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- under adverse conditicns for specific sensors.

ABSTRACT

This {s the third report in a series of three workshops, sponsored by the
National Aeronautfics and Space Admiuistration, to fnvestigate the state of the
art in global sea surface temperature measurcments from spacc. Three wvorkshops
vere neccssary to process and analyze sutfficient data from which to draw con-
clusions on the accuracy and relfability of the satcllite measurements. In
this workshop (Workshop 11I), the final two (out of a total of four) months of
satellite and in situ data chosen for study were processed and cvaluated. fRe-
wults from the AVHRR, HIRS, SMMR, and VAS sensors, in comparison with {n situ
data from ships, XBTs, and buoys, confirmed satellite rms accuracies in the
7.5 to 1.0°C range, but with varfable biases. These accuracies may decgrade

A variety of color maps, plots,

and statistical tables are provided for detailed study of the individual sensor
SST measurcments.
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FOREWORD

This report documents the proceedings of a Satellite-Derived Sea Surface
‘femperature Workshop, held at thc Jet Propulsfon Laboratory, Pasadena,
California, on February 22 to 24, 1984. The workshop was the third and final
of a series designed to compare dircctly SST measurements from existing
‘satellite sensors, thereby evaluating their global accuracies and enabling
informed decisfons to be made concerning future sensor devclopment. Motivation
for the comparisons arose from reports of approximately 1°C accuracy in SST
measurement by four different satellf{te sensors, and from the need for ocean=-
ographers and climate sctientists to understand conditions under which better or
worse performance could be expected from each sensor type. The workshops were
convened under the sponsorship of the Oceanic Processes Branch, Office of Space
Science and Applications of the National Aeronautics and Space Administration.

A first planning mecting for the workshop series was held at the
NASA/Goddard Space Flight Center on April 16, 1982, at which the principal
workshop participants met to discuss approaches to the propesed satellite and
in situ data comparisuns. Subsequent workshop organization took place at JPL

to facilitate archiving and processing of the satellite and in situ data sets -
on the JPL Pilot Ocean Data System.

A substantial effort was required to assimilate, process, and analyze
several months of satellite and in situ data of divergent sampling densities,
spatial resolutions, and formats. The first workshop, held January 27 to 28,
1983, was thus limited to a single satellite sensor (SMMR) and one month of
data (November 1979), and to evaluation of approaches developed to compare the
satellite data sets with each other and with climatology, ship, XBT, and buoy
observations. The second workshop, held June 22 to 24, 1983 included data from
the SMMR, HIRS, and AVHRR, for November 1979 and December 1981. Finally, the
third workshop was held February 22 to 24, 1984, and included data from the
SMMR, HIRS, AVHRR, and VAS, for the additional months of March and July 1982.

An improved set of display products for analysi{s was developed for tais
workshop.

- Since the completion of these workshops, increasing attention has been
paid by the scientific research community to the question of utilizing satel-
lite SST dcta in large-scale ocean and atmosphere observing programs. A Tropi-

cal Oceans and Global Atmosphere (TOGA) Workshop on Sea Surface Temperature and -

Net Surface Radiation was held in La Jolla, California, March 28 to 30, 1984,
and a Committee for Space Research (COSPAR) International Workshop on
Satellite-perived Sea Surface Temperatures for Global Climate Applications was
held {n Washington, D.C., May 29 to 31, 1985. Ensuring the long-term avail-

ability and accuracy of satellite SST measurements is now a high pricrity for
ocean and climate research applications.

iv




A

. . -

- - L
T T e D U,

oy .

S oy e

e e e o e S ot o O TN BT I PR P

.

v

PR

v

730 B

Participation in the three NASA/JPL Workshops was varied. Tiose wino par-
ticipated in Workstop 111 and contribeied to this report are listed in Appen-
dik Do soe ettorts ot all those who contrfbuted to the orgunization ot tne
worksnops are gratetully acknowledged. Special tnanks are due to Jett Hilland
and the scatt ot the JPL Pllot Ucean Data System, through whose tireless

etforts tue wide array of processed $SST comparison produ s was generated and
udde avatlavle for the workshops,

Eni G. Njoku .
Workshop Chatrman
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SECTION 1
SUMMARY

E. Njoku }
Jet Propulsion Laboratory, California Institute of Technology

In the series of three Satellite-Derived Sea Surface Temperature (SST)
Workshops, held at the Jet Propulsion Laboratory (JPL) between January 1983
and February 1934, satellite measurements of SST were reviewed and evaluated
in detail. The emphasis was on global-scale evaluations, to complement the
many investigations previously carried out using high-resolution or regional

data, and to address the SST measurement objectives of large-scale ocean and
climate programs.

Four satellite sensors and their associated retrfieval techniques were
reviewed: the Advanced Very High Resolution Radiometer (AVHRR), the High-
Resolution Infrared Sounder/Microwave Sounding Unit (HIRS/MSU), the Visible-
Infrared Spin-Scan Radiometer Atmospheric Sounder (VAS), and the Scanning
Multichannel Microwave Radiometer (SMMR). Data from these sensors were com-
pared with each other and with in situ data from ships, expendable bathythermo-
graphs (XBTs), and drifting buoys. Four months of data were studied: )
November 1979, December 1981, March 1982, and July 1982.

Principal investigators for each sensor provided JPL with "raw" SST data
to be processed on the JPL Pilot Ocean Data System (PODS). A variety of dis-
play products was generated from these data so that results from all sensors
could be compared in a common format. The display products included color
maps, histograms, scatterplots, and tables of comparison statistics. Data
were compared either by point-to—point match-ups (raw data comparisons) or as
monthly averaged fields on a 2% x 2° latitude-longitude grid (binned data
comparisons). Workshop tnvestigators then examined the display products and

sought to draw conclusions as to the accuracy and error characteristics of the
sensor SST measurements.

Conclusions and recommendations arising from Workshops I and II have been
documented in the reports of those workshops (JPL 1983 and 1984) and in the
report of a subsequent TOGA Workshop on Sea Surface Temperature and Net Surface
Radiation (WCP 1984). Conclusions and recommendations from Workshop III have
been summarized by Njoku (1985) and detailed results from the workshop series
will be published as a special collection of papers in the November 1985 issue
of the Journal of Geophysical Research (JGR Oceans). This report, therefore,
serves mainly to provide details of the new data and analysis methods used in
Workshop III and to supplement discussions appearing in the JGR issue.

As a very broad and general conclusion, which will be expanded upon in the
following sections, the workshops have shown that present satellite sensors can
measure glebal SST with rms accuracies in the range of 0.5 to 1.0°C. Future
emphasis must, however, be placed on improved validation and monitoring tech-
niques to understand the nature of residual spatial and temporal bias varia-
tions. The present accuracies and geographical distributions of in situ
sensors are inadequate for this purpose. Fortunately, large-scale ocean/
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atmosphere experiments (TOGA and WOCE) of the World Climate Research Program

now- provide a focus for continuing efforts to improve satellite SST accuracies
beyond the 0.5°C level (COSPAR 1985).
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SECTION 11

DATA SETS AND PRODUCTS

w

J. Hilland and E. Njoku -
Jet Propuision Laboratory, California Institute of Technology .

-

.m-m‘ - - ; :

A.  BACKGROUND

Since 1981, the Advanced Very High Resolution Radiometer (AVHRR) on the

NUAA satellites has made SST wmcasurements in the infrared portion of the spec~
trum using a multi-channel technique developed by McClain et al. (1983). In
"order to determine SST more accurately under partially cloudy condittons,
infrared soundings from the High~Resolution Infrared Sounder (HIRS) and micro-
wave soundings from the Microwave Sounding Unit (MSU), also on NOAA satellites,
have been combined in a scheme described by Susskind et al. (1984). Another )
instrument, the Visible~Infrared Spin Scan Atmospheric Sounder (VAS), has pro-~
vided SST retrievals from geostationary orbit (Smith and Woolf 1982). The
ocean surface has also been viewed in thn microwave portion of the spectrum by
the Scanning Multichannel Microwave Radiometer aboard Nimbus=-7. Wilheit et
al. (1983) have described the SMMR SST retrieval techniques in detail.

R A g ey

In contrast to satellitc methods, in situ data collected from ships, ex-
pendable bathythermographs (XBTs), and moored or drifting buoys have provided
direct bulk measurements of SST. These platforms have long served as ocean-
ographers” primary tools. Hence, a large body of knowledge has been compiled

on in situ accuracies, with estimates in the range 0.2 to 1.0°C (Saur 1963;
Tabata 1982).

Against this background of spacecraft and in situ measurements, partici-
pants at the JPL workshops sought to review the sensor performances (including
calibration problems), understand the different SST retrieval algorithms,
evaliate the sensor SST accuracies, and discuss directions for future sensor
development. The issue of utilization of satellite SSTs in climate, atr-sea
interaction, and mesoscale oceanography studies was not the main focus of the
workshops, but did have a bearing on the recommendations that arose from the
discussions. wWorkshop planning and initial results from SMMR were discussed
in JPL (1983). Workshop Il results were more comprehensive as a result of
refinements in the analysis procedures. In addition, more data were available
for analysis with the acquisition of AVHRR (MCSST), HIRS/MSU, and VAS data
sets as described im JPL (1984). 1In Workshop IIl, the subject of this report,
the acquisition and analysis of data were coampleted, recommendations for future
research and sensor development were discussed, and plans were made for event-
ual publication of results from the workshop series in the open literature.
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B. DATA SET CHARACIERISTICS

Each sensor collected data in a unique manner, due to resolution and scan-
ning methods, as well as a result of sensor processing and duty cycles (the
percentage of time the sensor provided data satisfactorily relative to the
total time). Therefore, the data distribution varied greatly. Table 2-1 ocum-
marizes perzinent sampling paraceters for each sensor. The comparison shows '
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. Table 2~1. Scnsors Evaluated During the SST Workshops and
.i Resolutfon ~f Derived SSTs
: Duty Cycle Spatial Resolution
. Platform Sensor %) of Derived SST (km) Coverage
. TIROS-N) (AVHRR 100 25 "~ Global
j noAA-7 § uIrs/Msu 100 125 Global
[}
Nimbus=-7 SMMR 30 150 Global
GOES VAS 75 50 N.W. Atlantic
S.E. Pacific
; Ships Thernometer Global (mostly
v : : northern heaisphere)
§ XBT Thermistor N. Pacific
..
P FGGE Thermistor Southern hemisphere
b

.

that the high resolution, nearly continuous duty cycle of the visible-infrared
sensors yields an cnormous number of discrete radiances. Spacecraft-measured
radiances were averaged as part of the conversion process to geophysically
meaningful temperatures before delivery to JPL, thus somewhat reducing the data
volume. Details of the sensor modes of operation were reported in JPL (1983
and 1984), but will be summarized below for reference.

1. AVHRR

Global, duy/night coverage across a 2,500 km wide swath at & km
resolution characterizes the fundamental global sampling of AVHRR instruments
aboard the NOAA satellites. Prior to mid-November 1981 the Global Operational
Sea Surface Temperature Computation (COSSTCOMP) provided 50 km resolution SST
retrievals using a single window (centered at 1! um) algorithm. After this

date the improved five-channel instrument was used to derive SST from the 3.7,

11, and 12 vm windows, utilizing the triple-window technique known as the
multi-channel sea surface temperature (MCSST) algorithm. A spatial resolution
of 25 km was retained. The standard NOAA GOSSTCOMP and MCSST products

provided geolocated SSTs and supporting parameters such as platform source,
data quality, and day/night status.

2. HIRS/MSU

The HIRS and MSU instruments flown on TIROS-N and NOAA-7 served as
sources for derived SSTs. The large number of infrared and microwave channels
are cumbined in a physical algorithm to produce surface temperatures under
clear or cloudy conditions. Arrays of HIRS soundings (instantaneous fleld of
view 17.4 km at nadir) are averaged across the 2,300 km wide swath to form

2-2
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SSTs at a spatial resolution of 125 km. Because the retrievals are spatially
averaged, points within 60 km of land tend to be contaminated by warmer land
teaperat:res. For workshop purposes, space/time location and quality param=-
eters were piovided so that information could be segregated for various study
ronths, regions, and sampling conditions such as day/night and clear/cloudy.

3. SMMR

Dual polarized microwave radiance measurcments at 6.6, 10.7, 18,
and 2] CHz were the fundamental input to SMMR SST algorithms. The SMMR aamples
along & nadir-centered 780 km wide swath with a spatial resolution of 150 km at
6.6 GHz. Various quality control criteria were applied to the data by the
Nimbus=-7 algorithn development team, but the most obvious and influential, with
regard to workshop processing, was a land proximity mask. All data within 600
km of land, including large islanda, were eliminated due to possible antenna
sidelobe contamination. Furthermore, in order to distinguish the highest
quality values, data sent to JPL were flagged for day/twilight/night status
and cell (1-5) locatlon in the swath. The instruzment was turned on and off
every other day due to spacecraft/power limitations. Furthermore, the end
cells in the swath were deemed unreliabile due to polarization correction
errors. Thug, the overall duty cycle was reduced to 30X,

4. VAS

e R £ b P W bl St et e 8 7 4100

The Geostationary Operational Earth Satellite (GOES), carrying VAS,
provided a stable platform for scanning the full disc. Daytime-only IR and s
VIS data were collected as part of the normal operations. These data were i
screened for cloud-free areas as part of the SST derivation scheme, Three of
the twelve thermal bands sensed by VAS were used to derive SSTs at a spatial
resolution of ~50 km. Finally, retrievals from the eastern tropical Pacific . g
and northwestern Atlantic were provided for evaluation. §

Se. In Situ

The primary surface data set consisted of ship intake temperature §
measurements collected from radio reports by the Fleet Numerical Oceanography

Center (FNOC). Typically, intake temperatures are accurate to the nearest B
1°C. Additionally, blases on the order of tenths of a degree Celsius have ' *
been reported (JPL 1983). However, these data are the sole source of global !
in-situ measurements and at best provide spotty spatial coverage in the ;
southern hemisphere. The temporal resolution of most reports is six hourse. '
Marine reports were closely scrutinized for pathological errors related to !
erronecus ship locations and extreme temperatures.

Complementary data sets consisting of XBT drops across the northern and !
tropical Pacific and measurements from drifting buoys in the southern Pacific
provided additional validation i{nformation. XBT drops between North America,
Japan, Hawaii, Tahiti, and the Panama Canal are made about every 200 km,
yielding 400 to 1,000 observations during any month. Reported accuracies are
0.1°C with biases of about +0.2°C relative to salinity-temperature-depth
(STD) instruments,
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Drifting buoys launched during the First GARP Clobal Experiment (FGGE)
supplemented ship observations in ths southern hemisphere from 20 S to 65 S.
More than 100 buoys reported SSTs at roughly 6-hr intervals throughout each
study month. In an examination of the buoy program (Carrett 1981), comparisons
made with ship measurements within ] hour and 100 km of the buoy observation
yielded a worst-case standard deviation of 1.48°C and an average bias of
+0.28°C relative to the ships. Allowing for buoy temperature sensor stabili-
zation reduced the standard deviation and bias to 1.15°C and +0.75°C when
compared to intake temperatures and 0.56°C and +0.18°C, respectively, when
compared to bucket measurements. It should be noted that these statistics
were determined for buoy SSTs taken 24 hours after the ship recording.

C. ANALYSIS TECHNIQUFS

Very different spatial and temporal sampling characteristics, as well as
a low signal-to-noise ratio, characterized the data. Hence, analysis
procedures were designed to reduce the noise by forming monthly, 2° latitude
by 29 longitude average SST anomaly fields. Noise levels were determined
from point~to-point or "spot" comparisons of SST anomalies. An anomaly is
defined as the departure of absolute SST from climatology. Anomalies were
computed by linearly interpolating, in space and time, a 1° by 1° clima-
tology generated by Reynolds (1982) to the irregularly spaced satellite or
surface point and subtracting the climatology from the measured temperature, T.
The resultant value, hereafter referred to as a "raw'" anomaly, AT, was used
as the fundamental signal rather than the absolute SST. Thus, a picture of
ocean variability was depicted by each sensor.

A variety of statistical and display routines, summarized in Table 2-2,
was used to portray raw-anomaly quantitative results and spatial features.
First and second moments were computed in the usual Gaussian sense:

n
AT = 1/n Z ATi . (2-1)

i=1

and

n
. _ a2 1/2 -
AT 4 [l/nz (ot - 8T)°) (2-2)
i=]

where n 1s the total number of points, AT is the raw anomsly located at
latitude y and longitude x at time t, and 4T, ngq 18 the root-mean-square
deviation about the mean. i
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Monthly average fields were formed from raw anomalies by averaging all
points that fell within a 2% by 2° cell centered on odd latitudes and
longitudes. The average temperature or "binned" anouwaly for latitude, j, and
longitude, 1, is simply expreased as

"i"“ - x/mkz; T , (2-3)

where m is the total number of points in cell j, i, and T,, 15 the kth raw
anomaly located at latitude y and longitude x within the &ell centered at j, 1.

Statistics of the binning process were retained for the purpose of compar-
ing sampling charateristics, temperature extremes, and data dispersion within
each cell. Raw anomalies exceeding :}.7500 were e’ iminated before binned
anonaly fields were formed, because the natural variability of the ocean is
typically much less than this magnitude., It follows that any signal of this
intensity is the result of poor sensor performance or algorithm deficiencles,
except perhaps in the case of a strong El Nitlo. No further quantitative edit-
ing was performed on SST anomalies. However, the data were stratified into
latitude/longitude bands and segrecgated based on a qualitative interpretation
of the status flag associated with each observation. Table 2-2 summarizes the
screening procedures applied to each data set. Field-data statistics were

calculated as in Eqs. (2-1) and (2-2) by substituting the mean anomalies for
the raw values.

Sensor and algorithm performance were measured relative to climatology and
to each sensor, Statistics of the relationships quantified the bias, standard
deviation, and correlation. The correlation between any two sensors (clima-
tology was treated as a sensor) is given by:

N 1 & N _
z In ‘2n ~ N 2 Tln z T2m
n=} n=1 m=1]
R - (2-5)

where subscripts 1 and 2 refer to sensor pairs and subscripts n and m denote
the cells common to both sensors.
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Table 2-2, Analysis and Graphical Display Techniques Applied to
Satellite-Derived SSTs

Data Type Analyzed

Raw Raw Binned
‘Techniques Abgolute Anomaly Anomaly

Compute raw anomalies by interpolating
climatology to satellite point and subtracting X

Form 20 latitude x 2© longitude monthly
averages (binning) X

Calculate absolute SST by adding binned
ancmalies to 22 binned climatological SST X X

Prepare a histogram of SST and summary
statistics; mean, standard deviation, and

nuzmber of observations X

Prepare a coﬁtour map of binned absolute SST X X
Prepare a thematic map of binned anomaliee X
Prepare a thematic map of anomaly differcuces X

Draw a thematic map of number density within
a 2° cell . X .

Make a scatter diagram of binned anonaly SST

versus Reynolds climatological SST: summary

statistics, bias, standard deviation about

bias, correlation and number of observations X X

Prepare cross correlation tables: statistics,
correlation, bias, standard deviation about
bias, and number of 2° cells X

Calculate error partitioning tables: statistics

and overall rus error contributed by each sensor
and rms error for each sensor combined with two
other sensgors X

Make a scatter diagram of sensor versus

gsensor: statistics, correlation, bias,

standard deviation about bias, and number of

29 cells X X

Make a scatter diagram of binned anomaly
differences for a sensor pair versus number
of observations in 2° cells for either sensor X

"
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Another information extraction technique, error partitioning, was used to
ascribe a measurement error to each scnsor. This method employs sensor trip-
lets in a set of three simultaneous equations which can be solved for each
sensor™s contribution to the total error in an rms sense. The mean-square
difference between binned anomalies from two sensors is expressed as:

N
- T —— 2 - T —- 2 -
D,, = (T, - T® ”"Z‘Tm T, ) (2-5)
n=}

where < > indicates the sample mean computed over all binned points, n,
that are common to the sensor triplet, and T} and T2 are the binned SST
anomalies, The error in the measured anomaly is

€, =T -T (2-6)

where Ty is the measurement from sensor k and Ty is the true anomaly.
Then, it is possible to express Eq. (2-5) as:

2 2 2
D12 - <(el - ez) b <cl > + <e2 > (2-7)

It has been assumed that sensor errors are uncorrelated; hence, the mean cross-
product of the errcrs is zero. Similar expressions may be derived for D)3

and Dy3, thus forming a set of three equations that can be rolved for the
sensor errors, <Cﬁ>, k = 1,2,3 {JPL (1983), Appendix G].

In this manner, error estimates for sensors forming the triplet can be de-
termined. For M sensors there will be (Mz - 34 + 2)/2 possible triplet com=-
binations containing a given sensor. An overall error estimate can be obtained

for each sensor by averaging the partitioned error for that sensor in each
triplet combination.

These analytical techniques were applied to the binned anomaly fields and
raw anomalies. Results were displayed from field data on monthly global and
regional scales and from raw data in the form of "spot" comparisons on spatial
and temporal scales commensurate with sensor sampling and geophysical variabil-

ity. The space~tine scales used for preparing analysis products are presented
in Table 2-3. ‘
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Table 2-3. Data Analysis Products Spatial and Temporal Length Scales!

