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Abgtract

A gseries of satellite sea surface temperature intercomparison
workshops were conducted under NASA sponsorship at the Jet
Propulsion Laboratory. Three different satellite data sets
were compared with each other, with routinely collected ship
data, and with climatology, for the months of November 1979,
December 1981, March 1982, and July 1982. The three satellite
data sets ware (i) AVHRR - sea surface temperature estimates
produced operationally by the National Oceanic and Atmospheric
Administration from the Advanced Very High Resolution
Radiometer aboard the NOAA polar-orbiting weather satellitess
(il) HIRS/MSU - astimates produced by a research group at the
NASA Goddard Space Flight Center from the 20-channel High
Resolution Infrared Sounder and the 4-channel Microwave
Sounding Unit, also aboard the same NOAA satellites; and (iii)
SMMR ~ estimates produced by another group at Goddard from the
Scanning Multifrequency Microwave Radiometer on the NABA
research satellite Nimbus-7. The satellite and ship data
were “ifferenced against an accepted climatology to produce
anaomalies, which in turn were spatially and temporally
averaged into two-degree latitude—-longitude, aone~month bins.
Monthly statistics on the satellite and ship bin average
temperatures yielded rms differences ranging from 0.38 to 1.37
C, and mean differences ranging from -0.48 tao 0.72 C, varvying
substantially from month to monmth, and sensor to sensor. The
SMMR qgenerally had the largest rms differences and
time—-dependent biases, while the AVMRR and HIRS/MSU had
smaller more comparable values. The monthly bins were further
smoothed spatially to correspand to 600 km averages, to
further suppress the noise of individual observations,
particular for the ship data. When this was done, th® monthly
ship data standard deviations about climatology varied between
0.35 and 0.63 C. Taking these values as true sea surface
temperature signal standard deviation levels, and the
satellite—-ship rms differences as noise levels, produced
signal/npise variance ratios of about 0.25 for SHMMR, and 1.0
for AVHRR anc HIRS/MBU. Maps of sea surface temperature
anomaly reveal a complex pattern of partial agreement and
disagreement between ship and satellite data. Maps of
satellite-ship and satellite-satellite dif7erence temperaturaes
were often dominated by coherent large—-scale patterns of
obvious geophysical origin, related to distributions of
surface wind speed, atmospheric water vapor, cloudiness, and
stratospheric aerosols. Despite such rroblems, these satellite
data sets are beginning to approach 'evels of useful
application, for studies of short—tzrm climate variability and
other problems where the signals are large and well-defined.
With these satellite data sets, cuaution must be exercised,
however, in relating fluctuatians in sea surface temperature
to other qeophysical variables, oecause of the correlated
nature of the error sources.



Introduction

Infrared and microwave radiometers aboard earth-orbiting
spacecraft are natural tools for providing frequent and global
caverage of sea surface temperature (S8T). Far infrared
sensing, many research and operational weather satellites have
carried instruments which. while designed primarily for
meteorological purposes, also could be used to extract some
S8T infarmation. Thus, infrared instruments intended for
eithaer cloud imaging or atmospheric sounding, generally
include sensing channels situated in one or meore parts of the
infrared spectrum of maximum atmospheric transmittance. Clouds
are opaque to all infrared radiation. yet even in the absence
of cloud cover, and in the so-called spectral "windows" at 3.5
- 4,0 umy and 8 -~ 13 um, atmospheric water vapor and aerosols
absorb and scatter rcdiation. Small clouds, which cannot be
spatially resolved by a given instrument, also cause problems
which must be carefully accounted for i1+ 58T is to be
estimated to some useful accuracy (Bernstein, 19821.

While the ocean radiates very nearly as a blackbody
(emissivity close to 1.0) in the thermal infrared, this is not
50 in the microwave portion of the spectrum. In the latter
case, while even a cloudy atmosphere is nearly transparent,
the ocean radiates as a graybody, with emissivity wvarying over
the range 0.4 to 0.7, increasing as a function of wind speed.
Micraowave radiometers with two or more carefully chasen
frequencies are thus required to simultaneously determine wind
spered and 88T [Wilheit et al.,1%80l.

While earlier weather satellite sensars were of rome use, 1t
has only been since the launch of the NASA Seasat and Nimbus-—7
satellites [Bloersen awnd Barath, 1977; Nioku et al.,19801, and
the NDOAA Tiros-N generation of satellites [Schwalb, 19781,
that appropriate radiometers, with sufficient spectral
channels, have been available to make guantitative SST
estimates from space. In this paper we evaluate the 88T data
produced by three such instruments over much of the globe,
during four selected months in 1979, 19681, and 1982. As part
of a NASA-sponsored series of workshops conducted by the Jet
Propulsion Laboratory, global data produced by two research
groups and one operational center were evaluated, primarily
through intercomparison with routinely reported shipboard
measurements.

Inherent problems with ship and satellite 88T measurements

High quality in situ 88T data from ships and buoys tends to
be restricted to only a limited number of platforms which may
only be operating in localized areas for limited periods of
time. The only in situ 88T duta which begins to approach
continuous global coverage comes from the routine surtface
marine meteorclogical reports radioed ashore by ships. The
great majority of those reports are derived from ship engine
room measurements of the temperature of water brought in to
cool the engines.
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Past work with these data, particularly by James and Fox
19721, Saur (19631, and Tabata {19781, indicates that typical
individual observations have one sigma noise levels of about
0.9 C, and that the data on average tend to be biased warm by
about 0,3 C, in comparison with adjacent high quality
observations. The ship data used in the workshop were
carefully screened by Bteve Pazan (Scripps Institution of
Oceanagraphy) to eliminate cbviously erroneous data, much of
it due to misreported earth locations which produce
unrealistic ship speeds between adjacent reports by a given
vessael. Then, all reports deviating by more than 6 C from
climatology were also eliminated. Figure | is a crossplot of
the resulting ship data set, for all possible pairs of
abservations (where each aobservation is the S8BT deviation from
climatology) within &6 hours and 100 k¥m of each other, in the
North Pacific. The standard deviation of the difference is
1.49 C. Dividing this by the square root of 2 yields a one
sigma noise level of 1.06 C for the individual shipboard data
used in the workshop, which is consistent with the James and
Fox, and other previous findings.

