise.

fields (e.g. U.K. Met. Office; ECMWF interactive
wave model)? Do the waves appear in other data?
We have already alluded to the fact that the waves
do occur in the ATSR data. It would be interesting
to determine if they are also present in data from
an independent source, for example the TOGA/TAO
buoy array.
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Figure 7. Temperature in the first layer of the model
when forced with the ECMWF wind climatology.
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Water Surface Temperature

Chairman: D T Llewellyn-Jones, Rutherford Appleton laboratory, UK
Present Address: University of Leicester, UK

Introduction

This session was devoted to the use of data from one ERS-1 sensor, the Along-Track
Scanning Radiometer, which, unlike the other ERS-1 instruments is a nationally provided
experimental instrument developed by a consortium of research institutes in the UK, with
additional contributions from France and Australia. The consortium is led by the Rutherford
Appleton Laboratory in the UK.

The ATSR Instrument - In-flight Performance

The in-flight performance of ATSR was reviewed by the ATSR Principal Investigator
(Llewellyn-Jones, Rutherford Appleton Laboratory, UK). The instrument, is one of the most
available (better than 97%) of the ERS-1 sensors and it continues to perform with great
stability, with almost negligible degradation of the main sub-systems including the closed
cycle cooler, the first of its kind in space and arguably the most technically adventurous
feature of the satellite payload.

However, there are two aspects of ATSR which have not reached expectations. One these is
the 3.7 micron wavelength channel, which failed very suddenly in May 1992, despite
producing extremely high quality data almost continuously prior to that time. The other
negative aspect of the data concerns the presence of low levels of EM interference, internal
to the instrument, which primarily affects the 12 micron channel and can be seen in some
SST images as "grooving" of the image scene. although this disfigures some of the image
data, it does not detract from ATSR's overall objective of measuring SST with an accuracy
better than .5C, whicli, according to recent validation results is being properly met.

SST in the Indian Ocean

The Indian Ocean is a particularly important area for ATSR. Not only is it extremely
important from the point of view of air/sea interaction, but also, on account of the high water
vapour burdens and gradients, it is a particularly difficult region in which to measure SST
from space. An initial assessment of ATSR data over the Indian Ocean (Agarwal et al, ISRO
India) showed that ATSR's data was consistent with the .5C accuracy objective.

Filamentary Structures in Turbulent Mixing

This was one of the most remarkable discoveries from ATSR data. Robinson et al
(University of Southampton, UK) showed examples (first seen in public in the 1993 ATSR
Calendar- February Image') of fine structure in SST patterns. which can be seen from ATSR
on account of its particularly high radiometric resolution.

This turbulence can be very clearly seen over scales ranging from 2 Km to 200 Km. Two
distinct characteristic types of turbulence could be seen, and it is possible that there are two
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mechanisms at work - one the traditional fluid mixing, which can now be very effectively
represented in dynamical models; while the other is possibly a surface (or near-surface)
effect, possibly related to roughness effects which are not properly understood. This result
showed quite clearly that ATSR, with its exceptionally high radiometric sensitivity and good
optical definition, is capable of opening up new opportunities in dynamical oceanography.

Tropical Validation in the Presence of Aerosol; and Global Validation

Results were given of ship-borne measurements from the tropical Atlantic (Thomas et al,
British Antarctic Survey, UK) confirmed the very important result that ATSR, with its
two-angle view is in fact able to provide useful and accurate SST measurements in the
presence of aerosol contamination which, at the time, was ,making SST measurements from
other satellite instruments extremely difficult.

Other validation results presented in a poster (Mutlow et al, Rutherford Appleton laboratory,
UK) showed that, in comparison to drifting buoy measurements the ATSR dual-view
night-time data agrees with the buoys to within .1 +/-0.35 deg C.

Comparison with AVHRR

Detailed comparisons with AVHRR data (Barton et al, CSIRO Australia) showed the very
significant advantages to be gained from ATSR's superior digitisation, signal-to-noise ratios
and two-target on-board calibration system.

The Detection of Climate Change

An analysis based on ocean-atmosphere coupled model results (M Allen, Rutherford
Appleton laboratory, UK) indicated that results from short time-series need to treated with
extreme caution. The need for continuity of observations over periods of ten years or more is
imperative.

Conclusions

The excellent SST data coming from the ERS-1 ATSR is opening up new possibilities for the
study of dynamical oceanography. The good SST measurements that the satellite was able
to make in the presence of severe aerosol contamination is of exceptional interest to those
considering future operational observing systems, and to those who require continuity of
data-quality.
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WATER VAPOUR RETRIEVALS USING COMBINED ATSR INFRARED AND MICROWAVE DATA

I.J. Barton1, A.M. Zavody2, C.T. Mutlow2 and D.T. Llewellyn-Jones2

1CSIRODivision of Atmospheric Research, Aspendale, Victoria 3195, Australia
2Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OXll OQX,U.K.

ABSTRACT

The ATSR instrument provides six infrared measure
rnents of the upwellingradiance from the earth's sur
face and atmosphere. In clear conditions the atmo
spheric transmittances are largely determined by the
water vapour and temperature profiles in the lower
atmosphere. By combining the six infrared measure
ments with the total water vapour amount. derived
from the microwavechannels, it may be possible to
determine low level structure in the water vapour
and temperature profiles. This possibility is explored
using data from coincident radiosonde and satellite
measurements.

1. INTRODUCTION

Water vapour, because of its strong absorption in
the infrared spectrum, is the major atmospheric con
stituent that contributes to the greenhouse effect.
Howeverwater vapour is also the most highly vari
able constituent in the atmosphere, and thus it is
important. that its distribution and transport be ac
curately monitored if we ever expect to monitor cli
mate changes using numerical models.

Water vapour has strong absorption features
throughout the infrared spectrum from the near in
frared bands at 1.1, 1.4, 1.9and 2.7microns, through
the middle infrared at 6.3 microns, to the rotational
absorption bands that make the atmosphere virtu
ally opaque between 20 microns and the millimetre
wave-band. Superimposed on the absorption lines in
the middle infrared is a continuum absorption whose
origin is still open to debate. This absorption is im
portant. for the energy balance of the earth's system
as the longwave radiation that must be emitted to
space to balance the absorbed solar shortwave radia
tive energy occurs at these wavelengths. To enable
numerical models of climate to accurately simulate
the radiative energy balance detailed information on
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the water vapour content of the atmosphere will be
required. This information must include the vertical
structure of water vapour as the temperature and
concentration of water vapour determines the radi
ant energy loss to space. The effect of water vapour
near the surface, which is at a temperature close to
that of the surface, is relatively easy to parametrise,
but water vapour at elevated levels,which has a tem
perature less than the surface, has a profound effect
on the atmospheric radiative balance.

Passive microwave and infrared radiometers have
been developed and flown on spacecraft to give a
remote measurement of total water vapour content,
and these instruments perform reasonably well. The
HIRS instruments that are carried on the NOAA
operational meteorological satellites have infrared
sounding channels for both temperature and water
vapour and the data from these instruments are used
operationally. The channels givingwater vapour pro
filesuse the wings of the 6.3 micron absorption band
to determine a water vapour profile at several levels
in the upper atmosphere. However, the bulk of the
water vapour is below 5km altitude and the HIRS
channels have an extremely poor vertical resolution
and givelittle useful information on the water vapour
distribution below a height of 5 km.

The ATSR has been developed specifically to pro
vide an accurate measure of sea surface temperature
(SST) from space. One of the design features in
corporated in this instrument is the provision of six
infrared measurements in highly transmissive spec
tral regions to assist in the determination of the at
mospheric absorption which constrains the accurate
determination of the SST. (The ATSR makes mea
surements at 3.7, 11 and 12µmat two different view
angles.) Further details of the ATSR are given by
Delderfield et al (Ref. 1). In each of these mea
surements the main atmospheric absorber is water
vapour, and in each "channel" the amount of absorp
tion is different. Because of this feature it should be
possible to use the ATSR as a sounding instrument
for low level atmospheric water vapour. An analy
sis procedure is explored in this paper by studying
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the water vapour absorption in the lower atmosphere
and using a band model of absorption in the atmo
sphere to produce simulated ATSR data for testing
the procedure. Many simplifications are made in this
work: the two view angles of ATSR are fixed at 0
and 55 degrees, surface emissivity is assumed to be
unity, and the ATSR data are assumed to have no
measurement error. Before an operational procedure
is developed a more thorough investigation using an
accurate line-by-line model with global ATSR data
will be required. Alternatively an empirical tech
nique could be developed in the same manner as that
used for the analysis of sounding data from the HIRS
instrument.

2. ATSR WEIGHTING FUNCTIONS

The radiance received by a satellite instrument can
be expressed as

Iv(z, T) = Bv(T,)Tv• + lz Bv(T)K(z, T)d:: (1)

where Iv(::, T) is the radiance received at the satel
lite, Bv(T) is the Planck radiance at temperature
T and frequency v, (T,) is the temperature of the
earth's surface and z is the height above the surface.
The term K(z,t) is often referred to as the weighting
function and is given by

K(z, T) = 8T,,a .
z

(2)

Here a band model of transmission in the atmo
sphere is used that has been described by Barton
(Ref. 2). The temperature dependence of the con
tinuum absorption in the 10 to 12 micron band has
been changed to agree with the values determined by
Barton (Ref. 3). This increases the continuum ab
sorption coefficients at the temperatures of the mid
and upper troposphere while leaving those near the
surface at their accepted values. Using the mid lati
tude summer standard atmosphere of McClatchey et
al (Ref. 4) the model has been used to determine
weighting functions for the ATSR infrared channels.
These are shown in Figure 1. The figure clearly
shows the different absorption in the six "channels";
a feature that is required if they are to be used for
vertical profile determination (as well as SST).

The figure also indicates bow the ATSR data can
be used to provide information on the vertical struc
ture of water vapour. The signal in the 3.7N (3.7µm,
nadir view) channel is more dependent. on the water
vapour near the surface while the 12F (12µm, for
ward view) signal is more dependent on the water
vapour above a height of 2 km. By examining the
differencebetween the signals in the six ATSR chan
nels an estimate of water vapour distribution should
thus be possible. This hypothesis is investigated in
the next sections using simulated ATSR data.
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Figure 1. The ATSR weighting functions for water
vapour retrieval.

3. A SUB-TROPICAL CASE STUDY

During the fivemonths followingthe launch of ERS-
1 several validation cruises were undertaken in Aus
tralian sub-tropical waters. On occasions when the
research vessel was in the swath of the ATSR, ra
diosondes were launched from the vessel as part of
the ground truth data collection for ATSR valida
tion. A selection of these data has been used to ex
plore the hypothesis that ATSR data can give water
vapour profile details in the lower atmosphere.

When the ATSR brightness temperatures for the val
idation cruises were studied it was evident that there
was considerable variation in the differencesbetween
pairs of channels for different locations. These dif
ferencesmust be due to variation in the structure of
the atmosphere, or the differencebetween the air and
sea temperatures. Therefore, in this analysis, the
differences between pairs of ATSR brightness tem
peratures were compared with the structure of the
atmosphere as measured by the radiosondes.

First a selection of validation data was used to derive
an average difference between pairs of ATSR chan
nels. The pairs selected, and their average values are
given in Table 1. From these data a subset was se
lected that had clear skies, had all six ATSR bright
ness temperatures available (night. data only due to
solar contamination at 3.7 µm), and for which ra
diosonde data were available. From over thirty SST
validation coincidences these criteria restricted the
analysis to only three cases. For each case the bright
ness temperature differences were determined and
then the ratio of the differencesto the average values,
as given in Table 1, were calculated. The results are
given in Table 2. For comparison the water vapour
profiles for each case are given in Figure 2.
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TABLE 1. ATSR data analysis for selected radiosonde profiles.

Channels 3.iN-llN 11N-12N 12N-3.7F 3.7F-11F llf-12F
Averages (K)

0.41 1.01 0.63 1.350.31

TABLE 2. Ratios of differences to average differences for the ATSR brightness temperatures.

Date (1991) Time(Z) 3.7N-11N 11N-12N 12N-3.7F 3.7F-11F 11F-12F
13 Sept. 1100 0.17 0.85 1.08 0.40 0.82
22 Sept. 1215 1.30 1.01 0.68 1.08 0.96
19 Nov. 1305 0.12 0.70 1.86 0.37 0.64

The water vapour profiles shown in Figure 2 indi
cate almost identical profiles for the 13 September
and the 19 November, while the profile for Septem
ber 22 shows a similar structure, but has much more
water vapour between 2 and 5 km above the surface
and a moister lower layer. The ratio of the differ
ences in Table 2 also show similar values for the first
two dates but give markedly different values for the
latter date. The lack of water vapour in the upper
levels appears to be corellated with the ratio values
for the 3.7N-11N,12N-3.7Fand 3.7F-12F differences.
This suggests that the differencesbetween the ATSR
brightness temperatures may be used to derive a wa
ter vapour profile. This possibility is explored in the
next sections.

Water vapour pp (hPa)

Figure 2. The radiosonde water vapour profiles.

4. SIMULATED DATAANALYSES

The band model of transmission is used to provide a
standard data set to test the retrieval of vertical wa
ter vapour profiles. Again the standard mid-latitude
atmospheric model of McClatchey et al (Ref. 4) is
used as a basis. To enable a wide range of different
atmospheres to be included in the simulation study
the followingalterations to the standard atmospheric
profile were made.

1. The SST was set at 280K, 285K, 290K, 295K and
300K.

2. The surface air temperature (SAT) was set at
SST-3K, SST and SST+3K.

3. For an SST of 290K the followingvalues of water
vapour were assumed -

Height (km)
0-1
1-2
2-4
4-6

above 6

WV partial pressure (hPa)
5, 10, 15, 20

10, 6, 2
4, 1
2, 0
0

4. The water vapour values at 290K were multiplied
by factors of 0.5, 0.75, 1.25and 1.5 to obtain the val
ues for SST values of 280K, 285K, 295K and 300K
respectively.

5. The temperature profile was set as follows-

Height (km) Temperature (K)
Surface SAT

1 SAT-6
2 SAT-12
4 SAT-22
6 254
8 244
10 232
15 210
20 220

These parameters give 720profileswith a wide range
of surface temperatures, air-sea temperature differ
ences and water vapour vertical distributions. While
doing this they also maintain realistic values of wa
ter vapour amounts and atmospheric structure. One
phenomenon not included is the temperature in
version that often occurs at heights where there is
a strong discontinuity in the water vapour profile.
However, the range of profiles should be sufficient
for a preliminary investigation of the feasibility of
retrieving water vapour structure.
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4.1. Method 1.

Examination of the weighting functions in the above
section indicate that the water vapour profile infor
mation is intrinsically held in the relative values of
the six ATSR brightness temperatures. Howeverthe
air-sea temperature differencealso has a strong effect
on these values. If the air-sea temperature difference
and the SST are known, and an accurate transmis
sionmodel is available, then brightness temperatures
can be calculated for a known total atmospheric wa
ter vapour amount and a standard shape of the wa
ter vapour profile. If this is done then the water
vapour profile details should be obtainable from the
six differenc;$ between the measured and calculated
brightness temperatures in each channel. This is the
basis of the technique developed here and described
below.

First the ATSR data are used to determine the SST
using a standard retrieval algorithm. In our simula
tion study a standard regression algorithm is deter
mined using the simulated data set. The algorithm
for the data set is -

SST = ao + L a;T;
i=l,6

(3)

where the coefficients a; are determined by a stan
dard multiple regression technique. If the input
brightness temperatures are assumed to be measured
with no errors or noise then the SST is retrieved with
a standard error of 0.03K and the algorithm has a
correlation coefficientof 0.999.

To enable the calculation of the brightness temper
atures for the standard shape of the water vapour
profile the total water vapour amount is required.
Here there are two possible sources of this parame
ter. The ATSR includes a dual channel microwave
radiometer that can be used to derive the total wa
ter vapour amount. Eymard (1992) has shown a re
trieval accuracy of 0.4 cm in total precipitable water
for clear sky retrievals. Alternatively the simulated
data set (or the measured ATSR brightness temper
atures) can be used to derive a total water vapour
algorithm in the same manner as for the SST: i.e.

WV= bo+ L i.r;
i:l,6

(4)

For the simulated data set the total water vapour
retrieval has a standard error of 0.23 cm and a cor
relation coefficientof 0.966.

The main inhibitor to an accurate retrieval of total
water vapour is the air-sea temperature difference.
In cases where the sea and surface air temperatures
are equal the water vapour retrieval in the simulated
data set, using the infrared channels only, can be
achieved with a standard error of 0.11 cm.

If measurement errors or noise are included in
the brightness temperatures the standard errors, of
course, become larger. If the errors in each tempera
ture is assumed to be 0.04K ( a realistic estimate for
the ATSR) then the standard errors increase from
0.03 to O.llK, and from 0.23 to 0.28 cm.

Having obtained estimates of the SST and the to
tal water vapour amount it is only necessary to now
specify the shape of the standard water vapour pro
file before calculating the expected ATSR brightness
temperatures. For this an exponential decrease in
water vapour with a scale height of 2 km is assumed.
This is equivalent to a forty percent decrease in wa
ter vapour amount for each kilometre rise in height.
Again, as in the original profiles, a constant water
vapour amount in each of the four lower levels of
the atmosphere is used. The differences between the
measured (simulated) values and those derived from
the standard profile are then determined.

When this data set of the differences is examined it
becomes obvious that they are dominated by the air
sea temperature difference. Also it is evident that a
change in the shape of the water vapour profile (e.g.
an increase in water vapour near the surface with a
decrease at levels above 2 km) has a similar effect on
the values of the differences. This means that a rel
atively accurate measure of the air-sea temperature
difference is required if the profile details are to be
determined in this manner. If the air temperature
is constrained to be equal to the water temperature
then a linear multiple regression analysis can deter
mine the 0-1 and 4-6 water vapour ratios with corre
lation coefficientsof 0.90and 0.85. The water vapour
ratio is the amount ofwater vapour in a defined layer
divided by the total water vapour amount. When
the noise on the ATSR brightness temperatures is
included the errors in deriving the water vapour ra
tios become rather large and it may be necessary to
derive separate coefficientsfor a range of total water
vapour amounts and surface temperatures.

4.2. Method 2.

The ATSR infrared data can be used in a variety of
ways to derive the SST. For any algorithm the er
ror in the SST determination is due to abnormalities
in the temperature and water vapour profiles. If the
profilesare "standard" then the algorithm should de
liver an exact value for the SST. This feature of SST
derivation may lead to a technique for determining
the water vapour profile that does not have the same
dependence on the air-sea temperature difference as
found in the first method.

The simulated data set was used to produce five dif
ferent SST algorithms - each using a different pair of
channels. The hypothesis here is that the errors in
the five derived SST values will be dependent on the
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Figure 3. The total water vapour content and the er
rors in derived SST using the (3.7N 3.7F) and (12N
12F) algorithms for the profiles with the sea and air
temperatures set at 290 and 287K respectively.
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Figure 4. The errors in derived SST using the
(12N,12F) algorithm for the profileswith sea and air
temperatures set at 280, 285,290,295,and 300K.

shape of the water vapour profile. All algorithms had
the form SST = aTl +bT2+c and were derived for
the following pairs of channels: (3.7N 3.iF), (3.7N
llN), (llN 12N), (llN 12F) and (12N 12F). To de
termine the errors in these simple algorithms a full
six-channel algorithm could be considered to give the
true value, but in thiors in derived SST using the
(12N 12F) algorithm for the profileswith sea and air
temperatures set at 280, 285, 290, 295 and 300K.
s analysis the value was assumed to be that input to
the model.