North South North Monthly

Analysis Product Globa12'6 Pac1f1c3 Pacifich Atlanclcs Average
Anomaly histogram . . X X X ' X X
Absolute SST contour map X X X ' X X
Thematic map of binned
anomalies X X X X X
Thematic map of anomaly
differences X X
Thematic map of number
density A X
Scatter diagram of anomaly
SST versus climatological
SST X X X X X
Cross correlation table X X X X X
Error partitioning table X X X X X
Scatter diagram sensor
versus sensor X X X Spot merge

46, +12 hr;
20, 100 km

Scatter diagram anomaly
difference versus numerical
observ. 1n 2° cell X X X

1.

For some products the Pacific study area was separated into 3 regions of
latitude to separate the tropics and extratropics. These regions were lati-

‘tudes: (1) below 20°S, (2) between 20°S and 20°N, and (3) above 20°N.

Global study area; 60° S to 60° N, 0° to 360° E.

North Pacific study area: 00 to 60° N, 100° to 290° E.

South Pacific study area: 6(° S to 02, 1000 to 290° E.

North Atlantic study area: 0° *o 60° N,.290° to 3600 E.

Global and regional thematic maps and scatter diagrams within 20°

latitude bands extended to 60° lat{tude. All other products terminated
at 55° latitude to eliminate possibly spurious points due to sea ice.
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Spot comparisons of the raw data were made using a number of different
space-time "windows" in which sensor data points were matched within a given
time tolerance (+ hr) and radial distance (km). Table 2-4 provides the window

specifications for matching any given sensor to the sensors listed in the
Table.

D. WORKSHOP III RESULTS
Detailed analysis results from Workshop III have been compiled into a

special collection of papers to be published in the November 1985 issue of the
Journal of Geophvsical Research (JGR Oceans). In this report, some additional

v

sets of data products are provided. Tables of correlations and other statis-
tics can be found in »>pendix A. Error partitioning results are provided in
Appendix B, and selected color images of SST anomaly fields are shown in
Appendix C. A lengthy set of histograms and scatterplots were also generated
for the Workshop and can be individually copied and supplied by request to the
authors. Individual summaries of findings from the Vorkshop data are provided
in Sections III to VIII.

| S Data Sets

Table 2-5 shows the satellite and in situ data sets processed dur-
ing the three JPL workshops. In Workshop III, data from all sensors for the
months of March and July 1982, and also HIRS data for ecember 1981, were
evaluated. Detalls of the procedures used to derive the 5ST data can be found
in Sections III to VI, or in previous workshop reports (JPL 1983 and 1984).
Prior to Workshop III some changes were made in the HIRS SST algorithm to
improve its performance. These changes included a higher-resolution climatol-
ogy to define land points, tightened criteria for internal consistency check-
ing, and retention of more data samples in each cloud analysis area (see Sec~
tion IV). This new version of HIRS data was named "Version 2." 1In addition,
both HIRS versions were provided with data quality weights which could be
appiied in the binning process. Those SST data with weights applied were
referred to as HIRS "weighted."

Another data set unique to Workshop III was provided by T. Wilheit. This
"SMMR/ship" data set consisted of a blended monthly averaged SST field on a
29 x 2° grid, for the Pacific Ocean region, comprising original raw SST
data from the SMMR and from FNOC ships. The mechanism for blending the SMMR
and ship data is outlined in Section VI and, in essence, uses the ship data,
vhere available, in an objective analysis scheme to remove spatial bilases in
the SMMR SST field.

2. Analysis Products

~ A great improvement in Workshop III was the availability of color
images, or "thematic maps," to display global SST anoma! - ficlds and data
distributions. Table 2-6 lists the complete set of global color maps %hat
were produced, including retrospective procecsing of maps for November 1979
and December 1981. Those maps, which have beern referenced by discuss’‘ons in

Sections III through VI, are shown in Appendix C. The maps are self-
explanatory.
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Tabie 2-4, Time-Space Windows Used for Merging Sensor Data to Data from

Other Sensors Listed in the Table

. Time Radial Distance
Sensor (ihr) ) (km)
AVHRR 12 100
Ships 6 ’ 100
XBT 12 20, 100
FGGE Buoys -12 20

~

Table 2-5. Data Sets Available for Workshop Processing

November December March July

1979 1981 : 1982 1982

SHMR 1 2 3 3
AVHRR 2 2 3 3
HIRS/MSU 2 3 3 3
VAS - - 3 3
FNOC Ship 1 2 3 3
FGGE Buoy . 2 - - -
TRANSPAC XBT 2 2 3 3

Key: 1 = available for Workshop L
2 = available for Workshop II1
3 = availlable for Workshop III

2-10

it L s 2. st i

PP T PRGN L BTN

Wl £ e

R P




TaaET
"
N

b gt v at wiewes wrwpe
L il e =

. ""’Y""'Y"‘.‘T"“”-""tﬁ"-???‘f""?""”- -y Fores e

1.

Riadt

hadaard
20T

Table 2-6.

SST Workshop Color Maps (Global)

Nov 79 Dec 81 Mar 82 Jul 82

Data Distribution:

AVHRR
HIRS

SMMR
VAS

Ship
XBT

FGGE Buoy

SST Anomalies:

AVHRR
HIRS

SMMR
SMMR/Ship
VAS

Ship

XBT

FGGE Buoy

SST Anomaly Differences:

AVHRR (day-night)
HIRS-AVHRR
SMMR-AVHRR
SMMR/Ship-AVHRR
VAS-AVHRR
HIRS-SMMR
AVHRR~Ship
HIRS-Ship
SMMR-Ship
SMMR/Ship-Ship
VAS-Ship
XBT-Ship
XBT-AVHRR

CNCNO oM\,

CLCNO O N NN \NOONNO

LAaNNoNLw

O NSNOoONNN

O NCNOONN,

WNUNOONUNNCNOON AN

O NN\ N\

O N L L L\

S S T S

O N N WN

= R L B NN

LA NANN A NN NN\

F3-

Key:

Y Available
0 Not available
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The tables in Appendix A provide statistics (as discussed in Section II1.C)
for pair-wise sensor comparisons of binned data for all months. All data have
been maskc.s up to 600 km from land to conform to the SMMR areal coverage.
Another benefit of the masking is that high-gradient coastal current regions,

- which could cause sampling errors in tne 2°-binned analyses, are largely

eliminated. For each month, there is one global set of statistics and another
set for each of four ocean regions. This allows the contrasting of statistics
for tropics and extratropics, or for North Atlantic and North Pacific. A
second table (A-2) was generated using the same data as for Table A-1, but
with a 3 x 3 cell two-dimensional spatial filter applied. The weights for the
filter were as follows (normalized by a factor of 16):

N -
NN
=N e

The motivation for applying the filter was to investigate any reduction in the
standard deviation or increase in the correlation therefrom. (Climate-scale
models can accommodate data on 2% x 5% or even 5° x 5° spatial scales.)
However, care must be taken in interpreting the statistics of Table A-2 since
the 2°-binned sensor data are no longer strictly independent after the

spatial filter has been applied. Finally, Table A-3 has been included to show
the effects of using the HIRS algorithm quality weights on the March 1982 data
(see Section 1V).

The error-partitioning tables in Appendix B follow from the discussion in
Section IIC. OUnly the four data sets with truly global coverage have been
included. Results could be significantly skewed by the addition of ship data,
unless all date were restricted to the North Atlantic or North Pacific.
Separate tables for these regions were not produced, however, at the
Workshop. As in Appendix A, separate tables were generated for unsmoothed and
smoothed data sets. The HIRS data used was Version 2. For each sensor, the
partitioned error from each of three possible triplets (or triads) was
averaged to give an overall average rms error. These average errors have been
collected together for convenience in Table B-3.

E. DISCUSSION

. The data products (maps, plots, statistics) generated for the Workshops
led to very detailed discussions concerning sensor calibration, algorithm
performance, errot characteristics, error sources, validation problems, and
future research. Participants were encouraged to submit summaries of their
evaluations for the Workshop report. These investigator summaries are
provided in Sections III through VIII. (Some investigators chose to postpone
publication of their anzlyses until the JGR Oceans special issue.)
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SECTION III

ADVANCED VERY HIGH RESOLUTION RADIOMETER (AVHRR)
SENSGR COMPARISON CHARACTERISTICS

E. Paul McClain

National Oceanic and Atmospheric Administration

A. INTRODUCTION

Multi-channel sea surface temperature (MCSST) techniques make use of the
AVHRR on the NOAA satellites (Schwalb 1978), which delivers i.l-km and 4-km
resolution measurements in four (or five) channels: 0.58~0.68, 0.725-1.10,
3.55-3.93, and 10.3-11.3 um (also 11.5-12.5 ym for five-channel AVHRRs).
Various combinations of the four or five AVHRR data channels are used in the
important initial cloud-filtering stages. Thresholds of the bi-directional
reflectance in the. visual and reflected-IR channels, and of brightness
temperature in the thermal-IR channels, have been established for cloud-free
conditions. Homogeneity tests take advantage of the low radiometer noise
levels and the high degree of spatial uniformity in the ocean surface reflec-
tance and temperature fields in the absence of clouds. Details of the cloud
tests are given in McClain et al, 1983, and in Part 11, pp. 1-8, in the SST
Workshop II Report (JPL 1984).

The brightness temperatures measured in 3 given window channel of the
AVHRR are corrected for atmospheric attenuation by use of the brightness cem-
peratures from two or all three of the atmospheric windowa, each of these
spectral bands being characterized by a different atmospheric transmittance.
The relationships between the atmospheric correction and various combinations
of brightness temperature differences is linear with exceptionally smail scat-
ter, as was determined from simulation data bases (McClain 1981). Satellite
and buoy measurements matched to within 25 km and 24 hours have been used to
derive a small but significant temperature-dependent bias correction term for
the simulation equations. Further details of deriving multichannel sea
surface temperatures from AVHRR measurements are given in McClain et al. 1983.

B. ADVANTAGES OF THE AVHRR (MCSST) TECHNIQUE

The principal advantages of the AVHRR-derived sea surface temperatures
arc high resolution, broad geographic coverage, general consistency, and good
accuracy. The MCSSTs have been produced on an operational basis since Novem-
ber, 1981, and they are avallable globally from NOAA/NESDIS as a monthly mean
(65N-65S, 2.5% grid) or as a weekly composite (70N-70S, 100-km grid), and as
selected regional (59-km grid) or local charts (l4-km grid). The basic re-
trievals are obtained from 2 x 2 arrays of AVHRR data over an area nominally
8 km on a side, then one or more of the retrievals per 25-km box are resolved
onto the various grid intervals listed above. MCSSTs can be obtained within
10-20 km of a land, ice, or cloud edge; and except in regions of extremely
persistent and continuous cloud cover, most areas of the wovld are sampled at
least once on a 100-km grid every 5-10 days.

:
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In comparison with i{n situ sensors, particularly those on ships of
opportunity, the AVHRR with its nearly continuous onboard calibration
generates an internally uniform set of brightness temperature measurcments
orbit after orbit, day after day. Except for quite unusual circumstances,
such as the El Chichon errptions and the electrical interference problems that
have plagued the 3.7 um~ data during certain periods (discussed in next
section), the operationally derived MCSSTs generally comprise a spatially and
temporally consistent data base. The few changes that have been made in the
operational algorithms have affected the root mean square (rms) differcnces
with respect to drifting buoy temperatures only at the <0.25C level. Recent
drifting buoy spot comparisions over a wide range of temperatures, gpeographic
area, and seasons consistently indicate bhiases of €0.1C and rms diffecrences
(or scatters) of 0.5-0.6C (Strong and McClain 1984). Comparisons with
screened ship observations, after removal of a common ship-based climatology
to derive anomalies, are summarized for the various periods and regions in
Table 3~] along with the statistics for the other sensors studied during the
several JPL SST Workshops. It is evident that the AVHRR, compared with the
other sensors, was almost always and everywhere ver the globe characterized by
the largest number of matchups, the lowest bias and scatter, and the highest
correlation relative to the Pazan sct of screened ship observations (the
pracipal exception to this occurred in July 1982 in connection with the El
Chichon eruption effects).

Table 3-1 gives the varicus statistics for each sensor with respect to
ship matchups more than 600 km from any land or fce surface. The use of a 600
km mask {s necessary in order to equalize the coverage for the AVHRR,
HIRS/MSU, and VAS, which can obtain observations near coastlines and ice
edges, with that available for the SMMR, which is constrained to operate at
least 600 km away. Furthermore, it should be noted that there are no
measurcments from the SMMR over the North Atlantic in November 1979, and the
VAS coverage is limited to two areas in March and July of 1982, one about
25° latitude by 30° longitude on a side in the southwestern North Atlantic
and the other about 40° latitude by 40° longitude in the extreme eastern
equatorial and northeastern South Pacific.

Table 3-1 also enables comparison of sensor statistics for ship matchups
>600 km from land or ice and those for the.same matchups after a special 3 x 3
weighted smootherl is applied. This procedure was used on all available
2% latitude-longitude bins >600 km from land or ice. A sharp drop in saample
size resulted from loss of outer rows and coluans of bins and from no computa-

- tion being made for arrays where inadequate in situ or satellite data resulted

in no bin average being computed for one or more bins of the 3 x 3 array. This
was a particularly acute problem in the case of the FGGE buoy set; e.g., the
unsmoothed global data set of N»400 for the AVHRR wmatchups was reduced to N=i
for the swmoothed sct.

1A smoothing set of weights 1s applied to the Ty Tp Ty
monthly mean SST anomalies (T), Ty, .., Tg) Ty Tg Ty
in overlapping 3 x 3 arrays of the two-degrec bins. T; Tg Tg

T g = 4*Tg + 2°(Tp + T4 + Tg + Tg) + T) + T3 + T7 + Tg) /16
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Table 3~1. Sensor Sea Surface Temperatures Compared With Pazan Screened Ship
Temperatures (>5 per bin). Values in Parentheses Are After a 3x3
Center-Weighted Smoother Was Applied (A = AVHHR; S = SMMR; V = VAS,
H = HIRS/MSU).
Tov 1829 Dec 1981 Nerch 1982 July 1982
Thaber of
¥ia Katchuape A s L] a ] L] 'y [ [} v A H s v
Clobal 123 pi 3] 113 121 (32} 121) 19 90 793 109 (1Y 32 [} "2
(324) €132) (328) ) {21¢) (13%) (38} (38) (348) [$1}]) (224) €130) 32 ()
Bored Pocifie 7 333 i H ne »i e (%) n? (3 — 30 4] ) m ——e
(10-343) A (A Q) anrn o G (D (ue) (100 (19) - an o (o —
Nid-Pacifle » 4l 43 (1] 40 L1} 38 ” 3 ] » 12 ! L
(204-208) w W ) W ) ) 3 't (%) © ) ) 0 T
Sonth Pocific t $ $ 12 10 172 n’ L 1) 2 1 ? n -—
(20~-358 (0) (o) (o) o) {0) 0} {0y ) {0 {0) <0) [{:}] [{4] —-—
Sorth Atlastic 270 - ne 233 m 133 247 13 267 108 2% 19 13 )
(O-368) (144) —— (&) <{102) (94) [41:>3] (133) {?3) (133) {31) (37) [§1.3}] (157) {3
Lise (obip ninue
sstslltte)
Globel -0.1% =0.52 +0.04 «0.30 0.1 -0.43 €0.3% +C.21 -0.3% -0.%0 *0.48 «0,4) «0.07 -0.48
(=0.24)  (-0.21)  (#0,20) (#0.33) (=0.71) (-0.21) (¢0.84) (e0.17) (-0.19) (=0.91) (0.35) (e0.409) (-0.C9) (0.3}
Morth Poctific -0.21 -0.68 Q.08 +0.64 -1.08 ~03.31 «0,%0 «0.0% -0.47 —— +8.3? «0,22 +0.01 —
(=0.27)  (=0.78) (+0.08) (¢0.43) (-0.83) (~0.21) (¢0.34) (-0.1)) (~0.42) — (+G.17)  (+0.39) (-0.18) (=)
Rid-Tacific ~0.4? «0.6% +0.2¢ *0.2? *0.44 «0,27 +0.21 +0.62 «0.03 — .03 +0.36 «0.48% ~0.08
(~0.03) («0.19) (40.83) (00.41) (e0.71) (#2.18) (e0.43) (+0.88) (0.0)) —— — - ——— —
South Pocific — -— — -0.02 +0.04 9,74 «0.40 «0.46 *0.4% — «0.11 -0.40 -0.11 ——
Borth Atlaetic =0.17 — 0.1 0.1 -0.42 -0.10 +0.29 +0.7¢ -0.16 ~0.89 +0.%? +0.88 *0.08 ~0.%
(-0.20) — €00.33)  (20.19)  (=0.47) (~0.28) (¢0.30) (e0.71) (~0.12) (~0.91) («0.48) (4).07) (~0.08) (~C.59)
Stendard Deviation
aiter
Cledal 0.8 1.7 1.01 0.5%0 1.7 0.5 0.51 1.1t 0.92 0.36 0.7 0.9? 0.89 0.44
10.33) {0.8¢) {0.52) €0.28) €0.79) (0.42) €0.29) (C.79) (0.41) (0.26) (0.32) (0.60) (0.38) (0.232)
Zoreh Pacific a.61 lede 1.08 0.%0 1.10 0.09 0.48 0.9 0.93 — 0.9} 0.87 0.72 —
(0.33) {0.78) (0.43) (0.29) (0.72) €0.43) (0.29) {0.67) {C.41) —— €0.83) (0.48) (0.39) haand
rid-Pactite 0.47 Q.77 0.70 0.%4 0.8 0.72 0.39 0.7% 0.48 — 0.49 0.8} 0.48 0.43
(0.04) (0.20) (C.08) {0.21) (0.18) €0.12) {0.10) {0.120) (0.01) — —— —— - -—
$auth Pacific —— — - 0.60 0.72 0.9 0.78 t.0 1.00 —— 0.19 0.912 .49 —
Worta All‘uuc 0.57 -~ 0.93 0.4} 1.14 0.7 0.42 1.19 0.84 0.92 6.60 .93 0.42 0.43
(0.38) — (0.32) (0.18) (0.7¢) {0.39) €0.11) {0.49) (0.33) (0.2¢) {0.37) (0.%1) (0. 34) (0.22)
Crosa
Torrelation
Clobel 0.69 0.3 [ 35 1] .76 c.2 021 0.67 0.24 0.10 0.40 0.62 0.44 [ A} ] 0.49
N 70.78) {D.%) (0.41) (C.9t) (0.40) (0.4%) (0.77) (0.3%) {0.40) (0.29) {0.10) (0.3%) (0.79) (0.e2)
Moeth Pactific 0.74 0.1 0.32 0.7 0.22 0.2¢ 0.52 0.3? 0.13 ) - 0.3% 0.34 o) baad
(0.3%) (0.%8) (0.40) (0.92) €0.34) (0.5%) {0.38) (0.%4) €0.39) Llad (6.%)) (0.62) (0.52) —
South Pacific —— - - 0.0 .0.!! 0.1) 0.6? -0.0% ~0.0t 0.%0 O.66 o.n 0.31 0.46
{0.41) —— (0.49) (0.%3) (0.%9) (0.04) {0.80) {=0.09) (0.43) {(0.19) {0.84) (0.68) (0.8%) (0.42)
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The effect of the smoother on the bias is mixed at best, but there is
definite (often dramatic) improvement in the scatter (i.e. standard deviation)
and cross correclation statistics in nearly every case for every sensor. This
is noteworthy in particular, for it demonstrates just how important a factor
is the uneven quality of the in situ temperature observations when one is
using them in an attempt to validate satellite~derived temperatur2s.

Table 3-2 displays the statistics for AVHRR/ship matchups >600 km from
land or ice with various types of in-situ data (viz., Pazan ships, >5 and >20
per cell; FGGE buoys; and Transpac XBTs); and Table 3-3 shows AVHRR/ship
matchup siatistics separated into day and night, Table 3-4 enables comparison
of two types of in situ observations, viz., Pazan ships the Transpac XBTs.

C. LIMITATIONS OF AVHRR (MCSST) TECHNIQUE

Perhaps chief awmong the limitations of the MCSST, or any other infrared
method, i8s lack of retrievals in areas of persistent and essentially continuous
cloud cover. The relatively high resolution of the AVHRR does enable more
retrievals to be made in areas of patchy cloud cover than can be done wth the
other sensors. The cloud detection tests appear to work well in that retrievals
are seldom made using cloud-conteminated data, including contamination by thin

. ¢irrus or sub-resolution cumulus fields,

Severe volcanic eruptions or dust storms can produce extraordinary aerosol
loadings in the atmosphere and thereby greatly increase attenuation of the in-
frared signal reaching the satellite, as well as interfere with those cloud de-
tection tests that depend on visible-band measurements. El Chichon, because of
the large mass of HS04 droplets found at very high altitudes in the atmo-
sphere, was particulary severe in {ts impact on the MCSSTs, especially in the
Northern Hemisphere tropics and subtropics. Daytime retrievals were virtually
eliminated between SN-30N for up to six months, and nighttime retrievals were
biased too low by up to 2-4C from April to October 1982 (Strong et al. 1983).
Recent research indicates the very real possibility of using a different
formulation of the triple-window MCSST equation, one that appears to be nearly
insensitive to the concentration of El Chichon type aerosols (Walton 1985).
Furthermore, daytime visible band data from the AVHRR can probably be used to
obtain a point-to-point measure of the aerosol loading, thus leading to other
possibilities for correction of the retrieval temperatures (Stowe 1984).