Aside from the problems of measurement noise in the ship
data, there is the difficulty of comparing individual point
measurements from ships with instantaneous surface average
measurements from satellite radiometers. The ship data
typically are drawn from a depth of 5 to 10 m. The satellite
radiometric measurements are from the upper few millimeters
(for microwave radiometers) or the upper few micrometers {(for
infrared radiometers). True temperature differences of
several tenths of a degree C often exist between the very
surface "gskin" temperature [GBrassl, 19763 Paulson and Simpson,
19811 and a bulk thermometric measurement several tens of
centimeters below the surface. The skin temperature is
normally cooler than such a bulk temperature bhecause of
evaporative effects. When meteorological conditions properly
combine (low wind speed with cold dry air over warmer water),
these evaporative effects can temporarily produce skin — bulk
differences of 1 C or more [Katsaros, 19801,

Acide 4+rom skin — bulk effects, true differences in bulk
temperature often occur within the upper 10 m, especially on
afternoons having little cloud cover and light winds with the
attendant near-surface solar heating. 8Such conditions occur
often in mid-latitudes during the summer, and at any time of
vear in the tropics. One example of this "afternoon zffect"
ig illustrated in Figure 2, kindly provided by Patricia Fullen
of the Pacific Marine Environmental Laboratory [Pullen, 19851.
Continuous underway temperature measurements, taken fram 5 m
depth by the R/V Oceanographer, were compared with hourly
bucket measurements from the upper meter, for a cruise in the
eastern tropical Pacific. When grouped only as a function of
local time of day, the mean difference in temperature
(Underway minus bucket) at night (7 PM to 7 AM) is —-0.048 O,
with a standard deviation of 0.12 C. Yet on some afternoons,
surface heating can praoduce differences of § to 2 C. The time
of makimum differences coincidee with the 2:30 PM local time
of averpasses of the NOAA-7 satellite, which carries the two
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infrared radiomaters discussed below. Furthermore, such
radiometers would tend to provide more observations on days
with little cloud cover, when the afternoon effect would be
yreatest. Bince most of the routine ship observations are
taken from 5 to 10 m depth, belaow the depth of the afternoon
heating, one would anticipate a positive bias in satellite -
ship intercomparisons, which might be at least partly
compensated for by the previously noted warm bias in engine
room temperature measurements,

Satellite-borne radiometric determinations of 88T are
characterized by a number of inherent problems. Infrared
techniques are limited to areas without excessive cloud
cover. In regions of partial cloudiness, infrared radiometer
fields—of-view (FOV) which are partially obscured must be
properly handled, either to determine which FOV's are
completely cloud-free, or to determine the fractional amount
of cloud in the FOV and its cloud-top temperature. Microwave
techniques are relatively insensitive to cloudcover, but the
FOV of the present generation of microwave radiometers tend to
be ohe to two orders of magnitude larger than infrared
radiometers. Thus the Scanning Multifrequency Microwave
Radiometer (8MMR) on the Seasat and Nimbus-7 satellites
produces 5ST estimates with a spatial rasolution of 150 km,
while the infrared Advanced Very High Resolution Radiometer
(AVHRR}Y on the NOAA weather satellites has 1 km resolution.

Other problems can occur once a given instrument is in
orbit. For example, electrical noise steadily increased in the
3.7 um band of the AVHRR, so that this chamnnel could not be
used for the last of the four evaluation months. The
Nimbus-7 SMMR suffered from numerous calibration and other
problems, due to in-orbit aging of various components. In
addition, the instrument was operated with a 24 hour on, 24
hour off cycle, with resultant warm—up problems. Creating an
accurate, relatively bias—free long term global 88T data set
from a single instrument can be very difficult; the problem is
compounded if one must deal with a succession of satellite
instruments, which may not overlap each other in time.

Aside from instrument difficulties, the volume of satellite
data which must be processed once it reaches the ground car be
enormous. The glabal coverage AVHRR data, with an effective
resolution of 4 km, constitutes a continuous data stream of 45
kbits/s. Processing algorithms for extracting S8T from such a
huge dataset may change oVver time, as new insights or
procedures develop. Re—-processing of several years of such
data may in some cases be completely impractical, Thus,
algarithmic changes in such a situation may produce chsnges 1n
the resulting SST data.

Workshop objectives
Despite the above limitations, various individuals and

groups have been working with the new generation of satellites
and sensors which were launched in 1978. By 1981 published
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and unpublished accounts of satellite 68T data began to
app@ar, with varying claims of accuracy. generally around 1 C
in individual measuraments. A series of workshops was
instituted by NASA to examine these data and evaluate the
present state—-of~the—art CNjoku, 198351. The principal
objective was to determine the degree to which the various
satellite data sets were consistent with climatology, with
each other, and with the routirely available in situ data from
ships and buoys. The warkshop was quickly focussed by limiting
attention mostly to S8T variability on large scaleg.

Three global data sets were examined - - AVHRR, HIRS, and
SMMR:

The AVHRR is a vigibie and infrared radiometer with 1 km
resalution in five spectral channels centered at 0.4, 0.9,
3.7, 11, and 12 um, operating on the NOAA polar-orbiting
weather satellites, To aghieve glaobal area coverage, the
data are averaged and subsampled to an effective 4 km
resolution. Small 2-by-2 arraye of these 4 km samples are
operationally processed by MOAA. Those arrays are
subjected to a number of tests designed to identity and
eliminate arrays which are cloud-contaminated. The thermal
infrared brightness temperatures fcr cloud-free arrays are
then combined as a linear weighted sum which corrects
mostly for the absorption of radiation by atmospheric water
vapor, to produce an B km area estimate of S68T. Atmospheric
transmittance modeling studies were used to derive the
weighting coetficients, which were then slightly modified
to insure best agreement of the satellite S8T estimates
with a set of in situ 867 measurements from a large group
of drifting buoys. The description of the processing
procedure is discussed in detail in McClain et al.
£19831. Unlike the HIRS and SMMR, the AVHRR 85T data were
produced as part of an ongoing operational system. Thus,
any processing errors are only correctable on subseqgent
data, once the error is noted and the processing algorithms
suitably modified.