The errors in the derived SST show some interesting
features. For example, Figure 3 shows the total water
vapour content and the errors in derived SST using
the (3.iN 3.7F) and (12N 12F) algorithms for those
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Figure 5. The error in derived SST using the (12N
12F) algorithm for the profileswith sea temperature
set at 290K and air temperature set at 287, 290 and
293K.
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Figure 6. The water vapour ratio in the 4-6 km layer
and the errors in derived SST using the (12N 12F)
algorithm for the profiles with sea and air tempera
tures set at 290 and 287K respectively.

450 470 480

profileswhich have the sea and air temperatures set
at 290 and 287K respectively. The two algorithms
shown in the figure are the extremes of the errors
given by the selected algorithms. There is an obvi
ous strong correlation between the water vapour and
the SST errors.

The errors in the (12N,12F) algorithm for a range
of equal sea and air temperatures are shown in Fig
ure 4. Here, again, there is a strong correlation be
tween the errors and the SST value. Finally, Figure
5 shows the errors for an SST of 290K and air tem
peratures of 287, 290 and 293K. These three figures
show clearly that the errors are dependent on the
total water vapour content, the actual sea surface
temperature and the air-sea temperature difference.
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When the well-defined dependencies on the surface
temperatures and the total water vapour amount are
accounted for the remaining variations in the SST
errors are due to the anomalies in the water vapour
profile. Figure 6 shows the SST error for the (12N
12F) algorithm along with the water vapour ratio in
the 4-6 km atmospheric layer. The correlation be
tween the error and the water vapour ratio is clearly
shown.

Analysis of this second possible method shows that
the water vapour retrieval may be possible using a
careful analysis of ATSR data.

5. DISCUSSION

The two methods explored for water vapour profile
determination give similar conclusions. For a useful
retrieval it will first be necessary to derive the sea
surface temperature, the total water vapour amount
and the air-sea temperature difference. The first two
parameters are those for which ATSR was designed
and should be available on an operational basis. The
third parameter, the air-sea temperature difference
should be available from the ATSR data. The air-sea
temperature difference in itself is a valuable climate
parameter as it affects the latent heat flux at the air
sea interface and thus exerts a major control on the
surface energy balance.

The effect of variation in the atmospheric aerosol
content is not taken into account in this analy
sis. Variations in the differences between the ATSR
brightness temperatures will occur with changes in
aerosol content, but will have a different "signature"
to the water vapour effects. Whether the ATSR data
are sufficiently accurate to determine both aerosol
and water vapour anomalies will require further care
ful investigation.

Finally, the coarse determination of the shape of the
water vapour profile should be extremely valuable in
refining the algorithms used for the accurate deter
mination of the SST. Currently the operational al
gorithms do not account for anomalies in the water
vapour profile and some improvement in SST accu
racy may be achieved with careful analysis of both
the infrared and microwave data from the ATSR.

6. ACKNOWLEDGEMENTS

The crew of the RV Franklin are acknowledged for
their assistance in collecting the ground truth data.

7. REFERENCES

1. Delderfield J. et al 1986, The along track scanning
radiometer (ATSR) for ERS-1, "Instrumentation for
optical remote sensing from space", John S. Seeley,
John W. Lear, Andre Monfils, Sidney L. Russak, Ed
itors, Proc. SPIE 589, 114.

2. Barton I.J. 1985,Transmission model and ground
truth investigation of satellite-derived sea surface
temperatures, J. Clim. Appl. Meteor., 24, 508-516.

3. Barton I.J. 1991, Infrared continuum water vapor
absorption coefficients derived from satellite data,
Appl. Opt., 30, 2929-2934.

4. McClatchey R.A. et al 1972, Optical properties
of the atmosphere, Rep. AFCRL-72-0491,Air Force
Cambridge Res. Lab., Bedford, Mass., USA.

5. Eymard L. et al 1992,Validation of the ATSR/M
microwave radiometer data, Proc. First ERS-1
Symp., Cannes, France, ESA SP-359, 763-766.



QUANTITATIVE REMOTE SENSING IN THE llµm WAVELENGTH REGION USING ATSR
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ABSTRACT

The Along Track Scanning Radiometer (ATSR) was
designed to measure the sea surface temperature
(SST) by using brightness temperatures obtained
from two views of the surface and in two or three
wavelength bands. Model results are used to inves
tigate inconsistencies between SST values, derived
from different combinations of the views and chan
nels, when volcanic aerosols are present in the strato
sphere. By using ATSR data it is found that similar
inconsistencies arise over a real atmosphere which is
likely to have aerosol contamination present, and it
is shown that it may be possible to use the value of
these inconsistencies to correct further the SST val
ues derived by the two-view algorithm, without any
additional in-situ measurements.

Keywords: Sea surface temperature, ATSR. aerosols

1. INTRODUCTION

The validation of data from any new instrument is al
ways necessary for two reasons: firstly, to show that
the theoretical basis of the instrument is right, and
secondly, to demonstrate that the instrument is func
tioning correctly. ATSR - for a description of the
instrument see Delderfield et -al (Ref. 1) - is measur
ing the skin temperature of the sea hence its ultimate
accuracy can only be checked by comparing the re
sults with coincident radiometrically measured sur
face temperatures. The latter are usually obtained
by using research vessels. A major problem, how
ever, is the very low number of coincidences, caused
by cloudiness and the long times it takes for the ships
to reach areas within the instrument's swath.

It is not the purpose of this paper to study ATSR's
performance by using in-situ validation data. The
results obtained by Forrester et al, Thomas et al,
Smith et al, Mutlow et al (Ref. 2 - 5) and others
are all very promising and show that, in almost ev
ery case, the SST values retrieved by using both the
nadir and forward views agree more closely with the
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in-situ values than the SSTs derived by using the
nadir-view brightness temperatures only. On some
occasions, however, there are significant disagree
ments even in the former case and a possible cause is
the presence of volcanic aerosols in the stratosphere.

There was a powerful volcanic eruption in June 1991
in the Phillipines (Mount Pinatubo). The aerosols
in the stratosphere quickly formed a belt near the
latitude of the eruption. which then spread slowly to
neighbouring latitudes. The effect of the aerosol con
tamination was severe enough to trigger the standard
AVHRR cloud-clearing algorithms and, even when
SST values were retrieved, the AVHRR SSTs were
in error by up to 2 K.

\Veare presenting results from an atmospheric model
first, showing the predicted effect of the tropical at
mosphere on ATSR-measured brightness tempera
tures, and the additional deficits arising when a re
alistic amount of volcanic aerosol is present in the
stratosphere. The likely effect of the aerosol con
tamination on the retrieved SST is also computed.
In the second half of the paper the results are com
pared with those from a case study, using ATSRdata
obtained in l\larch 1992 and in an area likely to be
contaminated by aerosols. The paper is concluded
by proposing a tentative scheme for correcting for
aerosol contamination in the SST retrieval scheme.

2. THE EFFECT OF VOLCANIC AEROSOLS -
l\IODEL RESULTS

The RAL atmospheric model, substantially as de
scribed in Barton et al (Ref. 6), was used to com
pute the brightness temperatures that. would be mea
sured by ATSR over a tropical atmosphere. The at
mospheric profiles of temperature and water vapour
density were those given by l\kClatchey et al (Ref.
i) for the tropical atmosphere.

To start with, the atmosphere was assumed to con
tain no volcanic aerosols, and the brightness temper
ature deficits are given in the first line of figures in
Table 1.

Proceedings Second ERS-1 Symposium· Space at the Service of our Environment, Hamburg, Germany, 11. 14 October 1993
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TABLE 1: Simulated temperature deficits (K) for
the US Standard Tropical Atmosphere

view nadir
channel 3.7µm llµm 12µm

forward
3.7µm llµm 12µm

3.01 4.73 6.53 4.79 i.19 9.31

fresh
aged

aerosol effect: increase in deficits (K)
0.46 0.71 0.52 0.78 1.21
0.36 0.71 0.55 0.61 1.21

0.88
0.93

The two channels in the lOµm window have a con
siderably higher temperature deficit than the 3.7µm
channel, this is caused by the strong water vapour
absorption.

The figures in the two lines following show the ad
ditional temperature deficits, caused by the presence
of volcanic aerosols in the stratosphere. The ter
minology and cross-sections used were those given
in McClatchey et al (Ref. 8). Fresh aerosols are
aerosols with a size distribution corresponding to
that found shortly after a volcanic eruption, and
the aged aerosols refer to those about a year after
the eruption. The aerosols were assumed to be dis
tributed uniformly in a layer at a height between
20km and 25km, and with a concentration giving an
optical depth of 0.011 at llµm in the nadir view.
Single scattering only was assumed.

By definition, the increase in the atmospheric deficits
is the same at 11 µm for both kinds of aerosols. It
is also for this channel that the aerosol effect is the
greatest, caused by the peak value in the absorption
index near 10 µm.

It should also be noted that although the increase
in both water vapour and aerosol column amounts
would increase the deficit in all the channels, the dif
ference between the llµm and the 12µm brightness
temperatures are predicted to decrease with increas
ing aerosol densities.

SST retrieval errors
In the ATSR processing scheme, the SSTs are re
trieved by using the standard equation of

SST = ao + L aiT;
i=l,n

(1)

where n is the number of brightness temperature
channels used. The coefficients ai have been deter
mined by a standard multiple regression technique
using model-generated brightness temperatures for
a. collection of real atmospheric profiles of tempera
ture and humidity, but without any contamination
by volcanic aerosols. The coefficientsused with data
in this paper were generated by assuming that the

brightness temperatures T; have negligible instru
mental noise contamination, corresponding to the
case where they have been averaged over an area
large enough for this assumption to apply.

Table 2 shows the simulated error in retrieved SST
when the brightness temperatures derived for the
US Standard Tropical Atmosphere are used with the
standard coefficients. The standard deviations in the
error of the simulated SSTs are given in the last col
umn, these were derived from the same collection
of 83 tropical atmospheres as had been used in the
derivation of the retrieval coefficients.

TABLE 2: Simulated SST errors (K) for the US
Standard Tropical Atmosphere

Channels and views used aerosol type

nadir forward
3.i 11 12 3.i 11 12 none fresh aged sd

x x o.ir -1.1-1 -1.05 0.48
x x x -0.0i -0.62 -0.49 0.11

x x x x -0.0i -0.46 -0.46 0.13
x x x x x x -0.05 -0.30 -0.2i 0.03
x x -0.08 0.23 o.rr 0.11

x x -0.19 O.Ji 0.36 0.42

The figures under the aerosol heading 'none' show
the error in the absence 011 any volcanic aerosol con
tamination. The errors in this column are always less
than 0.2K. even when only two channels are used in
the retrieval.

The presence of aerosols reduces the retrieved SST
when channels ofmore than one wavelength are used,
and increases it in the two cases shown for single
channel retrievals. For the aerosol contamination as
sumed, the error is largest from the algorithm having
the nadir-viewing l lµm and 12µm brightness tem
peratures only and. as expected. is smallest when the
channel least effectedby the atmosphere and aerosols
(the 3.iµm channel) is used on its own.

For any combination of wavelength channels, the er
rors are always smaller when both views are used,
compared with errors from the algorithms having the
nadir-view brightness temperatures only. It should
also be noted that even in the two-view retrievals
the error caused by the aerosols can be significant
and can approach a value equal to the aerosol effect
on the nadir-view brightness temperatures.

3. SELF CONSISTEr;CY IN THE ATSR DATA

As mentioned in the the Introduction, the ulti
mate test of ATSR is the comparison of the ATSR-



measured SST with in-situ values. Checks on the
self consistency of the brightness temperatures mea
sured in the different channels, and of the SST values
derived by using different channels, can also be use
ful for showing up possible errors in the atmospheric
model used in the generation of the SST retrieval co
efficients, or even in the performance of the ATSR
instrument. As there are no reasons to believe that
the brightness temperatures measured are not within
specifications, the latter possibility will not be con
sidered further.

The consistency checks should ideally use a large
amount of data so that if there are any unexpected
results, their dependence on geographical location,
date, temperature, humidity, etc could be used for
establishing their cause. The major problem with
using global data from a surface-viewing infrared in
strument is that the data must be known to be 100%
cloud-free, otherwise cloud contamination can always
be suspected as a possible cause of any discrepancies.

We have used data from just one standard-size ATSR
image product (area 512km x 512km), after a routine
histogram plot of the llµm minus 12µm difference
had revealed an unusually large range of atmospheric
conditions above it. The data were obtained at night
on 4 March 1992over the Indian Ocean, and the cen
tre of the image is at 2.3°N, 80.6°E. The cloud tests
have flagged only small amounts of clouds, mostly
in the lower right hand (SE) quadrant. The 12µm
brightness temperature image (Figure 1) shows a
strong North-South temperature gradient.

.'.:'J-•

Figure 1. 12µmATSR brightness temperature image

The behaviour of all three nadir-viewing infrared
channels and of the SSTs, retrieved by using the data
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in both views, is shown quantitatively in Figure 2
where the values plotted were taken along the verti
cal line drawn in Figure 1. It can be seen not only
that the brightness temperatures in all the channels
decrease southwards but also that the differencesbe
tween the llµm and 12µm channels also increase in
the the same direction. A strong increase in col
umn water vapour with along-track distance could
produce both the decrease and the divergence in the
brightness temperatures. The plot of the retrieved
SST values shows that the sea temperature does not
have the North-South slope found in the brightness
temperatures.

302

0 100 200 300 400 500
along-track distance, km

Figure 2 ATSR SST and nadir-view brightness tem
perature values along the line in Figure 1

The SSTs were also calculated for the whole of the
image, using all the channel combinations shown in
Table 2. In order to reduce the effect of instrumen
tal noise, the brightness temperatures of up to 100
cloud-free pixels were first averaged over an area of
lOkm x lOkm. Results are only presented for the
area within lOOkmof the sub-satellite track so that
the pixels used were all viewed at approximately the
same angles.

The two-view 3-channel algorithm is normally the
most accurate hence SST values generated by this al
gorithm are used as a reference in the SST difference
plots shown in Figure 3. The x axis is the difference
between the brightness temperatures from the llµm
and 12µm nadir-viewing channels: it is roughly pro
portional to the atmospheric water vapour content as
wellas to the distance measured southwards from the
top of the image. It can be seen that, for l lrmi minus
12µm brightness temperature differences larger than
about lK, there is no clear dependence of the er
rors on this difference. It followsthat, unless the the
aerosol layer over the area is non-uniform and varies
'monotonically in the South-North direction, the dis
crepancies shown in the figures are not dominated by
errors in the model water vapour absorption. Com
paring the sign and value of these discrepancies with
the calculated aerosol-induced errors, taken from ta-
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ble 1 and shown as crosses (fresh aerosols) and circles
(aged aerosols) indicates that the aerosol parameters
used in Section 2 are approximately right to explain
the discrepancies found in the higher water vapour
areas. For points at llµm minus 12µm differences
less than about lK the SST differences do seem to
be a function of z but, as z is proportional not only
to the column water vapour amount but to distance
in the image as well, this may well be caused by the
aerosol density itself varying in this region.

4. CORRECTION FOR AEROSOLS USING
ATSR DATA ONLY

In the existing routine SST retrieval scheme, no in
dependent information is available on the amount or
the optical depth of the stratospheric aerosols. The
results from the section above show, however, that
the differences found in SSTs retrieved by using dif
ferent channel combinations are consistent with the
presence of volcanic aerosols.

As the aerosol effect is small, the changes due to
aerosols in the brightness temperatures and SSTs can
all be approximated by a linear dependence on the
total column amount. It follows that the discrepan
cies in SSTs could be used both for further correct
ing the retrieved SST values and for determining the
aerosol loading of the atmosphere.

At night-time, and if the 3.7µm channel is present,
the two-view 3-channel SST could be corrected most
accurately by using the difference between it and the
single-view 3-channel SST. The results form table 1
show that the aerosol effect on the two-view SST
was -0.25K for fresh volcanic aerosols (-0.22K for
aged), and that the effect on the difference between
the SSTs from the two algorithms was -0.30K for
the fresh (-0.20K for aged) aerosols, for the aerosol
amount used. The 'uncontaminated' SST could be
retrieved by adding to the two-view 3-channel SST
the difference between the two SSTs multiplied by a
factor between 0.83 and 1.1. The value of this factor
depends on the age of the aerosols and, as it is op
erating on a small quantity, the implied uncertainty
would be acceptable.

If SSTs using the 3.7µm channel data are not avail
able, the 2-channel algorithms could be used in a sim
ilar way. Again using the data in Table 2, the multi
plying factor would be about 0.41 and, in this case,
it is almost the same for the two types of aerosols
used in the model.

By using the differences between the two-view and
single-view SSTs it may be erroneously assumed that
the accuracy of the corrected SSTs would be de
graded to a figure that is comparable or even worse
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Figure 3. Differences between SSTs from algorithms
using the channel and view combinations shown, and
SSTs retrieved by the two-view 3-channel algorithm.
Values taken from the image are shown as <lots. and
those from the model. deduced for conditions given in
the text, as crosses (fresh aerosols) and circles (aged
aerosols)

than that for the single-view retrieval. Owing to
the high correlation of the SST errors in the two
retrievals this. however. is not the case and the rms
errors in the corrected SSTs are predicted to be in-



creased by less than 0.05Kwith respect to those from
the two-view retrievals, with both the 2-channel and
3-channel algorithms.

5. CONCLUSIONS

The results from the atmospheric·model have shown
that if there is significant aerosol contamination, the
SSTs retrieved by algorithms using different channel
and view combinations are all biassed and different.
The value of the bias is normally negative and, as
expected, is smallest when the two-view algorithms
are used.

In the sample of ATSR data selected for analysis
in this paper, the major part of the inconsisten
cies between SSTs from different algorithms could
have been caused by an almost uniform stratospheric
aerosol layer over the scene. The optical thickness
of the aerosols, required to explain the results, was
found to be about 0.01 at llµm.

If it is assumed that the SST inconsistencies are pri
marily caused by volcanic aerosols, a correction is
possible by using the values of the differencesin a cor
rection term, after scaling them by factors deduced
from the model results. The random SST errors,
caused by variability in the clear atmosphere, would
inevitably increase owing to the use of SSTs from less
accurate algorithms, but the increase is predicted to
be small.

For the most accurate corrections, it is necessary to
fully understand and model the standard atmosphere
with negligible aerosol contamination, and further
work is still required in this field.
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SEA SURFACE TEMPERATURE AND BOUNDARY LAYER

FLUXES FROM ERS-1/ATSR DATA
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ABSTRACT

The dual angle and multi-spectral obser
vations from ERS-1 ATSR has been shown to
be useful not only affecting corrections
for sea surface temperature but also in
helping to estimate the moisture and
temperature structure of the lower bound
ary layer. In continuation of our earlier
study to this effect, some sample data
analysis has been presented here. The SST
has been retrieved to a good level of
satisfaction. The feasibility of estimat
ing the surface-air exchanges over the
oceans has also been confirmed even by
analyzing the scanty data we could gath
er.

Keywords: SST, surface flux, ATSR, water
vapour correction

1. INTRODUCTION

Sea Surface Temperature (SST) retrieval
from satellite IR observations is always
perturbed by the attenuation of the IR
signal reaching the satellite sensor due
to water vapor alongwith co2 and Ozone
gases present in the intervening atmos
phere. Therefore, the major efforts for
retrieving the SST from satellite data is
always concentrated towards a reasonable
estimate of this perturbation. There have
been several attempts to achieve this
goal (McClain 1983, Barton 1983, Schlues
sal 1987, Mathur 1991) under different
conditions of the atmosphere. The biggest
bottleneck has been the conditions pre
vailing in the tropics where the atmos
phere is extremely humid and there is
possibilities of the boundary layer
inversions being present (WHO 1986).
Then, there is an associated problem of
monitoring the atmosphere-ocean exchanges
on the global basis. These exchanges,
mainly require monitoring of the specific
humidity, surface winds, and air tempera
ture at the ocean-atmosphere interface
alongwith the conditions of stability in
the lower boundary layer.