Use of any triple-window equaticn obviously needs noise-f '‘ee measurements
in all three IR-window channels. The noise level has been exceptionally low
€0.1 K, in the 11 and 12um channels. The 3.7 um window data, however, tend to
have an acceptable noise figure (<0.2 K) during the first 12 months or so after
each satellite launch, but +hen become increasingly contaminated by electrical
interference thereafter. Fortunately, so-called "outgassing" procedures that
were implemented recently“ successfully reduced the complex but coherent noise
in the 3.7 um data to levels comparable to those measured immediately after
lrunch. More recent experience indicates that outgassing must probably be re-
peated every 6-12 months to control this problem. Although the noise level in
this channel was moderately high in July 1982, this was reflected primarily in
a loss of nighttime MCSSTs from failure of the MCSST Intercomparison Test
(see McClain in Part II, pp. 1—8, JPL 1984) rather than a decrcase in accuracy.

20n 6/15/83 for NOAA-6, on 9/27/83 for NOAA-7, and on 9/8/83 for NOAA-8.
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AVHRR Multichannel Sea Surface Temperatures Compared With In Situ

Table 3-2.
Temperatures. Values in Parentheses Are After a 3x3 Center-Weighted
Smoother Was Applied (P5 = Pazan Screened Ships, >5/Bin; P20 = Pazan
Screened Ships, >20/Bin; F = FGGE Buoys; T = Transpac XBT's).
Nov 1829 Dec 190} Raych 1982 July 1982
Baber of °
e Mlt:_vc ” (2] 4 T [ 4] 0 T ” r20 T ” rno 4
Clobal m”n 113 400 437 121 129 204 193 38 LT (213 18 18
{328) s) 1) {%0) (233) () [§3 )] (38) {2)) (41 }) (174) ($3] ($}]
Borth Pectfic 7] — — % 376 -~ 188 o — 31 120 o 1"
(20-%u) (176} — —— 2%) 1237) — €{13) {210) -— (19) 117) — €3)
Nid-Pactfte b — [3) (3] 4 000 ° 3 —— 113 n —— 1"us
(208-208) W — () ) — (0 T} — ) o — ©)
South Pacific ] —— 12 ] 12 — [} 1 —— —— i1 — Lol
(20-348) €{0) — {0) — ({3} —— — ()] — —— ({0) —— —
Boxth Atlestic 0 — —— — 233 — — b{Y) —— — 138 —— —
(0-561) (144) -— bl — [§T:3) -— — (133) — — sn — ——
Blas (in site
wisus sstellite)
Glodal -Q0.1% ~0.28 Q.24 ~0.19 +0.30 «0.27 0.3 0.3 +0.3¢ +0,16 +0.48 *0.44 *Q.49
(=0.2¢) (-0.32) e (=0.20) (+0.33) - (+0,3)) (e0.44) (¢0.60) (+0.14) (¢0.33)  (#0.43) (*C.10}
Neorth Pucific 0.2 — — =0.21 +0.44 — +0.4% +0.50 — «0.% +0.3) —— (+0.3)
(-0.227) — - (~0.21) {+0.4)) - (+0.63) {e0.34) o (*0G.16) (*0.17) — (¢0.10,
nid-Pacitic =09%.1?7 —— «0.40 -0.17 40,27 — ~0.02 +0.121 — «0.02 +1.0) — 0.7
(=0.0%) —— — —e— (*0.41) — — (+0.4)) — — — — —
South Pactitlic — — ~G .04 — ~0.62 —— — -0.40 — - «0.11 - —
—— -— — — — — — C-) — — —— — —
Sorth Atlantic ~0.17 — — —— *0.1% — — *0.29 — -— 0,57 —— —
(-0.20) — — -— (+0.19) 000 000 (+0.30) —— -— (+0.48) - —
Standstd Deviation
Clobel 0.38 0.30 0.9 0.10 0.50 0.46 0.69 0.53 0.53 0.70 a.7y I8 1.00
€0.3%) (0.12) - {0.32) (v.20) — (0.3)) €0.29) (0.20) (0.3%) (0.32) {0.43) (0.17)
Borth Pacific 0.81 — — 0.78 0.3%0 — o.n 0.48 —— 0.82 0.9 — .28
€0.33) — - €0.32) . (0.29) -— (0.3) (0.29) — {0.33) {0.82) — €0.71)
Rid-Pecittc 0.47 — 0.%0 0.58 0.% —— 0.5) 0.3% — 0.40 .49 -— 0.41
(0.04) — — — (0.21) — — (0.10) — — — — —
South Pacific — —— 0.87 — 0.60 — -— 0.78 — — 0.1? — —
Borth Atlsatic 0.3%7 —— — - 0.1 - — 0.42 —— — 0.6 — -
{0.38) -~ — —— {0.18) —— — 0.21) — — €0.37) — ——
Crose Correlation R
Cledal 0.69 0.60 0.37 0.72 0.76 0.22 0.7 0.67 0.64 0.3¢% 0.62 0.71 0.97
(o0.’8) (0.87) — (o.78) {0.91) — {0.73) (0.77) (0.92) (0.20) {0.20) (0.90) (-0.%R)
North Pectlic 0.74 -_— -—— 3 0.717 — 0.8 0.52 -—— 0.52 0.59 — 0.42
{0.83) — -_— (0.7¢) (0.92) — (0.73) {0.38) —— {0.70) (0.¢3) —— {~0.98)
Wid-Pocific 0.5 — 0.5 0.% 0.2 — Q.49 0.38 ——— 0.3 0.5) L e 0.1
(0.99) — - — (0.71) —— {-) (0.84) —— —— -— — —
South Pactfic — — 0.74 —— 0.0? —— — 0.00 — —_— 0.8¢6 —— Lt
Borth Atlsatie ‘043 — - -—— 0.74 — —— 0.67 — -——— . 0.66 - —
(0.41) -— — — {0.93) — — (0.80) _— — (0.84) bt -
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Table 3-3. AVHRR Multichannel Sea Surface Temperatures
Compared With Pazen Screcened Ship Temperatures
(»5/81in) by Day and by Night.
Parentheses Are After a 3x3 Center-Weighted
Smoother Was Applied.

Values in

Dec 1981
Nuaber of Bin
Ratchups DAY | }{~ ¢4
Global 690 129
(2)2) (213)
Yorth Pacific 364 316
(20~-56u) [§¥3)] (108)
Mid-Pacific [} 41
(20m-208) (()) (¢)]
South Pecific 12 12
(20-348) (0) Q)
¥orth Atleatic " 253
(0~-361) (%9) (102)
Bias (ship vinus
catellite)
Glodal +0.32 +0.31
(+0.36)  (+0.8))
Borth Pactfic +0.48 +0.44
(+0.43) (+0.87)
Mid-Pacific +0.32 +0.11
(+0.58) (¢1.12)
South Pacific =-0.5% +0.99
Botrth Atlaatfc +0.22 .08
(40.22) (+0.79)
Standard Deviatios
Scattar)
Clobal 0.57 0.52
€0.29) (C.23)
KNorth Pacific 0.54 0.50
) . .(06.3)) €0.51)
Kid-Pscific 0.69 0.51
(0.29) (0.10)
South FPacific 0.63 0.56
North Atlaatic 0.44 0.42
(0.17) (0.92)
Cross Correlation
Clodal 0.72 0.7%
(0.89) (-0.11)
North Pacific 0.5 0.77
(0.67) (0.79)
Mid-Pecific 0.4% 0.34
(0.67) (0.79)
South Pacific .17 0.49
Morth Atlantic 0.6% .75
(0.90) (~0.80)

Mar 1982
DAY uicxt
691 798
(239) (368)
1YY 434
(93) (210)
3 3
(3) (3)
11 113
(0) (0)
%% - 27
(139) (133)
+0.09 +0.49
(+0.10+  (+0.57)
+0,22 +0.59
(+0,21)  (¢0.65)
+0,07 +0,.26
(40.18)  (+0.47)
-0.62 -0.07
+0.04 +0.44
(40.03)  (+0.46)
0.67 0.46
(0.33) (0.23)
0.66 0.46
(0.28) (0.24)
0.58 0.36
(0.21) (0.14)
0.84 0.77
0.60 0.41
(0.39) (0.17)
0.%6 0.69
(0.74) (0.82)
0.34 0.5
(0.41) (0.72)
0.26 0.43
(0.43) (0.72)
-0,08 0.04
0.%? 0.36
(0.64) (0.83)

Jul 1982
oAy ¥1cHT
s 640
(1%) (296)
172 w
(¢2)] (112)

? 26
(0) (o)
13} 11
(0) (o)
164 238
(€15} (137)
=0.43 +0.72

(=0.79)  (+0.67)
~0.67 +0.73
(=1.07)  (+0.68)
0,30 +1.08
+0.10 +0.17
=0.33 +0.73
(-0.62)  (+0.63)
1.00 0.63
(0.52) - (0.33)
1.10 0.73
(0.59)  (0.41}
0.37 0.48
0.20 0.19
0.85 0.52
(0.39) (031
0.52 0.70
(0.83) (0.83)
0.49 0.64
0.61 0.46
0.83 0.86
0.63 0.73
(0.94)

(0.89)
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1iss (ohip minus
other)

Global

¥orth Pacific

~0.19 -0.11
(~0.24) (-0.15)

=0.21 ~0.12
(-0.27) (-0.15)

+0.30 +0.03
(+0.33)  (~0.24)

+0.44 +0.04
(+0.43)  (-0.24)

+0.36 +0.27
(~0.44)  (+0.47)

40.50 +0.29
{40.54)  (+0.47)

Table 3-4. Pazan Screened Ship Temperatures (>S/Bin) Compared With
Transpac XBTs and AVHRR Multichannel Sea Surface Temperatures.
Values in Parentheses Are After a 3x3 Center-Weighted Smoother
Was Applied (A = AVHRR; T = Tranapac XBTs).
Nov 1979 Dec 1981 Kareh 1982 July 1982
thmbder of Bin .
Matchups A T A T A T A T
Clobsl 723 m 129 158 793 242 644 154
224) 29 (23%) (8) (368) as) (278) Q)
¥orth Pacitic 1Y) 223 376 155 34 227 320 146
(20~3¢6¥) (176) (2%) am 8 (210) (28) i 7
Mid-Pectfic 1) ] o 3 38 13 Y s
(20m-208) (&) (0) (6) (0) ($)) (0) (0) (€))
South Pacific 1 0 12 0 1 1 ° 0
(20-563) (0) —— (0) — 0) (0) — —
Worth Atlsattc 270 0 235 ) 267 0 3 o0
(0-36%) (144) — (102) - €13y - Qasn -—

+0.48 +40.22
(+0.35)  (-0.06)

+0.37 +0.23
(+0.17)  (-0.08)

Mid-Pscific ~0.17 -0.09 +0.27 ~0.36 +0.21 +0.05 +1.03 +0.03
(=0.0%) ——— (+0.41) —— (+0.43) — — —
South Pscific — —— ~0.59 — -0.40 =0.11 — —
North Atlastie ~0.17 — +0.13 —— 40,29 —— +0.57 —
(~0.20) - (+0.19) — (+0.30) — (+0.48) —
Standard Deviation
(Scatter)
Clobal 0.58 0.79 0.30 0.84 0.5¢ 0.89 0.79 0.94
(0.35) 0.34) (0.28) (0.27) (0.29) (0.33) (0.52) (0.28)
North Pacific 0.64 0.80 0.50 0.84 0.48 0.91 0.93 0.96
’ (0.33) (0.34) (0.29) (0.27) (0.29) (0.3%) (0.62) (0.28)
Mid-Pacific 0.47 0.38 0.54 0.73 0.39 0.30 0.49 0.52
(0.04) - (0.21) — (0.10) — — —
South Pacific — ——— 0.63 — 0.78 — 0.19 -
North Atlantic 0.57 -—— 0.41 -—— 0.42 — 0.60 = ==
(0.38) -— (0.18) — (0.21) — (0.37) —
Cross Correlation
Clobal 0.69 0.53 0.76 0.63 G.67 T 0,39 0.62 0.38
(0.78) (0.68) . (0.91) (0.50) (0.77) - (0.70) (0.70) (-0.99)
North Pacific 0.74 0.62 o.n 0.63 0.52 c.l8 0.%9 0.55
(0.85) (0.68) (0.92) (0.50) (0.58) (0.70) (0.63) (-0.99)
Hid-Pecific 0.54 C.19 0.42 ~0.24 0,13 0.42 0.53 c.11
{0.99) — (0.71) — (0.8%) w—— - —
South Pacific — — 0.17 -—— 0.00 -— 0.86 Cand
North Atlantic 0.43 -— 0.74 — 0.67 -— 0.66 el
(0.41) — (0.93) — {0.80) ——— (0.84) Rttt
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Although the brightness temperature at 3.7 um can be significantly ele-
vated above the emiesion value by even small amounts of specularly reflected
solar radiation (»1.7% normalized bi-directional reflectance) and pres2nt
operational MCSST procedures use only split-window, i.e., Il and 12 ym
brightness temperatures in the daytime for this reason, recent tests indicate
that no detectable solar contamination exists at satellite zenith anglecr
greater than 5-10° on the anti-solar side of the satellite subpoint track.
Thus dual-window (3.7 and 11 um) or triple-window MCSST equations can be
used in the daytime over large areas of the globe.

Concern has been raised over use of the standard MCSST equations, particu-
larly the split-window one, when steep temperature inversions are present in
the atmosphere just over a water surface (see Condal et al. in Part II, pp.
29-31, JPL 1984). Such conditions are prevalent at times over the Great Lakes
in late spring and early summer, and can occur in any mid-latitude coastal
waters during this season 1f offshore winds are blowing. Recent investigations
of this with buoy data from the Great Lakes in 1982 and 1983 found that the
operational split-window MCSST equation actually performed rather well except
under the most extreme inversion conditions. No reliable methods for satellite
detection of the presence of these extreme conditions, and correcting for their
effects on the temperature retrieval, have been found to date.

The old problem remains of skin-versus-~bulk temperature, as satellite IR
techniques yield skin temperatures at depths of less than a millimeter and in
situ methods of observation give bulk temperatures at depths ranging from a
few centimeters (towed thermistors), to a meter or two (buoys), to three to ten
meters (ship intakes). The use in the MCSST metho! of a temperature-dependent
bias correction derived from satellite/buoy matchup data presumably incorpor-
ates some sort of average skin-vs~l m depth temperature adjustment, but this
effect {8 almost always negative (i.e., the skin 1s cool) and generally amounts
to 0.1-0.5C in magnitude (Robinson et &l. 1984). It is not uncommon for the
top few tens of cm of the water surface to become heated under low amounts of
cloudiness and when very light winds result in little mechanical stirring;
this has been termed the "diurnal thermocline" (Robinson et al., 1984).

D. ABILITY TO SATISFY USER NEEDS

Obviously the higher the temporal and spatial resolution, and accuracy,
and the more complete the coverage under all meteorological conditions, the
more user needs will be satisfied by the satellite-derived SST measurements.
Lesser resoluiion data in time and space presumably can always be derived from
the original observations. With its capability to produce relatively high
resolution daily to weekly observations very close to coastlines or ice edges,
the AVHRR can satisfy many users, both oceanographic (including fisheries) and
meteorological, althovgh extensive clcud cover may be constraining in some
areas and times. Good glohal MCSST coverage for the relatively low-resolution
wonthly mean charts is virtually always available for climatological users.
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E. ERROR CHARACTERISTICS OF MCSST™S FROM STATISTICAL TAFLES

In addition to thne various statistics summarized in Table 3-1, which all

refer to the Pazan set of screened ship data, and where all anomalies were de- N

rived using the Reynolds™ climatology (Reynolds 1982), numerous ship and satel-
lite anomaly fields, and associated difference fields, were also produced in
connection with the workshops. The ship ancmaly fields suffer from the tradi-
- tional lack of observational coverage in the Southern Hemisphere and some other
areas. The Transpac XBT fields are severely constrained by limited geograph-
ical coverage. With this in mind, a discussion of each data period follows,

l. November 1979 Data Period

This first data period is different from the other three in that no
MCSSTs were yet available, the NOAA operational product at that time being an
improved AVHRR/HIRS version of the earlier GOSSTCOMP (g}obal Operational SST
Computation), which was based on data from the SR/VTIPR instruments on the
pre-TIROS-N generation of NOAA operational polar satellites (Walton 1980).
Compared with the SR/VIPR data, the AVHRR/HIRS measurements are of better
quality and higher spatial resolution. Consequently, although still based on
a single AVHRR window channel, the satellite retrievals based on the GOSSTCOMP

procedures from 1979 through mid November of 1981 were generally of higher
quality than those in 1978 and earlier.

Table 3-1 indicates that AVHRR biases are comparable or a bit larger than
those for HIRS/MSU, but significantly smaller than thoee for SMMR. AVHRR

gcatter and correlation values are amuch better than for HIRS/MSU and very much
better than for SMMR.

Table 3-1 also demonstrates the very substantial improvement in scatter
and cross correlation figures for all three sensors and in nearly every arca
that results from the 3 x 3 weighted smoothing procedure (the mid-Pacifjc
values are of dubious reliahility because of the small sample): tu2 AVHRR
statistics are especially impresasive (scatter of 0.33-0.38C and cross
correlation of 0.41-0.85), whether on an absolute basis or compared with the

"other sensors. Biases generally worsen somewhat for all gensors when the
3 x 3 smoother is used.

In Table 3-2 (AVHRR only) comparisons by in situ data type are limited by
sampling constraints, especially after the 3 x 3 smoother is applied, so not
all regions are represented. There is very little difference in bias from one
type of in-situ data to another, but scatter values are clearly worse relative
to FGGE buoys3 and a bit worse relative to Transpac XBTs. = Cross correlation
comparison are mixed. Scatter and correlation figures generally improve sub-
stantially when the 3 x 3 smoother is used.

IThis was unexpected as previous studies have found lower bias and scatter
relative to buoys than to ships (Strong and McClain 1984). An independent
study of the FGGE buoy data set for Nov. 1979 for another purpose by a NOAA/
NESDIS contractor found that some of the FGGE buoy observations were seriously
in error. This i8 significant because neither the buoys nor the XBTs were
given the same kind of extensive screening as were the Pazan ships.
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2. Decrmber 1981 Data Period

This was the first full month of operational MCSST pzocessing; and
as in the Nov. 79 perfod, Table 3-1 indicates that AVHRR biases were comparable
to HIRS/MSU ones and significantly better than those associated with SMMR, and
the AVHRR biases tend to be better with the 600 km mask in place. Likewise,
‘scatter magnitudes are much better for AVHRR than for {IRS/MSU, the latter
being significantly better in turn than for SMMR. Cross correlations are gen-
erally comparable for HIRS/MSU and SMMR (0.13-0.33), befng much lower than for
AVHRR (0,74-0.77). Scatter and cross correlation figures almost always improve
substantially when the 3 x 3 smoother is used, but the relative rankings given
above still hold. The 3 x 3 weighted smoother statistics for the AVHRR are

quite respectable indeed, being 0.18-0.29C for scatter and 0.91-0.93 for cross
correlation.

Table 3-2 again has adequate AVHRR bin matchup sampling in only some of
the regions especlally after the smoother is applied, and there are no FGGE
buoys. Bias and cross correlation values are comparable for all the in situ
data sets, but scatter is gomewhat worse for the Transpac XBT than the Pazan
ships, although even this reverses when the 3 x 3 smoother is used. As before,
the 3 x 3 smoother greatly improves the AVHRR/ship comparisons of scatter and

cross correlation (see remarks on Table 3-1 just above), but generally worsened
the biases somewhat.

3. . Harch.1982 Data Period

This is the last full month of operational MCSSTs prior to the erup-
tion of El Chichon and about the beginning of the period when the 3.7 m
noise level began to climb significantly. The statistics in Table 3~1 indicate
generally lower biases for the AVHRR than for the HIRS/MSU, SMMR, or VAS. The
AVHRR scatter values are superior to those of the other sensors, and they are
particuarly noteworthy when the 3 x 3 smoothct is used, viz., 0.21-0.29C (see
Table 3~1). The AVHRR cross correlation values are comparable with those of
VAS and substantially better than those for HIRS/MSU and SMHMR, and as with
previous periods, those correlations associated with the 3 x 3 smoothing are
higher (reaching 0.58-0.84 for the AVHRR).

Table 3-2, which has the same coverage restrictions as in tie previous
period, shows somewhat lower blas values for Transpac XBTs than for Pazan

ships, and again has about comparable cross correlations and higher scatter
values relative to the Transpac XBTs.

4, July 1982 Data Period

By this month the E1 Chichon volcanic aernsol cloud had girdled the
Earth several times, but generally had remained just north of the equator, and
this severely reduced the numbers of daytime AVHRR retrievals in the region of
the aerosol cloud., Nighttime MCSST observations in that same zone exhibit
large positive biases (AVHRR lower than in situ data because of aerosol attenu-
ation in the high stratosphere). Chief effects of the increased 3.7 um noise
level are reauced observational densities and somewhat higher scatter, the
latter from occasional erroneous passing of the uniform low stratus test, both
at night. Table 3-1 reflects these factors in the large positive AVHRR bias
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values. Unfortunately, the 3 x 3 smoothing procedures results in a zero sample
in the Mid-Pacific zone. AVHRR scatter is adversely affected also, making it
higher than the VAS, comparable to the HIRS/MSU, but still rather better than
the SMMR. AVHRR cross correlations are poorer than in the previous periods,
but still comparable to or even better than for the other sensors.