The HIRS (High Resolution Infrared Sounder), is a
twenty-channel instrument which operates in conjunction
with the four—channel MB8U (Microwave Sounding Unit), aboard
the same satellites as the AVHRR. HIRS/MSU data were
processed at Goddard Space Flight Center by a group headed
by J. Susskind and M. Chahine. The processing is based on
a physical relaxation procedure which begins with an
initial guess of the vertical profile of moisture and
temperature through the atmosphere, and the 8ST (Susskind
et al., 19841, The vertical prefile is derived from a
prediction from a global atmospheric model, and 8ST is from
climatolagy. Since the HIRS is a 30 km resolution
instrument, compleately cloud-free FOV's pccur only rarely.
The processing procedures use the multi-spectral data from
several adjacent FOV's to estimate the actual percent cloud
cover and cloud—top temperature, The resultant SGT
estimates are for an area 125 km on a side, and are
saparated by 230 km.
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The BMMR i3 a five-frequency (6.6, 10.7, 18, 21, and 37
gHz) microwave radiometer aboard the Nimbus-7 research
satellite, The FOV is frequency dependent, 150 km at &.6
gHz and proportionately smaller at the higher frequencies.
The S87T resolution is determined by the lowest frequency.
The processing of data was done at Goddard Space Flight
Center, under a group headed by T. Wilheit and A. Milman,
and is described in Wilheit et al., [19841]. The &.6 and
10.7 gHz frequencies are used to determine both the wind
spead and 88T, while the 18 and 21 gHz channels provide
total atmospheric column water vapor, which gives a small
correction for 88T. The 37 gHz frequency is most sensitive
to rain, and regions of intense rainfall are thus
identified and eliminated, since heavy rain can cause SMMR
58T estimates to be in error. If land appears in a sidelobhe
of the radiometer antenna, significant 88T errors can occur
in the first few resolution cellsg. Consequently, no SMMR
BST data within 600 km of land (with the exception of small
islands) were considered by the workshop.

Each of the above global data sets were proavided in {four
carefully seletcted months: November 1979, December 1981, March
and July 1982. November 1979 was selected because it was near
the end of the year-long GBlobal Weather Experiment, a period
expected to be particularly rich in ship and buoy
intercomparison data. December 1981 was the first month
after the introduction of a major change in AVHRR processing
procedures at NOAA, and was selected to examine the impact of
this change. March 1982 was the last month prior to the El
Chichon eruption, which injected large quantities of volcanic
aerosols into the stratosphere, that by Jduly 1982 had become
well~distributed in a global band just north of the equator.
Strong concentrations of aerosol can produce significant
errors for infrared SST determination, but microwave
determinations should be completely unaffected. These latter
two months were thus selected to help examine aerosol effects
in the satellite data sets.

The agreed upon ground rules for data submission specified
that all data would be produced and delivered to the workshop
without any priar examination of the in situ data.

Intercomparison Results - Global Statistics

As a result of the high noise level of individual shipboard
ouservations, any meaningful intercomparison with satellite
data first requires some spatiel and temporal averaging. The
workshop dealt primarily with one-month, 2 degree latitude-
—-longitude averages (hereinafter referred to as bins, and bin
averages), since these scales are commensurate with studies of
short—term climate variability. When the differences between
satellite and ship bin averages are plotted as a function of
the number of individual ship observations in the bin, a clear
dependence on ship sampling becomes evident (see Figure 3).
These results suggest that comparisons be limited to binsg
containing more than 23 ship observations.
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Unfortunately, as Figures I and 4 portray, very few bins
have more than 25 individual observations. Those that do are
mostly confined to a few well-traveled routes in the northern
hemisphere midlatitudes. In the southern hemlsphere, ship
ohservations are confined to a limited number of routes, with
very few bins having 5 or more observations. Even in the
well-traveled North Atlantic and North Pacific, most of the
ocean areas have less than 15 observations. Consequently, a
compromi se was made when deriving satellite — ship temperature
diffeorence statistics, only to intercompare satelliite and ship
bin averages for those cases where at least U ship
observations occur per bin. This compromise broadens the
geographic distribution, but only at the expense of inflating
the statistics on gatellite-ship rms differences because of
inadequate averaging of individually noisy ship observations.
This is an important point which we will return to later, and
must be kept in mind for all further discusseion,

The other three panels of Figure 4 give the December 1981
satellite observational densities. Most of the bins contain
at least 75 AVHRR observations, and the clearer and drier
subtropical bands contain 200 to 300 or more data peoints, each
of which is an 8 km area estimate of 88T. The HIRS and SMMR
individual observations, which are 125 and 150 km area
egtimates, respectively, have far fewer data points per bin.
The HIRS has at least S5 to 10 points per cell nearly
everywhere on the globe, with maxima in the subtropics
exceeding 20 points. The SMMR, since it is a microwave
instrument unaffected by cloud cover, shows glabally uniform
coverage of 2 to 6 points per bin, except in regions of
overlap caused by orbital and sensor sScan geometry, where
slightly higher density occurs. Only night data were used,
because of problems of instrument heating when the spacecraft
was in sunlight. In addition, as noted above, the SMMR was
operated on a 24 hour on - 24 hour off cycle. If the
instrument had been left on continuously, and i+ the daytime
data could have been used, the data density would have been
four times greater. The &00 km land mask to eliminate land
contamination in the antenna side lobes iz also evident in the
figure.

For each individual sea surface temperature observation,
bath satellite and ship, the time and location of the data
point was noted, and used to temporally and spatially
interpolate within climatology (Reynolds, 19821, to determine
climatological norm for the aobservation, and hence its
departure from this norm. All individual departure
temperatures within a given twe degree latitude-—-longitude, one
month bin were then averaged to produce a single bin—-average
temperature departure, or S5T7T anomaly. Use of this procedure
helps to minimize the errors associated with observations
which might be poorly distributed in space and time within a
one-month, two-degree bin., For example, in the mid-latitude
North FPacific the climatoleogical gradient acrosse a bin can be
1 to 2 or more degrees C. It was alsa judged essential to
compare fields of anomaly, rather than 88T itself, since the
true 85T field on such scales does not usually depart from
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climatalagy by more than 1 C. In order to be truly
comparable, the spatial and temporal variations in anomaly
from ship and satellite data sets need to agree with each
other.

Table La summarizes the mean, standard deviation, and
root~mean-square deviation (rmsd) of the differences between a
given set of satellite and ship binned anomalies, along with
the number of bing, for each of the four workshop months.
Table 1b is a similar presentation, but in this case gives the
statistics on ship data bin average temperatures relative to
climatology. Thig table indicates a slight cooling on
average over the entire shipboard data domain over the first
three months, followed by 0.37 C of cooling between March and
July 1982, for a total decrease of 0.46 C between November
1979 and July 1982. These temparal changes are displayed 1in
Figure Sa, along with similar =tatistics for the three
satellite data sets.

