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Aircraft observations related to the determination of sea surface temperature from

Meteosat

1e Introduction

There are several difficulties in deriving sea surface temperature (SST) from
the upwelling radiance measured by a satellitees The problem of calibrating the
satellite radicmeter is ones For a spin~scan radiometer of the type on Meteosat,
the lack of a facility for placing a calibration target in front of the complete
optical system adds to the problem‘Z"1;7. Although the radiance measurements are
made in spectral regions over which the atmosphere is fairly transparent, such as
the 11 um "window", it is always necessary t-. apply corrections for atmospheric
absorption and emissione Given a knowledge of the {emperature and humidity
distributions, models can be used to calculate the atmospheric correctiones The
models themselves are sources of error and require validation.

The work described here was designed to tackle these difficulties as they
apply to the Meteosat 11ﬁnn channeles It is recognised, however, that other
problems exist, such as uncertainties in tempeiature and humidity distributions
under operational conditions, isolation of sea surface radiances in partially
cloudy conditions and differences between radiative and "ships' buckets! SSTse

2e Observational programme

In November-December 1978, Met Research Flight performed an exercise 3o
produce data from which an absolute calibration for the 11 channel of the
Meteosat radiometer could be derivede It was intended that tb~ calculations
involved should provide estimates of the errors in the derivation of SSTs from
Meteosat radiancese This study also entailed consideration of certain problems
in processing T1ﬁmxobserva$ions from other sourcese

The aircraft instruments provided measurements of the temperature and
humidity profiles and the radiative SST. These have been used in conjunction
with an atmospheric transmission model and knowledge of the Meteosat radiometer
spectral response 1o calculate the radiation emitted from the top of the
atmosphere along a slant pathe The theoretical radiances can be compared wit
the Meteosat signals to provide a calibration for the radiometere Also the
radiance calculations themselves provide an estimate of the temperature deficit =
the difference between the radiative SST and the brightness temperature measured
at the top of the atmospheree In this spectral region the deficit is caused
mainly by atmospheric water vapoure A useful comparison is only possible if the
aircraft measurements are made in cloud-free conditionse Similarly, areasin
which significant layers of haze or dust are present are avoidede

in addition the Barues radiometer on the aircraft provided measurements of
upwelling radiation at different pressure levels which have been compared with
theoretically computed values to assess the selfwconsistency of the measured
radiances, the measured atmospheric profile and the radiative transmission model
ucsedes

3¢ Aircraft data

The plan for the aircraft measurements is specified elsewhere zf?{j7.
Briefly, it consists of a sgeries of horizontal "IMwghaped flight patterns (of
side ~30 kn) at different pressure levels between the surface and 600 mb over




the same area of oceane Along each "IM=shaped run, measurements are made of
temperature, humidity and upwelling infraered radiation (using the Barnes
radiometer)s In addition measurements of temperature and humidity are made during
a descent at 1000 fi/min from about 600 mb to the surface over the same area of
ocean, and also during a similar ascente These yield further informaiion on the
shape of the temperature and humidity profilese The flight plan specifies that all
these measurements are to be made under cloud=free conditions so that the Meteosat
radiances can be identified unambiguously as those emitted from a cloud=-free column
of atmospheres i

The aircraft measurements of temperature and humidity up to 600 mb,
supplemented by data obtained from nearby radiosonde ascents, were used to obtain
profiles of temperature and humidity throughoit the tropospherees In the upper
troposphere lack of data created large uncertainties, particularly in the humidity
profile, but since the absolute humidities are so low at these heights the Meteosat
radiances were affected comparatively little by errors in the profile.