With the launch of ERS-1 in July 1991,

Proceedings Second ERS·1 Symposium - Space at the Service of our Environment, Hamburg, Germany, 11·14 October 1993
ESA SP-361 (January 1994)

1081

new possibilities have opened up in this
direction. ERS-1 carries onboard Along
Track Scanning Radiometer (ATSR) which
has a unique feature of viewing the
earth's surface from two different angles
i.e. o" and 55•. and in multispectral
mode. As described in earlier simulation
studies by the authors (Mathur and
Agarwal 1992, Agarwal et al 1992), ATSR
dual angle observations alongwith the
water vapor observation by Microwave
Sounder (MWS) can· remove the ambiguities
due to WV distribution and provide im
proved SST retrieval even in the tropics.
Furthermore, due to the availability of
the surface winds by Scatterometer on the
same platform, there is now a strong
possibility of monitoring of the surface
fluxes in the oceanic regions as well.
Our earlier study (Mathur et al 1992,
Agarwal et al 1992) has demonstrated·
these possibilities through simulations.

In this paper, we present results from a
few ATSR data sets obtained under ESA-AO.
We have estimated SST with and without
water vapour information. In the absence
of Microwave sounder data, being not
available for the sample data set we have
received so far, we have attempted to
retrieve climatic estimates of the total
columnar water vapor content also by
ATSR. This estimate is based on the fact
that the differential nadir and forward
observations will basically depend upon
the moisture in the lowest layers. Under
stable atmospheric conditions, the mois
ture in the lowest layers will have
direct bearing on the total water vapour
content. (cf with the method for deter
mining the surface fluxes).

2. ATSR DATA

Sample ERS-1/ATSR data for 3rd March '92
(Descending pass) has been provided by
Rutherford Appleton Laboratory, UK under
an ESA project (Announcement for project
proposal for ATSR utilization of ATSR
data IND-4). The calibrated and collo
cated data is in the form of equivalent
blackbody brightness temperature (EBBT)
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of thermal channels centering around 11
µm and 12 µm and in the form of reflected
radiance for 1.6 µm channel. The data for
the 3.5 µm channel is not reported as it
is still under suspicion. The whole pass
is divided into 10 images each of 512 X
512 size extending from 30°S to l0°N and
90°E to 105°E.

3. SST COMPUTATION AND IMAGE REPRODUCTION

A software has been written to read the
ATSR EBBT data and compute SST for cloud
free and landless regions. The cloud
mask is obtained by analyzing the 1.6 µm
image. All the clouded pixels are forced
to have minimum gray value while land is
masked at the highest gray count.

SST is computed by applying two different
retrieval schemes. The first scheme
(called "implicit") is a single step re
trieval where SST is directly estimated
by using a chosen combination of ATSR
nadir and forward thermal channels as
discussed in an earlier paper by the
authors (Mathur and Agarwal 1992). The
retrieval equation for this scheme is:

SST = - 2.2646 - 2.0498 * CH4_N
+ 3.0589 * CH3_N
- 2.1865 * (CH4_N - CH4_0)
+ 2.8129 * (CH3_N _ CH3_0)

(1)

where CH3 and CH4 stand for the equiva
lent black body (EBBT) temperature for
the channels 3 and 4 (at 11 µm and 12 µm
respectively) and N and o stand for the
Nadir and Off-nadir observations.

The second scheme is referred to "explic
it" scheme which is a two step retrieval.
First, the total water vapor content in
the atmosphere is estimated by ATSR
observations (assuming that the atmos
phere may be stable and follow climatic
behavior), then this water vapor content
is kept as a forced independent parame
ter in the final step to compute SST.
This procedure has the advantage of
direct assimilation of the water vapor
estimates from the ATSR microwave sound
er. our experience demonstrate that this
scheme of retrieval is far more suited
for the tropical atmospheres. The re
trieval equations for this scheme are:

WV = - 3.3955
- 7.6902 * (CH4_N - CH4_0)
+ 11.330 * (CH3_N - CH3_0)
+ 17.765 * (CH3_N - CH4_N)

(2A)
SST = 0.84831 - 0.5985* CH4 N

+ 1.6063 * CH3_N
+ 0.01248 * (CH3_N - CH3_0) * WV

(2B)

The retrieved SST values are transformed
into image and contours for display.

4. Surface fluxes

As we have discussed in another earlier
paper (Agarwal et al 1992), that the
oblique viewing capability of the ATSR
sensor can be exploited to get the esti
mates of the surface air specffic humid
ity, the retrieving equation for this
parameter (over the oceans) is:

Qa = - 2.6902 - 6.9857 * SIGl
+ 10.916 * SIG2

( 3)

where

(CH3_N - CH3_0)
SIGl 100 * ----------------

(CH3_N + CH3_0)

(CH4_N - CH4_0)
SIG2 100 * ---------------

(CH4_N + CH4_0)

The evaporative flux over the sea surface
is then given by the bulk aerodynamic
formula:

LE = Cd * IVI * (Qs -Qa) ( 4)

where,

Qs = 0.625 * ess / ( 1013-ess)

ess = lQ ** (23.55 - 2937/ SST)
* (SST** (- 4.928))

(5)

Cd is the normalized bulk drag coeffi
cient and IVI is the wind speed which is
available from ERS-1 Scatterometer data.

The air-temperatures near the surface are
not discussed here since the sample ATSR
data falls outside the experimental box
for this experiment and the NOAA-TOVS
data required for this purpose could not
be obtained for the longitudes beyond 95E
from our station at Hyderabad. These
results will be reported later when
actual ATSR data over our experimental
box is available.

5. RESULTS AND DISCUSSION

5.1 SSl'.

Figure 1 shows a black a white image of
ATSR channel 3 EBBT (nadir view) over
the Thailand region. The lowest EBBT i.e.
288K is assumed to represent the thickest
clouds. Figure 2 is the computed SST
image with "implicit" retrieval scheme.
It is obvious here that clouds are better
distinguished in this image then figure 1
because of better thermal contrast of
the cloud top temperature and the uniform
ocean background. Most of the SST values
lie between 299K and 300K, which match
es with the climatological temperatures
in the region. Bottom left is showing
some warmer region of the order of 301 K.
Figure 3 shows SST retrieval with "ex-



plicit" scheme. It is evident from the
image that not only the clouds are dis
tinguished better, the thermal struc
tures are also enhanced in this SST
image. For example in the top right
corner (around 109.2E 11.4N), one can
see a slight intrusion of the cold water
into the warmer waters, a feature which
is not seen in any of the previous
images. This extra enhancement could
have been due to the high water vapor
correction required in this region. such
kind of features are possible (Ali,
Private communication) when the current
moves southwards.

This analysis leads to the possible
conclusion that the water vapor correc
tion is highly variable and the correc
tions for the SST images should not be
undertaken in the same way as normally
adopted for the grid-value estimates for
the SST. As a by-product of this analy
sis we can have a mapping of total water
vapor content, though only tentative
estimates because corrections for the
atmospheric stability are not incorporat
ed in this scheme.
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5.2 surface Fluxes

The figures 4 and 5 show the calculations
for the Qs and Qa terms in the evapora
tive flux estimate equation. Qs calcula
tion obviously follow the pattern for the
SST distribution. The Qs calculation
which indicate the mixing ratio for the
air layer in the immediate vicinity of
the sea water (probably a few centimeters
thick) while the Qa calculations have
been adjusted to the air observations at
the "deck level (10 m)" or the "screen
level" at the ground. The evaporative
flux has been seen to have much larger
value over the regions (109.2E ll.4N)
where the SST contrast was not seen in
the original thermal image. The conclu
sion is evident.

At other places, the evaporative flux are
not large. This is supported by the SST
image and the thermal image since the
contrasts are quite well marked.

ERS-1/ATSR CH#3 (11 ~) Brightness temperature
Imaae centre 108.5 E 10.24N

Figure 1: Brightness temperature image of ERS-1/ATSR

channel 3 (11 µm) dated 03-03-1992.
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on board by reference to two independent black-body
reference targets, the 11 µm brightness temperature should
have a noise level less than 0.1 deg K.
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ABSTRACT

One of the benefits of the ATSR, in addition to its role in
accurately monitoring global sea surface temperature, is the
sensitivity and low noise of the detector, resulting in single
channel brightness temperature images from the nadir view
which have a high radiometric resolution. Single channel
brightness temperature images of locations in the
Mediterranean Sea and in the South Atlantic Ocean are
examined and found to contain a richness of spatial detail not
. encountered previously in the data from other sensors. Of
particular interest is the existence of filamentary structures,
having an amplitude of a few tenths of a degree K, a width of
I-3km, coherent over lengths of 50-lOOkm, and apparently
drawn into patterns by the mesoscale geostrophic flow field.
The oceanographic implications and possible causes of these
features are discussed. The discovery of such finescale
filaments raises a number of questions about the dynamics and
physics of the ocean surface, and demonstrates the enhanced
utility of mapping sea surface temperature from space with a
high sensitivity radiometer.

1. INTRODUCTION

ERS-1 was launched on 17th July 1991 and since 15
September 1991 the Along Track Scanning Radiometer
(ATSR) has been operating almost continuously. The ATSR
was designed primarily to achieve very accurate measurements
of sea-surface temperature (SST). What distinguishes it from
previous infra-red scanning sensors such as the advanced very
high Resolution radiometer (AVHRR) flown on the NOAA
satellites is its conical scanning mechanism (Ref. 1), and
consequent ability for improved atmospheric correction using
its two-look capability. The scanner operates with two
wavebands in the 10-12.5µm window, and a 3.7 µm waveband
also measured thermal emission at night, although this channel
has now ceased to function.

Whilst most analysis of ATSR data has so far concentrated on
the accuracy of absolute SST recovery, this paper is concerned
primarily with what can be observed on single channel nadir
view images of brightness temperature at maximum spatial
resolution. One reason for the improved accuracy of SST
retrieval by the ATSR is the sensitivity of the detectors
themselves. Cooled by a Stirling-cycle cooler, and calibrated

High resolution SST maps derived from other infra-red
satellite sensors, notably the AVHRR, are now accepted as a
useful means for the study of ocean mesoscale dynamical
features. To obtain surface temperature patterns at maximum
resolution, brightness temperature images from a single band
are used. Because no atmospheric correction is applied the
images are less noisy and more sensitive for detecting
temperature structure (Ref. 2), although the absolute values of
temperature recorded may be several degrees in error.
Compared with AVHRR, the use of ATSR single band images
does not necessarily improve the absolute accuracy. but does
promise significant improvement in radiometric sensitivity.
Since virtually all our knowledge about the detailed
distribution of SST is based on satellite infra-red
measurements, an improvement in the technique may reveal
features of surface temperature structure which hitherto have
not been observed. The objective of the research described
here was to discover whether ATSR does improve the
resolution of SST and whether ATSR images reveal any novel
features of the ocean surface which have previously escaped
detection by other thermal infra-red scanning sensors.

2. IMAGE SELECTION AND PROCESSING

Single Channel (1lµm waveband) brightness temperature
images were obtained from the SADIST 410 and 500
processing systems for ATSR data at Rutherford Appleton
Laboratory. The images have been geometrically corrected
and resampled onto a 1 km rectangular grid aligned with the
satellite azimuth. A full image is therefore 512 x 512 km.
Clear sky conditions were sought, but any cloud that is
present, being much cooler than the sea, will appear black on
the images. Data corresponding to day and night overpasses
of the same area were sought, but because of the different
orientation of ascending and descending overpasses they do
not overlay each other exactly without further geometric
manipulation. In the search for oceanic conditions which
might demonstrate the resolution capabilities of the ATSR,
attention was directed at regions already known to have strong
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thermal dynamical signatures on AVHRR data.

The first set of images was selected from the South-West
Atlantic Ocean in the region of the confluence of the Brazil
and Malvinas (Falkland) Currents. The images had already
been processed for a calibration-validation exercise in which
a ship-borne radiometer was deployed on a transit cruise from
the North to the South Atlantic. The specific region of
interest is off the South American coast, between 30°S and
45°S and 50°W to 60°W (Fig. 1). The second set of images
was selected from a set of cloud-free images of the
Mediterranean Sea, all recorded in May 1992. The region of
interest is the western basin, between 0° and 15°E (Fig. 2).

The data output from the SADIST processor has a resolution
of 0.01 degC, but for ease of display the pixel temperature
values were truncated to a resolution of 0.1 degC and
manipulated as 8-bit unsigned binary integers. For this paper.
the images are presented in greyscale form, with a contrast
stretch applied to emphasise the variability. As will become
apparent, such is the resolution of the temperature variability
within some images that a single greyscale is inadequate to
show the full dynamic range. The endpoints of the
temperature range represented by the greyscale are noted on
each figure. Temperatures outside this range are represented
as black or white, darker tones being colder and lighter being
hotter. In most cases the contrast stretch is linear.

3. SOUTH ATLANTIC ATSR IMAGES

Figure 3, although it contains some small cloud patches,
illustrates the general pattern of SST in the region. The
region of bright tone stretching from the top right of the
image corresponds to the warm Brazil Current flowing from
the north-east. The darkest tone to the left represents the
coldest water, the Falkland Current, flowing from the south
west. The slightly warmer region at the top left may be the
shelf water of intermediate temperature. To the bottom of the
image is a confused region of intermediate temperature,
resulting from the dynamical interaction of the two opposing
currents. Cyclonic cold core eddies and anticyclonic warm
core eddies are apparent. There are sharp frontal zones where
the temperature changes by 5 degC in a few kilometres, and
sinuous meandering intrusions of both warm and cold water.
This part of the ocean is revealed as a region of great thermal
complexity.

The overall structure revealed by Fig. 3 was already familiar
from studies of AVHRR data. Indeed, with a less sensitive
infra-red scanner, the VHRR, Legeckis and Gordon (Ref. 3)
were able to describe in outline the dominant features in this
region. However, from the ATSR there is a richness of detail
which is new, and which reveals that the complexity of
thermal structure is found at shorter scales, down to 1 - 2 km,
as well as at the scales of tens to hundreds of kilometres.
This is particularly evident in the region left of centre of the
image where the two water masses oppose each other directly.
The ATSR image is able to reveal that the intermediate water
is not homogeneous as might have been concluded from a Jess
sensitive detector, but is made up of interleaving bands of
warm and cool water. This observation is significant in
relation to understanding the balance between the advective
processes (drawing out the gradients and producing
streakiness) and the diffusive·processes (smoothing the steep
gradients and tending towards uniformity).

Figure 4 illustrates this even more vividly. This is about 600
km south three days later and we see to the top centre-left a
tongue of warm water which originates from the Brazil
Current. The dominant feature is a large cold core eddy.
some 150 km in diameter. In the intermediate water. created
from a mixing of the two main water masses. a richness of
spatial detail is apparent with variability length scales as short
as 1-2 km. What is remarkable, and has not been so clearly
revealed previously, is the coherence of long filaments of
water entrained into the eddy's periphery. These filaments
differ in temperature from their immediate surroundings by
between 0.2 and 0.5 de'gCand are only one or two kilometres
wide, but extend as coherent entities for up to 200 km.

Fig. 5, expanding details of Fig. 4, reveals this further by
applying steeper contrast stretches. The characteristic patterns
are similar in the original and the zoomed images. There are
small eddies and hammerhead shapes which, although their
thermal amplitude is weaker, are otherwise identical to the
patterns at the larger scale. This is evidence for the self
similarity of the geophysical fluid dynamical processes which
control the water movements, although more rigorous analysis
of the patterns will be needed before confident conclusions can
be drawn. What this preliminary survey does confirm is that
the ATSR is able clearly to reveal thermal structures which
have an amplitude of 0.2 degC and a width of 2 km, as well
as structures with a length scale of 20 km and 200 km. It is
only in cases where a front is exceptionally steep that AVHRR
can resolve patterns down to such shon length scales. The
power of the ATSR to resolve the smaller features is further
demonstrated in fig. 6, where a different contrast stretch has
been applied to the warm zone of fig. 4. Present in the data,
but not capable of display at the same time as the rest of the
image using a single grey scale, are patterns caused by
filaments drawn from tiny cold core eddies, an order of
magnitude smaller than, but otherwise indistinguishable in
form from, the large eddy in fig. 4.

Fig. 7 is a southward continuation of fig. 3 and half its area
(the bottom left) overlaps the top right of fig. 4 which was
recorded three days later. Although fig. 7 is cloudier, the
large cold core eddy is discernable, and the warm water mass
is present to the north-west of it. Comparison between the
two images shows many similarities but also significant
deformations of the overall pattern. The enhanced resolution
makes the task of correlating the movements of detailed
patterns between the images easier.

4. MEDITERRANEAN ATSR IMAGES

Figure 8 is a morning image of the Western Mediterranean
Sea. The Spanish coast is at the top left and the Algerian at
the bottom right. The island of Majorca is located centrally.
In order to reveal the texture of SST patterns in the greyscale
image a histogram equalisation stretch has been used, resulting
in an indistinct coastline although it is not ambiguous in the
data. As for the South Atlantic images there is a wealth of
detail in the image, including narrow filaments a few tenths of
a degree warmer or cooler than their surroundings, stretched
out coherently over more than 100 km.

The richness of the mesoscale patterns in this region is not
unexpected, having been observed often in both ocean colour
(CZCS) and temperature (AVHRR) images (Refs. 4 & 5).
The complexity of the fine scale patterns is not necessarily



evidence of a similarly complex mesoscale velocity field but
could result from the non-linearity of lagrangian advection by
a relatively simple circulation. Font (Ref. 6) and La Violette
(Ref. 7) have examined the circulation of the Catalan Sea, the
north western pan of this image. The latter of these papers
made extensive use of AVHRR imagery in order to provide a
regularly updated context in which to interpret individual in
situ measurements. The AVHRR has clearly revealed the
eddy and plume structures which characterise the region.
However, the narrow, fine temperature filaments have not
previously been seen so clearly because the temperature
fluctuations defining them are too small to distinguish from
the noise of sensors such as the AVHRR. Now that they are
more precisely mapped by the ATSR, they provide additional
information about the fluid dynamics of the area.

For example, the improved sensitivity to the fine scale texture
of SST should facilitate the application of cross correlation
analysis to sequences of images in order to estimate the
surface circulation vectors. The persistence time for the fine
structure to remain recognizably coherent may also contain
information about the near-surface mixing, and air-sea
interaction processes. Fig. 9 is an evening overpass, obtained
12 hours later than fig.8. Note that after sunset the islands
and mainland are now cooler than the sea, and that the
orientation is rotated slightly clockwise compared with fig. 8.
Although the greyscale loses some of the detail, a comparison
of the originals confirms that both images contain the same
spatial details, implying that the patterns are genuinely in the
SST field and not an artefact of the atmosphere. Moreover,
since they do not change in amplitude between day and night
in this case, it appears that they are representative of the
upper ocean rather than ephemeral patterns of the surface skin
temperature decoupled from the bulk temperatures below.

5. BANDED TEMPERATURE PATIERNS

Figure 10 is an ATSR image from the sea around Sardinia and
Corsica and fig. 11 is an enlargement of the region to the west
of the islands. The dominant features west of Corsica are
banded linear structures, a few tenths of a degree in amplitude
and 2-4 km wide. As with the images discussed above, the
SST patterns appear to be the result of deformation by the
mesoscale eddy structures typical of this pan of the sea, and
again the resolution achieved by the ATSR is able to
demonstrate that the structures are coherent over lengths of
50-100 km. However, close inspection shows that this
phenomenon is not quite the same as the interleaving of water
masses having contrasting temperatures evident in the
Falklands Confluence, or further west in the Mediterranean.

What first appears different is the absence of distinctive
regions which could be considered to be the warm and the
cool pools from which the interleaving structures are being
drawn by advection. The patterns here seem to be defined by
filaments of warm water which are the highest temperatures
within the image west of Corsica. It is possible that they have
been advected in from a warm region outside the extent of the
image, but in that case it is unlikely that they would remain so
distinct and coherent for the several days which it would have
taken for the patterns to evolve by Lagrangian advection. It
therefore seems more likely that the warm bands are
associated with local surface heating.