The standard deviations of Table (b, which may be viewed as
the signal level of real variability on scales greater than
200 km and 1 month, but inflated somewhat by ship data noise,
decline over the first three workshop months, and then jump by
nearly 50 % between March and July 1982. Most of the ship
data are from the midlatitude northern hemisphere. The
standard deviations are consistent with Cayan (19801, who
determined that on climatological scales of 500 km and 1
month, midlatitude SST anomaly variability is lower in winter
and sprimg than it is in summer and fall.

Several observationsg can bhe make from Table 1 and Figure Sa.
First, the mean difference between the three satellite and
ship data sets fluctuates from one month to the next by
between a few and seven tenths of a degree, with the SMMR
exhibiting the largest such time-dependent biases, and HIRS
the least. Note that the SMMR data for November 1979 were
limited to the Pacific Ocear. 1t also should be recalled that
the AVHRR processing algorithm was substantially different in
November 1979 thkan in all successive workshop monthsy a more
modest change in algorithm occurred for HIRS between the first
two and the last two workshop months. For AVHRR, the
standard deviations remain fairly constant between 0.3 and 0.4
C for the first three months, consistent with tesults
previously reported by 8trong and McClain L[19843, but then
climb to nearly 0.8 C in July 1982, when the mean difference
drops. This change for July is associated with the occurrence
of a large scale stratospheric aerosal cloud produced by the
El Chichon volcanic eruption, which caused serious problems
for the AVHRR, and will be discussed further below.

In general, inspection of the month to month variation in
the mean temperature anomalies of Figure 5a suggests that the
three satellite data sets all have time—dependent biases which
are sufficiently large to mask out the actual variations
measured ay the ships. BMMR appears to have the greatest
problems of this nature, while HIRS is the least affected.
Recalling that the AVHRR data for the first month were
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produced with a substantially different algorithm, then
focussing on the laat three workshop months, note that the
mean anomalies of Figure 4a for both HIRS and AVHRR change
veary much Like the ship anomaly. Further recalling that the
ship data are known to be biased warm by abaut 0.3 C when
compared with higher quality in situ data, we then see that
the ship anomalies, adjusted downward by this amount, wculd
agree remarkably well with the AVHRR anomalies. The HIRS
data, on the other hand, agree better with the ship data
without any asuch adjustment for ship warm siae. This behavior
may well be a reflection af the fact that the HIRS estimates
begin with an initial guess for 88T of climatology, and the
climatology is mostly constructed from ship observations
having thia warm bias. The AVHRR data, on the other hand,
were derived from coefficiants applied to infrared brightness
temparatures - - coefficients which initially were adjusted to
give good agreement with in situ data from drifting buoys
which do neot have such a warm bias.

On the 200 km and i month scales of averaging,
intercomparison of Tables ia and 1b ciearly jindicates that the
rms disagreenent between the satellite and ship data is
comparable to (for AVHRR and HIRB), or greater than (for SMMR)
the rms variability between the ship data and climatology.
S8ince the latter tends to be inflated by insufficient
averaging of the noisy ship data, the values shown
garenthetically in both tables are those resulting from prior
3 by 3 spatial smoothing of the bins, effectively averaging
over 600 km square domains. The smoothing operation tends to
reduce the standard deviations of the tables by about 40 %,
supporting the previous assertion that the noisy ship data
inflates estimates af both the true S8T field signal level,
and the rme disagreement between satellite and ship
observations. The smoothed rms deviations af Table 1a, and
the smoothed standard deviations of Table 1b are plotied in
Figure 3b. I+ we take the latter values as reasonable
estimates of the true 88T signal standard deviation, or at
least an upper bound of that level, and the former as the best
estimate of satellite 88T rms accuracy, the conclusion would
be that AVHRR and HIRS have signal-to-noise variance ratios of
i, and for SMMR, O.25.

While global average statistics are useful in many respects,
they also obscure geographically dependent aspects of the
satellite SST data. The following two sections thus look at
the data, first on an ocean basin scale, and then in even
finer detzil.
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Intercompariscn Resultg - Regional Statistics

Ag Figure 4 makes clear, the ship data (for bing with at
laast 5 observations) are mostly confined to the North Pacific
north of 20 N, and the North Atlantic north of the eguator,
Congequently, statistics were computed separately for thesw
two reglons and are displayed in Table 2 and Figure 6. The
behavior in time of the mean anomaly computed from the ship
data is quite similar between the two regions, with little
change 1n the first threes workshop monthas, and then a marked
cooling in July 1982. The Atlantic anomalies are 0.2 to 0.3 C
warmer than the Pacific anomalies. The BS8MMR anomalia2s (note
that no SMMR data were available to the workshop for the North
Atlantic in November 1979) exhibit the same strong
time—dependent biases, being 0.4 to 0.8 C warmer than the ship
data in the winter months, and reversing sign to a like
negative bias in the spring and summer manths. This behavior
is consistent with other eviderice suggesting that the SMMR
algorithm was not properly accounting for the wind speed
dependence of the sea surface emissivity, a point we will
return to later.

As in the global statistics, for the last three months the
HIRS and AVHRR mean anomalies vary in time similarly to the
ship anomaly. Also as before, the AVHRR is bilased cold in
those three months relative to the ships by 0.2 to 0.4 C,
while the HIRE is blased warm by 0.0 to 0,3 C.

The sea surface temperature signal level, as estimated by
the 3 % I3 smootheu ship standard deviations about climatology,
varies between 0.3 and 0.6 C. As in the global case, the
satellite - ship rms disagreement (for I % 3 smoothing) varies
over a similar range for the AVHRR and HIRS cases, yielding
signal—-to-noise varitance ratios af around unity. For SMMR, the
large biases drive the rms disagreement values up to the range
Q.6 — 1.2 C, for a =zsignal-to—noise ratio of around 0.25, The
B8MMR standard deviations themselves are in the range 0.5 - 0.8
Cy, with the higher values in the winter months.

Thematic Maps

A collection of coalor-coded thematic maps wes'e prepared by
the warkshop, to portray the relative binned temperature
differences between satelilite, ship, and climatological
temperatures. GSince several papers refer to these maps, they
are presented once, in the paper by Hilland (this issue), and
will be designated here by a prefix H. These maps permit a
more detailed inspection of the relative differences in
temperatur e wherever respective pairs of observations are
available. These maps will be discussed in segquence.