During this exercise, two flights were made to measure the temperature and
humidity profiles in the lower troposphere = on 30 Noverher and 5 December 1578,
The flights took place out of Gibraltar over tne easter. Atlantice

Pressure and temperature were measured and recorded automatically at a high
sampling rate (eg 20 per sec for temperaxure), as was humidity using a Cambridge
hygrometer, These data were subsequently processed to provide mean values for
each constant level rune The Barnes radiometer readings were also recorded
automatically and the instrument calibrated by in-flioat observation of intermal
black body targetse Two major calibration sequences of 15 minutes duration' were
performed at the beginning and end of the measurement programme, and a short
calibration sequence (to correct for instrumental drift) was rode during the turn
&t the middle of each "IM~shaped rune In addition, during horizontal ruas,
bumidity was measured and recorded manually using a Dobson=Brewer hygrometere On
average, about 5 measurements were obtained on each "IM=shaped rune In general
the manual readings gave more accurate absolute measurements of humidity,
particularly at higher levels, and th: automatic measurements of humidity profile
recorded during ascent and descent were mainly used to confirm the interpolation
of the profile shape between the levels at which manual measurements were :
availablee

4e Satellite data

The radiometer signals are digitized on board the setellite and transmitted
1o earthe Even after ground processing the radiances arc still expressed in
digital "counts"; a calibration process is required to convert “counts"™ into units
of radiance or temperaturee The end vroduct of our satellite data analysis is @
number of instrument “counts" which can be said to be equivalent to the brighinsss
temperature at the top «” the atmosphere calculated from the atmospheric profile
dataes This is derived by considering a histogram of radiance counts for an arca
including that over which the aircraft was operatinge A 32 x 32 array of picture
elements (pixels) from the IR image was considered; this is also the sample size
used by ESA's Meteorological Information Extraction Centre (MIEC) in deriving
SSTs 3;7. In deciding which 32 x 32 array of pixels corresponded to the
appropriate geographical area, it was assumed that the location of pixels was
that which they would have in the Meteosat "reference image" 174;7. This
assumption was tested by checking that the coastlines, where visible, were in
the expected places. On this basis it was estimated that the location error was -
~+5 pixels, varying from image to image on any one day. This is thought to '
contribute insignificantly to the total error in the calibratione
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Estimating from the histogram the mean count corresponding to the cloud=free
radiance is not in general a trivial exercisees Therefore, in the resulis reported
below the complete histograms are given in addition to the value at which the peak

counts occurse

30 November 1978 flight

5¢1 Aircraft measurements

The aircraft mcasurements over the selected area were made between
0900% and 1520%, and the average co-ordinates of the measurements were
32,9°N, 11.35°W. All measurements of temperature and humidity described in
section 3 were analysed and 8lotted on a Tﬁhgram, togzether with data from
a radiosonde at 32,7°N, 16.8°W and 12008 (08521, Madeira)s The Wbest®
estimate of the representative profile with associated errors was obiained
from the available data as follows: '

aes Temperature, surface to 750 mb = the mean values for the constant
pressure level .uns were usede They were in good agreement with the
ascent and descent profiles,

be Temperature, 750 to 400 m» = the mean values of the ascent and
descent profiles were usede I» general the two agreed to within 1K.

Ce Temperatiie, above 400 mb = the radiosonde profile was used and large
tolerances allowede Although the difference in locations of the aircrafi
measurements and the radioscnde makes this tie~on suspect, the effect on
the calculated Meteosat radiances of temperatures at these levels was
found to be negligible. Above 100 mb the US standard atmosphers (1976)
was used, though again the effects of these layers are negligible,

de Humidity, surface to 400 mb = the means of the manually-recorded
values taken on the constant pressure level runs were used. Below 500 mb
the shape of the automatically~recorded profile was used to interpolate
between the manual values (although the absolute values of the automatic
measurements were in error by several degrees)e

ee Humidity, a.ove 400 mb ;_20 data were available, A typical
stratospheric value of 3 x 1 for the humidity mess mixing ratio was
assumed above 100 mb and a reasonable interpclation was used between
400 and 100 mbe Large tolerances were allowed, but these contributed
negligibly to the error in the calculated radiances, since the absolute
hunidities at these heights are so lowe

The best estimate of the whole profile is given in table 1. The surface
pressure was derived from the height omsl and pressure meastred on the lowest
constant level rune The means and standard deviations of the calibrated
Barnes radiances for each constant pressure level run are given in table 2,