Table 3-3 shows AVHRR statistics are comparable relative to all the in
situ data, and that all are generally worse than for the previous months
studied. As with the other periods, scatter and cross correlation statistics
are significantly improved by the 3 x 3 smoothing scheme, whereas the effects
of the smoother on the biasing is mixed.

5. Diurnal Variations

Table 3~3 summarizes the AVHRR/ship comparisons for the three data
periods when both day and night statistics are available. Excluding for the
moment the month of July 1982, in which El Chichon had a strong influence that
differed by day and night, there appears a systematic diurnal difference in the
bias in the March period of 1982, larger positive (ship SST higher than MCSST)
at night than in the daytime, that is not evident in December 1981. Standard
deviations are somewhat lower, and cross correlations somewhat higher, at night
for all data pericds. Both these statistics generally improve substantially
when the 3 x 3 weighted smoother is used. The rather drastic change from a
mcderate to a large negative bias in the daytime to an even larger positive
bias at night during June 1982 reflects the impact of El Chichon. Monitoring
of drifting buoy/MCSST matchups during the first half of 1982 also detected a
nighttire positive bias of about 0.4C in the NOAA operational product. This
bias was effectively removed after mid-September 1982 by re-derivation of the
temperature-dependent bias correction (see discussion in Sec. F.5).

" 6. Summary

With the partial exception of the El Chichon impacted July 1982 period,
the error characteristics of the operational AVHRR-based SSTs as exhibited by
the statistical measures given in Tables 3-1 and 3-2 are predominantly as
follows: biases are generally a few tenths of a degree and positive in sign
(AVHRR lower than in situ temperatures) except for the earliest data period
when the GOSSTCOMP instead of the MCSST method was in use. Scatter (i.e.
standard deviation) magnitude tended to be in the range 0.5-0.6C, and when the
latter are subjected to a 3 x 3 weighted smootliing scheme, the scatter further
decreases to a remarkable 0.2-0.4! Cross correlations, except in the tropics
where the extremely small range in surface temperature generally mediates
against high values for this type of statistic, generally fall in the range
0.3-0.7; use of the 3 x 3 smoothing results in a further increase to 0.5-0.9.

It helps to put the foregoing discussion of the AVHRR/MCSST matchup com-
parisons with the Pazan ship and Transpac XBT data sets into better perspective
if one looks at the statistics for the matchups between the Pazan screened ship
observations and the Transpac XBT measurements (see Table 3-4). The biases
associated with the Transpac XBTs tend to be one to three tenths of a degree
smaller than those fouud with the AVHRR, but the standard deviations and cross
correlations of the AVHRR are concistently and significantly better than those
relative to the XBTs. As has been noted in the previous remarks, the 3 x 3
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weighted smoother has variable results on che bias values for both data sets,
generally worsening them somewhat, while substantially improving both scatter
and cross correlation figures. The XBT standard deviations tend to have larger
reductions than the AVHRR when the smoother is applied, thus rendering them
quite comparable in magnitude, This was particularly the case in the July 1982
data period when the scatter for the XBTs became smaller than for the AVHRR,
presumably because of the adverse effects of El Chichon on the MCSSTs.

The foregoing once again emphasizes th2 uncertainties in assessing the
"true" accuracy of the satellite~derived SSTs when the correlative in situ
measurements evidently contain significant but unknown errors of their own. It
would be desirable to cross compare the Pazan ship, Transpac XBT, and FGGE buoy
data sets in this connection, but the number of ship/buoy, and XBT/buoy bin
matchups is N=1 and N=14, respectively. The statistics for the latter are not
particularly impressive: B = -0,49, S = 1.11, and C = -0.03, but confidence in
them ig low with such a small sample,

Unlike the favorable effects on the other statistical measures for all
data periods and regions, use of the 3 x 3 smoothing had mixed results on the
bias values, generally tending to worsen them slightly. The notable exception
is the July 1982 data period when the E1l Chichon eruption cloud belt adversely
affected all the AVHRR statistics generally. Even in this case the large
positive biases were decreased somewhat by the smoother. Use of only those
two-cegree bins having more than 20 ship observations appeared to have only a
slight, and mixed, effect on all the statistical parameters.

F. REGIONAL AVHRR ERROR CHARCTERISTICS FROM GLOBAL ANOMALY CHARTS

When using the global charts of SST anomalies or anomaly differences be-
tween AVHRR and in situ data sources, it is necessary to be reminded that valid
comparisons can be made only in areas where there is an adequate distribution
of both types of observations. Whereas the density of AVHRR-based SSTs was
generally good to excellent on a world-wide basis (the exception being the Nov
1979 GOSSTCOMP distribution, which is poor south of 45S and in parts of the
tropical belt, particularly the zone from 90E to !80E), the ship SST distribu-
tion for any of the data periods is of adequate density only in parts of the
North Atlantic and North Pacific and a few narrow tracks elsewhere (Figure C-1
i8 an example, see Appendix C). The Transpac XBT data coverage is even poorer
than that of the ships, being concentrated along a few heavily travelled ship~
ping lanes, and only a few of the two-degree bins have >4~6 observations for a

~ given month (Figure C-1 is an example). The data distribution for the FGGE

buoys (Nov. 1979 only) is all in the Southern Hemispere, but it provides some
spotty coverage in regions rarely visited by ships (see Figure C-1).

l. November 1979 Data Period

_ There is general agreement between AVHRR- and ship-derived anomaly
patterns, but some differences in amplitude are evident (Figure C-2). General
agreement with the anomalies derived from Transpac XBTs and from the FGGE buoys
(Figure C-2) is apparent alsc, though again not on a bin-by-bin basis. Some of
the >3.5C positive anomalies seem suspect, particularly those on the edge of
the AVHRR data voild in the Southern Hemisphere. Parts of the South Atlantic
area also appears too warm in the AVHRR.
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2. December 1981 Data Period

The coverage -and density of AVHRR/MCSST in this data period is
better than it was with the AVHRR/GOSSTCOMP in November 1979, particularly in
the central and western North Pacific, central and eastern South Pacific, and
the high latitudes of the Southern Hemisphere generally. There is still a
paucity of observations in the deep tropics of the western Pacific (Indonesia/
#Micronesia areas). As in the November 197) period, if one looks at the larger,
more coherent anomaly features, there is good general agreement butween the
satellite~derived pattern and the ship-derived pattern (Figure C-3), although
the overall amplitude of the MCSST anomaly field tends to be greater. The
strength of the large positive MCSST anomaly northeast of New Guinea, as well
as a weaker one northeast of Madagascar, and a strong ship~based anomaly south-
east of the tip of Africa, all appear suspect.

3. March 1982 Data Period

Although MCSST data densities during this period are poorer in the
northern and castern North Pacific than in December 1981, they are higher in
the Indian, South Atlantic, and Southern Oceans. As previously, the Indonesia/
Micronesia area is relatively poorly observe!, Once again, the larger scale
patterns generally match, but the amplitudes of the MCSST maxima are generally
somewhat greater than the ship ones (Figure C-4). The positive MCSST anomaly

in the Indonesia/Micronesia area and westward appears to have no counterpart
in the ship-based pattern, '

4. July 1982 Data Period

The drastic impact of the E1 Chichon aerosol cloud and the increased
3.7 um noise on MCSST observational densities is scen in Figure C-5. Excel-
lent coverege remains, however, in the central North Atlantic and in the
Southern Hemisphere down to at least 45S. If one disregards the "El Chichon
negative aromaly" stretching around the globe between roughly SN-30N, there is
yet again reasonably good conformance betveen the MCSST-based and ship-based
(¥igure C-5) anomaly fields, although the amplitude of the MCSST negative
anomaly in the mid North Pacific is somewhat too large.

5. Diurnal Effects

Global AVHRR day-minus-night charts (Figure C-9) were produced for
the Dec. 1981, March 1982, and July 1982 data periods. Although some syste-
matic difference patterns are evident, their interpretation or explanation is
hampered because ro separate day and night anomaly charts were produced.
Unfortunately, little recourse can be made to the separate day and night
tabulations in the statistical tables (e.g., see Table 3-4), as they are
broken out only by rather large regions.

A pronounced positive day-minus-night difference of several degrees ex-
tends around the Eartii between about 25-40S in the December 1981 data period.
This positive diffevence appears in a far weaker, more irregular or interrupted
form and generally at somewha: lower latitudes of the Southern Hemisphere in
the March 1982 period. It is absent there altogether in July 1982, but appears

——

%)




O ERATHI MY RTINS 000 WS Ter - I IR L, NAE A YRt L L X e

ARbgRaa ;. |

b omm e s ey -,

BN "

-y -
4
T ey

PACT A TRt

Su

LR

Ties

e

-
Al

FRUIRUEY

e
eI Y R

(e

in similar latitudes of the Northern Hemisphere that month, This seasonal be-
havior, probably associated with northward shift of the most intense solar
heating from the Southern Hemisphere at the time of the summer soletice there
to the Northern Hemisphere at the time of its summer solstice, is consistent
with a widespread "diurnal thermocline" developing in the weak wind regimes of
the central subtropical anticyclone belts.

The other major day-to-night difference that appears during all three per-
lods is a positive one extending vestward from the Indonesia area into the cen-~
tral Indian Ocean near the equator. In December 1981, this is clearly related
to too large an atmosphere correction from a quadratic term in the operational
daytime split-window equation (see discussion in Sec. G.2). 1In March and July
of 1982, however, a linear form of the split-window equation was in deytime
use, 80 an alternate explanation must be sought for what appears to be a per-
sistent cvercorrection for very high moisture. When the coefficients of the
operational daytime and nighttime equations were adjusted slightly in October
1982 on the basis of a larger and more representative sample of buoy/MCSST
matchups (see McClain in Appendix C, pp. C-1 to C-16, JPL, 1983), one of the
results was to diminish this tendency toward a negative daytime and positive
nighttime bias in those regions of the tropics that are extremely moist, and
thus to lessen diurnal differences of the type noted here.

6. Summary

The larger—-scale MCSST anomaly patterns are ir falr to good agree-
ment with the corresponding ship-derived fields almost everywhere and during
every data period where there was adequate common coverage. Looking only at
thie small-scale, bin-to-bin values, it is difficult to see the relatively
large degree of pattern similarity that really exists overall. In isolated
areas there are suapect anomalies during the several data periods, and the
amplitude of the AVHRR anomaly field seems somewhat larger overall than the
ship field, but generally there is surprisingly good correspondence in view of
the probable errors inherent in both fields. These errors combine (adding or
subtracting) in a variable and unknown way in thejir difference field. The
diurnal variations apparent in the global day-minus-night charts are sometimes
difficult to account for in the absence of separate day and night anomaly
fields, but the prevalence of positive day/night differences can often be
attributed to the "diurnal thermocline" effect in areas where lack of wind has
inhibited mixing of the uppermost layer.

G. POSSIBLE CAUSES FOR ERRORS IN THE AVHRR-BASED ANOMALY FIELDS

The general subject of sources of error in SSTs obtained from the AVHRR
using the GOSSTCOMP or MCSST methods is addressed in Section C, but a few
additional remarks directed specifically to pnssible errors noted in the above
discussion of anomaly fields are in order.

l. November 1979

The tendency for a positive anomaly rimming the edge of the data at
45-50S (Figure C-2) is probably something peculiar to the GOSSTCOMP mezhod; as
it does not appear in any of the three MCSST data periods. On the other hand,
the rather scattered two-degree bins with ship-based anomalies do tend to
support the pregence of warmer than normal water in that part of the southern
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Indian Ocean (Figure C-2)., The relatively cooler water extending from near the
southwest tip of Africa northwestward into the central South Atlantic is sup-
ported in the AVHRR/GOSSTCOMP anomaly field (Figure C-2) only by a tongue of
relatively less warm water. This could be a "diurnal thermocline" effect, as
this area of the subtropical Atlantic was characterized by anticyclonic con-
ditions with light winds at the surface and lcw amouats of cloudiness” in
November 1979. There 18 no obvious explanation for the lack in the AVHRR of
any real indication of the strong negative anomaly evident in the ship data
gome distance to the east of the southern part of South America.

2. December 1981

The large positive anomaly northeast of New Guinea, and to a lesser
extent the weaker ones just northeast of Madagascar and along the northeast
coast of Australia (Figure C-3) do not appear to be supported by the ship-based
anomaly field (Figure C-3), although ship data were very scarce in the first
area mentioned. The Australian case would seem to be a manifestation of the
"diurnal thermocline" in the IR-based SSTs. This area was under weak mean
monthly pressure gradients near sea level (light winds), and there was a mean
monthly albedo of <20%, indicating very little cloudiness. The New Guinea
and Madagascar cases may also have an eiement of this effect, but the situation
there was aggravated by the use of a quadratic term in the daytime split-window
MCSST equation (see Sec. F.5). This term was found to produce erroneously high
MCSSTs, but only in areas where atmospheric water vapor was exceedingly large
(i.e. precipitble water >5 «m), a characteristic of the region extending
westward from Micronesia/Indianesia into the central Indian Ocean. Further
confirmation of a moisture maximum there is afforded by a SMMR-derived precip-
itable water chart for December 1981 provided by NASA/GSFC. The positive anom-
aly southeast of South Africa seems rather too large in magnitude in the ship-
derived field, but there is a large amplitude and equally dubious negative
anomaly in the MCSST field just to the south of it in a large region devoid of
ship data. There is no obvious explanation of either of these.

3. March 1982

Aside from the previcusly noted tendency for greater amplitude in
the MCSST-derived anomzlies than in the ship-based ones (see particularly the
negative anuvmaly features in the North Pacific and North Atlantic (Figure C-4),
the only unsupported feature 1s the positive anomaly in the far western Pacific
and Indian Uceans centered roughly on the equator. This corresponds
climatologically to the moistest portion of the tropics, and this is
corroborated by thte SMMR-based precipitable water charts supplied by
NASA/GSFC. A siuilar, but rather stronger, positive anomaly in December 1981
was largely accouated for by use of a quadratic daytime MCSST equation,
discontinued in February 1982. The fact that an apparently erroncous positive
anomaly persists in March and July 1982 indicates that the limited set of buoy
matchups used in deriving the original temperature dependent bias corrections
to the MCSST simulation equations evidently still did not adequately account

5This information obtained or inferred from charts of monthly mean pressure
at sea level from NCAR. monthly mean SMMR wind speeds (NASA/GSFC), and of
monthly mean albedo and outgoing long wave radiation from NOAA/NESDIS.
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for the atmosphere/ocean conditions in this region. This positive anomaly
vanished when re-derived bias corrections, based on a much larger and uore

representative buoy matchup dats base, were incorporated in the operational
equations in October 192,

4. July 1982

The large belt of negative anomaly stretching around the Earth from
roughly 5-30N 1is, as discussed previously, almost entirely a consequence of the
volcanic aerosol from eruptions of El Chichon in Mexico i{n ecarly April 1982.
The cold aerosol cloud almost eliminated daytime MCSSTs {n this belt and
severely attenuated the emitted radiation from the Earth™s surface. The dif-
ference between monthly mean SSTs derived solely from satellite MCSSTs and
solely from ship and other {n situ measurements has been used by Strong et al.
(19831) to track the month-to-month coverage of the volcano cloud during 1982.
His charts indicatc a southward transport of the aerosol near central West
Africa, and a northward trangport in the west central North Pacific, which is
consistent with distortion in the negative anomaly belt in those regions (Fig-
ure C-5). The ship-based anomaly field (Figure C-5) also shows negative
anomaly features in those two areas, but the greater extent and amplitude in
the AVHRR chart is attributed to the added influence of tne volcano cloud. The
source of the large negative MCSST anoualy along a large part of the extreme
southern edge of the chart, especially southwest of Australia, is suspected to
be deficiencies in the climatology there (the ship-derived anomaly chart has a
data void all through that region). The NOAA/NESDIS ancmaly charts, which are
based on the Robinson/8aur climatology, show only two small (in area) negative
anomalies (maximum of ~1.5C) anywhere in this zonal belt, one southweat of
Australia at about 50-53S and another southeast of New Zealand near 55-58S.

The general tendency, in all data periods, for the amplitude of the AVHRR-
based anomalies to be somewhat greater than the ship-derived anomalies, is pos=-
sioly a consequence of to factors: (1) the sparser and more irregular sampling
of ship data going into the bin averages; and (2) the skin temperature.

He  POSITIVE FINDINGS

Despite the difficulty of comparing satellite sensors with differing spa-
tial resolution and gecographical coverge, and matching each of these in turn
with common in situ data sets that are themselves highly irregular in density
of coverage in many regions and are of variable quality (furthermore, they are

"spot" measurements at depths of one to several meters, whercas the AVHRR
senses a kind of "“skin" temperaturc over an area about ten kilometers on a
side), there is surprisingly good correspondence in the sign and location of

the major anomaly features; the correspondence in the amplitude of the anomaly
maxima {s only fair.

As expressed by the bias, scatter, and cross-correclation statisticc for
the globe and for the North Pacific, Mid-oiacific, South Pacific, and North At-
lantic regions, the operational NOAA/NESDIS AVHRR product, the MCSST, generally
compares better with the Pazan screened ship data set than do any of the other
satellite sensors. This is especially true in the case of the standard devi-
ation (scatter) and the cross correclation, with the AVHRR having been lower
scatter and higher correlation with respect to the Pazan ships than do the
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‘franspac XBTs. This, and the fact that the AVHRR similarly has better statis-
tics relative to the Pazan screened ships than it has relative to either the
Transpac XBTs or the FGGE buoys, suggests that the latter two data sets should
have had an equally comprehensive screening to delete incorrect observations.

HWhen a modest asmount of additional spatial smoothing (using the 3 x 3
center-weighted smoother) is done, the AVHRR/MCSST figures for scatter and
cross correlation become impressive even on an absolute basis, attaining
values of 0,2-0.4C for the former statistic and 0.7-0.9 for the latter. This
high a correlation is noteworthy when one is reminded that it refers to ,
anomaly values, which have a much smaller range than the temperature values
from which they were derived.

L. RECOMMENDATIONS FOR IMPROVED COMPARISONS OF SENSOR ARD IN SITU DATA

In vicw of the substantial improvement {n statistics that resulted fron
application of the 3 x 3 center-weighted smoother, with its implications about
the noise level remaining in the bin averages of ship and some of the sensor
data, threc recommendations are made: (1) Find a way to include 3 x 3 arrays

having up to a total of say four side and/or corner bins missing from the 3 x 3

array; this would cut down the erroneous reduction i{n sample size that results
from the present way of doing the 3 x 3 smoothing (i.c., no bin can be miss-
Ing). (2) Try using 4 x 4 deg., lat./long. bins instead of 2 x 2 in the basic
monthly mean anomaly chart. (3) Lf the effect on the statistics {s salutory
after doing either of the above, produce new global anomaly charts, either
color-coded or contoured.

Lf global day-minus-night charts are to be properly interpreted, then it
is necessary to produce separate daytime and nighttime global anomaly charts.
Otherwise, one cannot tell if a feature in the difference ficld comes about
because the daytime values are high, or the nighttime values are low, or both,
or vice versa.
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RETRIEVAL OF SEA-SURFACE TEMPERATURES FROM HIRS2/MSU

Je. Susskind and D. Reuter
Goddard Laboratory for Atmospheric Sciences

The methods used at the Goddard Laboratory for Atmospheres (GLA) to
retrieve sea surface temperatures from HIRS2/MSU data for the four months of
the NASA sea surface temperature intercomparison workshop are described.
Results are shown comparing anomaly fields produced using data from ships,
AVHRR, HIRS2/MSU, SMMR and VAS for the last three of these months. Fields
from AVHRR and HIRS2 show the highest accuracy compared to ship fields.

Errors in the HIRS2 fields appear more random while AVHRR data shows large
area, spatially coherent errors. The random errors in the HIRS2 fields can be
further reduced by performing the retrievals at a higher spatial resolution.

A. OVERVIEW OF THE GLA RETRIEVAL SCHEME

HIRS2 and MSU are the 20 channel infrared and 4 channel microwave passive
sounders on the op-rational, low earth orbiting satellites. They monitor emis-
glons, arising primarily from the earth“s surface and the atmosphere up to the
mid stratosphere. These, together with the SSU, a three channel pressure modu-
lated infrared radiometer which monitors emission from the mid~-upper strato-
sphere, comprise the TOVS (TIROS Operational Vertical Sounder) system.

