USE OF SATELLITE DATA FOR THE GENERATION OF SEA SURFACE TEMPERATURE CHARTS
FOR MARINE FISHERY APPLICATIONS
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For the past decade scientists in the United States have been launching
meteorolegical satellites in the expectation and hope of gaining new under-
standineg of global meteorological precesses and throeugh the develepment ef
new remote sensers placed aboard these successive satellites, te ebtain for
mankind greater ability te meniter present weather cenditiens and te pre-

dict weather cenditiens for the immediate future. Scientists in the field
ef oceanography have shown increasing interest during this peried of develep-
ment as the spatial reselutien ef the spaceborne sensers have hbeen signif-
icantly impreved.

Our discussien will deal with the particular aspects of the twe-channel
radiemeters aboard NOAA satellites and hew thermal infrared ebservations
have been used and evaluated in several small studies, all aimed teward the
reneration of Sea Surface Temperature (SST) maps fer use by marine fishery
scientists. It sheuld be stressed, however, that the cemputer techniques
for precessing the radiometer data fer this particular use are no different
than what weuld be used fer the generatien of other map vreducts. Indeed,
other eceanegraphic map products can be readily preduced by medificatien eof
these computerized techniques.

Because of pessible differences in background ef the reader, we will
first very briefly review the sensers that collected our data. 1In the first
Figure we have a diagram of an early operatienal NOAA satellite. Nete the
lecation of the Scanning Radiemeter. This instrument is designed to cen-
tirueusly scan a narrow swath from herizen-te-herizen en the earth's surface
at right angles te the direction of erbital metien. The details ef this
instrument are best seen in Figpure 2. The twe.channel instrument utiiizes
visible (0.6-.,7 micren bandpass filter)'radiation and thermal infrared
(10.5-12.5 micren bandpass filter) radiation collected with a cemmen eptical
mirrer., The analeg veltare sipnals cerrespondires te changes in incemirs
radiatien 2re then telemetered via a hirsh frequency radje link dewn te earth
where dsta acquisitien statiens in different ceuntries can receive the data
stream, Until a few years ago this was the primary senser fer ebtaining

surface temperature data frem NOAA satellites.

- 697 -



- 698 -

Early studies invelving thermal data frem this senser shewed the inherent
potential for using Scanning Radiemeter InfraRed (SRIR) data in the area of
fishery eceanesraphy. In Figure 3 we see a sea truth cemparisen ef SRIR
Black Bedy equivalent temperatures (Tbb's) and the eccurrence of albacere
tuna caught abeut 1,800 km west ef the ceast ef Califernia (Stevensen and
Miller 1974), Surface temperatures taken frem the R/V JORDAN (Laurs and
Asseciates 1973) were cempared te the SRIR temperatures and after allewance
was made fer atmespheric abserptien ef SRIR measurements due te atmespheric
meisture, the twe temmeratures cerrespending te the maximum catch were
feund te differ by less than O.SQC! Other similar fish catch and SRIR
temperature cerrelatiens described by Stevensen and Miller (1974) shewed
similar premise, This work was fellewed by later studies by IATIC scientists
(Stevensen and Miller 1975) wherea tuna vessel lecatiens were superimpesed
en SRIR derived SST maps such as shewn in Figure 4, Generally tuna vessels
fish in er near thermal frents er interfaces where ceel and warm water eddies
may occur. While the first several years eof Cemmissien research with SR data
shewed the scanning radiemeter te be capable of previding reasenably reliable
temperature data, several preblems disceuraged the centinued use eof these data.
The greatest limitatien te the SR data is its 8-9 km (eptimum) spatial
reselution, While this may net be impertant in the epen ecean, the magnitude
of this uncertaintv in lecatien becemes very impertant in ceastal fishing
zenes which may be enly 90-200 km in width., Other shertcemings invelve the
preblem of cleud centaminatien and uncertainties in abselute geegraphic lecatien
ef the SR data. SR data can be used fer varieus regienal eceanegraphic studies
hewever, such as a recent study using GOSSTCOMP data; the results will be
presented at this Sympesium (as IV.b.6: Ikeda and Stevensen 1978), where
impertant climatelegical and eceanegraphic infermatien can be extracted fer
a spatial scale larrer than that limited te a narrew ceastal zene. '