502 Meteosat data

The appropriate 32 x 32 array of pixels from the IR image was selected
as described in section 4: for this day the array consisted of lines 1966~1997
and pixels 1451=1482, Figures 1, 2 and 3 show the radiance histograns for
the imeges at times 1155%, 1255& and 1455% respeciivelys The peak count on
all three is at 153, The secondary peak at a lower count for iimes 12552 and
14552 corresponds to some cumulus cloud which was noted during the flighte |
For the 1255% image, the eight 32 x 32 arrays surrounding the chosen array |
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were also analysed. All the histograms had peaks in the low 150s (although
in some the peak was not as clearly defined as in figures 1, 2 and 3) and
from these peaks the spatial gradient in the cloud-free radiance was
estimated to be about 05 counts over a distance ~~150 kme

The peak radiance of 153 counts was converted to a brightness temperature
using two different calibration methods suggested by ESA:

ae MIEC method as outlined in section 2.1 of the Heteosat Calibration '
Report, Issue 4 ZT§J7, correcting for the drift of the "black body
counts" with time using data given in the Meteosat Calibration Report,
Issue 3 [6_7:

153 counts ——> 19.9°C
be "Engineering" method / 1_7:

153 counts ——> 22,1°C

(It has been no‘~d that the engineering method was anomalously poor for
a period during November=December 1978 [ 7]).

5¢3 Calculation of Meteosat brightness temperature

The widely used atmospheric transmission model LOWTRAN 3B zr@a;7 was
employed to calculcse transmissions along paths through an atmospheric
profile defined by table 1 at a zenith angle agpropriate to Meteosat and the
location of the aircraft measurements, ie 402 (the small variation in
zenith angle of about + 0.15o over the measurement area being geglected)°
LOWTRAN calculates mean traasmissions over intervals of 20 cm™ 'e
‘Consequently transmissions were calculated at 20 o™ intervalse Using these
velues, the radiative transfer equation was integrated along the path to find
a radiance at the top of the atmosphere for each 20 em™1 interval across the
range of the radiometer responsee These radiances were then convolved with
the spectral response of the instrument (obtained from zf?i;7) and the result
expressed as a brightness temperatures

The above procecévre was performed for the full atmospheric profile and
also for the atmosphere truncated at each level in table 1 such that the
calculated brightness temperature represented what the satellite would
measure if there were no atmosphere above that level, The calculations
were performed for 5 different profiles:

1)  The "best" profile (as specified in table 1) with surface
brightness temperature, T o :

2) "Wet® profile = as (1) but humidity profile increased by the errors
in table 1. :

3) "Dry" profile = as (1) but humidity profile decreased by the errors
in table 1.

4)  High SST = as (1) but with surface brightness temperature, (To +
a; /°
]

5)  "Hot" profile = as (1) but with temperature profile increased by
the errors in table 1.

In this way the effects of various sources of error were investigatede



T was chosen to be 19.2000 as a result of the analysis described in
s@ction S5e¢5e a, was chosen slightly arbitrarily as 0640 (typical of the
standard deviation of the Barmes radiomeier measured brightness temperatures).

The resuliting brightness temperatures for each profile truncating at
g > each level are given in table 3, which also defines how the errors in the
brightness temperature caused by the various sources can be assessede The
conclusion from this table is that, if we accept the accuracy of the
g transmission model (see section 5. 5)y then the cloud=free brightness
temperature measured by Meteosat on this occasion was 15.0 X 0.7 Ce

The use of profiles 1 to 5 to estimate in this way the error in the
brightness temperature is open to criticism, since the errors at all levels
are appli:d in the same directione This would correctly take account of
any bias error in the profiles, but in this case the bias errors are probably
much smaller than the random errorse Therefore this method of error analysis
will tend to produce an over=estimate of the brightness temperature errore
However, the use in the transmission model of linear interpolation between
the levels at which the profiles are specified does not account for the
uncertainty in the profiles between the levels and so will tend to lead to a
counteracting under-estimate of error. Moreover, since the estimates of the
errors nt each level are largely subjective, a more detailed error analysis
was not thought worthwhileeo