The TOVS data are analyzed operationally by NOAA NESDIS to produce verti-
cal temperature-humidity profiles using a method based primarily on statistical
regression relationships between observed radiances and atmospheric parameters
(Smith 1980). The approach used at GLA is fundamentally different from the
current operational approach. Rather than rely on empirical relationships be-
tween observations and meteorological conditions, we attempt to find surface
and atmospheric conditions which, when substjituted in the radiative transfer
equations describing the dependence of the observations on the meteorological
conditions, match the observations to a specified amount. A physically based
retrieval scheme has a number of advantages over a statistically based scheme,
The single most important advantage is the ability to correct for thz effects
of auxiliary factors such as surface temperature, surface emissivity, surface
elevation, reflected solar radiation, satellite zenith angle, and most signifi-
cant of all, clouds on the observations, All of these parameters are either
solved for, or directly accounted for, together with the atmospheric tempera-
ture profile, in an iterative scheme. As a result of this, the data analyzed
produce not only global fields of atmospheric temperature profiles, which are
necessary for the initialization of atmospheric models for numerical weather
prediction, but also other auxiliary fields. These include the following
monthly mean fields: sea/land surface temperature and their day-night dif-
ference which, over land, 1s related to soil moisture; fractional cloud cover,
cloud-top temperature, and cloud-top pressure and their day-night differences;
and ice and snow cover which is derived from combined use of the surface emis-
sivity at 50.3 GHz and the ground temperature. Another important advantage of
the physical retrieval is the abilicy to identify those arcas where a satis-
factory solution to the radiative transfer equations cannot be found, in which
case the retrieved parameters are flagged as questionable.
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The details of an earlier version of the GLA retrieval algorithm, as well
as rcsults of analysis of data from January 1979, are given in Susskind et al.
(1984). The GLA processing system consists of the following main steps: 1)
the forward calculation of radiances as a function of atmospheric and surface
conditions; 2) accounting for cloud and surface radiative effects on the obser-
vations; 3) determining atmospheric temperature profiles by the inverse solu-
tion of the radiative transfer equation; and 4) determination of auxiliary

‘meteorological parameters. Steps 1-3 are performed iteratively until conver-

gence is reached. The effects of clouds on the infrared obscrvations must be
accounted for before either ground or atmospheric temperatures can be deter-
mined. The cloud-filtering algorithm utilizes MSU channel 2, which has a
transmittance of about Q.1 at the surface and is sensitive to the surface
emissivity. Therefore, after the calculation of radiances, microwave surface
emissivity is calculated next in the iterative scheme, using MSU channel 1|,
followed by the cloud correction, the retrieval of ground temperature, and
finally, the update of atmospheric temperature profile. If sufficient agree-
ment between observed and calculated radiances is found, the procedure is
terminated and step 4 is performed. Otherwise, the iterative procedure is
continued with recalculation of radiances, surface emissivity, etc.

Table 4-1 shows the channels, centers, and peaks of the weighting fune-
tions dt/d&nP, and radiance contribution function Bdt/d¢nP, and other relevant
intormation, for the channels on MSU and HIRS2. The current analysis does not

employ the SSU observations. Those channels utilized by GLA in analysis of
the data and theilr primary function are indicated.

The months of data for the sea-surface temperature workshop were November
1979, December 1981, and March and July of 1982, HIRS2/MSU data for the first
month were taken from TIR0S-N. The remaining data were from NCAA-7, on which
the channels of HIRS are slightly but significantly different from thosa on
TIROS-N. Consequently, one change had to be made to the processing system
described in Susskind et al. (1984) for the NOAA-7 data. Other changes and im-
provements in the processing were also made during the course of the workshop.

The data from November 1979, the first month of the workshop, would have
been analyzed exactly as described in Susskind et al. (1984), but essentially
one half of the month of data were missing including a big gap from Novenber 10
to November 17 and a number of smaller gaps. Therefore, in order to have more
data points and cut down the raudom noise component of the monthly mean fields,
retrievals were run in both the warmest (least cloudy) and second warmest
(second least cloudy)} 125 x 125 km quadrants of the 250 x 250 km grid (see Fig-
ure 4~1), rather than in only the warmest quadrant as had been done earlier.

Significant changes were made to the processing system used to analyze the
data for December 1981 and March 1982, One change, affecting the clear column
radiance algorithm, was made primarily because of the change in characteristics
of channel 13 and channel 14 of HIRS2 on NOAA-~7 from those of the same channels
of HIRS2 on TIROS-N. The improved algorithm, shown in the next section, has
been found to be superior even with TIR0OS-N data, and has now been incorpo-
rated, together with other changes, for use in the re-analysis of TIROS-N data.
The second change involved use of the 1l ym window data, in addition to the
3.7 and 4.0 um window data, in the retrieval of ground temperatures. In
addition, individual soundings were assigned weights to be used in the genera-
tion of monthly mean fields. After studylng the December 1981 and March 1982
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Table 4-1. HIRS2 and MSU Channels

Pe7k of ’ Peak of
dt/dlnp Bdt/dlnp
Channel A(um) v(em ) (mb) (mb)
H1 14.96 666,40 30 20
H23 14.72 679.20 60 50
H3 14,47 691.10 100 100
H48»C 14.21 703.60 280 : 360
HS5C 13.95 716.10 475 575
H6C 13.65 732.40 ) 725 875
H7¢ 13.36 748.30 Surface Surface
Hgbsc 11.16 897.70 Window, sensitive to water vapor

H9 9,73 1027.90 Window, sensitive to 03

|10 8.22 1217.10 Lower tropospheric water vapor

H1l 7.33 1363.70 Middle tropospheric water vapor

HlZa d 6.74 1484.40 Upper tropospheric water vapor

H13%» 4,57 2190.4 9
H143d 4 .gz 22?2 .68 Suzggce §:§§§§Z
H152 4,46 2240.10 340 675
H16 4.39 2276.30 ’ 170 425
H17 4,33 2310.70 15 2
H18P 3.98 2512.00 Window, sensitive to solar radiation

H19P 3.74 2671.80 Window, sensitive to solar radiation

H;: 0.596: 50.30:: Window, sensitive to surface emissivity

M 0.558 53.74 500

M32 0.546* 54.96%* 300

M48 0.518* 57.95** 70

8ugsed by GLA to compute temperature profiles
bysed by GLA to compute surface temperature
Cused by GLA to compute cloud fields

used by GLA in cloud correction
€ysed by GLA to compute surface emissivity

A in cm

**y in GHz

sea surfece temperature fields in Workshop 111, a number of other changes were
made to further reduce noise in the field. The newest system, called HIRS
version 2 in the workshop, was used to reprocess March 1982 data and to
process July 1982 data. For this reason, results for July 1982 and the
reprocessed data for March 1982 are better indicators of the capabilities of
HIRS2/MSU for retrieval of surface temperature than those of the earlier
months. Modifications to Susskind et al. (1984) used in the analysis of
workshop data for vecember 1981 and March 1982, and in the analysis of July
1982 and re-analysis of March 1982, are described in the next two sections.
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B. IMPROVEMENTS TO THE SYSTEM USED IN ANALYSIS OF DECEMBER 1981 AND MARCH
1982 DATA

HIRS2/MSU data for December 1981 and March 1982 were analyzed exactly as
in Susskind et al. (1984), except for modifications which were made to improve

the clear column radiance aslgorithm and the sea/land surface temperature
algorithm., These are described below.

l. Improved Estimation of Clear Column Infrared Radiances

Infrared observations are highly sensitive to the presence of clouds in
the field of view and, hence, accounting for their effects on the observations
becomes perhaps the most important step in the retrieval process. If one looks
at an otherwise homogeneous but partially cloudy scene with cloud fraction a,

then to a reasonable approximation, one can write the radiance observed in
channel 1 to be

R{ = (l-a) Ri,CLR +a’Ty ,CLD (4~-1)

where Ry cpR 18 the radiance one would observe in a cloud-free area and Ry,cLp
1s the radience one would observe in a completely cloud-covered area. Ri CLD
depends not only on the atmospheric variables but also on the detailed proper-
tieas of the clouds. Rather than assume or attempt to determine the cloud pro-~
perties simultaneously with the determination of atmospheric and surface pro-
perties, the method attempts to estimate, or "reconstruct" from the observed
radiances, the clear column radisnces which would have been observed 1if no
clouds were present. These reconstructed clear column radiances, Ry, are used
in determiation of the atmospheric temperature profile as well as in the deter-
mination of sea surface or ground tewperature. The cloud field parameters are
determined only after a complete atmospheric and surface solution is obtained,
This method of treating clouds is fundamentally different from the approach
used 1n enalysis of AVHRR data, in which high spatial resolution is used to
attempt to identify clear spots. Sca-surface temperatures are not determined
in AVHRR spots thought to have any cloud contamination.

A two fleld-of-view approach, similar to one originally introduced by

Smith (1968), 1s used to_extrapolate observed radiances to obtain reconstructed
clear column radiances, Rj. We express Rj as

Ry - Ry,1 + nlRy ) = Ry ol (4-2)

where Ri | is the observed radiance for channel i in the field of vicw having

the larﬂer It ym radiance, and Ry ,2 is the observation of channel 1 in the

second field of view.

If Ry ,CLR 18 known for a given channel, then n can be solved for
according to

4=5
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i,1 1,2
Since n = all(al - a5), it should not be dependent on the channel used. 1In
Susskind et al. (1984), n was determined by combined use of HIRS2 chaunel 13
and MSU channel 2. R 3 c R 18 computed in each iteration (N) using the Nth
iterative temperature profile and ground temperature. If the nth guess 18
too warm (or cold), R( %LR would be too large (or small). The eifect on the
computed brightness temperature of chanrel 13 of a bias in the temperature
profile in the troposphere is accounted for, to first order, by modifying the
brightness temperature according to
‘ N N
3" %30t Oz T G2 (4-4) .
where 9¥3,CLR is the equivalent brightness temperature to R?B,CLRv Oy2 18
the observed brightness temperature in MSU channel 2, which is sensitive to the
average tropospheric temperature, and eﬁz is the computed brightness
temperature in MSU channel 2., This procedure works reasonably well even though
channel 13 1s sensitive primarily to radiation much closer to the surface than .
that of MSU channel 2. Then, njj is computed according to K}
4
B3l03) ~ Ry |
) 13,1 13,2 ;
g
:

where B(0”), the black body function of the corrected equivalent brightness
temperature, 18 the corrected estimate of the clear column radiance. While
results using equations (4-2) through (4-5) are quite good, it has been found
that in cases where the initial guess has a lapse rate error, improved results
are obtained by defining nj4 in an analogous manner to nj3 in equations

(4~4) and (4~5) and setting n equal to the average of N3 and nj, weighted

by the square of the difference in radiances for each channel in each field of
view:

(R )2

(R

+ -
)2 "R, 1R 2

. . 2
13,1 13,2) R R

M3(R13 7Ryg 2

(4-6)

Including channel 14 radiances in the determination of n has the effect of
utilizing & single infrared channel with a broader weighting function, more in
line with that of the microwave channel, to correct for cloud effects. Com-
bined use of channele 13 and 14 was especlally necessary for NOAA-7 data be-
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cause the weighting functions for both channels 13 and 14 were shifted lower in
the atmosphere relative to TIROS-N and channel 13 provided even a poorer match

with MSU channel 2. The procedure gives improved results with TIROS-N data as
well. o

2. Improved Determination of Sea-Surface Temperatures and Ground
Temperatures

. Once n is obtained in any iteration, reconstructed clear column rad-
iances, Ry, are obtained for each channel using equation (4-2). These radi-

ances are used to get the updated estimates of ground temperature and atmo-
spheric temperature profile. One can solve for ground temperature at night
from any window channel observation (8, 18, or 19) in a straightforward manner
given the clear column radiance, the estimated temperature-humidity profile,
and an cstimate of the surface emissivity., During the day, solar radiation
reflected off the ground contributes significantly to the observed radiances in
the short-wave window channels 18 and 19. A sea surface or ground temperature
can be obtained during the day by simultaneous use of the two shortwave channel
observations, with the additional assumption that the surface bidirectional
reflectance of radiation from the sun, in the direction of the satellite, is
the same at both 4.0 and 3.7 ym (Susskind et al. 1984).

In Susskind et al. (1984) only the two short wave channels were used to
obtain both day and night global surface temperatures. The 11 um channel was
not uged because attenuation due to water vapor becomes very significant in
humid atmospheres. The differences between the retrieved January 1979 monthly
mean day and night sea surface temperature were almost all less than 19C as
expected. This gives evidence that the procedures used to correct the short
wave observations for solar contamination are valid.

While the results using this method were quite good, several new improve-
ments have been made to the system. The first change involves including radi-
ances in the 11 pm window channel 8 in the estimate of sea/land curface
temperature. As alluded to earlier, under very humid conditions, significant
attenuation of radiation leaving the surface by water vapor absorption at
channel 8 frequencies produces a large potential source of error in the deter-
mination of ground temperatures both because of uncertainties in water vapor
distribution, and even more significantly, low respunse of the radiances to
changes in surface temperatures. Nevertheless, inclusion of 11 um radiances
introduces additional surface temperature information, which becomes quite
accurate at low and moderate water vapor conditions. In addition, during the
day, under some conditions, the long wave observations are superior to short
wave observations which have a potential error source due to the reflected
solar radiation. In order to determine the proper mix of channels to be used
to get ground temperatures in a given situation, ground temperatures were re-
trieved for all channels, that is, three independent estimates, Tgzg, Ts1g,
and T, g, Were made at night, and two independent estimates, T and Ts 8,16
were made during the day. Each estimate was given a welight, Qq, which de-
creased according to the magnitude of the cloud correction and atmospheric and
solar radiation corrections that had to be made to obtain the ground tempera-
ture T4y from the observed brightness temperatures. The weight was defined

- as

4=7
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where Oy —~ ©; | is the difference between the reconstructed brightness tem-
perature and that observed in field of view 1 for channel i, and 04 - Tgi

is the difference between the reconstructed clear column brightness temperature
used to obtain a surface temperature and the surface temperature obtained., The
first term represents the cloud correction and the second factor represencs the

_atmospheric and solar radiation correction.

In the case of daytime retrievals, the brightness temperature of channel
18, which 18 less affected by solar radiation than that of channel 19, is used
in equation (4~7) together with T18,19» to get Q18,l9' For a given sound-
ing, an estimate of surface temperature is given a zero weight if its weight as
obtained from equation (4~7) 18 not at least half the average of the rest of
the weights., In addition, any weight less than 1/30 was set equal to zero. No
surface temperature is retrieved if all weights are zero., Otherwise, the sur-
face temperature Ty is teken as the weighted sum of Tg 4

T, = (§ Q, Ts’i)/§ Q, (4-8)

The entire sounding is also given a weight, W, which reflects the number of

independent estimetes of sea surface temperature as well as the weight of each
estimate

we13a (4-9)

Téin weighted by W in generating monthly mean fields. Given a set of sea-
surface teuperatures Tj and weights Wj for a grid box k, the (weighted)

monthly mean sea surface temperature anomaly field Kﬁ should be produced
according to

- _-
TWED) ij’"j - TCLIMJ)/Z Wy (4-10)

where Tcp 1y, 4 18 the Reynolds (1982) sea surface climatology interpolated in
time and spacte to the location of the sounding j. As a consequence of equa-
tions (4-7) through (4~10), more optimal use is made of the three window chan-
nels for a glven sounding, and relatively clear and/or dry soundings are
weighted more than cloudy or humid ones in generating monthly mean fields. In
addition, night-time soundings are glven more weight than day-time soundings
(not necessarily a good result) because night soundings have 3 independent
estimates instead of 2, which tends to increase W, and also because the night-
time values of Q tend to be higher in shortwave channels than the day values.
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W, the weight for each sounding, equation (4-9), was sent to the workshop

along with the corresponding Ty, equation (4-8), so that weighted anomaly

fields, equation (4-10), could be prcduced. Unfortunately, the workshop did
not initially utilize the weights provided to them in generating the monthly
mean anomaly fields and treated all soundings as having equal weight.

Figure C-3 (see Appendix C) shows the anomaly fields derived by the work-
shop from data from ships, AVHRR, HIRS and SMMR for December 1981. The small
scale noisy nature of the HIRS field is evident. 1In addition, large spurious
warm anomalies are observed in the HIRS field in the vicinity of land and
especially in the Gulf of Mexico, the Sea of Japan, and the Yellow Sea.
Similar characteristics are found in the March 1982 anomaly field gencrated
using this method. The errors close to land were found to be the result of
the inadvertent use of a 4° x 5° topography which was used to define land
and water in the retrieval program. This land-water flag is used to specify
the surface emissivity, which is taken as higher over ocean than over land.
Using an emiscivity with too low a value in analyeis of data off the coasts of
continents resulted in spuriously warm retrieved surface temperatures. It was
also observed 1.. Workshop III that the small scale noise in the HIRS fields is
greatly reduced by applying a 9 point smoothing to the anomaly filelds

B =Dy RSy, (4=11)

where grid points | are adjacent to k and Sy) is a smoothing matrix. As a
result of this, the workshop generated some statistics for smoothed anomaly
fields derived from all sensors and ships. This produced some interesting
findings which will be shown later.

C. MODIFICATIONS MADE TO REPROCESS MARCH 1982 AND PROCESS JULY 1982 - HIRS
' VERSION 2

As a result of the findings on the HIRS fields originally produced for
December 1981 and March 1982, a number of further modifications were made to
the program. The first change involved simply replacing the 4% x 5° top-
ography by a 1° x 1° topography. This eliminated the large errors near
the coasts. The secon? change involved the processing of more data to reduce
the effects of randou noise. It was found that retrievals performed in each
of the three quadrants having the largest brightness temperatures (see Figure
4-1) produced geophysical parameters of comparable accuracy to those obtained
only from analysis of data from the warmest quadrant as seen by the 11 um

window. This tripling of the data density did little to change the sea-surface

temperature anomaly patterns, but greatly reduced the random noise component.
In addition, improved fields of ground temperature and ice and snow cover
resulted from the increased data density.

A consistency check was also added to the sea surface temperatures Tg,1
obtained for a given sounding with channel i. 1Ir the case of three estimates
of sea surface temperature for a given sounding, Q4 was set equal to zero if
Tgy was different from Ty, computed in equation (4=~8) using Q4, by more
than 1.5°C. In this case, Tg was recomputed using equation (4-8) with
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Qi = 0. 1In the case of two estimates of Tg 4 for a given sounding, the

less reliable sounding was eliminated if the difference between the two sound-
ings was greater than 3°C. The less reliable sounding was defined as the

one differing the most from climatology. This does not eliminate large dif-
ferences from climatology as long as the result is supported by more than one
channel for a given sounding. This system, called HIRS version 2, was used to
reprocess March 1982 and process July 1982 data. As in the system described
in Section A, equations (4-1) through (4-9) were used and temperatures and
weights were sent to the workshop. Comparison of results for December 1981,
March 1982, and July 1982 with those produced from ship data are shown in the
next section for HIRS fields and other fields in the workskop.

D. COMPARISON OF RETRIEVED ANOMALY FIELDS WITH THOSE OBTAINED FROM SHIP DATA

One way of judging the accuracy of sea surface temperatures retrieved by
various sensors is to compare chearacteristics of the monthly mean anomaly
fields derived from the sensors and from ship measurement. Climatology is
also treated as a sensor in this comparison. Tables 4-2 to 4-i, taken from
values generated by the JPL workshop, show: C, the correlation coefficient;
B, the bias (sensor-ship); S, standard deviation; and N, the number of grid
point samples (2° x 2° grid) comparing anomaly fields from a number of
sensors with ship fields, Statistics are given for global colocations and
also for those in the North Pacific and North Atlantic Oceans. Results are
given for the unsmoothed field, and also for 9-point smoothed fields, in which
case, both the ship field and retrieved field were smoothed and then compared
to each other. All 8 points surrounding a grid point were needed to perform
the smoothing. Therefore, only points for which unsmoothed anomalies were
avatilable for all surrounding points were included in the smoothed statistics.
As a result of this, many ship and XBT observations were dropped from the
smoothed fields because these fields have more data gaps, especially in the
tropics and southern oceans.