Several years age NCAA decided te begin a secend family ef scanning
radiemeters pessessing much greater spatial reselutien and this instrument was
called the Very High Reselutien Radiemeter (VHRR). Its general design was
similar te the SR but the primary eptical mirrer was much larger in erder te
previde a spatial reselutien ef abeut 0.9-1.0 km. Certain aspects ef the VHRR
were changed frem the SR such as the rate of mirrer retatien te accemmedate
the much hisgher data acquisitien rate, Data acquisitien statiens alse had
te have larger and mere sephisticated tracking equipment. Figure 5 shews the
impreved spatial and thermal reselutien mwessible with the VHRR system in a view

of the Califernia ceast. Cemmissien scientists,shertly after the implimentatien
of VHRR systems,began te experiment with VHRRIR data and te develep pregrams te
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handle the much lareer data arrays cerressending te relatively small gee-
eraphic regiens. In Figure 6 we have taken abeut 20,000 VHRRIR ebservatiens
cenverted them inte Tbb temperatures and cempensated fer atmespheric effects

and attempted te geegraphically grid the resulting cemputer centeured SST map
(Stevensen and Miller 1975). Beth Figure 6 and Figure 4 are fer the same

date, Nevember 12, 1974, Even this early VHRRIR SST maw shews the pessibilities
of detecting ceeler surface plumes of water resulting frem lecalized ceastal
upwelling, Because ef the higher data rate and imereved spatial and thermal
reselutien, certain data precessing preblems became even mere significant and
these will be discussed.

An impertant part ef all sea truth experiments with satellite data is te
previde surface "truth" data. This can be dene by taking surface temperatures
with bucket thermemeters, by using data frem Nansen bettles er a thermegraph
eor pessibly by using a Precisien Radiatien Thermemeter (PRT) suitably meunted
on a ship's superstructure and peinted dewnward teward the sea surface., Since
the PRT instrument werks en the same electremagnetic principle as the VHRR
instruments abeard satellites, seme scientists censider the use of PRT sea
truth data best fer calibratien ef satellite data. Figure 7 shews a simple
statistical analysis ef PRT and bucket temperature data (Stevensen, Miller and
Kirkham 1976)., The scatter present represents the difference in measuring the
uppermest water film temperature and the water temperature in the upper meter ef
water.,

Te mest users of VHRR data the cenversien frem raw digital engineering units
(bytes) inte neminal Tbb(in ®K or ®C) values, represents a censiderable preblem.
The methed in general use starts with the calibratien data cellected during
each scan ef the VHRR mirrer system and results in data ef the type shewn in
Table I (Stevensen and Kirkham 1977).

TABLE I, VHRR Calibratien Data fer Orbit 4395

Quantity Digital Ceunt
C(sp) (space view) 32
C(0) (wedge 0, OV) 241
c(1) (wedge 1,-1V) 205
c(2) (wedge 2,-2V) 170
C(3) (wedge 3,-3V) 133
c(4) (wedge 4,-4V) 98
C(5) (wedge 5,-5V) 62
c(6) (wedge 6,-6V) 26
C(ir) (calibratien target view) 161
C{(T1) (thermister 1) 161

C(T2) (thermister 2) 158
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A veltage step wedge designed te cever the thermal dynamic respense ef the
instrument is scanned each retatien ef the mirrer and prevides Digital
Ceunt er Number values that cerrespend te sutput veltages by the senser
system, In additien te this wedge, twe enbeard thermisters are scanned which
previde veltage data en the heusing temperature ef the VHRR detecters. This
is necessary because the thermal respense of the VHRR system is temperature
dependent; that is, the thermal sensitivity ef the VHRR detecters changes
with temperature changes of the IR detecters, Cempensatien fer this ever
present instrument preblem srevides much mere stabilized data than weuld
etherwise be pessible, The step wedge infermatien is cembined with the
thermister infermatien te previde sufficient data te cempute algerithms
relating DN's te veltages., Te relate the energy received by the VHRRIR

detecters with temserature (*K), it is necessary te make use of Planck's

radiatien equatien (Stevensen and Kirkham 1977
2he”
EA(T) = ™G _luj : where
) [e"l‘(AkT - ]
h=A626x 10 jeule-sec (Planck censtant)
c = 2,998 x 10:0 cm/sec (speed of 1ight)
k =1.381 x 107 jeule/®K (Beltzman censtant)