All these calculations were performed using a US standard atmosphere
ozone profiles Th: effects of ozone were investigated by repeating the
calculations for profile (1) but with no ozone. A difference of only
0,02 degrees was founde Therefore errors caused by uncertainties in ozone
profile may be neglectede In general, LOWTRAN calculaies transmissions for
water vapour, ozone and uni‘ormly mixed gases. However, in the spectral

E region for which the Meteosat IR channel has significant response, only
water vapour is importante.

The calculation of brightness temperature has been repeated at ESA with
the profile given in table 1 but using ESA's transmission model zr?1;7. It
gave a result of 14.9°C which compares favourably with our estimate.
However, this agreement probably indicates that the two models are based
on the same absorpticn coefficients and leaves open the question of whether
those coefficients are accurates

5¢4 Calculation of Barnes radiometer brightness temperatures

These were derived in a similar way, the calculations differing from
those for Meteosat only in the following respectse Firstly, a spectral
response profile appropriate to the Barmes radiometer was usede This
response is much wider than that of the Meteosat IR channel: they have
significant responses over the following spectral regions:

Meteosat IR chammel : 750 990 cm™.

Barnes radiometer : 620=1340 W

Secondly, a zenith angle of zero degrees was used since the Barnes radiometer
operated viewing vertically downwardse

. The resulting brighiness temperatures for each of the 5 profiles specified
in section 5.4 are given in table 4« For the "best" estimate profile they
are plotted in figure 4. The error bars shown are the values of o, as

. : defined in table 3¢ Also shown in figure 4 are the measured Barnes radiances
and their standard deviations as given in table 2, The large differences shown
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in table 4 between 300 mb and O mb (of table 3) are caused by the greater
effects of ozone and carbon dioxide for the instrument with the wider
pass=bande

5¢5 Comparison of measurement with calculation for the Barnes radiometer

It can be seen from figure 4 that, although the measurement error bars
overlap those for the calculations, there is a strong indication that the
calculation is underestimating the temperature deficite This may be caused
by errors in LOWTRAN, since there is still considerable uncertainty in the
absorption coefficients of water vapour in the 11‘pm "window" regione The
following analysis is an attempt to estimate from the Barnes measurements the
differenco between the measured and calculated temperature deficits which
may be caused by inaccuracies in the parameters of the transmission model,

Iet us assume, as a first approximation, the model causes the calculated

temperature deficit to differ from the measureddeficit by a constant factor,

o o« A second reason for possible discrepancy between measurement and
calculation is the assumption in the calculation of a surface brightness
temperature, To. Le*+ us assume that this is in error by an amount, § ’
and thet this causes an error, 88 , in the brightness temperature calculated -
for pressure level, pe It can be shown that B =6;/4635)e , Where O
is defined in table 3 and (o), is the value of gz at the surface. If
we allow a random error, € , in the measurement brightness itemperature, Tn,
then T, is related to the calculated temperature, 7. , (plotted in figure 45
as follows:

Tm + e = To - L (T‘,—T() V4 [SS, 2
. [ = \’TQ—TM) ~ K (TQ—TC) ot ﬁs'

Using a least squares fit technique and weighting each measurement, I. , by

its standard deviation, o, , the best fit is obtained by minimising

2 €/0. with respect to « and § , where the summation is over all

measurements of T, e Obtaining T. and ow fromtable 2, T. from figure 4,
A by interpolation from the data in table 4 and using T_ = 19.20°C, this

technique yielded the following best estimates for « and §
&= 1Ilb and § = - 0-0%.