Figure H-7alLcd gives the sea surface temperature anomalies
{departures from climatolagy) for the ship, AVHRR, HIRS, and
SMMR, for the four workshop months. Figure H-7a, for
November 197% illustrates the principal limitation for
evaluating satellite data: the relative lack of ship data in
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many parts of the ocean, and its relatively high noise level,
evan after binning into two degree latitude-longitude
quadrangles for a month. The AVHRR data clearly have a much
lower bin-to-bin nolse level but in thie month provided no
retrievals nsar the equator becauas of persistent cloudiness
in the Intertropical Convergencae Zone (ITCZ). The AVHRR data
from the last three workshop months does not suffer such a
gap. This ig attributable to the change in algorithm after
November 1981,

The HIRS data are available nearly everywhere, but indicate
a ubiguitous zone of warm anomaly near coasts. This was due
to a processing algorithm error which was corracted in the
last two waorkshgp months. The statistics of Tables 1 and 2 are
based on data at least &00 km from land, and are thus
uncontaminated by this problem. The bin~to-bin noise of the
HIRE8 data is high, but i3 in part due to precessing of only
one fourth of the potentially available data. The July 1982
HIRS data incorporated all available data, and the
corresponding thematic map of it ia notably smoother in
appearance. Similarly, the Table 1 HIRB standard deviation
drops substantially in that month compared with the previous
thrae months.

The S8MMR data for November 1979 supplied to the workshop
were only for the Pacific Ocean between 50 N and 50 §. The
400 km coagtal mask to eliminate land contamination in the
antenna sidelobes is evident. The SMMR data itself appear on a
bin-to~bin basis to be smoother than the HIRE data.

Comparing anomalies betwaeen the four maps for November 1979
reveale a number of similar and dissimilar patterns. For
example, the arrangement of mid-latitude North Pacific cold
and warm anomalies in the ship data ig well reflected in the
AVHRR map. The same is true for the HIRS map, after taking
account of its greater bin—-to-bin noise and the coastal warm
error. Both the AVHRR and HIRS show similar patterns of warm
anomaly in the eastern and central tropical Paclfic, a pattern
which is only hinted at by the limited ampunt of ship data
there. The S8MMR anomaly patterns have little apparent
correlation with the ships or other satellite sensors in any
geographical region.

In December 1981 (Figure H-7b) the ship and AVHRR anomaly
patterns are remarkably similar in the North Atlantic, with a
small arsa of warm anomaly extending east from Newfoundland
about halfway across the Atlantic in a narrow band. The
gastern Atlantic along Portugal and North Africa as well as
tha tropical Atlantic have slightly positive anomaly. The
wastern Atlantic near the U.8. east coast has negative
anomaly, somewhat more negative for the AVHRR than for the
ship maps. Similarly in the mid-latitude North Pacific,
negative anomalies are located in the eastern central region,
and also just east of Japan, but with the AVHRR biased cold
with respect to the ships. This bias was previously
eatablished in the statistics of Tables 1 and 2, and Figures 4
and 9. In the western eqguatorial Facific an arsa of quite



postive AVHRR anomaly does not occur 4+ the ship data. This
{8 a region of maximum atmospheric watar vapor. The tendancy
for the AVHRR water vapor correction schame to overastimate
s@a surface temperature in such situationaz was noted by NOAA
personnal shortly after December 1961, and the algorithm was
appropriately adjusted. In the mid-~latitude southern

hemi sphere ship data are sparse. Nonatheless, aroas of
pattern agreesment may be found in the Sauth Atlantic and
Indian Oceans.

The HIRS anomaly patterna for Decaember 1981 show agreement
with the ship map in the North Atlantic, once the warm coastal
arror error and the higher bin-to-«bin noise lavel of the HIRS
data are actounted for. The eastern mid-latitude North Pactific
ship and HIRB anumalies are also similar, with the HIRS
appearing biased slightly warm with respect to the ships, as
the e@arlier statistical summaries had shown. The weastern
equatarial Pacific HIRS anomaly shows near normal temperatures
there, in agreement with the ships. The mid-latitude South
Atlantic HIRB and AVHRR maps are in good agreement. The
extreme southern hemisphere HIR8 data south of 30 8§ 1ig
consistently cold, both with respect to the AVHRR data, and
also to the limited ship data.

As in the previous workshop month, the SMMR anomaly patterns
for December 1981 bear little resemblence to the ship, AVHRR,
or HIRE maps. Portions af the mid-latitude North Atlantic and
Marth Pacifig havs =trong positive biases, reinforcing the
suggestion of 2 ! Jspeed -~ emissivity related error in the
processing alg - sthmy which is tending to bias temperatures
high in regions of high wind. It is curious to note that the
SMMR anomaly pattern in the mid-latitude South Atlantic does
ragemble that from the AVHRR and HIRS8. This region should be
experiencing lighter winds at this season, and thus not be o
sub ject to any such windgpeed related error in SMMR data. Yet
there is virtually no pattern correlation between SMMR and
either the AVHRR or HIRS in the tropical Atiantic, or the
tropical and mid-latitude South Pacific. For SMMR, large
areas of negative anomaly occur in all three southern
hemisphere mid-latitude acean basins, extending in the case of
the Atlantic and Pacific in the north west direction into the
tropical and subtropical northern hemisphere. These patterns
appear in regions where winds would be expected to be weakest,
and thus the suggestion remains that windspeed ~ emissivity
efftects may be dominating the SMMR algorithm.

Proceeding on to tha third workshop month of March 1982
(Figure H-7c), the ship data show temperatures very near
normal, with small anamalies over most of the Narth Atlantic,
and similarly for the North Pacific except for some limited
areas of cold anomaly. The AVHRR anomaly patterns in both
regions are quite different, and biased colder. The western
equatorial Pacific and Indian Ocean region continues ta show
warm AVHRR anomalies not reflected in the ship data. The HIRS
does not show this warm bias around Indonesia, and is more in
agreement with the ship data in the North Atlantic and North
FPacific. As In the previous month, the HIRS data evidences a

v ——
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persigtent -2l1d anomaly in the extreme southern hemisphere.
The SMMR data appear to be in much betta2r agreemeé-t with the
AVHRR (but not the ship data) in the mid-latitude North
Pacific, South Atlantic, and South Indian Oceans than was the
case in previous montha, but this does not extend to include
the South Pacific.