To interpret the significance of standard deviation from ships, an anomaly
field produced by a sensor can be considered skillful if its standard deviation
trom ships is at least as low as that of climatology, which is representative
of the ocean signal. Statistical results for Deccember 1981 are shown in Table
4-2, 1t is interesting to rfee that climatology differs from ships with a
standard deviation of about 0.6°C when no smoothing is applied and about
0.4°C when smoothing is applied. This drop in "signal" is most likely due
to noise in the unsmoothed ship field. 1t is also possible that further
deviations from climatology exist in those grid points which are excluded from
the statistics because ships did not report in all the surrounding grid points,
but it is unlikely that this would explain all the reduction in standard
deviation.
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Table 4-2. Comparison of M~ithly Mean Anomaly Fields with Ships > 5/Cell,
December 1981

Unsmoothed Smoothed
Global No Pac. N. Atlo Global No Pac. N- Atlt
c 0.76 0.77 0.74 0.91 0.93 0.93
AVHRR B -0.30  -0.44 -0.15 -0.33  -0.43 -0.19
S 0.50 0.50 0.41 0.28 0.29 0.18 =
N 729 376 255 235 127 102
c 0.21 0.29 0.13 0.45 0.56 0.04
" HIRS B 0.13 0.31 0.10 0.21 0.21 0.24 i
S 0.88 0.89 0077 011‘2 0.45 0.39 .
N 729 376 255 235 127 102
c 0.21 0.22 0.33 0.40  0.34 0.59
SMMR B 0.72 1.08 0.42 0.71 0.95 0.47
s 1.17 1.10 1.15 0.79 0.72 0.76
N 677 361 227 226 126 96
2
i
c 0.63 0.63 C 50 0.50 ;
XBT B -0.03  -0.04 0.24 0.24 1
S 0.84 0.84 0.27 0.27
N 158 155 8 8 .
c 0.00 0.00 0.00 0.00 0.00 0.00 :
CLIM B 0.03 0.18 -0.14 0.08 0.12 0.01 ~
s 0.61 0.61 0.55 0.38 0.41 0.35
N 729 376 255 235 127 102 b
3.
i
;
i
i
i
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Table 4-3. Comparison of Monthly Mean Anomaly Fields with Ships > 5/Cell,
March 1982
Unsmoothed Smoothed
Global N. Pac, N. Atl. Global N. Pac. N. Atl.
c 0.67 0.52 0.67 0.77 0.58 0.80
AVHRR B -0.36 -0,50 -0.29 -0.44 =-0.54 -G.30
S 0.51 0.48 0.42 0.29 0.29 0.21
N 795 434 267 368 210 153
c 0.10  0.13  -0.0l 0.40  0.39 0.43
HIRS B 0.30 0.47 0.16 0.29 0.42 0.12
S 0.92 0.95 0.84 0.4 - 0.41 0.35
N 795 434 267 368 210 153
C 0.55 0.30 0.66
HIRS B 0.29 0.36 0.21
Version 2 S 0.31 0.34 0.22
N 368 210 153
c 0.24 0.37 -0.05 0.15 0.54 -0.09
SMMR B "0-21 0-05 -0n76 -0017 0013 “Oc77
N 690 392 213 300 200 95
C 0.58 0.57 0.75 0.75
SMMR/Ship B 0.04 0.03 0.07 0.07
Couwposite S 0.47 0.46 0.25 0.25
N 438 394 207 203
Cc 0.40 0.50 0.79 0.79
VAS B 0.90 0.89 0.91 0.91
S 0.56 0.52 0.26 0.26
N 109 106 51 51
Cc 0.39 0.38 0.70 0.70
XBT B -0,27 -0.29 ~0.47 -0.47
S 0.89 0.91 0.35 0.35
N 242 227 18 18
C 0.00 0.00 0.00 0.00 0.00 0.00
CLIM B 0.09 0.27 ~0.05 0.13 0.29 -0.10
S 0.52 0.48 0.42 0.35 0.32 0.27
N 795 434 267 3686 210 153
4~12
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Table 4~4, Comparison of Monthly Mean Anomaly Fields with Ships > 5/Cell,
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July 1982
Unsmoothed ’ Smocthed
Global N. Pac. No Atlo Global N. Pace. N. Atl.
c 0.62 0.59 0.66 0.70 0.63 0.84
AVHRR B.  -0.48  =0.37 -0.57 =0.35  -0.17 -0.48
s 0.79 0.93 0.60 0.52 0.62 0.37
N 644 320 258 274 117 157
c 0.49 0.43 0.51 0.78 0.52 0.85
HIRS B -0.07 0.01 -0.08 0.09 0.14 0.04
Version 2 S 0.69 0.72 0.62 0.38 0.39 0.36
N 662 337 259 327 170 157
HIRS c 0.52 0.45 0.56 0.79 0.45 0.88
Version 2 B -0.37 '0-31 "0037 "‘0.25 '0023 -0027
Weighted S 0.69 0.74 0.61 0.38 0.43 0.30
N 662 337 259 327 170 157
c 0.46 0.54 0.32 0.55 0.62 0.66
SMMR B -0.43  -0.22 -0.88 -0.69  -0.39 -1.07
Night s 0.97 0.87 0.93 0.60 0.48 0.51
N 522 278 193 230 127 103
c 0.76 0.74 0.86 0.86
SHMR/Ship B ~0.04 ~-0.06 -0.10 -0,10
s 0.53 0.54 0.27 0.27
N 316 282 137 137
c 0.49 0.46 0.42 0.42
" VAS B 0.48 0.50 0.55 0.55
S 0.46 0.45 0.22 0.22
N 92 88 38 38
C 0.58 0.55
XBT B -0.22  -0.23
s 0.94  0.96
N 154 146
(o4 0.00 0.00 0.00 0.00 0.00
CLIM B 0.67 0.26 0.70 0.96 0.40
S 0.73 0.69 0.63 0.50 0.64
N 338 259 336 179 157
4-13
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One reason the global deviation from climatology is small is that exten-
sive areas have deviations very close to zero. On the other hand, large spa-
tially coherent areas of anomalies > 0.5°C also exist, as evident in Figure
C=3a showing the ship anomaly field for December 198l1. A much better indica-
tor of skill is the correlation of the sensor anomaly field with that of ships.
This correlation is high if the anomalies lie in the right place and are of
the right sign. Tha correlations are reduced by randcm noise, especially if
the noise is of compareble magnitude to the signal. In addition, large areas
of small anomaly will also reduce the correlations because the magnitude of
the signals in these areas is comparable to noise. Climatology, by defini-
tion, has zero anomaly correlation and zero skill.

As seen in Table 4-2, smoothing has reduced the noise and increased the
correlation coefficients for all cases (except XBT which contains only 8 points
in the smoothed tield). Part of this is due to random noise reduction in the
ship field and part due to noise reduction jin the field being compared to
ships. The AVHRR field shows skill both in the standard deviation sense and
in the correlation sense in the unsmoothed fields, while both the HIRS and
SMMR fields show porr skill in the unsmoothed fields. It is interesting to
note the XBTs also appear noisy in the unsmoothed fields with regard to stan-
dard deviation, but not correlatiorn coefficient. This may be in part due to
noise, but it is also due to the fact that the portion of the North Pacific
Ocean measured by XBTs had ‘a larger anomaly than the North Pacific Ocean as a
whole. In the smoothed fields, AVHRR shows remarkable skill in both catego-
ries. In addition, the statistics for HIRS have improved greatly so as to
show moderate skill in correlations and noise level. It should be noted that
these statistics are for the unweighted HIRS2 field. The weighted field (not
shown) provides better visual agreement with the ship field, but statistics
were not initially computed using the weighted field, The SMMR field statis-
tics also improved to show some skill in anomaly correlation, but the noise
levels are high compared to the signal.

While AVHRR appears extremely good statistically, some aspects of the
anonmaly field, shown in Figure C-3b, are disturbing. In particular, the region
from about 75°E to 155°E, 5°N to 5°S, shows a coherent warm anomaly of between
0.5° and 2.5°C, which is not supported by the few ship measurements in the
area. In fact this area did not enter into the statistics for two reasons:
first, the scarcity of ships in the area, and secondly because of the "SMMR
Mask" (see Figure C-3d) which was applied to statistics of all fields so simi-
lar areas could be compared statistically. This mask is applied to SMMR data
because accurate SMMR retrievals cannot be obtained less than 600 km from land.
A second problem 1s that the AVHRR data has regional biases. Table 4-2 shows
a cold bias in both the Atlantic and Pacific Oceans, with the Pacific Ocean
bias being about 0.2° larger. Figure C-3b shows the biases to be largest in
the high latitudes, which represent the coldest, driest air. On the other
hand, the western Pacific tropical area previously mentioned, which is the one
with the highest water vapor content, was spuriously warm. 1t is possible
that the algorithm used to correct the AVHRR soundings for water vapor under-
corrects the effect for low water vapor content and overcorrects in the case
of high water vapor content. This is consistent with theoretical studies
showing that the effects of water vapor content on brightness temperature grow
in less than a linear fashion.
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Statistical results for March 1982 are shown in Table 4~3. 1This table
includes results of the reprocessed March 1982 HIRS datc, 48 described in Sec-
tion B, called HIkS version 2 in the table. Only statistics for the smoothed
version 2 data were generated. Also included in the table are statistics for
the field derived using SHMR data and ship data simultaneously, and for the
VAS retrievals, which were primarily in a small area in the North Atlantic
Ocean. The SMMR/SHIP composite field was produced only in the Pacific Ocean
because of calibration difficulties with the SMMR in the Atlantic Ocean.

Comparison of ships with climatology shows smaller anomalies in March 1982
than in December 1981. 1Indeed, the signal in the North Pacific and North
Atlantic Oceans is on the order of 0.39C. Statistics for AVHRR in March 1982
are similar to those of December 1981, but the correlations are reduced some-
what, most likely because the signal is reduced. Statistics for the HIRS2 are
again similar to those of December 1981, It should be noted that HIRS ver-
sion 2 is significantly better than HIRS, both with regard to standard devia-
tion and anomaly correlation.

Smoothing has reduced the noise and increased the correlation cocfficients
for all cases. Part of this is due to random noise reduction in the ship field
and part due to noise reductfon in the field being compared to ships. The un-
smoothed AVHRR field in March 1982, shown in Figure C-4b, shows marginal skill
in the standavd deviation sense and good skill in the correlation sense. Sta-
tistics for the unsmoothed March HIRS version 2 fields were not generated at
the workshop. It is interesting to note the XBTs also appear noisy in the un-
smoothed fields with regard to standard deviation and corrolation coefficient.

In the smoothed fields, AVHRR shows increased skill in both categories.
The statistics for the smoothed HIRS2 fields are almost as good as those of

- AVHHR with regard to standard deviation, but the correlations are considerably

lower. It should be noted that these statistics are for the unweighted RIRS2
field shown in Figure C-6. The weighted field, shown in Figure C-6b, provides
better visual agreement with the ship field, bur statistics were not computed
using the weighted field. The weighted SMMR field is much more noisy, but
shows some correlation skill in the North Pacific Ocean. An additional field,
produced using both SMMR data and ship data, shows good agreement in the
vicinity of ships as expected. Surprisingly, the statistics are only margin-
ally better than those of AVHRR or HIRS2, which did not have the benefit of
including the ship data used to verify the fields. VAS shows good results for
that portion of the North Atlantic Ocean where observations were made but has
a disturbingly large bias of 0.9°C too warm.

Figure C-4a indicates that March 1982 had only small arecas showing more
than 0.5° deviation from climatology, especially in the North Atlantic Occan.
In the North Pacific Ocean, there are small cold anomalies centered at about
160, 35°N and 175°E, 28°N and a small warm anomaly about 115°W, 20°N. The
welghted HIRS2/MSU field likewise shows small anomalies in the North Pacific
Ocean, of the correct sign, centered at the appropriate locations., The anomaly
centered at 35°N is weaker than in the ship fiecld, and is less apparent in
the HIRS2 field because it is between 0 and -0.5?, showing up as white in
the picture, but on the cold side of the 0° contour. The small anomalies in
the Atlantic Ocean are in almost perfect.agreement with those in the ship
field. The AVHRR field, on the other hand, indicates extensive areas of cold
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anomaly in both the North Atlantic and Pacific Ocean, sometimes exceeding 1.5°
in magnitude. This feature is consistent with the cold bias of 0.3°C to 0.5°C
indicated in Table 4-3 for AVHRR. The weighted HIRS2 field, like the ship
field, shows a warm anomaly in the Bay of Bengal, which is absent in the AVHRR
field, and an area of negligible anomaly along the equator from 75°E to 155°E.
In contrast, the AVHRR f£ield has a very large spurious warm anomaly in this
reglon. Agreement of all fields in the southern hemisphere is reasonable, but
the AVHRR warm anomalies are larger than those indicated by HIRS2/MSU or the
ships. The unweighted HIRSZ field is somewhat warmer than the weighted field
and has essentially no anomalies in the North Pacific Ocean. It is not sur~
prising that small correlation coefficients were found in the North Pacific
Ocean for the unweighted HIRS2 version 2 field.

Statistics for July 1982 are shown in Table 4-4., For this month, statis-
tics were gererated for both the weighted and unweighted HIRS2 version 2
fields. As observed from looking at the statistics comparing climatology with
ships, July 1982 was much more anomalous than other months in the workshop
with a standard deviation of about 0.6°C sbout a cold bias (Table 4=4 shows
climatology-ships} of 0.96°C in the North Pacific Ocean and 0.4°C in the North
Atlantic Ocean. Therefore signals are large and one expects larger correla-
tions between retrieved anomaly fields an¢ ship anomaly fields. Correlations
for AVHRR are simlar to those in March 1982, but the standard deviations are
considerably larger than in the other monthu., HIRS2 statistics show improved
correlation over March 1982, as expected, with standard deviations slightly
degraded over those of March 1982, Statistics for the weighted HIRS2 field,
relative to the unweighted field, show the weighted soundings have become
colder on the average by about 0.35°C. Results have improved slightly in
the Atlantic Ocean and degraded somewhat in the Pacific Ocean. SMMR results
have improved over previous months, both in the standard deviation sense and
1n the sense of error correlation. The SMMR/ship field, as expected, shouws
good agreement with the ships used to produce the field and shows more of an
improvement, with regard to standard deviation over the HIRS2 field, which did
not have the benefit of including ships, than in March. VAS continues to have
good agreement with regard to standard deviation in the small region of the
North Atlantic Ocean where colocations with smoothed ships exist. VAS
retrievals also continue to have a large warm bias, which 1s about 0.4°C less
than in March 1982.

Figures C-7a, b, and ¢ and C-6c show the retrieved anomaly fields deter-
mined from ships, AVHRR, HIRS, and weighted HIRS data. HIRS again shows very
good agreement with the ship anomaly fields, which this time are quite large

-and extensive in both the North Atlantic and North Pacific Oceans. The HIRS

field does have a few areas of spurious cold anomaly in July, located mainly
within a thin latitude band running from about 15°N to 25°N over most of the
ocean, and off the west coast of South America from 15°S to about the equator.
These spurious anomalies, which are mostly of the order 0.5° - 1°C, may be due
to the effects of aerosols put into the atmosphere by the eruption of El
Chichon which occurred in Mexico in April 1982. The errors are amplified in
the weighted field, which is colder in general. The effects of this eruption
on the determination of sea surface temperatures are much more evident in the
AVHRR anomaly patterp which shows a large block of spurious cold anomaly from
10°N to 35°N running acrcss the entire oceanic area, with magnitudes of the
order of 2°C.
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As shown in Figures C-6 and C-7, the weighted HIRS2 fields tend to be
slightly cooler than the unweighted fields. The same result was found for
December 1981. The weighted fields show better agreement with ship fields in
December 1981 and March 1982. -July 1982 is a special case where spurious cold
anomalies already existed, possibly due to effects of the El- Chichon eruption,
and results were slightly worse in the weighted fields.

Weighted fields count clear cases more than cloudy ones and night some-
what more than day. A simple explanation for weighted fields being colder
would be the heavier weight placed on nighttime soundings. To test this,
weighted fields were produced using only nighttime data and using only daytime
data and compared to the unweighted fields at the appropriate time of day.
This comparison showed the weighted fields again to be cooler than the
unweighted ones in both cases, with the effect being larger at night. It
appears then that sea surface temperature soundings in an area are warmer
under cloudy conditions than under clear conditions. This implies the effects

of clouds are somewhat over-corrected in the system by the use of equations
(4-2) through (4~6).

E. SUMMARY AND FUTURE PROSPECTS

Prospects for improved sea surface temperature fields obtained from
sounders such as HIRS2/MSU appear bright. The current test shows HIRS2/MSU
fields to be statistically comparable to those of AVHRR in March 1982 and
superior in July 1982, where the El Chichon eruption had drastic consequences
on the AVHRR data, but much smaller effects on HIRS2/MSU data. Errors in the
AVHRR data tend to be systematic and spatially coherent, providing spurious
warm anomalies in the most humid areas of the tropics and possibly spurious
cold anomalies at high latitudes. HIRS2 errors tend to be more random in
nature and resultant fields are improved considerably by averaging more data.
Our plans in the near future involve reprocessing all data at a roughly 60 k=
spatial resolution, corresponding to 4 x 4 sets of KIRS2 spots broken up into
2 x 2 quadrants. We have currently completely vectorized the retrieval code
for use on the CYBER 205 computer and one-day global retrievals at 60 km reso-
lution takes only 10 minutes CPU time. We feel this is the finest resolution
with which retrievals can be done using HIRS2 data because of the need for at
least four spots in a quadrant to allow for distinct separation of radiances
into fields of view for the purpose of cloud filtering. These higher resolu-
tion retrievals should produce much better anomaly fields both because of the
reduction of random errors by a larger sample, and also because the individual
retrievals will become more accurate due to increased homogeneity in the
sounding avea both with regard to clouds (assumption of a single cloud forma-

tion is implicit in the cloud filtering algorithm) and the sea surface temper-
ature itself.

Hardware modifications in the near future will also improve results. The
HIRS2 to be flown starting on NOAA-H (~1987) will have a modification in its
channel 17, now centered at 2360 cm—l. The current channel monitors emission.
from the upper stratosphere and is highly affected by non-local thermodynamic
equilibrium. Consequently little use has been made of observations in this
channel either operationally or experimentally. The new frequency will be at
2420 cm~! and can be used together with channel 18, at 2500 em~1, to get
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improved sea surface temperatures during the day. The new combination is
superior to the current channel 18,19 combination for several reasons. The
new channel 17 18 less sensitive to solar radiation than 19; therefore, the
effect of solar radiation is smaller. Also, channel 17 is insensitive to
water vapor (atmospheric Ny is the biggest absorber), while channel 19 has
moderate sensitivicy‘to water vapor, which gometimes causes problems in tropi-
cal areas during the day. The spurious cold anomaly in the central Pacific
Ocean in March, derived from HIRS2%data, in fact appeared only in daytime
soundings. This problem will not occur with the new channel. Another signif-
icant improvement in the new channel 17 is that its bandpass is about 50 cml
rather than 200 cm~! in channel 19. This makes the concept of “"effective
channel central frequency," which is used in converting back and forth from
brightness temperature to radiance, more meaningful. The broader bandpass of
channel 19 introduces an extra source of noise in the data.

Perhaps the ultimate in measurement of sea surface temperatures will come
trom an advanced infrared sounder, AMTS, described in Chahine et al. (1984),
which may fly on polar orbit in the 1990°s. This instrument has a number of
"gsuper-window" channels with atmospheric transmittance =0.98, even in very
humid atmospheres, and 10 km spatial resolution with contiguous coverage,
Simulation studies show soundings with about a 40 km resolution can be per-
formed in up to 90% cloudiness with instantaneous accuracy of about 0.4°C.
It is expected that monthly mean fields with accuracies of the order of 0.2°C
can be obtained at a spatial resolution of about 50 km. This will go a long
way toward meeting the needs of monitoring sea surface temperatures, at least
in the climatological sense, and will make possible detailed studies relating
the effects of sea surface temperatures anomaiies in the tropics on atmo-
spheric circulation.

4-18
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SECTION V '
SEA SURFACE TEMPERATURES FROM VAS MSI DATA
J. Bates

University of Wisconsin
Madison, Wisconsin

A. SST INTERCOMPARISON WORKSHOP
1. Introduction

The results of the SST intercomparison workshop seriea (JPL 1983)
are the first examination of monthly mean SSTs derived from MSI data provided
by the VAS instrumert on the GOES series satellites. While VAS instruments
are currently only on the U.S. geostationary satellites, limiting coverage to
the western hamimphere, it is hoped that the success of VAS will encourage the
European Space Agency, Japan, and India to consider ingtalling a VAS instru-
ment on their future geostationary satellites. Because the procedure to
derive SSTs from VAS data is still in the developmental stage, several changes
in tha procedure were made betwean the processing of data fnr March 1982 and
processing the data for July 1982. The most significant change was the use of
the three window channel algorithm (3.9, 11.0, and 12.6 ym) in the
processing of the July data as opposed to the use of only the two window
channel (11.0/12.6 pum) algorithm for the March data. Initially only tke
two channel algorithm was used in order to extend the analysis of SST into
areas of gunglint in the tropics. However, the analysis of the March data
showed that little additional data was gained by doing this. In addition,
further satellite/buoy matches indicated that the triple window channel algo-
rithm showed a smaller gtandard deviation than the two window channel algo-
rithm and was less sensitive to thke effects of volcanic aerosol contamination
and low level inversion conditions. This is due to the smaller brightness
temperature attenuation by aerosols and water vapor at 3.9 um than at 11.0
and 12,6 ym. Thus, the decision was made to use the best product (i.e.,
the three window channel algorithm) for processing the July data.

2. March 1982 Results

Two larze reglons were chosen for analysis of VAS data from GOES-
East, one in the western North Atlantic and one in the eastern Tropical
Pacific. Since ship observations of surface layer temperature provide the
only long-term climatology of SST, Reynolds (1982) climatology has been used
a8 a standard from which satellite SST monthly mean anomaly fields were pro-
duced. Data from all sensors were binned on a two by two degree latitude/
longitude grid for each month. SMMR data were required to be more than 600 km
from land in order to avoid ~ontamination from land. Thematic contour charts
of sensor anomaly fields from climatology for March are shown in Figure C-8
(see Appendix C). VAS, AVHRR, and ship data all show a pattern of cold to
warm to cold to warm proceeding southeast off the U.S. east coast; however the
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VAS data have a warm bias of 0.5 to 1.0°C. In the South Pacific, the VAS data
show only a slight warm bias and again are highly correlated with the AVHRR,
ships, and XBTs. In particular, the VAS and AVHRR thematic contour anomaly
charts ghow similar patterns with wvarm water along the coas from 20° to 30°S
aad extending to tae west along 30°S, a pool of cold water along the coast
from O to 16°S, another cold anomaly offshore, and near normal conditions
elsewhere. The HIRS data gshow generzlly weaker anomaly patterns and a warm
bias near the coastlines due to problems in accurately specifying the land/
wvater boundaries (Susskind, personal communication). The HIRS data do show a
warm anomaly along 30°S in the eastern South Pacific and a large warm anomaly
in the western North Atlantic, Little correlation in patterns is found
between the VAS and the SMMR product.

Table 5-1 summarizes the cross correlation statistics for each satellite
verses ship-of-opportunity measurements for March 1982. VAS estimates of SST
show a wurm bias relative to ships for all regions ranging from +0.35 to
1.73°C. The largest biases (1.73°C and 1.05°C) are found with the lowest
numbers of matches (21 and 53) and also occur at the largest satellite zenith
angles (North Pacific region 20-56°N and South Pacific regions 20-56°S). This
indicates that the magnitude of the warm bias for the two channel algorithm
may increase with increasing satellite zenith angle but also suggests that
noisy ship data may be partly responsible for some of the bias.