The significance of these results may be summarised as follows:

ae An estimate of the difference between the measured and calculated
temperature deficit, possibly caused by errors in LOWTRAN, is 16%e
However, it can be seen from figure 4 that the errors in the temperaiure
and hunidity profiles cause an uncertainty in this value of the same
ordere Also, even if exact, it would not be directly applicable to the
Meteosat temperature deficits as ithe spectral responses of the instiruments
are quite different. However, the results do imply thai LOWERAN must be
used with reservations for calculations in the 11 ym "window" region.

be An estimate of the radiative SST_is
19620 = 0608 = 19412°%C

This correction does not materially affect the result of section 5e3s
since the correction is small. Because of atmospheric atienuation, its
effect on the Meteosat brightness temperature is even smaller

= = 0,05 deg), and this is very much less thau the total error in
brightness temperature calculated in section 5e3e

“6-



5¢6 Ship observations

These were analysed for the period, 26 November to 4 December 1978 Only
one measurement was reported within 100 km of the gircraft fl%ght area = a
value of 20°C, Within the surrounding area, 31=35"N gnd 9=-14 g, there were
20 reports during this periodes All ranged between 19°C and 21°C with a mean
of 19.800. The best estimate of the radiative SST given above ig consistent
with a true SST of 19.8°C; it corresponds to an emissivity of about 0699
However, it is recognised that this degree of consistency is probably
fortuitous since "ships? buckets" observations cannot be relied upon 1o give
results of this accuracy, and one might also anticipate the surface temperature
being slightly different from the bulk water temperature, depending on
insolation, air temperature, wind speed, e*Ce

6 5 December 1978 flight

The aircraft and satellite data were analysed in a similar way to those of the
previous flighte The best estimate of the temperature and humidity profile is
given in table 5 and the Barnes radiometer measursments ir. table 6. However, for

the following reasons the data failed to yield any useful comparisons:

as The coincident Meteosat radiances for the measurement area (1ines 204C-
2071, pixels 1463=1494) were seriously cloud=contaminated for all the images
analysed = at times 1055%, 1255% and 1455%e The histogram for 1055% is

shown in figure 5 and illustrates that no cloud=~fren radiance is jdentifiables

be The comparison between Barnes radiometer measurements and calculations
was attempted, but the combined effects of a large scatter on the measured
values and a small range in their heights (only from the su~face to 850 mb)
made an analysis similar to that in section 5e5 unprofitablee

Te Summary of results

Assuming that the peak radiance from the histograms can ve equated with the
cloud=free radiance, these results provide the following calibration point for the
Meteosat IR channel: on 30 November 1978, 153 counts corresponded to a brightness
temperature of 150 & O.7°C. The error in the calculated brightness temperature
is ceused mainly by mnoertainties in the temperature and ramidity profiles. It is
noted that this calibration is at variance with those derived in section 5e2¢ AlsO,
if the suggestion that LOWTRAN causes an underestimate of the temperature deficit
is correct, then the difference between our calibration and the others will be
greatere

The best estimate of the temperature deficit appropriate to the ¥eteosat
spectral response for the profile measured on 30 November 1978 is k.24 0.7 dege
Of this deficit, the layev above 500 mb is responsible for about Oe3 deg and that
above 400 mb for about 0.2 dege

The comparison of the Barnes radiometer measurements with theoretical
calculation suggests that LOATRAN may be in error for this spectral regicne
However the results are not conclusivee

In September 1979 further flights were performed by MRF. The cbjectives were
the same as for the previous flights but measurements were obtained over the
tropical Atlantic off Dakare The data have not yet been analysed but it is hoped
that they will provide further calibration points for the Meteosal 11;mn chaunel
and estimates of SST for warmer oceans where the correction for atmospheric
attenuation is highe
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Atmospheric profile 30 November 1978