We will net ge inte the theery that gives rise te the equatien but enly
explain its usefuiness in cenverting black bedy radiatien ef a swmecific
wavelength and temperature inte equivalent energy. Since the ameunt ef energy
received is the tetal ef the different wavelengths falling upen the infrared
senser, knewledge of the IR bandpass filter used in the VHRR system is impertant.
Figure 8 (Stevensen and Kirkham 1977) shews the spectral respense of this
filter, fer example A= 11.5 micrens. This wavelength is inserted inte the
abeve equatien te ebtain the energy cerrespending te that wavelength. There
is still a preblem, hewever, in that the desired temperature T is still an
unknewn in the equatien. By the use of the engineering data and calibratien
end-peints such as space temperature measured by the radiemeter during each

scan, we can ebtain the intermediate equatiens (Stevensen and Kirkham):

E)\(Csp) = mcsp + b

E\(Cijp) =mCyp * 1 where Cgp and C;j, are given in Table I
2nd m and b are slene and intercept of the generalized ferm eof this linear
equatien, Frem here we ge back te the radiatien equatien and invert

the equatien te ebtain the selutien in terms ef abselute temperature te
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ebtain:

he
T= pe
kA 1ln Z?— +1

A EA
Because of the time required te evaluate each DN value in a data array, these
equatiens ferm part ef an everall cemputerized system te precess satellite
data.

The next problem te be censidered is that caused by atmespheric attenuatien

or limb darkening, Te accemplish this we need cerisider the geemetry of hew

the VHRR scans the earth's surface. In Figure 9 we see the elements of
impertance including the nadir angle:q and the zenith angle £ (Stevensen and
Kirkham 1977). The resulting equatien relates the desired zenith angle te the
knewn nadir angle ef the Epanning mirrer of the VHRR system as fellews:

8 = arc sin HXR, sin
R 1

Once we have this relatienship we can ge to a2 semi-empirical equatien devealeped
by Keffler (1976) at NESS/NOAA and given as:

AT = (-26.81 + 0.1072 T,,) exp (0.000120")
This value must be added te the calibrated Tpp value te ebtain the cerrected
calibrated temperature., This equation is based en a number ﬁf test areac and
latitudinal zenes and relates the attenuatien te the change in zenith angle (in
degrees) or change in path length threugh the atmesphere between the faootzrint

seen by the sensor and the senser itself. The algerithm prevides a geod cerrectien

te the neminal Tbb values assuming nermal temperature and meisture profiles te
be present in the target area,

The next preblem has te de with the spherical shape of the earth and huw
the VHRR scans this surface. There is negligible errer when the senser scans

directly beneath the satellite's track but the errer becomes apvreciable as the

scanner leeks at the earth with increase in eblique angle. The effect is referred

te as fereshertening and its impact en the locatien ef data elements is easily
seen in Figure 10 (Stevensen and Kirkham 1977). Within 400 km of the subpeint
there appears te be little errer but when the scanner is leeking 1400 km frem
the vertical the pesitional errer becemes 200 km, very significant in data
pessessing spatial reselutien ef 2-4 km, The resulting algerithm is used in
relecating ceerdinate grid peints fer the data array and will net be further
discussed here.

We new have eur VHRR data cenverted inte Tpp values (°K or .C) and
cerrected fer meisture under clear sky cenditiens. A gridding scheme is next
used te previde geegraphic referenée and the data are then ready fer use.
Clouds present in the data field still present a preblem and require seme
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knewledge of the nature of cleud cever and water vaper in the lewer marine
atmesphere in erder te be fully evaluated. A recent study by Stevensen,Kirkham
and Madsen (1977) discusses the preblems inherent in screening eut cleuds.

Fer eur purpeses the effect of including cleud centaminated data elements in

sur array ef sea surface temperatures is seen in Figure 11 (Stevensen and

Miller 1974), These data were taken frem an SR system.but the effect is the same
fer the VHRR senser, namely a bias teward celder temperatures when using these
centaminated values, In Figure 12 we see the preblem in mere detail (Stevensen
Kirkham and Madsen 1977). Beth the temperature and meisture prefiles are seen
frem the surface te an altitude eof abeut 9 km, abeve the marine layer., Where

the water vaper forms an appreciable epacity te the senser (beth the IR and VIS
channels) at that altitude, the senser will be biased teward the temperature and
albede at that altitude, Since the energy received by the VHRR radiemeter is

a sum of all eutgeing radiatien within the viewing angle of the senser, knewledge
of the heirht, and hence of the temperature eof the appreciable vaper, becemes
very impertant.Figure 13 shews this infermatien in regard te integrated water
vaper (Stevensen, Kirkham and Madsen 1977). Infermatien previded by radiesendes
taken within the area of interest can previde this infermatien and will give rise

te even better cerrectiens fer atmespheric meisture, The VTPR instrument abeard

NOAA class satellites can, in principle, be used te previde this infermatien
where radiosendes are net available,