In both the AVHRR and S8MMR gdata, two narrow bands of warm
anomaly extend across the Pacific, beginning near California
and Chile respactively, and appearing to end near Indonesia. A
similar pattern appears in the Bouth Pacific HIRBS map, but not
in the ship data, although the latter provides poor geographic
covaerage thare. The positions of these bands coincide with
the northern and southern hemisphere tropical convergence
zones, areas of persistent high altitude cloudiness, and
increased water vapor and rain. We can only speculate that
ei1ther atmospheric geophysical effects may be acting to
produce the same artifact in all three satellites maps, or
alternatively, we may be looking at true large scale signals
too weak for the noisy and sparse ship data to detect.

The large region of cold anomaly in the subtropical North
Atlantic BMMR map for March 1982 occurs alsc in the July 1962
map (Figure H-7d). This has been identified by those whao
processed the data as evidence of instrument warm—-up
problems. The instrument was turned on for 24 hours, then
left off for the same period, with the same one day on, one
day off tycle continuing *hroughout its life. The time for
turn—-an and turn—off are at 00 hours GMT, and the first few
hours after turn—on provide the North Atlantic coverage. We
again can only speculate that the reason this cold bias does
not appear in the first two (wintertime) months is because it
is overridden by the warm windspeed-emissivity bias in those
periods of higher winds.

The most gtriking aspect of the July 1982 anomaly maps 1is
the large negative anomaly in the AVHRR data extending
globally in a zonal band between roughly 10 N and 30 N. This
is the gignature of the El Chichon volcanic aerasols mentioned
earlier, which were not properly accounted for in the AVHRR
processing algorithm. These aerosols remained in the
stratosphere, and resulted in serious cold biases in the AVHRR
data from April 1982 until late 1982 or early 1983. Procedures
are now available for reprocessing the original AVHRR radiance
data to determine the aerosol optical thickness and also
correct for the azrosol-induced error in sea surface
temperature estimates (Griggs, 19841].

Poleward of 30 N and beyond the aerwnsol contamination, the
patterns of AVHRR anomaly are quite similar to those of the
ship data, both in the North Atlantic and MNorth Pacific,
except that AVHRR anomalies appear to be biased low relative
to ships. The same patterns also occcur in the HIRS map,
which does not appear to be as zffected as the AVHRR by the El
Chichon effects. 5till, some cold biases, most likely from
the El1 Chichon aeraosols, do appear in the HIRG8. Negative
anomalies occur in the eastern Atlantic, near the equator and
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off North Africa. Also, a large negative anomaly appears in
the western subtrapical North Pacific. Neither areas have
significant cold anomalies in the ship data.

In the South Pacific just northeast of New Zealand a large
negative anomaly appears reasonably well defined In the ship
data. This region, which is well south of the aerosol
contamination band, alsc appears as a negative anomaly In the
AVHRR, HIRS, and SMMR maps. In the mid-latitude North Pacific
the SMMR map bears some rough resemblance to the ship map.
Finally, we note the tongue of warm anomaly extending along
the equator in the eastern tropical Pacific in the BMMR map.
The ship data, while sparse there, are sufficient to define a
similar feature. Neither the AVHRR nor the HIRS give similar
structure there. Over the following few months this anomaly
increased steadily ags a major El Nino event increased sea
surface temperatures in this region.

Other color-coded thematic maps of temperature differences
were assembled. They mostly portray aspects which have
already been discussed, and will therefore only be commented
upon briefly. Figure 8 portrays the relative differences
between ship and satellite anomaly fields for the four
workshop months. Figure H-Ba (November 1979) shows how the
noisy ship field is reflected in the AVHRR ~ ship difference
map. Since the HIRS field had considerable bin-to-bin noise
as well, the HIRB8 - chip difference map i particularly noisy.
The warm coastal error in the HIRS is clearly displayed. The
SMMR ~ ship difference map for this month manifests a
latitude-dependent bias, warm at S0 N and cold at 30 N, in
accordance with windspeed as discussed previously. The same
pattern is even more evident in December 1981 (Figure H-Bb),
as would perhaps be anticipated with the normal increase in
winds from November to December around 40 to 50 N.

The December 1981 AVHRR - ship and HIRE - ship difference
maps also show the respective tendency to cold and warm bias
of these two satellite sensors in the mid-latitude northern
hemisphere. The HIRS - ship diftference map indicates little
geographic structure, but the AVHRR - ship difference map
suggests that the AVHRR cold bias is concentrated aleong 40 N
in the North Pacific, and along the Gulf Stream in the
Atlantic. These are regions of maximum horizontal gradient in
sea surface temperature, and perhaps in the development of
cloudiness in the overlying atmosphere.

By March 1982 (Figure H-8c) the SMMR -~ ship differences in
the mid-latitude northern hemisphere are much reduced, again
as expected with the seasonal relaxation in windspeed. The
cold bias over the North Atlantic due to instrument turn—on
stands out clearly. The cold and warm biases of the AVHRR and
HIRS, respectively, now appear more evenly distributed over
the North Atlantic and North Pacific.

In July 1982 (Figuwre H-8d), the AVHRR - ship difference map
gives a clear depiction of the El Chichon aerosol distribution
which is also weakly reflected in the HIRE - ship map.
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The last sequence of thematic maps (Figure H-9) displays the
geographic distribution af the difference betwesn the three
satellite data sets. The most disturbing aspect of ~hese
differences ia that their magnitude and geographic variation
s0 regsembles the ship - climatology apomaly maps, i.e. the
zignal one wishes to study. The differences between the
satellite sensors appear to be due to a mixture of large scale
geophysical effects, related to such things as windspeed,
water vapor, and cloudiness. These maps should serve as a
cautioning sign to those who wish to use these satellite sea
surface temperature data sets to examine the relation of thisg
parameter to other geoph''sical variables. Eome signals in
some regions may be sufficiently strong, or sufficiently error
free, to permit such studies. Yet great care should be
exercised, and some conclusions must remain conditional.

Conclusions

Bince 1978, considerable efforts have been devoted by a
number of investigators to improving sea surface temperature
(858T) estimation from satellite remote sensing instruments.
Steady improvements in algorithms and instrumentation have
vielded accuracies that now appear marginally useful +for
ctudies of large-scale climatic variability. The most
promising techniques utilize infrared, microwave or
multi-spectral (both infrared and microwave) measurements of
radiation emitted from the sea surface. Individual
investigations have reported accuracies better than 1| C by all
techniques. The principal instruments are AVHRR, HIRS/MSU and
SMMR.