Pressure Temperature Dew point Humidity
mixing ratio

mb % | %% Kg/Xg

1023 (surface) 18e3 4 065 962 4 045

1000 165 + 045 9¢2 4 045

950 1205 % 045 865 + 1

900 9¢7 % 045 660 4 2

850 540 + 045 560 4 1

800 5T £ 0e5 460 % 2

750 3e2 & 045 =3¢ £ 2

700 1.0 + 1 =100 + 2

650 =260 & 05 =240 + 5

600 =665 4 065 =350 £ 5

500 =16¢5 £ 1 =350 &+ 5

400 =29¢5 # 1 =5060 4+ 5

300 ~43e3 £ 2 ~58¢0 + 10

20C ~63e3 & 2 =710 + 5

100 ~62.9 4 2 g 10"'6




Table 2
Barnes radiometer measurements 30 November 1978

Pressure Mean Standard deviation Mean time of

Barnes temp of Barnes temp measurements

mb °c ° GMT
101861 19.34 0439 1017
1007 «8 19041 0646 1337
1007 5 18464 0649 1034
98348 1873 0440 1051
9T4.7 18677 0¢31 1320
95840 18639 046 1108
95143 18426 0429 1303
899.9 1701 0667 1246
899.8 17636 028 1127
85003 16 466 0443 1143
75063 15613 0034 1200
60940 1386 0.44 1225



Table 3

Calculated brightness temperatures

Meteosat IR channel

30 November 1978

Pressure i T T T
b 1 % 3 % P % i % ? %
1023 (surface) 19020 1920 19020 19060 19,20
1000 19,10 19410 19610 19.48 19,13
950 18.61 | 18458 18,465 18,96 1869
900 1794 17480 18406 18425 18405
850 17025 17,01 17446 17455 1739
800 1652 1618 16482 16.79 16068
750 15693 15048 16633 16 620 16612
700 15460 1508 16605 15086 1580
€50 15445 14,88 15093 15071 15465
600 15438 14478 15.88 15464 1558
500 15025 14 .61 1579 15051 15046
400 1514 1445 15670 15040 15635
300 15407 14436 15.64 15433 15.28
0 14096 14622 15653 15021 15416

T is the brightness temperature for

n
the texte

Terms describing sources of errer in

as follows:

Error from temperature profile,

Error from humidity profile,

Error from surface temperature,

Error from atmospheric profile,

Total error,

the nth atmospheric profile described in

the brightness temperatures are defined
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2
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Table 4

Calculated brightness temperature Barnes radiometer 30 November 1979

Pressure T T T T T
mb 1 % : e ’ ° ’ % . %
1023 (surface) 19420 19620 19620 19460 19420
1000 19.05 19,04 19605 19641 19.09
950 18048 1845 1850 18481 18657
900 1773 17663 1781 1804 1784
850 17402 16486 17617 17032 17416
800 16431 16,08 16,51 16459 16647
750 15468 15636 15695 1595 15485
700 1522 14486 15653 1549 1542
650 14488 14448 15621 15614 15403
600 14454 14613 14489 1481 14474
500 13482 13636 14619 14,08 14,02
400 12,89 1240 1329 13415 13,11
300 1187 1135 12628 12414 12611
0 775 Te23 8416 8400 7496




Table 5

Atmospheric profile

5 December 1978

Pressure Temperature Dew point Humidity
5 B mixing ratio
mb ¢ c Kg/Kg
1021 (surface) 1845 4 045 1665 4 1
1000 1Te5 4 065 1565 4 1
950 1465 4+ 065 110 4+ 1
900 1242 4 065 9¢0 4 2
850 1060 £ 1 65 & 2
800 Te5 £ 1 4e5 £ 15
750 55 & 0e5 =160 + 3
700 260 4 065 =360 4 2
650 =1e5 4 065 =Te0 4 2
600 =540 4+ 065 =110 + 2
500 =14e5 + 2 =270 £+ 5
400 =270 # 2 =44¢0 £ 5
300 415 £ 2 =540 £ 10
200 610 4 2 =7040 4 5
100 670 £ 3 8 2 10-6

Mean co=ordinates of measurement area

3648°N, 1243%



Barnes radiometer measurements 5 December 1978

Pressure Mean Barnes Standard deviation Mean time of
temperature of Barnes temperature measurements
: mb o GMT
101447 1774 0440 ) 1220
1004 4 16693 0698 1243 °
980.1 1745 0623 1301
9543 1Te14 0627 1320
8996 15092 0048 1338
85068 15675 0632 1357
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