It should be remembered that only the skin temperature of the
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ocean is observed by infra-red radiometers. This is likely to
differ from the "bulk" sea surface temperature (i.e. at l-2m
depth such as is typically measured from a ship) by up to ±I
deg C (Refs. 8-10). Such a difference may be caused by the
effect of solar heating creating a diurnal. thermocline within
the topmost metre of the water column. Alternatively it may
be the result of the thermal skin effect; the inhibition of
turbulent heat transfer by the presence of the air-sea boundary
permits a steep temperature gradient within I mm of the
surface.

Given the dependence of the skin temperature deviation upon
local meteorological factors (wind speed, air-sea temperature
difference, humidity) and local surface ocean properties
(surface slicks and surfactants, local wind-wave field) it might
be expected that SST variability with a magnitude of a few
tenths of a degree, now capable of being detected by the
sensitivity of the ATSR, would either be completely random
or controlled by local meteorological length scales. If that
were the case, we would expect the skin temperature to be
decoupled from the underlying upper ocean temperature in
relation to variability at length scales of one to perhaps fifty
kilometres.

However, this is not consistent with any of the images
presented here in which even the most subtle fluctuations of
SST appear to be controlled by the mesoscale patterns
associated with the motion of the underlying ocean. This is
not only counter-intuitive: but at variance with the evidence of
Schluessel (Ref. 8) who demonstrated from field
measurements a loss of correlation between the skin and the
bulk temperature at length scales less than 60lcm. In the case
of figs. 3-9 it appears that if there is a skin temperature
deviation at all it does not vary enough horizontally to mask
the underlying temperature structure. However, in fig. I I this
may not be the case.

Fig. 11 was obtained in the evening, when the effect of any
diurnal warming might· be expected to be greatest. It is
therefore interesting to examine fig. 12which was obtained 36
hours earlier in mid morning before appreciable diurnal
warming could take place. While it is apparent that there is
a general similarity in the overall mesoscale patterns, allowing
for some deformation in the intervening period, nonetheless
the sharply defined filamentary features of the evening image
contrast with the weaker and less clearly defined patterns in
the morning image. It is difficult to propose a mechanism
other than very shallow heating which could effect the change
between fig. 12 and fig. 11.

This is consistent with the patterns being related to solar
heating, affecting both the diurnal thermocline and the thermal
skin deviation. If this is the immediate cause of the raised
temperatures, we must still fmd a mechanism by which the
skin temperature variability is coupled to the underlying
mesoscale field, which undoubtedly it is, as evidenced by its
large scale coherence. One possibility is that material surface
slicks are present in banded structures. These would be
advected by the mesoscale velocity field, forming patterns
which evolve over a time scale of several days. Given
suitable meteorological conditions, the slicks would cause
local changes in the near surface thermal structure which
appear as the observed thermal patterns. Slicks could also
affect the surface emissivity and hence the apparent radiative
temperature (ref. 11) In this explanation the time scale of the
surface temperature patterns could be very much shorter than
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the advective time scale of the eddy field, which is consistent
with the strengthening of the thermal signature in the evening
image. In effect, the temperature patterns might be "painted"
each day onto the surface by suitable solar heating conditions
modulated by the surface slick which has been advected by the
mesoscale eddies.

Another possibility is that the structure is associated with
horizontal vonices in the upper ocean which, being
conservative, are stretched and deformed by the mesoscale
eddy field. Such vonices would generate lines of surface
upwelling and downwelling. Given the right solar heating and
wind cooling conditions, these would show up as zones of
cooler and wanner water respectively.

Credence is given to the hypothesis that the phenomenon is a
surface effect coupled to the underlying motion because the
patterns are so similar in character to those of sun glitter in
the visible waveband photographs taken from the Space
Shuttle (Ref. 12). Although the length scale is shorter in the
shuttle photographs by a factor of 2 to 5, apart from this the
structures are almost indistinguishable in the two types of
image. The sun glitter patterns are assumed to be the result
of a coupling between the surface roughness and the
underlying flow field. Surface roughness changes may be
sufficient in themselves to produce apparent temperature
patterns because the infra-red emissivity is sensitive to the
surface slope distribution (ref. 13).

6. CONCLUSIONS

It is clear that the enhanced sensitivity of the ATSR has
enabled high spatial resolution images (1 km pixel size) of
brighmess temperature to be obtained with very fine
temperature resolution. Under suitable conditions these
images reveal patterns of SST variation with greater detail
than hitherto recorded by other sensors. Temperature
fluctuations of order 0.2 to 0.4 deg C are clearly resolved
when they would have been lost in the random noise
fluctuations on single band images from other scanning
radiometers. The degree of detail is exquisite in some
images, revealing fine filamentary patterns embedded into the
mesoscale structures which images from previous sensors had
tended to show as apparently uniform.

This preliminary analysis of a few images points to the need
for much funher work. For example, it is important to
perform seasonal surveys to determine whether the occurrence
of the detailed patterns is persistent, seasonal, or an atypical
situation which was fortuitously encountered. Unless it is the
latter, it should be possible to develop analytical tools to
exploit the sensitivity of the ATSR by using the subtle
temperature structures as tracers of water movement, and as
indicators from which to infer information about mixing
processes in the upper ocean. It will also be wonh examining
areas of ocean previously assumed, on the evidence of less
sensitive scanners, to be devoid of thermal structure, in case
there are weak thermal signatures which reveal dynamical
features. It may be necessary to revise assumptions about the
uniformity of SST in certain areas, and consider what effect
the subtle temperature variations detected here have on the
calibration of global scale satellite SST datasets using buoy
measurements. If ATSR has revealed fine structures of
variability down to length scales of 1-2 km, there may be even
finer structures present, as yet unresolved, which could
compromise the claim of in situ measurements from buoy or

ship to be representative of a wider area of sea.
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Figure 1. Location of Soulb Atlllntic ATSR images

Figure 2. Location ofMeditemmean Sea ATSR images

Figure 3. Soulb Atlantic ATSR 11pmbripitness temp. image
with histogram equalisation Slletdl. 1oOct, 1992,02:21ur.
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Fiaure 4. South Atlantic ATSR 11J11D briatmiess temp. ima&e
with bistop'lm equalilation llreeb. 13Oct, 1992, 02:25 ur.

Fiaure S. Enllrpd detail of Fig. 4, with line8r llletdl between
7.1 lllld 12.2degC.

Figure 6. Dmil of Fig. 4, with line8r lltretdl between 12.6
llDd 14.3degC.



Figure 9. Meditanmean ATSR 11 J1111brightness temp. image
with linelr strdch, 15.4 - 17.7 degC. 1s May 1992, 2201 tIT

Figure 12. En1arpd ddail ofMeditet1ililtiGI AT'Sll 11 um
migblnea 1emp. image, linelr stretch 13.0 - 16.0 degC.
12 May 1992, 10:38 trr
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Fipre 7. Soulb Admtic: AI'Sll 11pm briatimea limp. Umtae
with hislogrmn eqmlil8lion lll'dch. 10 Oct, 1992, 02:20 trr.

F"igure 10. Mecli1arlliltiG AT'Sll 11JDDbrightness temp.
La-r stretdJ. 14.4- 19.2 cleaC. 13 May 1992, 21:23 tIT

Fipre 8. Medi1lrma-.i ATSR.11mnm.-- temp. illlllge
with hislogrmn eqmlil8lion llftllCl{ls May 1992, 10:44 trr F"ipre 11. Enlmaed deail of Fig. I0, with m-- llnlfdl

benwlm 14.9mdl7.l degC.



AN ASSESSMENT OF THE ACCURACY OF ATSR DUAL VIEW SEA SURFACE
TEMPERATURE ALGORITHMS

J.P.Thomas and J.Tumer

British Antarctic Survey, Madingley Road, Cambridge, CB3 OET. U.K.

ABSTRACT due to several shoncomings in the earlier version
(Ref.2), although the SST algorithms used have not
been changed. The version 500 products for the cases
discussed in Ref. l have not yet been obtained.
However, it was possible to re-derive values of SST
directly from the version 400 BT measurements using
the dual view algorithms. These new SST values were
then compared again with the in-situ SSTs to see if the
magnitude of the SST differences was reduced by the
inclusion of the forward view BT measurements.

Between October 1991 and May 1992 in-situ
skin and bulk SSTs were measured from the RRS
Bransfield. within the ATSR measurement swath as
ERS-1 passed overhead. Intercomparison of the in-situ
and ATSR SSTs shows that there was a 0.7K cold bias
in the ATSR values due to the presence of stratospheric
aerosol over the tropical North Atlantic. In the South
Atlantic, at mid-latitudes, a 0.5K cold bias in ATSR
SST could only be removed by including the 3.7µm
brightness temperature measurement in the dual view
SST algorithm. At several other locations there was
good agreement between in-situ and ATSR SSTs.

2. DATA PROCESSING METHODS

2.1 Jn-situ measurements
The preliminary results discussed in Ref. l were

for 9 sets of co-located in-situ and ATSR SST
measurements. Since then two more sets of ATSR data
have been obtained, one in the tropical Atlantic and one
in the Weddell Sea (see Figure 1). One of the cases,
that for 16 October 1991, has been omitted from the
present analysis due to difficulties with cloud clearing.
The Weddell Sea case will be treated separately as
there was a time lapse of 12 hours between the in-situ
measurements and the satellite overpass. There are
features of the SST variability for this case which are
of qualitative interest. The 9 remaining sets of co
located measurements have been chosen as the best
possible datasets for making intercomparions of the in
situ and ATSR SSTs. Many other possible datasets
were rejected because of extensive cloud or sea ice
cover at the time or because of a time difference of
several hours between the satellite overpass and the in
situ measurements. The radiometer was installed on the
ship for a total of eight months but was not operated
during all of this time either because it was undergoing
repair or because no personnel were available to operate
it. The total number of possible operational days was
100.The small number of good intercomparisons which
were obtained was due to several factors:
(i) the narrow ATSR swath and the large distance
between sub-satellite tracks which sometimes led to
long periods when the ship was not within an ATSR
swath.
(ii) bad sea conditions preventing use of the radiometer.
This was a panicular problem when crossing the
Southern Ocean between South America and Antarctica.
~iii) extensive cloud cover preventing ATSR from
viewing the sea surface, particularly in the Weddell Sea

Keywords: ATSR, SST, skin temperature, aerosol.

I. INTRODUCTION

The preliminary results of an intercomparison
between ATSR sea surface temperatures (SST) and in
situ measurements from an mfra-red radiometer and
thermistors were described in Ref. l , The main
conclusions were that the ATSR SSTs had a cold bias
of between 1 and 2 K in the tropical Atlantic Ocean but
that some of this offset could be due to the ATSR data
processing scheme in use at that time. It was suggested
that the magnitude of the cold bias was due to the fact
that only the ATSR's nadir view brightness
temperatures (BT) had been used in deriving the SST in
most of the tropical cases.

The ATSR SST values were derived at the
Rutherford Appleton Laboratories (RAL) where an
automated processing scheme, called SADIST
(Synthesis of ATSR Data Into SST), was applied to the
ATSR BT measurements. This included steps to
geolocate the measurements; application of cloud
clearing algorithms and, finally, derivation of SSTs
using a multi-channel algorithm in either dual-view or
nadir-only configuration. The SADIST software has
gone through several stages of development and
improvement during its lifetime. The ATSR SST values
given in Ref.l were derived from version 400 of the
software, which has since been replaced by version 500
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and near to the Antaretic Peninsula, where sea ice was
also extensive.

The intercomparison dataset is therefore biased
towards measurements in the tropical and sub-tropical
Atlantic Ocean. The in-situ SSTs were measured using
an infra-red radiometer and thermistors attached to or
towed from the ship. These are briefly described in
Ref. l. A fuller description of the radiometer and the
validation of its measurement accuracy is given in Ref.
3. It has been shown to be capable of measuring the sea
surface skin temperature with an accuracy of ±0.lK. It
was essential to measure the skin temperature as this
was the parameter being measured by ATSR. The skin
temperature can be significantly different to the bulk
SST traditionally measured from ships (Ref.4).

3. RESULTS

1094

values for each channel so that only clear sea surface
values were allowed. The limits were chosen from
visual inspection of histograms of BT distribution for
individual images.

In most of the cases only the l lµm and 12µm
channel forward and nadir view data were used'.Two of
the tropical cases and one of the mid-latitude cases
were at night and therefore the effects of the 3.7µm
channel could also be investigated as these cases pre
dated the failure of this channel on 27 May 1992.

Another problem which occurred in the SADIST
version 400 data was that forward and nadir view pixels
were often incorrectly co-registered by the Earth
coordinate location software (Ref.2). Before SSTs could
be derived from the BTs therefore the forward and
nadir views had to be correctly matched together so that
the appropriate pixels from each view were used in the
SST algorithm. A correlation matching technique was
developed to do this. Only BTs from cloud free pixels
were included in the correlation test. The success of the
correlation matching scheme could easily be tested in
images which showed pan of a coastline or an ice edge.
In open ocean areas features such as ocean fronts and
eddies were used to check that correct co-registration
was obtained. In most cases a shift of the forward
image of up to 7 pixels, in the along track direction,
relative to the nadir image was required. Having
correctly matched the views in each channel, the SST
could then be derived for chosen pixels and the
intercomparison carried out.

Fig. 1. Locations of simultaneous in-situ and ATSR
measurements ( + = October 1991 ; • = December
1991 ; x = April/May 1992)

2.2 ATSR Brightness Temperatures
The SADIST version 400 SSTs had a cold bias

compared to the in-situ SSTs in most cases (Ref. 1).
The bias was more than 1 K in several tropical cases
with the largest value being 2.3 K. The SADIST 400
processing and confidence flags, provided with the SST
·data, indicated that only the nadir BT measurements
were being used in deriving SST in 7 out of the 9 cases
investigated. This was also true for the additional
tropical case which has become available more recently.
Visual inspection of the BT images indicated that in
most cases the region around the ship's position was
cloud free or only affected by scattered cloud which
produced a speckled effect on the image. The rejection
of forward view measurements due to cloud
contamination in these cases was not justified therefore
and it was actually possible to derive SST from the
dual view algorithm. A crude cloud clearing scheme
was applied to the SADIST 400 BT measurements
before the dual view SST was derived. This was done
by applying maximum and minimum limits to the BT

3.1 Atlantic Ocean SST measurements
The results for all the intercomparisons where

ATSR and in-situ measurements were made
simultaneously are given in Table I . Figure 2a shows
the differences between ATSR nadir only SST and in
situ radiometer SST as a function of the total water
column measured by radiosondes at each location.
These results are similar to those given in Ref.I, with
very large cold biases in the ATSR SST in tropical
conditions where the water column was greater than
30mm. There was one exception to this, which was the
5 May 1992 case where the cold bias was only 0.3 K.
The next smallest cold bias, of 1 K, was for 6 May
1992. These cases were in the tropical South Atlantic
near the coast of Brazil. The tropical North Atlantic
cases all had much larger cold biases although for the
21 October 1991 case the bias was reduced by
approximately 0.6 K by including the 3.7µm BT. The
magnitude of the bias in the tropical Atlantic does not
appear to be linked to the amount of atmospheric water
vapour.

The higher latitude cases also showed that the
ATSR SSTs had a cold bias if the nadir only BTs were
used. The bias was smaller than for most of the tropical
cases, with a maximum value of 0.7 K. In the one
nightime case where the 3.7µm BT was available it
made very little difference to the ATSR SST result,
only changing it by 0.1 K.

Figure 2b shows the effect on the ATSR SSTs
of using the dual view algorithm. This was not possible
for the 6 May 1992 case as the forward view pixels
were obstructed by cloud. In most cases the dual view
SSTs lead to better agreement with the in-situ
measurements. However, the ATSR SSTs still had a
cold bias of approximately 0.7 K in the tropical Nonh



DATE TIME I LAT. LON. RADIOMETER Au ~ 6.,. ~37 ~n I(GMT) SST K

19/10/91 12:00 27.66N 19.09W 296.8 -0.4 -0.1 0.7 - -
21/10/91 23:45 l7.20N 23.30W 299.5 0.0 1.2 1.6 0.1 I i .»
22/10/91 12:23 14.75N 24.28W 300.8 -0.4 0.7 1.6 - -
26/04/92 03:07 44.73S 57.47W 285.8 0.1 0.7 0.5 0.2 0.6

27/04/92 13:52 36.87S 56.39W 292.1 - 0.6 0.5 - - I
05/05/92 12:55 18.49S 38.76W 300.5 0.0 0.1 I o. 3 I

11-
'

06/05/92 01:20 16.50S 37.76W 301.6 0.1 - i 1.1 - : l.0 !!
I I I

- II12/05/92 12:27 10.13N 28.43W 299.0 0.0 I 0.8 I 1.7 I -
19/05/92 12:00 36.78N 16.04W 291.3 -0.2 -o.3 I 0.1 - - Ii

Table 1. Results of the intercomparison of ATSR SST with in-situ
SST measurements. ( Ag • radiometer - bulk ; ~ • radiometer -
ATSR dual view ; ~ = radiometer - ATSR nadir view ; 6RDr "'
radiometer - ATSR dual view with 3.7µm ; 6,.,,37 • radiometer - ATSR
nadir view with 3.7µin)

+•

October 1991. It therefore seems very likely that
stratospheric aerosol was responsible for the 0.7 K cold
bias shown in Figure 2b. By May 1992 the Mt.Pinatubo
aerosol was more dispersed with a band of the highest
concentrations centred on latitude lO"N (Ref.7). This
was the latitude at which the in-situ and ATSR SSTs
were measured on 12 May 1992. By that time the
amount of stratospheric aerosol was much less than in
October 1991 and the amount of atmospheric water
vapour was also less for this case. The cold bias in the
ATSR SST was still as large as 0.8 Keven when the
dual view algorithm was used. The BT images on this
occasion revealed that the area near the ship had a
speckled appearance indicating varying amounts of sub
pixel scale cloud, typical of convection cells
experienced over the tropical ocean in the early
afternoon. This was confirmed by visual observations
from the ship at the time which also indicated a
complete cover of a haze due either to thin cirrus at
high level or dust, possibly of Saharan origin. The cold
bias in this case was therefore due to a combination of
factors. This case could provide an interesting test for
the cloud clearing scheme used in version 500 of
SADIST. It might not allow an SST calculation due to
the presence of the sub-pixel cloud if it is able to detect
it. This might limit the sampling of tropical ocean areas
where the satellite passes overhead near to local midday
by which time convection cells are usually well
developed. On the other hand, if an SST can be
computed then it will have a cold bias if the cloud
covers a significant ponion of each pixel.

The effects of the dual view algorithm on the
mid-latitude ATSR SSTs were beneficial in the two
cases with the largest water column values of 22mm
and 13mm. These were in the Nonh Atlantic on ·19
October 1991 and 19May 1992 respectively. Both SST
values were within 0.3 K of the in-situ value, with a
warm bias. In the other two cases, which were in the
South Atlantic near the coast of Argentina, there was
very little effect. In fact, the dual view algorithm gave
slightly worse agreement with the in-situ SSTs. The
agreement was greatly improved for the case with the
lowest water column value, 26 April 1992, when the
3.7µm BT was included, although this had little effect
on the nadir only SST for the same case. These two
cases were both in areas where there was a great deal

•O
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Fig. 2. Differences between in-situ skin temperature
and ATSR SST versus total water column for the
cases in Table 1. (a) Nadir-only ATSR SST algorithm.
(b) Dual view ATSR SST algorithm. ( + = Jlµm and
12µm channels used; x = l Lum, 12µm and 3.7µm
channels used).