The uniform warm biae in all regions, however, indicates a diurnal sam-
pling bias and a possible bias in the matches used to tune the empirical algo-
rithm. Satellite/buoy mnatches are continuing to be collected in order to
engure that a seasonally and geographically diverse set of matches is used to
update the coefficients for the empirical algorithms. It does appear though
that the diurnal sampling of VAS data is largely responsible for the warm
biag. VAS data were generallv prucessed at 1530 and 1830 GMT (1030 and 1330
LST at the GOES-East subpoint) and only cloud~free observations were used.
Thus, VAS SSTs might be expected to have a warm bias relative to estimates of
SST that average day and night data. Diurnal heating of the ocean gkin tem-
perature as observed by satellite infrared data has also been reported by
Strong (1984) and by Deschamps and Frouin (1984). Future intercomparisons
mugt take into account possible diurnal sampling biases of each sengor.

Additional cross correlation statistics for March show VAS with a scatter
relative to ships of 0.79-1,24°C. The statistics show VAS well correlated
with ghipa, and shows regional correlations very similar to those of the
AVHRR. The one excepcion is the far South Pacific region (20-56°S). This
again 18 the region of fewest matches and thus should be given little weight.

3. July 1982 Results

In the thematic anomaly charts for July (Figure C-8), the effects
of the El Chichon volcanic aerosol are very evident in the AVHRR data as a
zonal band of cold anomalies from 10-30°N. VAS data, however, do not show an
analagous anomaly in those latitudes. This result is due to differences in
the spectral channels of the VAS and AVHRR, differences in the processing
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Table 5~1. Cross Correlations of

Satellite SST Estimates

Versus Ship SST Estimates for March 1982

Number of Matches Bias Standard Deviation -Cross Correlation
AVHRR SMMR HIRS VAS AVHRR SMMR HIRS VAS AVHRR SMMR HIRS VAS AVHRR SM@ HIRS VAS
Global 4322 1972 - 425 -0.06 -0.01 — +0.63 0.81 1.20 -— 0.96 0.58 0.25 -~  0.59
North Pacific 1563 81S — 127 -0.26 -0.05 — +0.52 0.67 0.99 - 0.92 0.64 0.29 ~— 0.61
(0-56°N)
North Pacific 1033 529 1054 53 -0.39 -0.01 +0.54 +1.05 0.65 1.03 1.07 0.89 0.60 0.36 0.28 0.63
(20-56°N) :
[ .
o Tropical Pacific 837 412 858 165 +0.10 -0.22 +0.23 +0.20 0.73 0.87 0.93 0.90 0.13 0.08 0.03 o0.l0
! W
i (20°N-20°S)
u .
South Pacifice 535 202 S41 21 +0.24 +0.55 +0.05 +1.73 0.78 1.19 1.11 1.24 0.42 0.08 0.28 -0.39
(20-56°S) :
t
South Pacific 984 328 ~— 112 +0.26 +0.17 -~ +0.52 0.80 1.1~ - 1.20 0.29 0.11 - 0.23
: (0-56°S) '
.
VAS Pacific Region 178 81 ~—~ 181 +0.06 -0.16 — +0.35 0.89 0.91 ~—~ 1,06 0.23 -0.08 — 0.03
(14°N-30°S)
Clobal AVHRR 2214 1088 2229 211 +0.03 +0.12 +0.20 +0.55 0.86 1.11 1.04 1.12 0.48 0.29 0.20 0.41
El Chichon Mask
North Atlantic 715 315 — 186 =0.33 -0.92 — 40.76 0.61 1.18 — 0.79 0.58 -0.02 — 0.65
(0-56°N)

.|
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algorithms, and differences in the average viewing geowetry. The VAS, SMMR,
and ghip data all show & warm anomaly in the eastern tropical Pacific.

In the North Atlantic VAS region, the VAS data appears to be slightly
warmer than the ship data, but again ghows similar patterns. The VAS ard

AVHRR data show some correlation near the coast of the U.S., but meaningful

comparisons between the two are hampered by the volcanic aerosol contamination
in the AVHRR data. The anomaly patteraus are much the gare in a comparison of
the VAS/SMMR data, however, the SMMR data igs contaminated by ''cold" instrument
warmup noise in much of the North Atlantic (Milman, pergonal communication).
In the VAS region of the Pacific, the VAS, SMMR, and ship data all show warm—
ing. Here, the VAS and SMMR data show a high correlacion with a pattern of
wvarm anomalies along the coast and extending westward along the equator. In
contrast, the HIRS data, while not showing any congistent bjas in the El
Chichon region, does show a large cold anomaly in this region.

Crosgs correlation statistics for July 1982 are summarized in Table 5-2.
VAS SSTs again show a slight warm bias in all regions. The very large warm
bias at large local zenith angles evident in the March 1982 data, however, has
been eliminated by the use of the three window channel algorithm. Little bias
is evident in the region of the El Chichon volcanic aerossl (approximately
10-30°H). In this region, the AVHRR data show a cold bias of 0.50-0.75°C
relative to ships. The VAS standard deviations are also generally smaller in

* July than in March due to the use of the three window channel algorithm. The

cross correlations of VAS data with ship data, hovever, are much weaker in
July than March.

After SST Intercomparison Workshop III, additional cross correlation
tables were generated to try to answer some of the questions raised during the
workshop. Most important to the interpretation of VAS data was the stratifi-
cation of AVHRR data into day and night so that the daytime only VAS data
could be directly compared to daytime only AVHRR data. Although the new cross
correlation tables are masked to include only data greater than 600 km from
land (to normalize the comparigon between SMMR and the other sensors, but
greatly reducing the number of VAS/ship matches), some trends are clearly evi-
deat. In March 1982, AVHRR ghows a global average day minus night difference
relative to ships of +0.43°C. This reduces the VAS minus AVHRR day bias to
+0,23°C. The VAS verses ship biases remain unchanged since ships measure SST
at sowe depth beneath the surface and are relatively insensitive to diurnal
heating of the ocean skin. In July, on a global basis, the AVHRR day product
is 0.43°C wvarmer than ghips while the AVHRR night product is 0.72°C colder
than ships. There is no discernable bias between AVHRR day SSTs and VAS SSTs
outside the El Chichon zone (i.e., in the South Pacific and North Atlantic),
while within the El Chichon zone (the mid-Pacific) AVERR day is 0.69°C colder
than VAS and 0.50°C colder chan ships. These data clearly show that the
diurnal heating of the ocean skin is being detected by VAS and AVHKR, and
demonstrates that most of the VAS warm blas relative to the other sensors is
due to this diurnal variability.

i — e s o e

e T S el 3 0. o e B g R I 83 ok AL el A S 5 s SreRA o Terhee



15y

Table 5-2. Cross Correlations of Satellite SST Estimates Versus Ship SST Estimates for July 1982
Number of HKatches Bias Standard Deviation Cross Correlation
AVHRR SMMR HIRS VAS AVHRR SMMR HIRS VAS AVHRR SHMR HIRS VAS AVERZ SMMR HIRS VAS
Global 3962 1826 -— 437 -0.54 -0.18 -— +0.60 0.90 1.08 0.85 0.44 0.38 0.26
North Pacific 1368 708 -~ 116 -0.69 +0.26 -~ +40.91 0.95 0.89 0.80 0.4l 0.46 0.17
(C-56°N) ‘
North Pacific 514 221 - 26 -0.18 +0.11 -- 40.40 0.64 1.13 1.25 050 0.24 -0.10
(20-56°N) '
Tropical Pacific 779 366 -- 165 -0.69 +0.10 - +0.77 0.83 0.83 1.00 0,30 0.27 0.07
(20°N-20*5)
South Pacific 958 480 - 51 -0.54 -0.31 -~ +0.61 0.98 0.92 0.50 0.46. 0.44 0.11
(20-56°S)
South Pacific 883 359 ~— 126 -0.23 +0.06 - 40.50 0.67 1.03 1.05 0.41 0.26 0.00
(0-56°8)
VAS Pacific Region 162 104 -- 174 -0.38 +0.16 -- +40.68 0.81 1.1l0 1.08 0.25 0.05 0.01
(14°N-30°S)
Global AVHRR 2305 1112 -—= 216 -0.20 +0.02 -~  +0.49 0.77 1.08 0.90 0.49 0.41 0.26
El Chichon Mask
North Atlantic 695 326 — 195 ;0.81 -1.06 - 40.49 0,87 1.06 0.67 9.38 0.21 0.40

(0-56°N)
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B. EVALUATION OF OTHER PRODUCTS

1. AVHRR

The AVERR MCSST is the only operational satellite SST analysis cur-

rently and is the most accurate and consistent product evaluated at the work-
shop series. As with all SST data sources, care and underegtanding must be
~used when evaluating and applying this data. Studies such as that by Legeckis
and Pichel (1984) are particularly useful in interpreting the weekly MCSST
analysea, Users must also understand the nature and variability of ocean sur-
face akin temperature measurements as opposed to ship bulk gurface layer mea-
gurements. For example, the MCSST analysis for March 1982 has been criticized
for showing a warm anomaly along the equator from the western Pacific into the
western Indian QOcean; an area where ship climatology shows little monthly
variability. The AVHRR day-night thematic contour analysis (Figure C-9), how-
ever, shows that this warm anomaly may be the result of diurnal warming of the
ocean surface. In fact, the AVERR day-night analyses show a distinct diurnal
pattern of solar heating from December 1981 to March 1982 to July 1982. 1In
December 1981, a consistent zonal band of warm davtime SST anomalies is found
from about 30-50°S, in the southern (summer) hemisphere. In March 1982, the
warn anomaly has become more diffuse and shows the largest anomalies on the
equator. By July 1982, the warm anomaly evident as a zonal band in the north-
ern (summer) hemisphere. Diurnal variability of tiie oceans skin is being mea-
sured by satellite sensors, as is evident from the analysis of AVHRR day-night
measurements.

2. SMMR

The problems with the SMMR SST product are largely due to instru-
mental difficulties. The SMMR calibration biases are large and vary in time
and space, and sidelobe interference requires observations to be greater than
600 km from land. In spite of these difficulties, SMMR analyses of the
Pacific and Indian Oceans appear reasonable. Unfortunately, the calibraticm
problem makes it difficult to evaluate the problem of microwave emisgivity
changes of the ocean surface with wind speed, while the land mask restricts
analysis of the impcrtant boundary currents. The SMMR/ship product is an
improvement on SMMR alone, but it does not take full advantage of all the
different sensors for measuring SST.

3. HIRS/MSU

Evaluation of the HIRS/MSU product is difficult because of changes
in the product from one time to the next and because the data were presented
late. The HIRS/MSU anomaly patterns generally look noisy and weaker than the
anomaly patterns of the other sensors. In March 1982, the HIRS/MSU shows no
correlation with any of the cther products and a standard deviction from cli-
matology of about 1°C. The July 1982 statistics are better, but the anomaly
patterns are inconsistent, showing an overall zool bias. Particularly trou-
blesome is a cool anomaly in the eastern Equatorial Pacific where all the
other sensors show a warm anomaly.
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C. RECOMMENDATIONS

1. Improvements in Infrared Sensors

Recent theoretical and empirical studies of the infrared portion of
the earth's spectrum have revealed that neither VAS nor AVHRR have the optimal

channel selection for SST detection. Studies are now underway to determine

which window regions using a filtered radiometer would yield the mogt accurate

SSTe. Irn the long term, though, an infrared spectrometer interferometer
instead of a filterud radiometer will be a much better instrument since it

would permit use of all portions of the infrared window regions to be utilized.

2. A (cabined Product

Efforts should begin on a combined satellite SST product that takes
advantage of the benefits of each sensing system discussed in the workshop
series. Such an apprcach should use the raw data from each instrument, not
just the finished products such as the SMMR/Ship composite. The McIDAS gystem
has the capability of processing raw data from all gensors used in the work-

shop series. It is time to begin a program to produce an operational SST
analysis.

3. Research Panel on SST Sensing

A research panel to set research program goals, evaluate present
systems, and recommend arcas for further study should be set up under the
direction of NSF or other appropriate agency. This panel should coordinate
efforts between ongoing ocean rescarch programs and the remote sensing commu-
nity. This panel could also serve as the focus for the development of a com-
bined SST product.
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SECTION VI

BLENDED SST FIELDS USING COMBINED SMMR/SHIP DATA
(SUIMARY OF TECHNIQUE)

f. Wilheit and D. Han

NASA/Goddard Space Flight Center
Greenbelt, MD _ .

A. INTRODUCTION

All remote sensors have bias problems which vary in space and time, albeit
rather slowly. The SMMR can in this regard be considered a pathological
example of a more general truth. Even ship measurements have a token bias of
the order of a few tenths of a degree caused by heating of the thermistor by
the hot engine room environment. This ship bias can be neglected if one dealt
in SST anomaly (departure from climatology) since ships with a similar bias
are the principal source of the data used to generate the climatology. The
ships, however, are very poorly distributed globally, and individually
represent very noisy measurements. Each remote gensor has its own distri-
bution of data as well. The infrared measurements are very sparse in cloudy
areas; the SMMR has coverage limitations due to the interference of land areas

~ and only hall{-time operation. If one simply averdaged the data from these

various sources, the combination of the biases and varving sempling would
introduce artifacts into the analyzed product which would reflect the sampling
and which could be quite misleading. What is needed i8 an analysis scheme
which uses the strength of each type of measurecment to compensate for the
weakness of the other. In particular, the remote gensors provide reasonable
estinntes of gradients of SST over length scales grea:er than the sensor
resolution but smaller than hemispheric. Ships can be considered unbiased but
are poorly distributed on small scales except in the densest shipping lanes.
An analysis scheme based on a suggestion by Holl (1981) has been developed
which exploits just this approximately complementarity to provide an improved
SST analysis. The resulting accuracy appears to be in the required ~0.5°C
range for the particular case of using SMMR and ship data to produce two
degree latitude by two degrees longitude monthly analyses. Proper use of
other data sources could only improve this product. Moreover, it could easily
be argued that the mathematics used in this analysis technique are not particu-
larly sophisticated or even rigorous and a more precise treatment may be of
benefit. However the technique ig very precisely targeted to the problems
actually observed in the measurements, and extreme care rust be taken, in any
attempt to improve the mathematical foundation of the technique, not to lose
sight of the measurement realities with which the technique is designed to
deal. It could also be argued that lLiases of the sort observed here are
inherent t2 all currently available remote sensing approaches to the measure=-
ment of any geophysical variable, and that the SST case studied here is only
one of the aimpler examples of a more general problem,

6-1




B. DESCRIPTION 0i THE TECHNIQUE

Consider an analysis algorithm as depicted in Figure 6-1. This analysis
algorithm accepts measurement values with associated uncertainties at the grid
points of the field. It also accepts values for the firsgt and second
derivatives of the field in finite difference form, agzin with associated
uncertainties. If there are enough valueg of the field and its derivative
specified, then the field is overdetermined and the analysis algorithm derives
a minimum weighted square error solution as the resultant field. An
associated uncertainty field is a by-product of this computation. An analygis
technique of this form is the basgic building block of the Bias Removal
Analysis Technique (BRAT). The gpecific finite differences used are:
Differences of adjacent ceils row-wise:

R(1,J) = F(i+1,3) - v(1,3)
Differences of adjacent cells column-wise:
Differences of adjacent cells diagonally (both ways):

D1(1,j) = F(i+1,j+1) - F(i,})

D2(1,§) = F(i+1,5-1) - F(i,3)
Two-space differences both colum and row-wise:

R2(1,§) = F(1+2,3) - F(1,3)

c2(4,3) = F(i,3+2) - F(i,J)
Finally, the Lambertian (a second difference operator):

L(i,j) = 4F(i,3) - F(i+1,3) - F(i-1,3) - F(i,j+1) - F(i,3-1)

The weight applied to any observation is the inverse square of its
presumed uncertainty. For present purposes one degree celcius 1s used

GRADIENT ABSOLUTE
INFORMATION BLACK MEASUREMENTS
(ASSOCIATED —™ BOX [~ (ASSOCIATED
UNCERTAINTY) UNCERTAINTIES)

|

RESULTANT FIELD
(ASSOCIATED
UNCERTAINTY)

Figure 6-1. Generalized Analysis Algorithm Which is the Basic Building
Block of the Bias Removal Analysis Technique.
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as the uncertainty for individual SMMR and ship measurements. The weight of
any of the differences is similarly the inverse square of the uncertainty
which is derived directly from the uncertainties of the associated points in
the field from which the finite differences are derived. The resulting
problem is to solve for a set of values for F'(1,j) which minimizes the
function: )

E= 12 [F(4,§) - Fl(ilj)lz + [A(1, Iz - AISi.ile +
' 3 We(i03) Hy(1,9) -

Wy, ) CHERD)

.where the unprimed quantities are given and the primed are solved for. The ; j
14

denotes summation over all grid points, and the W(i,j) represent data
weights. Traditionally, this equation is reduced to a matrix form which
results in a formal solution:

SakF
FaXls

If F is not particularly large the equation can actually be solved this way.
However, in a practical case the field could be defined on a 50 x SO array;
this would result in the F vector in the above equations haviag a length of
2,500 and the matrix A would be 2,500 x 2,500. The direct inversion of such a
matrix would hardly be a practical matter. One alternative is tc solve for F
by minimizing the error summation with respect to each eiement of F indivi-
dually and to iterate through all the locations until satisfactory coavergence
is obtained. It can readily be shown that such a procedure is convergent (in
a mathematical sense). It was however found that the convergence in the
present application was unreasonably slow. Fortunately, a compromise between
the two extremes of solving for all elements of F or a single element at a
tiwe ig possible. It was found that solving for 5 elements at a time provided
reasonable convergence and the inversion of a 5 x 5 matrix is a simple matter
on any modern computer.

. Figure 6-2 illustrates the use of this basic building block in a typical
application of BRAT. In thig case we have treated the SMMR day and night data
as though they come from different sensors sincethe blas and drift problems are
independent on the day and night portions of the orbit. In principle, other
sensor types could be included at this level; each sensor should be self-
consistent as far as bias and drift are concerned so this same day/night
separation would geem appropriate for any current space-borne remote seusor.
At this level, no derivative information is available so climatology is used
with an extremely small weight (10-6) gimply to prevent numerical problems.
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Figure 6-2. "Application of the Basic Building Block in the Bias
Removal Analysis Technique

Each application of the building block of this level results in a iea
surface temperature anomaly field with an agsociated uncertainty. Each of
these resultant SST fields is differentiated and the weights of the
derivatives are determined from the weights of the elements of the SST field.
The derivative fields are averaged with their associated weights. The
weighted average of the resulting set of derivative fielda is used as input to
the final application of the building block along with the ship dunta. In this
manner any congtant bias in the LMR or other remotely censed data is
automatically removed, and any slowly changing bias is overpowered in the
weighted least square error sclution as long as there are enough ship data.
Conversely, random noise in the ship data is smoothed out by the derivative
constraints provided by the SMMR data. However, any bias in the ship data is
passed through the analysis unmodified.

In order to test this bias removal analysis technique (BRAT), we have
chosen an area in the Pacific Ocean from 50°S to S50°N and from 13°E to 80°VW.
We have produced monthly analyses of SST anomaly (with respect to the
Robinson-Bauer climatology (Reynolds 1983) with a spatial grid size of 2 x 2
degrees. We have used the day and night observations of the SMMR as different
relative sensors and the file of ship observations available from NOAA as the
absolute sensors. We have used all beam pcsicions in the SMMR night data but
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a restricted set of day data to reduce the impact of ionospheric Faraday
rotation on the resulting analysis. This will provide an extremely demanding
test of the ability of the analysis to reduce large scale bizses since the
various SST workshops showed that in this raapect the SMMP. was the most
gsevercly afflicted of the remote ecnsing techniques examined.

Figure C-10¢c (Appendix C) chows the results of application of BRAT to the
data from July 1980. One can easily seec patterns of anomalies which look
reasonable. Theoy rarely exceed 2°C in magnitude and are spatially coherent.
An exception one might be inclined to question ic the cold anomsly extending
across the South Pacific which exceeds 2.5°C. Because of the interference of
large land areas with the SMMR retrievals, there are large data gaps around
the continents. The data gap in the Micronesia area suggests excessive
consorvatism in protecting SMMR retrievals against this interference.

Figures C-10a and C-10b show analyses for the same period based on
ship-only and StMR-only data respectively. Note that the ship data have large
gaps particularly in the Scuthern Remisphere. Note also that even where the
ship data are denze the SSTs have a great deal of uncorrelated structure
suggesting a noisy product. It is particularly worthy of note that the
suspicious feature in the South Pacific discussed in the previous paragraph
ig, in fact, supported in the ship data although there is not nearly enough
data to delineate its form.

On the other hand, the SMMR-only product is quite smooth and delincates
the anomaly pattern of figure C-10a quite well. However there is a noticeable
drift in the absolute value which is particularly noticeable in the North
Pacific. - This is precisely the sort of error that the biss removal analysis
technique is designed to reduce. Quantitative estimates of the quality of
these analysia products are difficult. However, estimateg have been attempted
and guggests an rms error of the order of 0.5°C.
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INTERCOMPARISON OF GLOBAL SST FIELDS DERIVED FROM
SATELLITE SENSORS AND SHI? OBSERVATIONS

SECTION VII

S. E. Pazan

Scripps Institution of Oceanography
La Jolla, California

A.  INTRODUCTION

Near global comparisons have been made between binned forms of SST
obtained from different satellite instruments, ship meteorological observa-
tions, and the output of a meteorological model. Binning hereinafter means
gridding by simple summation of data values in a bin, which in this study was
a 2° x 2° box or a 10° x 10° box surrounding a grid node. In the binned com-
parisons, the question is asked: are the binned data from two instruments
dravn from the rame population? The first two measures of statistical moments
of the populations are used to test the hypothesis that they are.