Thus far we have described techniques needed te cenvert raw VHRR data inte
usable temperatures. Because eof the complexity and speed with which this must
be dene in erder te have the results available in a timely fashien, it is neces-
sary te have a data precessing system te effect an efficient flew ef infermatien
fer this purmese, Figure 14 (ceurtesy David McCenaghy,NMFS,La Jella Califernia)
shews in general hew such data were precessed abeut a year age by Cemmissien
scientistse.

Interest by NMFS scientists at the Seuthwest Fishery Center in La Jella
Califernia te utilize this system have resulted in the training ef NMFS staff
se that the SWFC new has a quasi-eperatienal capability te precess VHRR data en
a weeklv er near-dailv basis. Several eof the fellewing fisures were previded
ceurtesy Lt. David C. McCenaghy at NMFS (la Jella) and is an example of hew they
are new preceeding te implement the technelegy develeped by Cemmissien scientists.

Twe studies will be censidered, the first eccurred during April 19-21 1977.
Figures 15 and 16 shew the VHRR imagery used in the study. Nete that the ceastal
zene is clear in the VIS channel but shews definite thermal gradients in the IR
channel. The next figure shows a sample of the calibrated IR channel with
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geegraphic coordinates and CoJ/COFIL stations superimpesed en the VHRRIR
array, Table II shews the lecatien accuracy pessible fer this study.
TAELE 1I. NOAA-5 Orbit 3268 Gradient Area 1; April 19, 1977

DIGITAL IMAGE mp
STATION LAT LNG LAT LNG ALAT  ALNG

Trinidad Head 41,08 124,12 L1,07 124,16 0.01 -0.04
Cape Mendocine 40,42 124,36 Lo, 44 124,40 -0,02 -0,04
Punta Gorda Lo, 24 124,33 40,25 124,37 -0.01 -0,04
Punta Delgada 40,02 124,08 40,02 124,07 0.00 0,01
Cape Vizcaine 39.75 123.88 39.72 123.83 0.03 0.05
Fort Brarg 39.46 123.86 39.45 123.82 0.01 0.04

ALAT = f‘_ﬁ“‘n]) = 0.02° ALNG = 6{}’{]&’]) = 0,04°
ey nay

The largest errer was typically 4 km er less. The Cesast Guard overflight
occurred in the area twe days later, on April Zfi The SST map, made frem
PRT-5 data (Stevensen and Kirkham 1977) is seen in Figure 18, A cemparisen ef
everflight data with the VHRR averaged data is shewn in Table III,

TABLE III. NOAA-5 Orbit 3268 Gradient Area 1; April 19, 1977
STATION NO.  LAT(®N)  LNG(®W) T (®C) T, (°C)

1 40,77 124 L8 8 10
2 40,75 124,66 9 11 Std. Dev, ef AT
3 40,65 125.34 10 12 = 0.38 °C
L 40,04 125.30 10 12 y
5 40,09 125,06 9 11
6 40,15 124,78 8 11
7 40,20 124,60 8 10
8 39,80 124,36 9 11
9 39.75 124,52 10 12
10 39.72 124,63 10 12
11 39.66 124.82 9 11
12 39.57 125.14 9 11
13 39,37 125,41 10 12
14 39,28 124,12 10 11
15 39,30 124,08 9 11

The data pairs shew a mean temperature effset of 2®C of the surface PRT-5
measurements and r = 0,87 which is geed, censidering the time lag of twe
days. In erder te adequately match the data sets, the several pixels surreund-
ing"ship statien"lecatiens were averaged: in this instance 3 pixels each en 5
scanlines centered abeut the statien pesitien are averaged te eobtain a
representative T, value. This is dene te guarantee that the satellite
ebservatiens everlap each"ship statien”.