Atlantic. The one remaining tropical South Atlantic
case, 5 May 1992, was within 0.1 K of the in-situ SST.
The cold bias of 0.7 K agrees well with the results
presented in Ref.5 where radiometer measurements of
SST were made from a low flying aircraft in the South
Atlantic between the Equator and 8°S in November
1991. In Ref.5 the offset is attributed to the presence of
stratospheric aerosols due to the eruption of
Mt.Pinatubo in June 1991. Aerosol optical depth maps
(Ref.6) show that values were high in the area where
the airborne measurements were made. Similar values
occurred in the region where the two tropical Nonh
Atlantic in-situ measurements were made on 21 and 22
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of variability in local SST due to the mixing of waters
between the Brazil and Falkland Currents and also the
outflow of the River Plate. Correct co-registration of
forwud and nadir pixels was therefore critical for these
cases. The conelation matching scheme may not have
been adequate for this pmpose which explains why the
dual view algorithm gives a slightly worse result. The
water column values for the two cases were low so that
little benefit was to be expected from the use of the
dual view in this region. However the 3.7µm
measurement had a significant effect when included in
the dual view algorithm. This sugests that another
atmospheric constituent, which had little effect in the
l lµm and l 2pm channels, might be responsible for the
cold bias in ATSR nadir-only SSTs in this area

overpass 12 hours later. The in-situ measurements were
made during the period when the ship was under
completely cloudy skies but the ATSR BT images show
that this area was cloud free by the time they were
acquired due to the eastward movement of a mesoscale
depression clearly visible within the image. The
radiative balance at the sea surface had therefore
changed completely between the time of the in-situ and
the ATSR measurements. This is illustrated in Figure 3
which shows the complete time series of in-situ
radiometer and bulk SSTs.

At the beginning of the transect the bulk and
radiometric SSTs are quite close together with the
radiometric values being slightly higher. This is slightly
puzzling as the skin effect usually results in radiometric
temperatures being lower than the bulk temperature.
The air temperature was about 2 K cooler than SST at
the time, as cold, dry polar air was moving northwards
over the sea and cloud was being formed towards the
northern edge of the polynya. Sensible and latent heat
loss would lead to a cool skin in these conditions and
radiative heat loss would be very small due to the
presence of the cloud layer. The reason for the warm
radiometric SSTs is probably that an incorrect value
was used for the BT of the sky above the ship during
this part of the radiometer measurements. As water is
not a perfect black body a small proportion of the
radiance measured by the radiometer is the reflected
downwud radiance from the sky. The sky BT value
was computed using RAL 's radiative transfer model
(Ref. 8) applied to the atmospheric temperature and
humidity profile measured by a radiosonde launched
from the ship. The effects of cloud were included in the
model calculations by assuming that the cloud behaved
as a black body at a height estimated from visual

3.2 weddell Sea
The one case available from high latitudes has

been omitted from the intercomparison graphs shown in
Figure 2. The reason for this was that the in-situ
measurements were made approximately 12 hours
before the area was within the ATSR swath. The case
will still be discussed here as some useful observations
can be made concerning changes in ocean skin
temperature which can occur in a few hours. The ship
entered the ice-free waters of the Weddell Sea shore
polynya at about 13:00GMI' on 14December 1991 and
did not re-enter pack ice until nearly midday on 15
December. Radiometer and bulk SSTs were measured
throughout this time and for most of the period the sky
was completely clear of cloud. At this time ERS-1 was
being manouevered into the first "ice phase" orbit and
it was therefore difficult to predict when overpasses
would occur. It transpired that only the first few hours
of the ship's track coincided with the edge of an ATSR

' . ~ ':
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Fig. 3. SST measurements along a transect through
part of the Weddell Sea on 14 and 15 December
1991. ( • = sbn temperature ; + = bulk temperature
; • = ATSR dual view SST).



water vapour or aerosol was responsible for the cold
bias in nadir only SST.

The dataset of in-situ radiometric measurements
which were collected was small but very valuable. They
have already yielded results which have provided
insights into the factors affecting accurate SST
measurements from ATSR. They have also confirmed
the results of other authors (Ref. 5). The cases which
have been discussed provide a variety of tests for
various aspects of ATSR data processing and can be
used again in the future to test the effects of
improvements to the processing schemes and SST
algorithms.

observations and inspection of the radiosonde profile. It
is possible that an inaccurate value of the sky BT was
responsible for the warm bias in the radiometer SSTs.

At approximately 19:30 GMT the ship altered
course to move in towards the ice shelf which forms
the southern coastline of the Weddell Sea in this region.
Figure 3 shows that the SST then dropped by almost 1
K and that the bulk and skin SSTs diverged
significantly at about 21:30 GMT which corresponded
to the time when the sky became cloud-free. Radiative
cooling from the skin would have increased as a result
of the clear sky and also the air temperature was
dropping as the solar zenith angle decreased - although
complete darkness did not occur here at this time of
year. The ATSR SSTs for the part of the transect which
crossed the comer of the image have also been plotted
on Figure 3. The values are about 1 K smaller than the
in-situ values measured 12 hours previously and much
nearer to the values measured later in the radiometer
transect when skin temperatures were much cooler for
the reasons discussed above. It is therefore impossible
to intercompare measurements separated by this amount
of time in this region due to the significant changes in
radiative conditions which can occur as well as factors
such as cooling due to sea ice melting and advection
effects in the ocean. The behaviour of the skin effect at
temperatures near to the freezing point of sea water is
a problem which does not appear to have been
investigated, although there are many studies of its
behaviour at higher temperatures. As the skin is usually
cooler than the bulk SST, particularly in polar
conditions, the surface tension layer could reach the
freezing point before the bulk of the water underneath.
In ice-edge regions this might lead to incorrect
conclusions on the extent of sea ice from satellite infra
red measurements if the theoretical minimum SST is
used to define its limit. On the other hand the usual
model of the skin effect (Ref.4) may not apply at these
temperatures. This is a subject which might warrant
further investigation if the relationship between skin
and bulk SST is to be understood properly at low
temperatures.

6. Saunders, R. 1993, Radiative properties of Mount
Pinatubo volcanic aerosols over the tropical Atlantic, G.
Res. Len.• 20, 2, 137-140.
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The other in-situmeasurements were all made at
the same time as ATSR measurements. They showed
that it was essential to use the dual view algorithm to
retrieve SST from BT measurements in the tropics. In
the tropical North Atlantic there was a cold bias of
approximately 0.7K in ATSR SSTs due to the presence
of stratospheric aerosols from the Mt.Pinatubo eruption.
In one case there was also some contribution from sub
pixel scale cloud over the tropical ocean. In a tropical
South Atlantic case and two higher latitude North
Atlantic cases good agreement was obtained with the
in-situ SSTs. Two cases near 4<Y'Sshowed a cold bias
of 0.5K in the ATSR SSTs. The 3.7µm BT could.be
used in one of these cases. The dual view ATSR SST
was then only 0.2K colder than the in-situ SST. This
suggested that an atmospheric constituent other than
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ABSTRACT

The AVHRR instruments on the NOAAoperational
meteorological satellites have been supplying in
frared images of the earth's surface for many years.
The ATSR on the ERS-1 satellite is a similar instru
ment which has been specificallydesigned to provide
accurate estimates of the sea surface temperature.
A comparison between the data and data products
from these two instruments highlights the design fea
tures of the ATSR which enables it to supply sea
surface temperatures with an accuracy better than
0.3K. The intercomparison is supplemented by high
quality ground based data obtained at the same time
as the satellite images.

1. INTRODUCTION

In mid-July 1991 ESA launched the ERS-1 satel
lite which carries a suite of instruments aimed at
studying the earth's oceans from space. Included in
the payload is the Along Track Scanning Radiometer
(ATSR) which has been designed as a highly accu
rate, low noise, infrared radiometer which is capable
of supplying data from which the surface temper
ature of the ocean surface can be derived with an
accuracy that is suitable for climate research. Be
fore 1991 satellite measurements of SST were sup
plied regularly from the NOAAseries of polar orbit
ing operational satellites. The A\'HRR instrument
has been most successful in supplying infrared and
visible images of the earth's surface for over four
teen years and. for most applications, measurements
of SST provided by this instrument have been quite
adequate. However, with the increasing concern of
climate modification due to man's activities, numer
ical models of the climate system are requiring ba
sic data sets with an increased accuracy. ATSR has
been developed to provide the SST accuracy defined
by the international TOGA program.

In this paper a comparison between the data and
data products of the AVHRR and ATSR is given.

2. THE SATELLITE RADIOMETERS

2.1 The AVHRR

The Advanced Very High Resolution Radiometer
(AVHRR) is one of the core instruments carried
on the NOAA operational meteorological satellites.
NOAAhas maintained two of these satellites in orbit
at all times over the last twelve years. The satellites
are designed to serve the world's meteorological ser
vices and data are continually available through di
rect broadcast at no cost to the user. Because these
data are so readily and cheaply available their use
has extended well beyond the meteorological com
munity and AVHRR data products are applied in a
large variety of disciplines. Details of the AVHRR
instrument, and the means for analysing and cali
brating the data are given in the NOAA Technical
Memorandum by Lauritson et al (Ref. 1).

The latest AVHRR instruments have five channels
(wavelengthsof0.6, 0.9, 3.i, 10.8and 11.9µm) which
view the surface with a spatial resolution of 1.1 km
over a three thousand km swath. The two NOAA
satellites thus give global coverage four times daily.
Future AVHRR instruments will include a channel
at 1.6 µm for discrimination between ice, snow and
water clouds.

2.2 The ATSR

The Along Track Scanning Radiometer (ATSR) has
been designed to give the same spatial resolution as
the AVHRR and also has similar channels in the in
frared bands at 3.7, 11 and 12 µm. ATSR also in
cludes a channel at 1.6 µm. Several novel design
features have been included in the ATSR to ensure
that the demanding accuracy requirements can be
met. Two highly precise on-board calibration tar
gets, maintained at temperatures near 305K and
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265K. give an accurate absolute calibration for the
radiances received and measured by the instrument.
A Stirling cycle cooler is used to cool the detectors
well below lOOKgiving noise temperatures for each
channel that are lower than O.OSKat 300K. Finally
a conical scanning technique is used that enables the
earth's surface beneath the satellite to be viewed
from two different angles within the space of three
minutes. This dual angle information at 55 degrees
from nadir and close to nadir enable an extra correc
tion for the absorption of the surface infrared signal
by the atmosphere. ATSR thus gives six measure
ments of the earth's surface that enable an improved
estimate of the SST. Unfortunately the conical scan
ning technique limits the measurement swath of the
instrument to 250 km each side of the sub-satellite
track. When this is combined with the basic three
day repeat cycle of ERS-1 the ATSR gives almost
global coverageof the oceans twice every three days.
Mid-latitude and polar regions are wellcoveredwhile
tropical areas may have data voids depending on the
orbit configuration. Further details of the ATSR in
strument are given by Delderfield et al (Ref. 2).

2.3 AVHRR and ATSR Instrument Comparison

Table 1 gives details of the two radiometers.

TADLE 1: ATSR and AVHRR specifications.

ATSR AVHRR/2
Infrared bands (µm) 3.7 10.8 3.7 10.8

11.9 11.9
Vis.NIR bands (µm) 1.6 0.6 0.9
Surface views Double Single
Calibration targets 2 1
Space views 0 1
Aperture (cm) 10 20
Integration time (µsec) 75 23
Detector temp. (K) 80 105
Digitisation (bits) 12 10
Detector NEDT (K) 0.025 0.10
Passive µwave bands Yes No
Surface swath (km) 500 3000
Pixel size (km) 1.1 1.1

3. DATASETS FOR CO:MPARISON

To enable a comparison of data from the two instru
ments one image from each has been obtained for an
area over the north-east coast of Australia. The two
data sets were obtained within four hours during the
night of September 13, 1991. The area was free of
cloud so that surface measurements could be used to
support the satellite data. Comparisons between in
dividual lines and pixels, as well as large areas have
been made.

3.1 The ATSR image

The ATSR data were obtained from an ascending
pass at 1300Zon September 13 and the image from
the 11 µm channel is shown in Figure 1. The image
centre is at 19.25°S. 145.90°£. and is close to the
city of Townsville. The ATSR processing system re
moves the effect of the conical scan and produces an
image of 512 x 512 pixels centred along the subsatel
lite track. In the case shown the image is aligned
so that north-north-west is to the top of the image.
This scene shows the full swath of the ATSR instru
ment. The data also contain measurements from the
3.7 µm channel that has subsequently failed (dur
ing May 1992). The ATSR image shows cold sur
face water near the coast in the south of the image
and warmer water to the north and away from the
coast. The image also shows much information over
the land; e.g. the warmer land adjacent to rivers and
in low lying areas. The land surface is considerably
cooler than the ocean due to the radiative cooling
that is active under the clear sky conditions.

Fig. 1. The ATSR image for 1300Z, 13 September
1991.

3.2 The AVHRR image

The corresponding AVHRR image is that obtained
from the NOAA-12instrument at 0930Zon the same
day (Orbit No. 01729). The satellite was also in an
ascending orbit with the subsatellite track passing
just to the east of the ATSR image. The AVHRR
image has been sub-sampled to 512 x 512 pixels and
provides a similar areal coverage as the ATSR. The
AVHRR image from the 11 11m channel is shown in
Figure 2. As expected, the same broad features can



be seen in both the ATSR and AVHRR images. Over
the land the brightness temperatures are warmer
than in the ATSR image as the AVHRR data are
obtained early in the evening.

Fig. 2. The ATSR image for 0930Z, 13 September
1991.

4. COMPARISONS

To enable a comparison of data from the two instru
ments those obtained along the lines drawn in Fig
ures 1 and 2 have been reproduced in Figures 3 and
4. There is less noise on the ATSR signals due to
the lower noise temperatures in the instrument and
the increased digitisation of the data (ATSR has 12-
bit digitisation while AVHRR is only 10-bit). The
noisy signal that plagues the AVHRR 3.7 µm chan
nel is evident in Figure 4. The data from the two
instruments do not agree exactly due to the time
difference in data collection and the non-coincidence
of the lines in Figures 1 and 2. One interesting fur
ther comparison is of interest. In the ATSR data
the 3.7µm and 1lµm values have approximately the
same value, while the 12µm temperature is about l K
less. This is to be expected as a radiosonde launched
from a research vessel during the night showed the
atmosphere to be quite dry (total water content of
1.22 cm, 15 hPa partial pressure of water vapour be
low 1 km and relatively dry above). In contrast the
AVHRR 3.7µm data are similar to those in the 12µm
channel. This suggests some absolute calibration er
ror in the AVHRR data.
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Fig. 3. ATSR brightness temperatures along the line
in Figure 1.
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Fig. 4. AVHRR brightness temperatures along the
line in Figure 2.

A comparison of the sea surface temperatures from
each instrument shows good agreement (see Figure
5). The ATSR SST was derived using the pre-launch
algorithm developed for the 11 and 12 µm channels
in the nadir view (see Ref. 3). This algorithm is
used to be consistent with the MCSST product de
rived from the AV.:HRRdata. The extra noise on the
AVHRRproduct is evident and is mainly due to the
effect of digitisation as discussed by Barton (Ref. 4).
Fluctuations between one half and one degree are in
troduced by the 0.12K digitisation levels in the two
channels used to derive the SST.



TABLE 2: Ship and satellite measurements.

Fig.1 Location Time(Z) Bulk Skin ------XTSR l\ICSST
code -s OE 13/9/1991 SST(K) SST(K) SST(K) (K)

A 18.11 14i.60 0930 298.05 - 29i.86 29i.1
B 18.01 14i.82 1300 29i.85 29i.i0 29i. 70 297.4
c 1i.91 148.04 1600 29i.85 - 29i.20 29i.4

D 18.9i 146.rs 1300 296.55 296.01 296.10 296.0
E 18.59 146.44 1600 296.i5 - 296.80 296.6

CONCLUSIOXS
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Fig. 5. Satellite-derived SSTs along the lines in Fig
ures 1 and 2.

5. GROUND l\IEASURE:\IENTS

Two research vessels, fitted with infrared radiome
ters and in situ monitors of the bulk sea tempera
ture. were in the area viewed by the ATSR during
the night of September 13. The ship locations and
their temperature measurements are given in Table
2. The ship locations are also shown in Figure 1.
In this comparison the ATSR SST was derived us
ing the full instrument capability (i.e. using all six
"channels"). The ground data comparison showsone
of the main differences between ATSR and AVHRR
products. The ATSR algorithms have been derived
theoretically and provide a measure of the skin tem
perature of the ocean. This is the radiative temper
ature that is measured using an infrared radiometer
either from ship or from a space platform. In con
trast the MCSST algorithm for the AVHRR data
has been derived using a regression analysis between
satellite and buoy data. The AVHRR thus supplies
a measure of bulk temperature. Under normal con
ditions the skin temperature is 0.2 to 0.5K less than
the hulk temperature and this effect can be seen in
the ship data given in Table 2.
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The comparison between the ATSR and AVHRR
shows that both instruments can provide a good
measurement of sea surface temperature. However
the improvements in the design of the ATSR show
the advantages of low noise detectors and increased
digitisation levels for these type of data. Improve
ments in the absolute accuracy of the ATSR SST
product are evident when the satellite products are
compared to ground measurements. The dual view
capability of the ATSR. and the improved on-board
calibration, show that the SST can be retrieved from
space with the accuracy required for climate studies.
However, to gain full advantage from these accurate
measurements a long data set is required, and the
inclusion of ATSR-2 on ERS-2. and AATSR on EN
VISAT, should ensure that such a data set will be
come available during the next decade.
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the approximately linear trend which most models
indicate should result from the (approximately ex
ponential) increase in carbon-dioxide concentrations
observed over the past century. Moreover, quite elab
orate post hoc quality controls must be applied to the
historical database [6)to prevent longterm changes in
observing methods from introducing spurious drifts.
The sampling density on which the historical records
are based also varies considerably, with large sec
tions of the Southern Hemisphere virtually unob
served prior to around 1950.

ABSTRACT

It is often claimed that precise, global observations
of sea-surface temperature from satellite instruments
such as the ATSR will assist in the detection of a
possible anthropogenic global warming. But satel
lite data-sets are inevitably short (order 15 years),
and the natural variability of the climate on these
time-scales is high. This raises the question whether
any ""'15-year data-set may be directly relevant to
the problem of global change detection. We use a
detrended global mean SST from historical ship ob
servations as a proxy for the natural interannual vari
ability of the climate system, add linear trends to it,
and test for the detectability of a trend in short seg
ments of the artificial series so produced. With a
warming rate of 0.025°C per year (the IPCC "best
guess"), we find a >80% chance of detection after
""'12.5years, or ""'11years if the effect of El Niiio can
be removed. These figures assume complete confi
dence in observing system stability. Detection times
depend critically on our ability to quantify, control
and compensate for any drift in the observations.

Keywords: ATSR, Climate change, Trend detection.

1. INTRODUCTION.

If an anthropogenic change in the global climate is
taking place, it is clearly important that it is de
tected and quantified as soon as possible. A key,
although by no means the only, indicator of such a
change would be to detect a significant rise in the
global mean sea-surface temperature (SST). SST is
a particularly attractive indicator because the ther
mal inertia of the oceans means they act to filter out
high-frequency noise [17). If we examine the histor
ical record of global mean SST compiled primarily
from ship-of-opportunity observations [2] (figure 1,
dotted line), it does show a (statistically significant)
warming trend. This warming is, however, far from
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Figure 1: Dotted line: variations in global mean SST
1861-1992 from the MOHSSTS database of 5° x 5°
monthly anomalies. Data provided by D. E. Parker
and M. Jackson, UKMO. Averaging taken over all
available grid-bo:z:es,weighting by the cosine of lati
tude but not taking into account amount of land in a
qrid-boz: Solid line: reconstructed >40-year variabil
ity and annual cycle. Anomalies have been ezpressed
about the 1951-80 climatology: hence the small an
nual cycle near beginning of series.