A series of NASA—sponsored workshops were held at the Jet
Propulsion Laboratory to intercompare the various techniques
and identify relative strengths and weaknesses, with the
ultimate goal of further improvements in the 58T retrievals.
The scope of the workshops was focused by limiting attention
to the use of 8687 for studies of short—-term climatic
variability (time scales of a month to a few years). Thus,
the satellite data were binned into 2 degree
latitude—longitude squares and averaged over one month. Four
comparison months were selected to span a broad range of
environmantal cenditions: November 1979, December 1981, March
1982 and July 1982. An equally important question that was not
addressed by the workshops is the accuracies of satellite 8§87
measurements over shorter space and time scales.

S8ince all three satellite instruments (AVHRR, SMMR and
HIRS/MSU) had purported accuracies better than 1 C, we
initially expected that it would be difficult to discern
significant differences between sensors. These claimed
accuracies were for individual measurements. For the 2 degree
quadrangle monthly averages dealt with in the workshops, many
individual measurements were averaged in each such 2 degree
bin. If the 1 C rms errors were truly random, these errars
would be reduced by the square root of the number of
observations in each bin. Initially it was thought that some
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rather involved data analysis techniques might be required to
identify preblem arceas. The actual results of the workshops
turned out to be quite different, however. The rmg8 errors in
the binned averages appearred to be only slightly improved
over those reported for individual measurements. The
signal~-to-noise variance ratio was about { for AVHRR and
HIRS/MSU, and about 0.25% for S8MMR. The errors in individual
measurements must therefore not be entirely random. One of
the most productive aspects of the workshops was that a number
of candidate causes for the systematic errors were identified.
These factors included the effects of water vapor (AVHRR),
stratoepheric aerosols (AVHRR and, to a leszer extent,
HIRB/MBU) , cloud cover (AVHRR) and wind speed (SMMR).
Improvements in future algorithms for SST retrieval may be

The intercomparison of AVHRR, HIRS/MSU, SMMR, ship and
climatological 88T for the four selected months revealed a
very complex set of relations. The various measuring
techniques agreed in some places and at some times, but
disagreed in others. The workshops drew attention to some
major limitatiuns in the i1ntercomparisons which should be
carefully considered in future intercomparison studies. Most
important 1s the lack of geographically well-distributed and
high quality in situ data with which to evaluate satellite 88T
estimates. For the gleobal binned average comparisons of the
workshaps, routine ship observations were used as “"surface
truth" data. These ship data are known to be biased high by
about 0.3 € and have an rme error in individual mesasurements
of about 1 € (approximately the same magnitude as the signal
in 88T from variations about the climatological mean). In
regions heavily sampled by ships, this rmgs error can be
significantly reduced through appropriate spatial and temporal
averaging. Unfortunately, ship observations are guite sparse
over most of the world oceans. In the workshops, we were
forcaed to include all 2 degree squares with 5 or more ship
samples over a month. Clearly, this is too few to
significantly suppr=ss measurament errors. The validation of
r-esent and future satellite SST sensors will require a

ibstantial improvement inp the quantity and quality of such in
situ data over the full range of oceanic and atmospheric
condi tions.

A final point worth noting is that, in retrospect, the
selection of intercomparison months was somewhat less than
optimal. Ideally, we would like to chonse months with large
anomalous 88T signals. That was not the case with any of the
four selected months. Over the whole world ocean, it appears
that S8T anomalies as measured by ships rarely differed by
more than about 1 C for these four months. If larger 887
anomalies had been present during some of the months, it might
have been easier tou identify strengths and weaknesses of the
measuring techniques. Indeed, other factors limiting SS8T
retrievals might have been discovered. Any future
intercomparison studies must examine many different months
(four was too few to achieve an adequate statistical base) and
several of the months examined should be selected specifically
on the basis of known large 85T anomalies.

R o
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fable ta., Global binned difference temperature (satellite minus ship)
statistics (degrees C). Only bins with five or more ship observations
Values in
rarenthases are diffarance statistics for 3 1 3 spatially smoothed

are lncluded. No bins within 600 km of land are included,

‘0ins.

Jatellite

Sensor Nov 1979 Dec 1981 Mar 1982 Jul 1982
mean 0.19 ( 0.24Y -0.30 (-0,33) -0.36 (~-0.44) -0.48 (-0.3%)
AVHRR st dev 0.58 ( 0.39) Q.50 ( 0.28) 0.51 ¢ 0.29) 0.79 ( 0.52)
rm&sd 0.461 ( 0.42) 0.%58 ( 0.43%) 0.62 ( Q.53 Q.92 ( 0.63)
# obs 723 ( 3248) 729 ( 235 795 ( 3I&8) &44 ( 274)
mean -0.04 (~0.20) 0.13 ( 0.21) 0.30 ( 0.29) ~0.07 ( 0.09)
HIRE st dev 1.01 ( 0.62) 0.88 ( 0.42) 0.92 ( 0,31) 0.469 ( 0,38)
rmsd 1.01 ( 0.&5) 0.89 ( 0.47) 0.97 ( 0.42) 0.69 ( Q.39
# obs 735 ( 3I24) 729 ( 235) 793 ( 3I68) b&2 ( F27)
mean 0.52 ( 0.72) 0.72 ( 0.71) =0.21 (=0.17) =0.43 (-0.469)
BEMMR 8t dev 1.27 ( 0.81) 1.17 { 0.79) 1.11 ¢ 0.79) 0,97 ( G.60)
rmsd 1.37 (¢ 1.08) 1.37 ( 1.0&) 1.13 ¢ ¢.81) 1.06 ( 0.91)
# obs 95 ( 1852 677 ( 226) &90 ( 300) 522 ( 230)
Table lb. HSame as Table 1a except ships minus climatology.
Nov 1979 Dec 1981 Mar 1982 Jul 1982
mean 0.00 ¢ 0.00) =-0.03 (-~0.08) =-0.09 (-0.13) ~0.46 (-Q.70)
st dev 0.80 ( 0.54) 0.61 ( 0.38) 0.52 ( 0.3 0.74 ( 0.63)
# aobs 735 ( 324) 729 ( 233 793 ( 34B) 635 ( 336)