Using the 48" X 48" cemputer printeut fermat, data arrays can be presented
fer 3 scaled views. The full view centains an area ef appreximately
500 n.mi. X 500 n.mi. (928 km X 928 km)., While the view is paneramic, there is
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censiderable VHRR data cempressien - 15:1 aleng a scanline and 3:1 aleng
track. Fer the medium view the field is abeut 140 n.,mi. X 140 n.mi.

(260 km X 260 km), The data cempressien becemes 5:1 aleng scanline with

ne cempressien aleng track, Fer the full reselutien the regien cevered
reduces te absut 32 n.mi. X 32 n.mi, (er 60 km X 60 km). There is ne
cempressien aleng scanlines and in erder te retain the preper aspect ratie
data belween scanlines must be interpelated. Figure 19 is a medium view fer
April 19, 1977, Instead ef shewing hand centeured isetherms we shew here a
simesle cemputerized gray scaled centeuring ef the sea surface temperature

at 1% centeur intervals. Nete that the patterns are relatively smeeth

and are in fact due te using a twe-dimensienal smeething functien en the
data field te suppress high frequency neise present in the medium reselutien
view (Stevensen and Kirkbam),

It seems new that a senser ef sufficient accuracy and spatial reselutien
and that is reasenably free of technelegical preblems is new available fer use
by scientists ef the marine cemmunity. Uses of this Very High Reselutien
Radiemeter data by marine fishery scientists, oceanegraphers and ethers, is enly
limited by eur imaginatien and willingness te develep the necessary numerical

techniques.
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FIGURE CAPTIONS

A NOAA ~lass pe”~» orbiting satellite.

Optical schematic of th~ TTOS scanning radiometer (courtesy of San*a
Barbara Research Center).

Comparis»m of albacore tuna catch rate and observed Ty, SRIR surface
temperatures.

SRIR derived sea surface temperature field with tuna vessel locations
for November 12, 1974,

Example of improved visual (left panel) and infrared (right panel) imagery
available from the Very High Resolution Radiometer (VHRR) onboard NOAA
class satellites.

Sea surface temperature (SST) map of a portion of the west coast of Ba ja
California. Cooler plumes of surface water can be readily seen in upper
ceniral part of the fipure,

PRT-5 calibration for June 1976 cruise.

Infrared channel relative spectral response of detector at 105°K. for
NOAA-L VHRR sensor #1.

Relevant geometry for defining the zenith angle, 6.

Graphical representation of physical effect of derived foreshortening
algorithm,

Histograms of two adjacent SRIR surface temperature fields-one clear sky
and one partly cloudy. Cloud contaminated histogram is displaced to colder
temperature than clear sky histogram.

Profile of Air Temperature and Water Vapor Content, R/V JORDAN, Oi44 GMT
June 19, 1976,

Profile of Integrated Water Vapor for R/V JORDAN, 0144 GMT, June 19, 1976.

Computer program sequence for routine processing of VHRRIR data(courtesy
David McConaghv ,NMFS La Jolla).

VHRRVIS image for April 19, 1977 used in comparative study. Note absence of
clouds near the Calj fornia coast.

VHRRIR image for April 19, 1977 used in comparative study. Note the complex
surface thermal gradients near the California coast.

Filtered medium area field derived from same raw temperature data as field
field shown in Figure 19,

Sea truth isotherm field observed two days after NOAA-5 overfl3ght.
Medium area grayscaled representation of Gradient region field for April

19, 1977. The temperature data are numerically filtered to minimize noise
present in the data.
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Figure 1 - The NOAA polar satellite.
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Figure 7 - PRT-5 Calibration - June 1976
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Figure 9 - Relevant geometry for defining the zenith
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LAV1C STAKK JORDAN:

Lat. 32°46°N, Long. 138°00°w:
16

0144 GMT, June 19,1976
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Figure 12 ~ Profile of Air Temperature and Water

Vapor Content, R/V JORDAN, 0144 GMT,

June 19, 1976.
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Figure 13 - Profile of Integrated Water Vapor for R/V
' JORDAN, 0144 GMT, June 19, 1976.
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Figure 17 - Filtered medium area field derived from same
raw temperature data as field shown in Figure 19.
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Figure 18 - Sea truth isotherm field.
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Figure 19 - Medium area grayscaled representation of
Gradient region temperature field. Filtered.