While detailed studies of the effect of changes in
sampling on historical records of the global mean
temperature do not indicate any systematic bias [9),
these problems inevitably reduce our confidence in
attributing the warming trend in figure 1 to the
enhanced greenhouse effect. Hence the interest in
detecting trends in newly-available satellite-based
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data-sets. These offer near-global coverage, with no
significant hemispheric sampling bias. Comparison
with accurate in aitu observations also allows satel
lite data to be checked systematically for observing
system drift. For example, in aitu validation shows
that an apparent warming trend in AVHRR data
during the 1980s [15] can be attributed entirely to
drifts in instrument characteristics and atmospheric
effects [12]. Similar in aitu validation is also possible
to checkrecent ship-of-opportunity observations, but
in this case global validation is complicated by the
fact that different observations are not made by the
same instrument, introducing possible systematic re
gional biases.

The ATSR has been developed specifically to mea
sure SST with an accuracy of 0.5K (2u) on a 0.5° x
0.5° x I-day spatio-temporal resolution. The noise
reducing effect of averaging should mean that ATSR
is capable of measuring a monthly global mean SST
with an accuracy considerably better than 0.5K.
The exact effect of averaging on confidence inter
vals depends, however, on the spatio-temporal struc
ture of the fields under observation, making our ab
solute confidence in a monthly global mean SST
measured by ATSR an important matter for fur
ther investigation. Two features of the ATSR fa
cilitate effective validation against in aitu observa
tions. First, the retrieval algorithm [I] relies on a
physical atmosphere model rather than on empirical,
instrument-specific regression against in aitu data,
making ATSR-derivedSSTs a genuinelyindependent
data-set. Second, the instrument is relatively stable
on short time-scales and (because of the dual view)
much less sensitive than the AVHRRto regional vari
ations in atmospheric composition, increasing our
confidence that validation results based on a limited
region may be applied globally.

Considerable interest has also arisen in the prospect
of detecting a secular trend in data from the Mi
crowave Sounding Units (MSUs) on the TIROS-n
satellites. The MSUs may be stable enough for cli
mate research [I4], although they are measuring a
parameter (tropospheric air temperature) which is
inherently noisier (at a local level) than SST. The
current length of the MSU dataset is almost I5
years, similar to the proposed length of the combined
ATSR, ATSR-2 and AATSR datasets. Investigating
evidence for trends in such datasets inevitably begs
the question of whether we should e:z:pect to be able
to detect a trend of the magnitude whichmodels pre
dict to be caused by greenhouse gases in this number
of years of observations of the global temperature.

2. PREDICTED WARMINGTRENDS AND
NATURAL VARIABILITY.

The rates of warming whichwemay expect to be due
to the enhanced greenhouse effect, assuming emis-

sions scenario A of IPCC 1992 [i], range from 0.015
to 0.04°C per year, with a "best guess" of 0.025°C
per year, depending on the climate sensitivity (see
figure Ax.2 in ref. [11]). Even with a perfectly stable
and accurate observing system, two factors place a
lower limit on the number of years required for such
a trend to be detectable at a given significancelevel:

• Non-greenhouse-gas related century-time-scale
variability, either natural or anthropogenic, may
compensate for the warming due to greenhouse
gases. Examples wouldinclude the coolingeffect
of sulphate aerosols (for which there is some ev
idence [3]) or any ultra-low-frequency climatic
oscillation with a period of a century or more
(for which there is little positive evidence, but
cannot be excluded a priori).

• Natural sources of stationary climate variabil
ity, acting on time-scales of up to a fewdecades,
introducing "noise" into the signal which may
mask any warming trend.

The impact of century-time-scale variability can only
be assessed through accurate modelling of all rele
vant climatic processes. The question amounts to
whether the current generation of models take all
relevant processes into account and have been ade
quately initialised. This is clearly a matter for cli
mate modellers. The potential impact of shorter
time-scale variability is also important, particularly
for trend detection in relatively short datasets. This
may be investigated empirically using past data on
global temperatures.

The annual cycleand low-frequency(>40-year) com
ponent of the global mean SST, shown as a solid line
in figure I, have been reconstructed using a sliding
window data-adaptive filtering technique based on
Singular Spectral Analysis [I6]. We propose to use
the residual stationary component (dotted minus
solid lines) as a proxy for the natural <40-year time
scale climate variability whichmay be present in any
satellite-derived time-series of global temperatures.
An obvious objection to this approach is that this
residual will also contain noise due to incomplete spa
tial sampling and observational errors in the histori
cal database. Once data have been averaged to give
a global monthly mean surface temperature, how
ever, the magnitude of this type of noise may be
quite small relative to natural sources of variability
which would still be present even with a perfectly
accurate observing system. In any case, we are not
assuming that the historical record is completely reli
able; simply that it adequately represents the statis
tics of <40-year climate variability. Supporting this
hypothesis, simple statistics (variance and lag-I au
tocorrelation) of the historical record do not change
significantly from I90I onwards, despite a consid
erable improvement in coverage and refinement of
observational techniques. Prior to 1901 the data is



somewhat noisier, so we use only the most recent 90
years in this analysis.

Data based on remote sensing, moreover, contains
its own sources of noise, such as atmospheric effects
which have not· been adequately characterised in the
SST retrieval. The key advantage of satellite data is
not so much in that it is less noisy than surface obser
vations but that, compared with ship-of-opportunity
data at least, it is much easier to quantify sources
of error in satellite data, since all observations at a
given time are taken with a single instrument.

3. TESTING FOR TRENDS WITH ADEQUATE
NOISE MODELS.

Detecting a linear trend in a scalar series Yt amounts
to testing (at a pre-defined confidence level) the null
hypothesis 71.(b = 0) in the model:

Yt =a+ bt +Et (1)

where Et represents stationary processes contributing
to Yt. If we confine attention to positive trends, then
the null hypothesis becomes 71.(b $ 0). If, rather
than simply detecting any trend, we wish to use Yt
to restrict the range of possible values of the climate
sensitivity, then we test 71.(b $ bi) and 71.(b ~ b2)
to obtain lower and upper limits respectively for the
rate of warming.

Crucial to any such tests are the properties of the
Et "noise" term, normally thought of as a stochastic
forcing. In general, our model of the system is incom
plete, and we have to use Yt itself to infer the prop
erties of the noise term to use in the statistical test.
If we have an adequate model of a stationary process
contributing to Et (such as the effect of El Niiio on
global temperatures, discussed below), the effect of
that process can be removed, giving a new series, y;,
to which we apply the trend-detection algorithms. If
we have only partial knowledgeof a component of Et,

this knowledge may be incorporated into the statis
tical test itself. It is very important to check, before
concluding that a significant trend has been detected,
that the assumptions regarding Et used in the statis
tical test are actually satisfied by the residuals after
the trend has been removed. An important example
of how such assumptions can affect the power of sta
tistical tests is the case of autocorrelation.

Consider the simplest form of autocorrelated noise,
the AR(1) process:

Ut = ")'Ut-1 + CXZt (2)

where 1' and a are process coefficients, while Zt

represents a unit-variance "white noise" (uncorre
lated, gaussian distributed) forcing. The first term
on the RHS represents the "memory" of the pro
cess. The lag-I autocorrelation of an AR(l) process
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(E(utUt-1), where E is the expectation operator) is
equal to ")'. This noise model is particularly rele
vant to the problem of trend-detection in SST and
other large-scale climate parameters, because we do
indeed have a situation where an effectively-white
noise forcing (atmospheric weather) is applied to a
system with inertia, and hence some memory (the
ocean).

Failing to take autocorrelation into account can in
validate the results of statistical tests. For example,
in an ensemble of 120-point segments of AR(1) noise
(10 years of monthly data), with a lag-I autocorrela
tion 1' = 0.85 (which is similar to that of the monthly
global mean SST after the trend and annual cycle
have been removed), ordinary least squares (OLS)
regression indicates a warming trend, significant at
the 97.5% level (- 2u for a one-tailed t-test), in al
most 30%of cases, even though this series is actually
stationary. A similar proportion indicate a cooling
trend. If the noise model were adequate, incorrect
detection of the trend in such a series should, by def
inition, only occur in 2.5% of cases if we are testing
at the 97.5% confidence level.

The Durbin-Watson test (5]allows us to check for the
presence of autocorrelation in the residuals of a re
gression problem by calculating the followingstatis
tic

'\'N ( )2
d = "-"t=2 e~ - e?1-1 (3)

Lt=l e;
where the e1 are the actual residuals after optimal
regression parameters have been identified. In the
analysis presented here, d was checkedagainst a look
up table compiled from ref. (10). Followingstandard
procedure, the upper 5% critical value of d was used
throughout as an indicator that OLS-based results
were probably invalid. Unsurprisingly, the test indi
cates very clear evidence of autocorrelation in the de
trended, deannualised monthly mean SST data, even
after the El Niiio signal has been removed (see be
low).

In data which contains AR(1)-type noise, almost un
biased estimates of the gradient b of a linear trend
and confidence intervals for b can be obtained using
estimated generalised least squares (EGLS) or max
imum likelihood (ML) methods. Both are .discussed
in ref. [4). Essentially, they involve fitting data to
equation (1) with Et replaced by Ut from equation
(2) or, equivalently, finding the parameters a, b and
")'which minimise Lt e; in

Yt -1'Yt-l = a(l -1') + b[t - 1'(t - 1)]+et (4)

In the ML case, the cost-function to be minimised
is rather more complicated, but the principle is the
same. If I' is known, the EGLS and ML estimates
are exactly equivalent. If, as is generally the case,
")'is unknown, then EGLS gives slightly less biased



ll06

estimates. EGLS is used here, although ML estima
tion was found to give very similar results in all that
follows.

We then apply the Durbin-Watson test to the resid
uals et after optimal parameters have been found
in equation (4). We find that, in general, the null
hypothesis of no autocorrelation in these et cannot
be rejected, indicating that the AR(1) model (unlike
the white noise model assumed in OLS regression)
is adequate to describe the detrended, deannualised,
monthly SSTs both before and after the El Niiio sig
nal has been removed.

4. RESULTS

Having decided on the estimation method to use, we
generate artificial timeseries of global monthly mean
SST which mimic that which might be observed by
a satellite, as follows. We take the last 90 years of
the detrended, deannualised monthly mean SSTs and
add a linear trend with a specified background gra
dient, btrue. 11 values of btrue were tested, ranging
from 0 to 0.05°C per year at 0.005°C per year in
tervals. We then extract as many n-month segments
as possible from each 90-year (1080-month) artificial
series, with the segment start points separated by an
(arbitrarily chosen) 7 months. The segment length n
ranged from 24 to l080 months, in 3-month intervals.
The fact that the segments overlap does not matter,
because they are not assumed to be independent.

We test each n-month segment separately for the
presence of a positive trend, using EGLS regression
and a confidence level of 97.5% throughout. For each
value of btrue and segment-length n tested, the pro
portion of n-month segments in which a significant
positive trend is detected provides an estimate of the
probability of detecting a trend in an n-month record
if the actual trend in global SST really is btrue· For
n ~ 360or so (30 years), the statistics become almost
meaningless since the number of truly independent
samples is so small. But the range we are interested
in is 5-20 years (60 :5 n :5 240), where we do have a
reasonable number of independent samples.

.Figure 2 displays the results. For all background
trend and segment-length combinations ((btrue• n]
pairs) above the solid line, there is a ~50% chance
of detecting a significant positive trend at the 97.5%
confidence level. Likewise, for all points above the
dashed (dotted) line there is a 80% (95%) chance.
Note that if btrue is 0.025°C per year (the IPCC
"best guess"), we have an 80% chance of detection
after 12.5years with a perfectly stable observing sys
tem (point a). If the true trend is 0.015°C per year,
we require 18 years for an 80% chance (point b).

If we have independent information on certain pro
cesses which are known to contribute to the global
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Figure 2: Probability of detecting a linear trend in
detrended, deannualised monthly global mean SST
with a linear background trend added to it, as a
function of the true size of the background trend
{btrue) and the segment length available (n). For
all trend and segment-length combinations above the
solid/dashed/dotted line, there is a ~50%/80%/95%
chance of detecting a significant positive trend at the
97.5% confidence level.

mean SST, the effect of these processes can be re
moved prior to analysis. An important influence 011

global temperatures on these timescales is the El
Niiio / Southern Oscillation phenomenon (ENSO).
Following standard practice, we use the monthly
mean Southern Oscillation Index (SOI) as a proxy for
the state of ENSO. Jones (8]defines the SOI as the
normalised difference in sea-level pressure between
Tahiti and Darwin, with the individual station data
themselves normalised and centered about their re
spective 1951-80climatological annual cycles.
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Figure 3: Product-moment correlation between de
trended, deannualised global SST and monthly South
ern Oscillation Indee-as a function of no. of months
by which the SOI leads the SST series.

Figure 3 shows the correlation between a detrended,
deannualised SOI (data kindly provided by P. D.
Jones, CRU, East Anglia) and the global mean SST
for a range of lags. The horizontal axis shows the



number of months by which the SOI leads the SST
series. A clear negative peak is observed with the
SOI leading the SST at 4-5 months, as noted by
Jones [8].

We reconstruct the component of the global SST
which is "explained", in a statistical sense, by the
SOI, using a regression model with an l l-month run
ning mean detrended, deannualised SOI as the in
dependent variable and the detrended, deannualised
SST as the dependent variable, and with the SOI
leading the SST by 4 months. We then subtract this
"ENSO signal" from the SST series and repeat the
analysis above to see if removing this variability im
proves our ability to detect secular trends in global
temperatures. Figure 4 shows the result. There is
some improvement: we now only need an 11-year
data-set to have an 80% chance of detecting a pos
itive trend given the IPCC's "best" estimate of the
rate of warming (point a).
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Figure 4: As previous figure but with ENSO signal
removed from global mean SSTs by regression on an
11-month running mean SOI.

There will be some element of "artificial skill" in this
improvement, since we have used the same data to
construct the regression model on the 11-month run
ning mean SOI as we subsequently use to test its im
pact on trend detection. The main point of figure 4
is to show that removing the ENSO signal from the
global temperature record, if possible, is definitely
worthwhile, but its impact is not dramatic.

So far, we have simply been addressing the ques
tion of whether any warming trend is detectable in
global SST: in effect, whether the climate sensitivity
to increased C02 levels is significantly different from
zero. We can apply the same methodology to assess
the number of years of data required to place upper
and lower bounds on the rate of warming. Data re
quirements for lower bounds can be read off directly
from figure 4. Instead of reading the horizontal axis
as the absolute true warming rate, we can read it as
the differencebetween the true warming rate and the
lower bound which we wish to place on the warming
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rate. Thus 11 years of data would be required, for
example, for us to have an 80% chance of rejecting
1t(b :5 0.015°Cper year) if the true warming rate was
0.015+0.025 = 0.04°C per year. In other words,with
perfect observing system stability, 11 years would be
required to begin to reject values of the warming rate
at the lower end of the current uncertainty range if
the warming rate is, in fact, at the higher end.

We have to repeat the analysis to assess the num
ber of years of data required to place upper bounds
on the rate of warming. Figure 5 is similarly cal
culated to the previous figure (i.e. ENSO signal re
moved) except that here we test the null hypothesis
1t(b ;?:0.04°C per year). We also need 11 years of
data, with perfect observing system stability, to have
an 80% chance of rejecting the values of the climate
sensitivity at the upper end of the current uncer
tainty range if it is, in fact, at the lower end (point
a). Had this number proved significantly different
to that found in the previous paragraph it would
have indicated that some stationary process was con
tributing to global temperatures which introduced a
preferred direction in time, such as a saw-tooth wave.
This would have clearly called into question the ap
propriateness of the AR(1) model and required fur
ther investigation. As it is, results are reassuringly
symmetric.

o.ooc C.020 O.CJC 0.040 C.0500.010
Worm1r~rote :" eeqrees per yMr

Figure 5: As previous figure but placing an upper
bound on the rate of warming. Testing the hypothesis
1t(b:?: 0.04°C per year).

5. IMPACT OF OBSERVING SYSTEM
STABILITY

The impact of uncertainty in the stability in our ob
serving system on detection times can also be read off
from figures 2, 4 and 5. If we can only be confident
that the drift in the observing system is :5 0.15°C per
decade, which is a very strong requirement, then the
lines on figures 2 and 4 should be shifted by 0.015°C
per year to the right. This implies that, with the
ENSO signal removed, we would only have a 50%
chance of rejecting 1t(b = 0) with 11 years of data
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if the true warming rate was 0.025°C per year - the
current "best guess" value - and that wewould have
an 80% chance of rejection only if the true warming
rate was 0.04°C per year - at the top of the current
uncertainty range.

This clearly illustrates the importance of our being
able to characterise and quantify any drift in the ob
serving system. No presently-available instrument,
either satellite-mounted or surface, can be expected
to operate for 10 years delivering this level of stabil
ity. The only waywecan begin to approach this level
of confidence is through extensive cross-instrument
validation and re-calibration campaigns.

6. IMPLICATIONS

This note has focussed on detection of trends in
global mean SST. There are, clearly, other param
eters which it would also be useful to monitor, not
all of them directly related to temperature. Detec
tion of the "correct" (model-predicted) pattern of
change in a number of parameters (the "fingerprint
ing" technique) would clearly enhance our confidence
in attributing a change to the enhanced greenhouse
effect, but it has yet to be shown that such detection
will necessarily take less time than the detection of a
significant change in the global mean. Indeed, San
ter et al. [13]find that the signal-to-noise ratios in
centered detection statistics [i.e. those which do not
depend directly on changes in global means) are gen
erally lower than the S/N ratio in the global mean
temperature.

Thus we conclude that natural, stationary sources of
climate variability place a lower limit of 10-15 years
on the length of a data-set for it to be useful for
global change detection. Even a 10-15 year dataset
will only be useful if quite stringent limits can be
placed on observing system drift. These constraints
are unlikely to be satisfied by any unsupported sin
gle instrument or array of similar instruments, indi
cating the need for intensive and continuous cross
instrument validation.
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Abstract

The largest source of uncertainty in the retrieval of SST
(sea-surface temperature) from space-borne infrared
radiometric measurements is in the correction for the effects
of the intervening atmosphere. During a research cruise of
the RN Alliance measurements of sea-surface temperature,
surface meteorological variables and surface infrared
radiances were taken. SST fields were generated from the
ATSR data using pre-launch algorithms derived by the
ATSR Instrument Team (A.M. Zavody, personal
communication), and the initial comparison between ATSR
measurements and SST taken along the ship's track indicate
that the dual-angle atmospheric correction is accurate in
mid-latitude conditions.

Keywords: Infrared radiometry, ATSR,
correction, sea-surface temperature,
measurements.

atmospheric
shipboard

1. INTRODUCTION

During October and November, 1991, the NATO Research
Vessel Alliance sailed from Amsterdam into the western
Mediterranean Sea and during this time measurements were
made for the validation of ATSR data. This reports the
initial comparison between ATSR measurements and sea
surface temperatures (SSTs) taken along the ship's track by
an in situ thermometer at a depth of about 3m.

2. ITINERARY

The ship sailed from Amsterdam on October 1 arriving at
La Spezia on October 9. Apart from when the ship was in
port from the 9 to 15 October, 18 October, and 21 to 24
October, measurements were made continuously until
November 9.

The track of the ship for this period is shown in Fig. 1.

3. SHIP-BOARD INSTRUMENTATION

Measurements of sea-surface temperature, surface
meteorological variables and surface infrared radiances were

-8 ••••
.is

....
•••• IO'•

••••

,...
~- ~-•• • •• • 1•w o• 1•1 t0•1 .,. ,

Longitude

Figure 1. Track of the RN Alliance, 1 October to 9
November, 1991.

taken by a set of instruments mounted on the ship and
logged by computers.