fabla 2a-1. Same as Table la except for North Pacific betwean 20 N and
54 N.
Nav 1979 Dec 1981 Mar 1982 Jul 1982
[ mean Q.21 ( 0.27) =0.44 (~0.43) ~0.30 (-0.9%4) ~0.37 (~0.17)
AVHRR st dev 0.81 ( 0.33) 0.30 ¢ 0,29} 0.48 ( 0,29) 0.93 ( 0.462)
i rmsd 0.64 ( 0.4%) 0.466 ( 0.52) Q.69 ( 0.61) 1.00 ( 0.44)
i # obs 3927 ( 17&) I76 ( 127) 434 ( 210) 320 ¢ 117}
, mean 0.06 (~0.04) 0.31 ¢ 0.21) 0.47 ( 0.42) .01 ( 0.14)
 1IRB st dev 1.08 { 0.465) 0.89 ( 0.4%5) Q.93 ¢ 0.41) 0.72 ( 0.39)
‘ rmsd 1.08 ( 0.45) 0.94 ( 0.50) 1.06 ¢ 0.5 0.72 ( 0.41)
‘ # obs 397 ( 17&) 376 ( 127) 434 ( 210) 337 ( 170)
! mean 0.6b& { Q.74) 1.08 ¢ 0.95) 0.05 ¢ 0.13) —-0.22 (~-0.3
SMMR st dev 1.23 ( 0.78) 1.10 { 0,.72) 0.99 ( 0.67) 0.87 ( 0.48)
rmad 1.41 ( 1.0%) 1.4 ( 1.19) 0.99 ( 0.68) 0.90 ( 0.62)
J # abs 353 ( 148 361 ¢ 128) 392 ( 200} 278 ( 127
|
Table 2b-I. Same as Table 1b except for North Pacific between 20 N and
56 N.
Nov 1979 Dac 1981 Mar 1982 Jul 1982
mean -0.20 (-0.19) =-0.18 (-0.12) -0.27 (-0,29) =-0.47 (—-0.98)
st dev 0,89 ( 0.61) .61 ¢ 0.41) Q.48 ( 0,32) 0.73 ( 0.50)
# abs IV ( 176) 376 ¢ 127) 434 ( 2100 338 ( 179



Table 2b-II.

Same as Table la except for North Atlantic between
. equator and 56 N.

Mov 1979 Dec 1981 Mar 1982 Jul 1982
mean 0.17 ¢ 0.20) <=0.1%5 (=0.19) =-0.29 (=0.30) =-0.57 (-0.48)
AVHRR st dav 0,57 ( 0.38) 0.41 ( 0.18) 0.42 ( 0.21) 0.50 ( 0,37)
rmsd 0.5%2 ( 0,4%) 0.44 ( 0,26) 0.51 ¢ 0.37) 0.83 ( 0.61)
# obs 27¢ ¢ 144) 255 ( 102) 267 ( 153) 258 ( 197
maan -0.13 (-0.39) 0.10 ( 0.24) Q.16 ( 0.12) -0.08 ( 0.04)
HIRS 8t dev 0.93 ( 0,.32) 0,77 ¢ 0.3 0.84 ¢ 0.3%5) 0.462 ( 0.36)
rmsd .96 ( 0.63) 0.78 ¢ 0.46) 0.85 ( 0.37) 0.62 ( 0.36)
# obs 270 « 144) 285 ( 102) 267 (153 259 (¢ 187
mean - 0.42 ( 0,47) ~0.746 (-0.77) -0.88 (~-1.07)
8MMR st dev - 1.14 ( Q,78) 1.19 { 0.69) 0.93 ¢ 0.51)
rmsd - 1.21 ( 0.89) 1.41 ( 1.03) 1.28 ¢ 1.18)
# obs - 227 « 26) 213 ( q5) 193 ¢ 103)
Table 2b-11. Same as Table 1b edcept for North Atlantic between
egquator and S6 N.
Nov 1979 Dec 1981 Mar 1982 Jul 1982
mean 0.21 ( 0.23) 0.14 (-0.01) 0.05 ( 0.10) =-0.26 (-0.40)
st dev 0,59 ( 0,33) 0.53 ( 0.35 0.42 ( 0.27) 0.67 ( 0.64)
# obs 270 ¢ 144) 235 (  102) 267 ( 153 2899 (187
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Figure 1. Bcatterplot of all pairs of individual ship sea
surface temperature observations taken within 4 hours and 100
km of each other during December 1981 in the North Pacific (0
= 35 Ny 100 E - 70 W). There are 79,229 such paires, whose
difference in temperature has negligible mean and a standard
deviation of 1.49 C.
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Figure 2. Bcatterplot of the temperature differences,
continuous underway (S5 m depth) minus bucket (<1 m depth), as
| a function of local time of day for & research cruise in the

; eastern tropical Pacific, 24 February - 20 March 1981 L[P.
Pullen, 19851.
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Figure 3. Difference between SMMR and ship binned sea
surface temperatures, plotted as a function of the number of
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Figure 4. December 1981 distribution of number o+ *‘ndividual
observations per two degree quadrangle, for ship, YWHRKR,
HIKS, and SMMR data. Note the dif+erent color scale for the

tour data tvpes.
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Figure 5. Plot of global sea surface temperature statistics
derived from Table 1 (3 x 3 smoothed values): (a) mean
difference with respect to climatology, and (b) ship standard
deviation, and satellite - ship rms differences, for each of
the wecrkshop months.
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Fiqure a. Sea surface temperature b

i1Nnnedad anomal

(departure 41 m climatoloqgy) +or ship, AVHRR, HIRS., and SMMf
data, + O NOw 1] =14 1 /Y.
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Figure /b. Sea surtace temperature hinned anomalies
f

(departure 4rom climatology) +or ship, AVHRR, HIRS, and SMMK
data, +t+or December 1981.



Figure Ca hea urftace temperature binned anomal1es
(departure from climatoloagy) for ship, AVHRK, HIRS, and SMMK

data, for March 1982.
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Figure Ba. Di+ference 1n

bDinned anomalies. satellite
ship, for AVHRR, HIRS and SMMR, for

milinus
November 1979,



Figure Bb. Difference 1n binned anomalies, satellita minus
ship, for AVHRR, HIRS, and SMMR, for December 1981.
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Filgure Bc. Ditterence 1n binned anomali1es, satellite minus
ship for AVHRR, HIRS, and SMMR, for March 1982.
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1gure Ya. Di4+rerence 1n binned anomal 1es, satel lrte minus
zatellite, for AVHRE, HIKS, and SEMMR, for November 1979.



1gure 9b. Dh+t+erence 1n binned anumal 1es, atelli1te minus

satellite, for AVHRR, HIFS, and SMMR, for December 19681.
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