The surface temperatures used here are from a Sea-Bird
CTD (Conductivity-Temperature-Depth sensor) which was
mounted through the hull so that it extended beyond the
ship's boundary layer, at a depth of about 3m. It is
acknowledged that these data are not ideal for the validation
of ATSR as they may be decoupled from the true surface
temperature by the skin effect and possible diurnal
thermoclines, but at the time of writing they provide the
temperatures in which I have most confidence. On!=minute
averages of I-second samples arc used. At present, the data
from the ship radiometer (R.A.L./S.I.L. type) are not ready
for use, although it is anticipated that these will form the
basis of a validation of ATSR using skin temperatures.

Atmospheric profiles of temperature and humidity were
made using radiosondes, launched, when possible, so their
ascents coincided with satellite overpasses when the sky was
reasonably clear of cloud.

Proceedings Second ERS-1 Symposium - Space at the Service of our Environment, Hamburg, Germany, 11 - 14 October 1993
ESA SP-361 (January 1994)
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Figure 2. ATSR brightness temperature sections with the 3m
in su« SST along the track of the ship for the image taken
on October 2, 1991.
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Figure 3. ATSR brightness temperature sections with the 3m
in suu SST along the track of the ship for the image taken
on October 6, 1991.
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Figure 4. SSTs derived with the nadir split-window and
dual-view split-window algorithms, smoothed by block
averaging over 9 samples along the track. Mid-latitude
atmospheric correction coefficients have been used. The 3m
bulk temperature trace is also shown. The data are for the
October 2 case.
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Figure 5. SSTs derived with the nadir split-window and
dual-view split-window algorithms, smoothed by block
averaging over 9 samples along the track. Mid-latitude
atmospheric correction coefficients have been used. The 3m
bulk temperature trace is also shown. The data are for the
October 6 case.



temperature difference between the 10.Sµm and the 12µm
nadir measurements is comparable to that between the nadir
and forward measurements at 10.Sµm (Figure 2). Towards
the west the atmospheric conditions change and the 10.Sµm
measurement becomes colder than that at 12µm at nadir.
Towards the east, the radiosonde launched from the ship
shows that the atmosphere was anomalously dry at mid
levels, between 1 and 2 km height. On October 6 (Figure
3), the brightness temperature difference between the
10.Sµm and the 12µm nadir measurements is only about half
of that between the nadir and forward measurements at
10.Sµm. The atmosphere was anomalously dry at higher
levels, between 3 and 4 km height.

6.3 SST comparison
Comparison of ship SST and ATSR derived SST is
encouraging. In the October 2 case, the split-window
retrieval overcompensates the effect of the atmosphere and
produces an SST retrieval that is warmer than the -3m bulk
measurement (Figure 4). Given that the skin temperature is
expected to be lower than the bulk temperature by a few
tenths of a degree, the dual-angle SST retrieval looks to be
very accurate indeed. The discrepancy between the two
ATSR SST retrievals diminishes towards the west as the
atmospheric conditions change. Note that the ship
measurements can not be used to validate the satellite
retrieval here because of the excessive time interval between
the ship and satellite measurements. The comparison on
October 6 does not show a clear advantage of the dual-angle
retrieval (Figure 5).

The differences between the nadir-only and dual-angle SST
retrievals can be significant (Table 1); it is presumed, but
not demonstrated here, that the dual-angle retrieval is more
accurate.

6.4 Noise levels in the SST fields
The nadir-only split-window SST images (not shown) are
very clean and noise-free. The dual-angle split-window SST
retrievals are significantly noisier than those derived from
the nadir scans alone. This results from at least three
effects: the SST is derived by the combination of four
channels of information instead of two, and each channel
contributes some noise to the retrieval; the coefficients in
the dual-angle retrieval are larger than in the nadir-only
retrieval and these magnify the noise levels; and the
mismatch in the pixel sizes in the forward and nadir swaths.
The last effect may be the most important, and is most
readily corrected, as instead of mapping the forward view
pixels into the nadir swath, which requires oversampling of
the forward-view information, the nadir swath pixels could
be mapped into the forward view image. Although this
would lead to a loss of resolution it may reduce the noise
level.

6.5 Effects of spatial averaging
Averaging the SST traces may produce a more stable
estimate of the SST (Figure 6), but the standard deviation
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Figure 6. Effect on SST estimates of averaging along the
track of the ship for the October 2 case. The error bars are
the ±one standard deviation in the averaging interval.

of the derived SSTs is consistently higher for the dual-angle
retrieval compared to the split-window retrieval, by about a
factor of two.

6.6 Effects of clouds
The effects of clouds are more pronounced in the dual angle
retrievals. This is an inevitable consequence of the parallax
in the forward view measurements.

7. CONCLUSIONS

The ATSR is performing well, and the atmospheric
correction coefficients derived by Albin Zavody appear to
function very well, although the sample presented here is
too small to draw firm conclusions.

The inclusion of the information of the dual view in the
atmospheric correction can result in changes in the estimate
of the SST by over 0.5K. While it is presumed that the dual
view retrieval is more accurate, that cannot be demonstrated
with this small data set. More comparisons must be made to
confirm the benefits of the dual-angle atmospheric correction
technique.

The variance of the SST in a given area is greater when the
SST field has been derived using a dual-angle atmospheric
correction, than that when using the nadir-only atmospheric
correction.
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Latitude, longitude, ship's speed. heading (gyrocompass
reading) and course made good derived by the ship's
navigation computer were archived at intervals of about one
minute.

4. ATSR ON ERS-1

The ATSR/M is a scanning four-channel infrared radiometer
incorporating a two channel nadir-pointing microwave
radiometer and is the first satellite instrument to have been
designed for the accurate measurement of sea-surface
temperature. (Refs. 1, 2). It uses the same infrared channels
as the AVHRR (Advanced Very High Resolution
Radiometer on the NOAA series of polar-orbiting satellites),
but has a novel approach to the correction of the effects of
the intervening atmosphere, in that the same SOO km swath
of the ocean surface is measured twice through different
atmospheric path lengths (Ref. 3). This information, coupled
with the multichannel measurements, permits an improved
atmospheric correction. In addition, rigorous pre-launch
calibration (Refs. 4, S), and improved internal black-body
calibration targets (Ref. 6) enable a more accurate in-flight
measurement, and detectors refrigerated to liquid nitrogen
temperatures improve the signal to noise level.

S. ATSR DATA

Six scenes of level l.S (brightness temperature) data were
provided by RAL from the period of this cruise. Of these,
only two contain the position of the ship, at the time of the
satellite overpass, under clear skies. One of these is a
daytime overpass (October 2), and the other is at night-time
(October 6). Note that the time taken for the ship to
complete the track across the image is nearly one day and
comparisons must be restricted to that part of the ship's
track close to the ship's position at the time of the satellite
overpass (Ref. 7).

S .1. Image navigation
The geographic location of individual pixels was calculated
by bi-linear interpolation between the 2Skm grid provided in
the image files. The accuracy of the grid was confirmed by
overlaying coastal outlines; corrections were made where
necessary.

S.2 Atmospheric correction
The pixels along the position of the ship's track were
sampled to extract the ATSR measured brightness
temperatures in the nadir and forward views at 10.8 µm and
12 µm. Plots of these, as a function of longitude are shown
together with the -3m SST in Figures 2 and 3. SSTs were
calculated from these brightness temperatures using
coefficients calculated by Albin Zavody (ATSR Project,
Rutherford Appleton Laboratory, U.K.), for both the nadir
swath multichannel split-window algorithm and the dual
angle multichannel algorithm. The coefficients as supplied
were applicable to SO-km wide subswaths symmetrically

placed on each side of the sub-satellite track. These
coefficients were used to generate values that change
smoothly across the swath by a least-squares fourth-order
polynomial fit. The resulting SST traces along the ship's
track are shown in Figures 4 and S.

Cloud free areas, about SOxSO km square, were selected in
each scene and the differences between the nadir swath
multichannel split-window algorithm and the dual-angle
multichannel algorithm were calculated (Table 1). These are
a function of the state of the atmosphere, and have mean
values in excess of 0.SK. Drawing on the result of the
comparison with the in siiu measurements (see below), it is
likely that the dual-angle multichannel algorithm produces a
more accurate result.

Table 1. Discrepancies in SSTs between the nadir-only and
dual-angle split-window retrieval in cloud-free
areas.

Boundary of box .:1SST
pixels lines mean ± 1 s.d.

October 2.

30: 89 150:209 0.670 ± 0.258

October 6.
10: 59 230:279 -0.439 ± 0.441
110:159 110:159 -0.376 ± 0.213
260:309 150:199 -0.426 ± 0.215
235:284 245:294 -0.545 ± 0.276
370:419 180:229 -0.404 ± 0.230
450:499 420:469 -0.004 ± 0.325

6. DISCUSSION

As a consequence of cloud cover, and also of the relatively
narrow swath of the ATSR, the number of usable
coincidences of satellite and ship data is distressingly small.

6.1 General performance
The brightness temperature images are apparently free of
instrumental noise. The temperature features observable in
the ocean appear realistic and uncontaminated by
instrumental effects.

6.2 Brightness temperatures
The traces of brightness temperatures along the ship's track
appear to be entirely credible. The decreasing brightness
temperatures with increasing wavelength and increasing
atmospheric path length are as expected. The relative effects
of the spectral brightness temperature gradient and the
atmospheric path length gradient are different in the two
cases reported here, due to the different atmospheric
conditions on the two days. On October 2, the brightness
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ABSTRACT

Initial analysis of data from the Along Track Scanning Radi
ometer, launched in July 1991 on ERS-1, the European Space
Agency's first remote sensing satellite, demonstrates sea
surface temperature can be measured from space with very
high accuracy. The paper describes some early results from
ATSR that provide quantitative evidence of the benefit of
ATSR' s 2-angle view of the Earth, its high radiometric per
formance and stable calibration targets. To assess data consis
tency an analysis of global SST data from ATSR was also car
ried out, whereby the ATSR global SST field was compared on
a daily basis to the UK Meteorological Office's daily SST
analysis field. The ATSR global field has been shown to be
consistently within less than lK of the analysis field - the night
time data is typically within 0.3-0.4K of the UKMO analysis
whereas the day time data is biased by about 0.SK. Further
comparisons with drifting buoy will be described and possible
interpretations of these differences are discussed.

Keywords: remote sensing, sea surface temperature, validation.

1. INTRODUCTION

The surface of the sea forms the boundary between the oceans
and the atmosphere across which energy is exchanged between
these two massive natural systems. SST is one of the most im
portant geophysical parameters in climate studies, as the behav
iour of the atmosphere is strongly coupled to the ocean tem
perature. Improved monitoring of this SST will lead to better
understanding of short term climate anomalies such as El Niiio
and the Indian Monsoon, as well as enabling the early detection
of the long-term warming which predictions show will be asso
ciated with the enhanced greenhouse effect.

With these facts in mind, the Along Track Scanning Radiome
ter (ATSR) was designed to provide observations of SST to
the levels of accuracy now required for climate research (i.e.
better than 0.3K). ATSR is an advanced infrared radiometer to
measure the global sea-surface temperature from space, and to
investigate the ultimate accuracy to which these measurements
can be achieved using space-borne sensors.

ATSR was launched as part of the payload of ESA's ERS-1
satellite on 17th July 1991. Since 13th September 1991 when
the instrument completed its in-flight commissioning period,
ATSR has been producing high-quality thermal images and
global gridded maps of sea-surface temperature.

There are three types of correlative measurements that·are are
used that show the ATSR system (instrument plus ground proc
essing) is achieving the appropriate level levels of accuracy.
These are:-
1. comparison with ship-borne infrared radiometer measure

ments.

2. comparison with the UK Meteorological Office daily SST
analysis.

3. comparison with SST measurements from the drifting
buoy network.

This paper discusses the results from 2) and 3), validations
that fall into category 1) are discussed in Ref. 1 and several
other papers in the conference proceedings.

2. CALIBRATION AND VALIDATION

2.1. What are calibration and validation?

The CEOS Working Group on Calibration and Validation
have endorsed the following definitions:-

Calibration is the process of quantitatively defining the system
response to known, controlled system inputs, whereas valida
tion is the process of assessing by independent means the
quality of the data products derived form the system outputs.

It should be noted that ATSR is a self-calibrating radiometer
which measures the radiative temperature of a given scene
against an absolute temperature reference (i.e. a pair of cali
brated blackbody targets). The reliability and robustness of
this calibration was established during extensive ground test
ing before the delivery of the ATSR instrument to ESA for
launch.

The purpose of validation is to understand the physical reasons
for any biases or significant disagreements in the ATSR data
with respect to the in situ data, and to provide a correction for
any mismatch based on this understanding. Therefore, the ac
curacy to which SST is retrieved from the ATSR brightness
temperatures is a test of the quality of the atmospheric models
used in the retrieval process, not of the calibration of the
ATSR instrument.

2.2. Skin and bulk sea-surface temperature

The ATSR SST algorithms use theoretical models of atmos
pheric transmission to supply an estimate of the radiating tem
perature of the thin skin layer at the ocean surface. This skin
temperature is usually less than that just below the surface due
to radiative, conductive and evaporative cooling at the air-sea
interface.

Previously, the operational algorithms for computing SST
from other satellite data (i.e. AVHRR) have been derived by
the regression of satellite-observed brightness temperatures to
in situ data obtained by buoys. Satellite observations proc
essed in this way are usually regarded as measurements of the
bulk temperature of the ocean surface.

2.3. Validation of ATSR data products

The correct way to validate satellite skin temperature observa
tions, such as those from ATSR, is by comparisons of the
ATSR SST data with skin SST measurements from in situ in
frared radiometers. The problem with this approach is, how-

Proceedings Second ERS-1 Symposium - Space at the Service of our Environment, Hamburg, Germany, 11 - 14 October 1993
ESA SP-361 (January 1994)
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ever, that these data are not available globally. Hence, the re
sults from a limited number of dedicated in situ validation
campaigns must be generalised through global quality assess
ments based on the observational fields of bulk temperature
data.

The ATSR validation procedure is based on a series of dedi
cated validation campaigns using properly instrumented ships
and aircraft, which have extrapolated globally using the avail
able bulk observations. The following sections describe results
from these global validation activities.

The ATSR data product that is validated in this study is the
ATSR spatially-averaged SST data. This product is a ~0

latitude-longitude average of the lkm resolution data record by
the instrument.

2.3.1. Global Quality Assessment
Results from dedicated in situ validation cruises demonstrate
the high accuracy in SST that ATSR can produce (see Refs . 1,
2 and 3 for instance). However, these data are only available
over a very limited geographic region and we need to validate
the ATSR data globally. This objective can only be achieved
using a routinely available, high-quality global temperature
data-set for comparison with the ATSR data. To provide this,
the UK Meteorological Office's SST analysis (UKMOssn
field was used as the reference SST data-set for systematic
comparisons with the ATSR spatially-averaged data.

ATSR SST vs. Latitude
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Fig. I. ATSRSpatially-averagedSSTdataforthe2SthApril1992
plottedas sea-surfacetemperaturein Kelvinasa functionof latitude.

The UKMOSST analysis is generated daily by the Meteoro
logical Office from quality-controlled bulk SST observations
(i.e. data from buoys, ships and XBTs). During the period cho
sen for study there was no satellite data in the SST analysis.
The AVHRR MCSST data was excluded due to inability of
this instrument, with a single nadir-only view, to provide an
adequate correction for the anomalous atmospheric situation
cause by the Pinatubo aerosol and still give accurate SST. With
the sparse geographic coverage of bulk SST observations
available from conventional sources, it is necessary for the
analysis field to rely on climatological SST data from the his
torical analysis from Ref. 4.

Figures 1 and 2 show the SST data from the ATSR data and
UKMOSST analysis, respectively, for 28th April 1992 plotted

UKMO SST Analysis vs. Latitude
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Fig.2. UKMeicorologicalOfficeSSTanalysisfor2SthApril1992
plouedas sea-surfacetemperaturein Kelvinasa functionof latitude.

as a function of latitude. Both plots reproduce the same broad
features and show very similar detailed structure. The positions
of the maximum and minima in the curves match closely, as do
the absolute values of SST observed. The finer detail of the
structure are also reproduced in both curves (i.e. the bifurca
tions in both hemispheres at high latitudes, the loops hanging
down from the main curve between the equator and 30°S and
the hump between 20-30°N). There are, however, a small num-

(ATSR SST - UKMO SST) vs. Latitude
10

s
~
0~
~
!;;
"'s

-S

~-0.33±0.90
Mean(±3q limit): -0.29 ± 0.66
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Fig.3. Plotof thedifferenceintheobservedSSTfromtheATSRand
theUK."10SSTanalysisas a functionof latitudeforthe2SthApril
1992.Thedashedlineis the± la limitandthesolidlinesare themean
andthe±3CJlimits,respectively,

ber of isolated cold values visible in the ATSR curve which are
not seen in the UKMOSST curve. These values fall between 5-
lOK lower than the other SST values at the same latitude (e.g.
the points beneath the main curve 30-35°S). Investigation of
these points shows that they result from small deficiencies in
the ATSR cloud-clearing algorithm, which occur in regions
where there are only a small number of SSTs contributing the
~0 average. In these situations the effect of this small number
of cloud contaminated SST values has a marked effect on the
derived SST value, but they were easily be rejected by apply
ing a 3o filter to the data.

Figure 3 shows the difference between the data in figures 1 and
2 plotted as a function of latitude.



The global mean difference between the ATSR field and the
UKMOSST is -0.29±0.66K for the 28th April 1992. This ex
ample is for a night time dual-view SST. The night time re
trieval makes use of a three channel algorithm (i.e. 3.7, 10.8
and 12.0 µm), whereas the day time retrieval makes use of only
the 10.8 and 12.0µm channel. Hence, the ATSR night time re
trievals are more accurate. ATSR can also produce an
AVHRR-Iike single view product which make use of the only
the nadir view information from the instrument (this is the sin
gle view only SST data provided in the following tables).

The conclusions of a series of daily comparisons like the one
shown in figure 3, but averaged over the month from 15th
April 1992 to 15th May 1992 are shown in table 1. The data
presented in this table require some explanation. Basically, the
data consist of a tabulation of mean differences between the
two SST fields (i.e. (ATSR SST - UKMOSST)) together with
their standard deviations, negative values indicate that ATSR
has produced an SST which is colder than the analysis. The re
sults are presented separately for each of the four different
ATSR algorithms (i.e. day single view, day dual view, night
single view and night dual view). Column I is a key indicating
whether the dual view or single view ATSR algorithm was
used, column 2 the mean difference from the UKMO analysis
and the associated standard deviation for night time observa
tions, column 3 is the same as column 2 but for the day time
observations, column 4 is the result of column 2 minus column
3 (i.e. the day/night) difference.

Algorithm Night SST Day SST Day-Night
type Kelvin Kelvin Difference

Dual view
SST -0.33±0.7 -0.85±0.9 -0.52

Single view
SST -0.68±0.9 -0.89±0.9 -0.21

Dual - Single
difference 0.35 0.04

TABLE I. Results of Global comparisons of ATSR data with the UK
Meteorological Office SST analysis for the period 15th April 1992 to
15thMay 1992.

The results in this table reveal the advantages of along track
scanning. For both the day time and the night time data the
agreement with the UKMOSST is better for the dual view case
than for the nadir view only.

The agreement between the UKMOSST and the ATSR data is
closest for the night time data, and with the dual view data al
ways producing the best result. The mean difference from 15th
April - 15thMay is -0.33K for the night time data (sec table 1),
this is colder than the analysis field. The deficit for the day
time dual-view data is larger by approx. -0.5K with a value of
about 0.85K cooler than the analysis.

The comparisons between the ATSR data and the UKMO data
typically show a spread of ±0.7 K at night and around ±0.9K
during the day. At first sight this looks to be a poor result when
compared to AVHRR which shows a scatter of -0.7K com
pared to buoy.

The local times of the ATSR observations are 10.40 am and
10.40 p.m. approx. The UKMO analysis is based on a clima
tology that is updated by the ship and buoy bulk temperature
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observations collected throughout a 24 hour period. Thus in
comparisons with these data there are implicit errors as it is not
possible to separate the UKMO analysis into its day time and
night time component. Studies at the UKMO using ATSR
near-real-time data have also shown up other limitations in the
data-set There is consistent bias between the ship observations
and the buoy data (see Ref. 5). The ship data is 0.1-0.5K
warmer than the buoy temperatures with the buoy comparisons
showing a standard deviation of approximately 0.5K (cf. I .OK
for ship observations).

However, it should be noted that the real spread in the ATSR
comparisons is likely to be very much smaller than the values
quoted above. The the evidence for this is that the standard de
viation of the daily mean bias computed by averaging the daily
mean bias values for the study period is much Jess than 0.1K
(cf. 0.7K computed from optimally combining the standard de
viations from each day).

The fact that there are systematic errors in the comparison is
not surprising, as it has not been possible to remove the effects
of the variations of SST throughout the day in the way recom
mended by Ref. 6.

The principal reason for this consistent bias between the ATSR
and the UKMOSST is because the UKMOSST field is derived
from measurements of the water bulk temperature and the sat
ellite, of course, measures the skin temperature. The differ
ences found in this analysis are consistent with present under
standing of the skin/bulk temperature difference, bearing in
mind the the limitations·of the analysis technique described
above, and can be regarded as evidence of the consistency of
ATSR's performance.

23 .2. Comparisons with drifting buoy data
To improve our understanding of the results presented above, a
limited study of ATSR spatially-averaged product against
drifting buoy data has been undertaken for the period 15th
April to 15th May 1992. It should be noted that although these
comparisons are still of a bulk temperature to a skin tempera
ture, more quality control can be applied to the data than was
possible with the UKMO analysis fields.

Fig. 4. Locations of the ATSR I Buoy coincidences for the case of night
time dual view SST for the period 15thApril to 15thMay 1992 - 280
samples

The systematic errors were reduced by requiring that the coin
cident buoy data to be obtained within ±3 hours of an ATSR
overpass and at a position not more than ~0 latitude or longi
tude away, following the recommendations of Ref. 6. The
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drifting buoy data were provided by the UK Meteorological
Office, together with extra information in the form of the dif
ferences in the buoy observations from the analysis field and
climatology. These additional data were used to provide a fur
ther level of quality control. All the data from buoys that
showed a consistently high bias with respect to the analysis
and climatology fields were excluded from the comparison
(this is a very similar procedure to that adopted by the UKMO
in screening observations for inclusion into their analysis
field). The quality control reduced the total number of coinci
dences by around 10%.

Figure 4 shows the locations of the successful buoy ATSR co
incidences during the study period for the night time dual view
SST.The results of the study for each of the ATSR algorithms

-~---------1
~
--;
I
1

280 21111
Buoy SST/K

Fig. 5. Comparison of ATSR night time dual view SST with
quality-controlled buoy data. All coincidences between 15thApril 1992
and I5th May 1992- 280 samples.

Algorithm Night SST Day SST
Type Kelvin Kelvin
---

Dual view SST
-0.07 ± 0.35 -0.39 ± 0.51
280 samples 198 samples

Single view
SST -0.30± 0.47 -0.56 ± 0.50

331 samples 336 samples

Dual - single
difference 0.23 0.17

Day-Night
Difference

-0.32

-0.26

TABLE 2. Summary of the difference between ATSR and buoy SST for
each ATSR SST algorithm. The last column is the day/night difference
and last row is the single/dual view difference (dual view is warmer).

are summarised in table 3. The numbers presented in this table
are the global mean of the difference between ATSR and the
buoy SST field together with its standard deviation. The num
bers in the last row and column of the table are the single
view/dual difference and the day/night difference, respectively.

These results support the arguments offered in the previous
section, and further demonstrate the capabilities of the ATSR
instrument to deliver a high-quality SST product.

The dual view algorithm provides an improvement in retrieved
SST of 0.2 to 0.3K over the single view algorithm. The RMS

errors of these comparisons show that the ATSR
is delivering an RMS error in retrieved SST of less than
0.5K, just as it was designed to do. The noise in this com
parisons seems to be dominated by the errors in the buoy
data-set The true RMS errors in the ATSR data are likely to
be much less than these comparisons show and based on the
in silu data radiometer comparisons described earlier is be
tween 0.2 to 0.35K RMS error

Table 2 shows that the mean bias between the ATSR observa
tions and the drifting buoy SST is between 0.1 and 0.3K at
night time and between 0.4 and 0.6K during the day. These
small relatively small differences can be explained in terms of
the skin effect without having to invoke any other explanation.

3. SUMMARY OF RESULTS
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The data discussed in the previous sections must be regarded
as preliminary at this stage as the ATSR retrieval algorithms
are still being developed and refined. Furthermore, to confirm
these results a much more detailed and long-term analysis will
be required. The ultimate quality of the ATSR data will depend
on an extensive set of in situ radiometric measurements of SST
under representative geographical areas and meteorological
conditions. Such work forms part of an ongoing programme of
validation for the ATSR instrument, further results from which
are discussed in Refs. 1,2,3 and 7.

The comparisons with drifting buoy data show that ATSR is
capable of generating very high-quality dual-view SST data
with a mean bias with respect to drifting buoy data of -0.07K
and an RMS deviation of 0.35K.

The day time dual-view algorithm, which only uses data from
the 10.8 and 12.0µm channel, supported by cloud information
from the 1.6µm channel, provides data with a mean bias of
-0.4K and an RMS error of 0.5K. These data are of compara
ble quality to the night time single view data which are ob
tained using brightness temperatures from all three of ATSR's
thermal infrared channels. This clearly demonstrates the bene
fit of the dual view, and shows that the addition of the forward
view information to the day time retrieval provides an im
provement in the SST retrieval similar to the addition of a third
thermal channel to the two channel retrieval.

The night time dual-view SSTs are ATSR's highest quality
data product. These data are produced using the maximum
possible number of ATSR observations, as they are computed
using the three-channel, dual-view algorithm (i.e. all six
brightness temperatures). As expected, the instrument's worst
results are the day time single view SST values computed us
ing the two-channel, single-view algorithm (i.e. two brightness
temperatures).

In the course of this study it has become clear that "along track
scanning" provides a two-fold advantage in SST determina
tion. The first of these advantages is the obvious one of the im
proved atmospheric correction resulting from the two different
atmospheric path lengths in the forward and nadir view. The
second advantage is less obvious and results from the ability of
the ATSR' s forward view, with its increased optical path
through the atmosphere and increased size, to detect thin
clouds and the edges of large clouds that are not obvious in the
nadir view.

The present results results show for the conditions prevailing
at the time of these observations, the "along track scanning'
provided additional information about atmospheric conditions



and cloud cover which can allow SST to be measured from
space to an accuracy within 0.3°C of the in suu measurements.

Further refinement of the ATSR algorithms is now in progress;
these include improvements in the cloud clearing algorithm,
retrieval of water vapour and the development of more
physically-based algorithms for SST determination that maxi
mises the benefits of along track scanning.
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spacecraft and oavioac

The satellite integration started m January
1994. After payload and platform coupling. a
series of electrical tests. including hardware
software compatibility and a system validation
test with ESOC. were performed Prior to the
environmental test. the propulsion subsystem
was checked for leak-tightness

vibration and acoustic testing were then
carried out to demonstrate. successfully. that
the ERS-2 satellite would not be adversely
affected by the vibration and noise induced by
the launch vehicle. That was followed by a
deployment test. under onboard software
and under ESOC control. of the SAR the
Scatterometer and the Microwave Radiometer
antennas using special 'zero-qravrtv rigs to
simulate a realistic deployment.

The satellite assembly, integration and test
(AIT) activities concluded with a full functional
performance test and a rehearsal of the launch
site procedures in August 1994. The AIT
programme was completed exactly on the
date that had been oriqinally planned at
the beginning of the ERS-2 programme in
1990.

Following the flight acceptance review. the
flight hardware and the associated ground
support equipment were prepared for
shipment to the launch range in Kourou.
French Guiana. Five sea containers and
two dedicated 747 cargo flights were
used to transport the equipment to the
launch site.

ERS-2 was planned to be launched on Ariane
flight V72 rn January 1995. The launch
campaign started on 14 November 1994.
After the set-up of the check-out equipment,
the satellite mechanical preparations and
the alignment a post-transport functional
performance test was performed. Immediately
before the end of that test. on 30 November,
however. the launch of Ariane flight V70 failed.
The post-transport test of ERS-2 was
completed but the satellite then had to be
placed in storage until the preparations for
flight V72 could be resumed. The satellite was
protected by a dedicated tent. which was
purged and the ambient conditions inside the
tent were permanently monitored.

The launch campaign was interrupted for
two months. from 19 December 1994 to
17 February 1995. Only a small 'babysitter'
team remained in Kourou.

In February 1995. the campaign resumed with
a short functional test. the integration of the
solar array and the preparation for fuelling.

(
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..,
''\;, ....

After further delays due to hydrogen and
oxygen leaks in the third stage of the Ariane
V71 launch vehicle, ERS-2 was transferred to
the filling and encapsulation hall. Finally. on the
night of 20 April 1995. ERS-2was successfully
launched. C

Figure 22. ERS-2 being
prepared for encapsulation
in the Ariane V72 fairing
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The ATSRinstrument on ERS-1
The IRR. an imaging radiometer equippec
with four infrared channels operating a:
wavelengths of 1.6. 3 7. 11 and 12 microns
scans two 500 km swaths across the satellites
ground track. one being the nadir view and the
other 800 km forward (47° with respect to
the nadir) along the ground track (Fig 2)
Successive swaths are displaced by 1 km due
to the satellite's orbital motion.

ATSR-2: The Evolution in Its Design
from ERS-1 to ERS-2

N.C.M. Stricker & A. Hahne
ESA Directorate for Observation of the Earth and Its Environment.
ESTEC. Noordwijk, The Netherlands

D.L. Smith, J. Delderfield, M.B. Oliver & T. Edwards
Space Science Department. Rutherford Appleton Laboratory. Didcot. UK

The Along- Track Scanning Radiometer, or ATSR, was developed for
the ERS-1mission as an Announcement of Opportunity package by the
United Kingdom and France. It consists of a four-band Infrared
Radiometer (IRR) to measure the Sea Surface Temperature (SST), and
a Microwave Radiometer (MWR) to measure the integrated (vapour and
liquid) atmospheric water content. The IRR was developed by
Rutherford Appleton Laboratory (RAL, UK) and the MWRby the Centre
de Recherche en Physique de !'Environment Terrestre et Planetaire
(CRPE, F).

For the ATSR-2on ERS-2 , the IRR has been upgraded by adding three
more bands in the visible part of the spectrum to provide data for
vegetation studies (Fig 1). The MWR is identical to that used on ERS-1,
but is provided by a different industrial contractor, namely Schrack
Aerospace of Austria.

Figure 1. A 512 x 512 km
section of the tropical rain

forest in Rondonia (western
Brazil), as seen by ATSR-2.
This image combines three
channels from ATSR-2, at

0.55 µm (extracted as blue),
0.67 µm (green) and 1.6 µm

(red). The regularly-shaped,
pale cream patches are

areas where the rain forest
has already been felled
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A rotating mirror scans the two tracks
once every 150 ms. each scan being sub
divided into 2000 pixels (each equivalent to
75 microsec). 555 of which contain nadir-view
data and 371 forward-view data. The infrared



channels and associated electronics are
calibrated using two black bodies. one hot ano
one cold. located in tne path of tne scanning
mirror

With the 555 pixels m tne nadir view. a
resolution of the order of 1 km x 1 km can
oe achieved. Averaging over 50 km x 50 km
gives an absolute accuracy of better than 0.5 K
m sea-surface temperature assuming that
20% of the o.xeis within tne area are cloud-free
For cloud-free pixels of 1 km x 1 km. the
relative accuracy rs about 0.2 K.

The scanning mirror directs the incoming
raoiation to an off-axis paraboloidal mirror (Fig
3). A field stop positioned at the focus of the
instrument determines the field of view Beyond
this field stop. the beam diverges into
the Focal-Plane Assembly (FPA) where n rs
spectrally divided into four infrared chan
nels Three of the component beams.
corresponding to the 3.7. 11 and 12 micron
bands. are re-imaged by three off-axis
ellipsoidal mirrors onto separate detectors An
aspherical zinc-sulphide lens re-images the
fourth beam (1.6 micron) onto its detector
(Fig. 4). Photoconoucnve cadmium-mercury
telluride detectors are used for the 11 and
12 micron channels. and indiurn-antimonide
pnotooiooe detectors for the 1.6 and 3.7
micron channels

A Stirling-cycle cooler keeps the Focal
Plane Assembly at 80 K. to provide the
required low-noise performance for the
detectors. Eight onboard pixel maps allow the
selection and compression of !RR pixels for
eight different data sets. After formatting. the

mirror
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data are collected by the Instrument Data
Handling and Transrrussion Unit (IDHT) and
transmitted to ground via the X-band link

Figure 2. Measurement
principle of the Along· Track
Scanning Radiometer
(ATSR)

The MWR instrument uses a 60 cm Casseqrain
offset-fed antenna to view the Earth in the nadir
direction at frequencies of 23.8 and 36.5 GHz.
The signals received are compared with
that from the reference source at a known
temperature in order to minimise the effects of

Paraboloid

!

Field
stop

Figure 3. The arrangement
of the ATSR's optical
components
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Intermediate
image of
field stop
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Field
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Figure 4. The optical layout
of the Infrared Focal-Plane

Assembly (IRFPA) for
ATSR-2

Figure 5. The optical layout
of the Visible Focal-Plane
Assembly (VFPA) for
ATSR·2
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detector

3. 7µm detector

Field stop Silicon
aspheric lens

From
paraboloid mirror

To
visible FPA

short-term variations m the receiver-chain gain.
To calibrate the MWR. acditional features are
used: the sky-horn antenna is pointed towards
the very low cosmic background radiation of
deep space at about 4 K for 'cold reference·
measurements. while the 'hot reference' is
obtained from measurements within the
instrument itself.

by adding of a second Focal-Plane Assembly.
with the constraint that it was not to impact
adversely on the existmo channels.

The ATSR-2 instrument on ERS-2
In the ATSR aboard the ERS-2 rrussion. three
additional visible channels are accommodated

The Infrared Focal-Plane Assembly (IRFPA)
on ERS-2 differs somewhat from that on its
predecessor ERS-1. The mirror used to reflect
radiation into the 1.6 micron detector has been
replaced by a dicnroic beam-splitter. This
allows the visible beam to pass out of the IRFPA
(Fig. 4). via a sapphire window and radiation
resistant doublet relay lens. and enter the

Enclosure for
cooled optics

!
02 (0.659µm)

Relay lens F3 L3
F1·1·1·...: : :



a:s·-2

Visible Focal-Plane Assembly (VFPA. Fig. 5).
There the beam rs split into three. using
dichroic beam splitters. before being focussed
by zinc-suipnioe triplet lenses onto the visible
channel detectors. The centre wavelengths of
these three channels are 0.555. 0.659 and
0.865 microns. respectively

ATSR-2

The visible channels are calibrated with a
visrble Calibration Unit. as shown rn Figure 7.
The opal MS20 diffuser. located behind the
solar input baffle and radranon-resistant glass
window is illuminated by the Sun during some
parts of ERS-2's orbit. Mirror M1 reflects the
diffuse beam onto the plane mirror M2. located
between the nadir view and one of the
black-body units in the path of the scanning
mirror.The sizeof the M2 mirror determines the
aperture stop m this cahbration system.adding
16 visible-calibration pixels to the ATSR-2data
stream. Calibration takes place close to the
time of local satellite sunset. when the Sun rs
13° below the tangent to the Earths surface
at the satellites nadir point. The nadir- and
torward-vrewinq battles are designed to
exclude stray radiauon from entering the

Mean
solar axis

input

..

Figure 6. This ATSR-2
image. recorded on 8 May
1995 over Central Italy and
Sicily. is a false-colour com
posite. compiled from the
uncalibrated data in the 0.67
urn (as a blue extract). 0.87
urn (gree,n) and 1.6 urn (red)
spectral channels

Figure 7. Optical
components of the visible

calibration system

Monitor

mirror
Track of the

scan mirror view

~Nadir view
to ground

Upper and lower
nadir baffles
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Figure 8.ATSR-2 view of
the Gulf Stream, which

gives Europe its
temperate climate,

acquired on 16 May 1995.
It shows the eastern
seaboard of North

America, stretching from
New York (at the top) to

Charleston, South
Carolina (at the bottom).
Off the coast is the warm

Gulf Stream (in red),
which comes up from the
south and meets the cold
Labrador current off Cape
Hatteras. The sometimes

quite wide transition
zones stand out very

clearly, as do the swirling
eddies and broken-up

currents that occur
further on. The varying

colours of the clouds near
the top and bottom edges
of the picture are also due

to temperature
differences
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cahbration system. which would degrade its
accuracy

the periods wnen otner oavioao instruments
are not making iull use ot the X-bano ca.a
capacitv

Tnree new arnouuers have been added to the
pre-amplifier ur: t to cope w1'.r:tne three visible
cnannels on ATSR-2. and three corresponding
Single Channe Processors have been incor
porated into tne eiectroruc svstem

The pos.01b1l1tvwith the enema: ATSR c:
cnoosmo between eight fixed pixei-seiecto
maps rs reotaced for ATSR-2 by a tacilitv tc:
uploading different pixel formatting macs
from tne ground. thereby orovrdmr; qreate:
operational flex1b1l1ty.Two orxe maps can oe
loaded at anv g1veri time 1'.'n1cnauows two
different maps to be useo curing an orbit. to;
example one over the sea and a different one
over land. I: also allows swatn-wiotn modulation
and a reduction in the number of oetecto

The increased data flow on ATSR-2 called for a
new set of oata-compressror algorithms. In
acdition. uncompressed infrared and visible
data can be transmitted in 2 high-data-rate
mode. wrucn provides double the normal
throughput. This mode rs nrnited. however. to



atsr-2

ATSR-1

DEU

ERS-1 Payload Module

channels to be traded-off against better
resolution in the remaining channels in low
data-rate mode.

Major mechanical modifications were made to
the ATSR-2 Infrared Radiometer. The carbon
fibre structure has been substantially re
designed, the vestigial ATSR-1optical bench
has been removed. and all optical elements are
nowmounted directly onto the structure.

With the addition of the Global Ozone
Monitoring Experiment (GOME) for the ERS-2
mission, and the need to interface this
experiment to the satellite via the ATSR-2's
Digital Electronics Unit (DEU). it became
important to add more redundancy to the latter
as it now interfaces with the IRR, the MWRand
GOME. A second identical DEU was therefore
added to the payload module, together with a
DEU Switching Unit(DSU in Fig. 9).

The ATSR products
The main application objectives for the original
ATSRinstrument aboard ERS-1are:
- sea-surface temperature measurements
- cloud and atmospheric measurements
- lakemeasurements
- sea-icemeasurements
- land-ice measurements
- deforestation measurements
- forest-firedetection.

ATSR2

ERS-2 Payload Module

With the new features that have been
incorporated into the ATSR-2 instrument
earned by ERS-2. the following additional
objectives are being addressed:
- combined visible/infrared remote-sensing

ot vegetation in both the nadir- and
along-track viewing directions

- improved spatial resolution and coverage in
high-data-rate modes. when the Active
Microwave Instrument (AMI) is in low
data-ratemode

- quantitative vegetation measurements.
using the 0.65 and 0.85 micron channels

- leaf-moisturemeasurements. using the 0.85
and 1.6 micron channels

- vegetation state (growth stage and health)
measurements. using all three visible
channels. C

Figure 9. Schematic of the
configurations of the IRR.
MWR and DEU aboard
ERS· 1 and ERS-2
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