2-2.4

Comparisons were also attempted between raw forms of the various SST
retrievals, using a structure function analysis. The results of this analysis
-were relatively uninteresting and are therefore omitted for the sake of
brevity.

e LT T RAGLN JITLE RALT

B.  DATA SCURCES

Five differert types of SST field estimates were available for intercom-
parison. They were: .. Multi-channel sea surface temperatures (MCSST) from
the Advanced Very High Resolution Radiometer (AVHRR); 2. the Scanning Multi-
channel Microwave Radiometer (SMMR); 3. the High-Resolution Infrared Sounder
(BIRS); 4. ship engine intake temperatures collected for marine weather ana-
lyges; S. Fleet Numerical Oceanography Center (FNOC) sea surface temperature
monthly mean analyses. The instruments, data collection procedures, and error
budgets of the respective SST analyses have been discussed elsewhere in the
NASA/JPL SST workshop reports (JPL 1983 and 19R4), and will not be discussed
further here.

C.  ANALYSIS TECHNIQUES

The "pool-permutation procedure" (PPP) described by Preisendorfer and
Barnett (1983) has been used to determine whether the first and second moments
of SST anomaly fields produced by the different instruments are sta-
tigstically identical. The PPP measure of the difference between first moments
is called "SITES", and the measure of the difference between second moments is
called "SPRED.'" The PPP method allows a rigorous, nonparametric test of the
contention that the satellite-derived SST fields are similar to each other

7-1
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and/or a SST field derived from conventional ship data. The power of the
wethod (detection level) is estimable. Further, the technique is robust for
relatively limited data sets (only & realizations in our case).

The PPP test statistics values (“SITES" and “SPRED") fall into eight
categories; the hypothesis of statistical identity is considered to be shown
to be false conly if the gtatistic falls in the last category, the category

with the largest SITES or SPRED statistic value. If the PPP test were applied

to a completely random serv of data fields, any randomly selected permutation
would fall into the last category 1 out of every 8 times; in this sense, the
test has a confidence level of 7 out of 8, or 88%.

For further discussion of this method, the reader is referred to
Preisendorfer and Barnett (1983).

D. RESULIS

The PPP tests were applied to the data sets discusged in Section B. As
diacussed above, the EPP test statistic values fall into 8 unique values,
called "categories."

1. Sengitivity Test

Before drawing any conclusions from the results of PPP intercom-
parisons it is useful to have some idea of the power of the test, in particu-
lar testing the validity of applying this etatistical test to a time series
only four months long. Tests of the PPP were done using modified versions of
the ship data gets, i.e., four month 'test data' sets were conatructed using a
transformation. T' = F(u,0) + T, where F represents a random population with a
mean of p and a standard deviation of o. Several realizations of the PPP test
were made for each pair of p and ¢ values Table 7-1.

For u not equal to zero and large o, the SITES test poorly discriminates
between the T and T' fielda; that is, the ability of this test to discriminate
between fields actually degrades with increasing ¢. For instance, given a
p = 0.05, the SITES test was able to discriminate betwcen T and T' for a o of
0.06, but it was not able to discriminate for a ¢ of 0.35. On the other hand,
the SPRED test discriminates well between data gets differing by a random
noise element of the mean bias is small. As the mean bias increasesg, this
test ias less capable of discriminating. Thus, when p = O statistical identity
ic rejected for o > 0.35 both in the northern and southern regions. However,
if p is increased to 0.2, ¢ must be 0.46 before statiatical identity is uni-
formly rejected. For a plausible bias, p, and random noise, ¢, the SPRED test
also seems quite sensitive and complements the SITES test well.

a. Comparisons of GClobal Satellite Data Fields. Results of the
global SST comparisons are shown in Tables 7-2, 7-3, and 7-4. Since other
results have indicated that AVHRR may have problemsg with water vapor contami-

7-2
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TABLE 7-1. Results of PPP Intercomparisons of Ship Injection Temperatures T
With an Artifical Data Set T', Where Each Temperature T'(%*) = F(u,0) + T(*).

F is a Random Function With a Mean cf u and a Standard Deviation of g. These
Intercomparisons Were Run 20 Times for 20 Independent Random Realizations and
the Number of Times a PPP Test Rejected the Statistical Identity of T' and T
is Tabulated vs. the Number of Times a PPP Test Accepted the Statistical Iden-
tity of T' and T. '

SITES Tests:

Northern Region (30°N - S0°N)
Number of Rejections/Number of Acceptances

H o = .06 0.12 0.17 0.23 0.35 0.46
0.00 6/14 1/19 1/19 6/14 1/19 4/16
0.05 20/ 0 20/ O 20/ 0 19/ 1 13/ 7 9/11
0.10 20/ 0 20/ 0 20/ 0 20/ 0 20/ 0 19/ 1
Southern Region (50°S - 30°S)

Number of Rejections/Number of Acceptances

H o= .06 0.12 0.17 0.23 0.35 0.46
0.00 3/17 5/15 3/17 3/17 5/15 3/17
0.05 20/ O 20/ 0 17/ 3 11/ 9 3/17 6/14
0.10 20/ 0 20/ 0 20/ 0 20/ 0 17/ 3 14/ 6

SPRED Tests:
Northern Region (30°N - 50°N)
Number of Rejections/Number of Acceptances

H o= .06 0.12 0.17 0.23 0.35 0.46
0.00 12/ 8 19/ 1 20/ 0 20/ 0 20/ 0 20/ 0
0.05 0/20 2/18 15/ 5 19/ 1 20/ 0 20/ 0
0.10 0/20 0/20 0/20 13/ 7 20/ O 20/ 0
0.20 0/20 0/20 0/20 0/20 17/ 3 20/ 0O
0.40 0/20 0/20 0/20 0/20 1/19 18/ 2
0.60 0/20 0/20 0/20 0/20 . 0/20 7/13
Southern Region (50°S - 30’5)

Number of Rejections/Number of Acceptances

n o= .06 0.12 0.17 0.23 0.35 0.46
0.00 3/17 - 7/13 15/ 5 18/ 2 20/ 0 20/ 0
0.05 0/20 2/18 "12/ 8 17/ 3 20/ 0 20/ 0O
0.10 0/20 - 0/20 2/18 13/ 7 20/ 0 20/ 0
0.20 0/20 0/20 0/20 1/19 14/ 6 20/ 0
0.40 0/20 0/20 0/20 0/20 5/15 19/ 1
0.6U 0/20 0/20 0/20 0/20 0/20 12/ 8

7-3
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TABLE

7-2. Number of Space Grid Points. Below and Left of the Data Matrix ‘
Diagonal, the Number of Space Points in the Data Swarms Used in
the PPP Tests are Printed., Row and Column Numbers Indicate These
Instruments: 1) AVHRR, 2) SMMR, 3) HIRS, 4) Ship, and 5) FNOC.

a) North Temperate (30°N-60°N, 0°-360°E)

1 2 ) 3 4
AVHRR 1
SMMR 2 223
HIRS 3 1140 234
Ship 4 984 233 1040
FNOC 5 517 235 535 525

b) Global Tropics (30°S-30°N, 0°-360°E)

i 2 3 4
AVHRR 1
SMMR 2 1250
HIRS 3 3210 1430
Ship & 1110 289 1360
FNOC 5 936 824 1150 470

¢) South Temperate (60°S-30°S, 0°-360°E)

1 2 3 ‘ 4
AVHRR 1
SMMR 2 470
HIRS 3 2080 £70
Ship & 192 5 192
FNOC 5
7-4
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‘ TABLE 7-3. Pool Permutation Procedure, SITES Statistics on 2° Binned Data.

o Test the Hypothesis That Two Datasets are Drawn From the Same Population.

5. Below and Left of the First Data Matrix Diagonal, the Relative Category of the
: SITES Comparison Between the Observed Data Swarms is Printed; the PPP Test

" Statistics Fall Into Eight Unique Values, Called ''Categories'. Above the

A Right of the Data Matrix Diagonal, T(rue)/F(alse) is Printed, Indicating

Whether or Not the Bypothesis i3z Supported or Rejected, Respectively. Below

and Left of the Second Data Hatrix Diagonal, the Percentage of the Artifi-

cially Constructed Data Swarm Test Values Which Fall Below the Observed

" Swarms' Test Value is Printed; Above and to the Right of the Second Data

Matrix Diagonal, the SITES Test Value for the Obgerved Data Swarms is Printed.

#ISITES Statistics#*

a) North Temperate (30°N-6£0°N, 0°-360°E)

i

i

:

g AVHRR
R SMMR
: RIRS
o Ship
4 FNOC

Category/Rypothesis Percent/Test Value

1 2 3 &4 5 1 2 3 4 5
1 F F T F 1 1.5 1.0 0.32 11
2 8 F F F 2 88 0.82 1.2 6.3
3 8 8 F F 3 88 88 1.0 9.5
4 6 8 8 F .4 59 88 88 12
5 8 8 8 8 5 88 88 a8 88

b) Global Tropics (30‘8-30'N. 0°-360°E)

Category/Hypothesis Percent/Test Value
} 1 2 3 &4 5 1 2 3 4 5
H .
g AVERR 1 F F T F 1 0.86 0.8 0.63 3.7
i SHMR 2 8 - F F F 2 82 1.3 0.98 3.3
i HIRS 3 8 8 T F 3 82 82 1.0 2.7
: Ship 4 6 8 7 F 4 67 82 72 3.4
¢ FNOC 5 8 8 8 8 5 82 82 82 82
¢) South Temperate (60°S-30°S, 0°-360°E)
Category/Hypothesis Percent/Test Value
1 2 3 4 . 1 2 3 4
AVHRR 1 F F F 1 1.1 1.7 0.60
: SMMR 2 8 F T 2 83 1.3 1.1
- HIRS 3 8 8 F 3 83 83 1.2
> Ship 4 8 5 8 4 83 46 83
i
!
/
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Table 7-4. SITES Statistics on 10° Binned Data. (See Table 7-3 for
Explanation of the Organization of This Table.)

*ASITES Statisticsae

a) North Temperate (30°N-60°N, 0°-360°E)

Category/Hypotheais Test Percent/Test Yalue
1 2 3 4 5 . 1 2 3 4 5
AVARR 1. F F T F 1 ) 2.4 1.0 0.17 13
SMMR 2 8 F F F 2 88 1.1 1.8 6.8
HIRS 3 8 8 T F 3 88 88 1.2 15
Ship 4 2 8 7 F 4 10 88 73 17
FNOC 5 8 8 8 8 1 5 88 88 88 88
b) Global Tropics (30°S-30°N, 0°-369°E)
Category/Hypothesis Test - Percent/Test Value
1 2 3 &4 5 1 2 3 4 5
AVHRR 1 F F T F 1 82 1.1 1.2 0.57 4.0
SMMR 2 8 F F F 2 82 _ 1.8 1.2 5.1
HIRS 3 8 8 T F 3 82 82 1.1 4.0
Ship 4 7 7 7 F 4L 67 82 72 4.6
FNOC 5 8 8 8 8 1 5 82 82 82 82
c¢) South Temperate (60°S-30°S, 0°-360°E)
Category/Hypothesis Test Percent/Teat Value
1 2 3 & 1 2 3 4
AVERR 1 F F T 1 1.3 2.7 0.59
SMMR 2 8 . F T 2 83 2.7 1.2
HIRS 3 8 8 T 3 83 83 1.5
Ship & 7 5 7 3 73 46 63
7-6
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nation in the Tropics, the tests were taken on data swarms for three arcas:
the first north of 3C°N; the second between 30°S and 30°N; and the third south
of 30°S. These teats are displayed in a compact matrix form, in which rows
and columns each represent data swarms for particular inatruments. The column
and row order are always the gsams: AVHRR, SMMR (nighttime), HIRS, ship, and
FNOC. For example, the entry for the first row and second column (and vice-
versa) is an AVERR-5MMR test regult. Different results are shown above and
below the matrix diagonal, in order to show results in a compact form.

Figure 7-1 shows the spatial pattern of grid points used in each PPP com-
parison. Since the time and space distribution for each data swarm differs,
the spatial pattera of coincident grid points differs for each sensor combina-
tion. The maximum number of space points is found in the AVHRR vas. HIRS com-
parison. Because of the coastline mask on SMMR data, comparisons with SMMR
have fewer space points. The number of observations in the tropics
(Table 7-2(b)) tends to be somewhat larger than in the northern regiona; SMMR
comparigons no longer have the fewest spatial points, reflecting the fact that
relatively less ocean lies adjacent to coastland in the tropics; therefore the
SMMR land magk is not as important. The gouthern region (Table 7-2(c)) gen-
erally has fewer data points in the comparisons; its FNOC analysis is absent
south of the equator, while ship data is much sparser. SMMR comparisons are
sparse in the southern hemisphere also.

b. 2* SITLS Tests. Results of the 2° birnned SITEG test for the
northern region (Table 7-3(a)) indicate that the data swarms are not drawn
from the same population for any comparisons except the AVHRR - ship compari-
son. The test category for the AVHRR - ship SITES comparison is 6, indicating
an imperfect agreement. The SITES test values are all greater than 0.8 except
for the AVHRR -~ ship comparison.

Results of the 2°® binned JITES test for the tropics (Table 7-3(b)) indi-
cate that ship and AVHRR SST and ship and HIRS are statistically identical.
Interestingly enough, the hypothesis of statistical identity was rejected for
the AVHRR va. HIRS. Since the El Chichon volcanic eruption contaminated AVHRR
dat for July, 1982, this result demands a closer examination. Figure 7-1(c)
shows the data distribution of ships vs. AVHRR and indicates very few spatial
points were present in the tropics. This is probably due to the paucity of
ship data. On the other hand, a color plate (Figure C-7) of AVHRR SST - ship
SST indicates that some of the areas of greatest difference in this month are
aot present in the joint distribution map, apparently because cne of the other
months was deficient in either ship or AVHRR data in those regions. Also,
rnuth of the equator, the thematic map indicates that the SST differences are
very small. The consequence of this is that over the four months the PPP
tests are unable to didcriminate effectively between tropical ship SST and
AVHRR SST, in spite of widespread El Chichon contamination.

c. 10° SITES Tests. SITES statistics for 10° binnecd data are
shown in Table 7-4. In the northern and tropical regions the results are
identical to 2° binned data SITES results. The southern region differs for
15® bins in that statistical identity -is accepted between AVHRR and ships and
HIRS and ships.

7-7
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vs. FNOC; k) ship vs. ship.
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Figure 7-1. (Continued)
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-~ de 2% SPRED Tests. Results of the SPRED test, i.e,, the equai-
ity of the second moments, for the northern region (Table 7-5(a)), indicate
that the data sets are not drawn from the same statistical population for all
SMMR comparisons except SMMR vs. AVHRR, and reject the statistical identity of
ships and AVHRR. On the other hand, this test indicates statistical identity
between any pair drawn from the AVHRR, ship, or HIRS data swarms. In the
tropics, the SPREL test (Table 7-5(b)) rejects statistical identity only for
HIRS vs. ship. The test otherwise accepts statistical identity for every com=-
parison test. In the southern regions, the test (Table 7-5(c)) rejects sta-
tistical identity in AVHRR vs. SMMR and HIRS vs. SMMR. Ship vs, SMMR indi-
cates statistical identity, but with very few spatial points as mentioned
before.

However, as has been concluded previously, where SITES comparisons indi-
cate a possible bias, SPRED test results indicating identity should be sus-
pect. This would invalidate many of the positive SPRED comparisons. Con-
versely, where SITES comparisons are good, very small SPRED values indicate no
identity by the SPRED test. For this reason, ship vs. AVHRR comparisons,
indicating statistical identity, are suspect,

e. 10° SPRED Testz. Table 7-6 shows SPRED results for 10°
binned data; the results are essentially the same as the 2° bin SPRED test.

E. SUMMARY

The SITES test accepts statistical ldentity between AVHRR and ship data
swarms., The SPRED test is consistent with these results, in the following
sense. The presence or absence of a large SITES test value can bias the SPRED
test towards acceptance of statistical identity, or rejection of statistical
identity, respectively. Therefore, th: rejection of statistical identity in
the SPRED tests between AVHRR and ships and the North temperate regions is
probably due to the enhanced sensitivity of the SPRED test when SITES values
are small. Contrariwise, acceptance of statistical identity in the SPRED test
between SMMR and FNOC in the tropics, for instance, is made suspect by the
clear rejection of statistical identity in the SITES tests between that par-
ticular pair. '

HIRS and ships show good agreement in both SPRED and SITES at times, but
this is more inconsistent than the PPP test results of AVHRR and ship
comparisons. .

The general rejection of statistical identity in comparisons between
satellite sensors themselves is noteworthy. Not even AVHRR and HIRS were
statistically alike by the PPP tests. This seems to imply that the level of
noise in AVHRR and HIRS was larger than that in the binned ship data. It
implies that although at least two satellite sensors approach ship SST by the
statistical measures used in this study, all of the binned satellite SSTs were
noisier than the binned in situ ship SST. SMMR differs by particularly large
PPP statistic values from other satellite sensors, and the FNOC SST fields
show the least agreement with other sensors.
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Value for the Observed Data Swarms is Printed.

*ASPRED Statistics**

Table 7-5. Pool Permutation Procedure, SPRED Statistice on 2° Binned Data.
Teat the Hypothegia That Two Datasets are Drawn From the Same
Population., Below and Left of the First Date Matrix Diagonal,
the Relative Category of the SPRED Comparison Between the Ob-
served Data Swarxzs is Printed; Above and Right of the Data Matrix-
diagonal, T(rue)/F(alse) is Printed, Indicating Whether or Not
the Hypothesis is Supported or Rejected, Respectively. Below
ané Laft of the Second Data Matrix Diagonal, the Percentage of
the ArtificiallyCeonstructed Data Swarm Test Values Which Fall
Below the Observed Swarms' Test Value is Printed; Above and to
the Right of the Second Data Matrix Diagonal, the SPRED Test

(a) North Temperate (30°N-60°M, 0°-360°E)

Category/
Hypothesis Percent/Tec : Value
12345 1 2 3 4
AVHRR 1 TTFT 1 0.14 0.66 x 10=5 0,066
SMR 2 6 FFF 2 63 0.13 0.45
HIRS 3 18 TT 3 1.0 88 0.055
Ship 4 887 T 4 88 88 73
FNOC 5 1815 5 1.0 88 1.0 49
(b) Global Tropics (30°S-30°N, 0°-360°E)
Category/
Hypothesis Percent/Test Value
12345 1 2 3 b
AVBERR 1 TTTT 1 0.0087 0.57 x 10-%  0.078
SMMR 2 3 TTT 2 32 0.0018 0.017
BIRS 3 11 FT 3 1.0 1.0 0.15
Ship 4 468 T 4 26 59 82
FNOC S 4752 5 37 75 54 11

(c) South Temperate (60°5-30°s, 0°-360°E)

5

0.22 x 10-3
0.47
0.36 x 10-5
0.037

5

0. 12
0.047
0.048
0.0057

Category/
Hypothesis Percent/Test Value
1234 1 2 3 4
AVERR 1 FTT 1 © 0.035 -0.0057 0.00098
SMR 2 8 FT 2 83 0.11 0.0033
HIRS 3 48 T 3 4l 83 0.018
Ship & 327 4 21 21 63
7-11
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Table 7-6. SPRED Statistics on 10° Binned Data. (S~e Table 7-5 for

Explanation of the Organization of This Table.)

*ASPRED Statisticsw*

(a) North Temperate (30°N-60°N, 0°-360°E)

Category/
Hypothesis
Test Percent/Teat Value
12345 1 2 3 4
AVHRR 1 TTFT 1 0.12 0.055 0.11
SMMR 2 6 FFF 2 63 . 0.47 0.58
HIRS 3 78 TF .3 N 88 0.053
Ship & 887 F 4 88 88 ' 73
FNOC 5 58881 5 49 88 88 88

(b) Global Tropics (30°S-30°N, 0°-360°E)

Category/
Hypothesis
Test Percent/Test Value
12345 1 2 3 4
AVHRR 1 TTTT 1 0.051 0.012 0.19
SMMR 2 5 TTT 2 57 0.015 0.0063
HIRS 3 16 FT 3 1.0 64 0.20
Ship &4 718 T 4 67 1.0 82
FNOC 5 53151 5 53 22 1.0 44

(¢c) South Temperate (60°S-30°S, 0°-360°E)

Category/
Hypothesis
Test Percent/Test Value
1234 1 2 3. 4
AVHRR 1 TTF 1 0.012 0.17 0.076
SMMR 2 6 FT 2 66 0.46 0.032
HIRS 3 48 T 3 41 83 0.016
ship 4 815 4 83 1.0 50

0.033
0.27
0.19
0.29

5.

0.25
0.030
0.0050

0.0096

7-12
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The similarity of 10° binned results and 2° binned results indicates that
the sensitivity of the PPP test is not affected by changing bin size on these
scales. This implies that the noise problems cannot be overcome easily by
simply gathering more data,
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REQUIREMENTS FOR SEA SURFACE TEMPERATURE GROUND TRUTH
IN THE INDONESIAN REGION

J. Penrosge

Western Australia Institute of Technology

The comparatively low density of ship and XBT observations in large areus
of the Southern Hemisphere and the tropics limits the cxtent to which satel-
lite SST estimates can be validated on a global basis. The additional diffi-
culties associated with previous SST estimates in the tropics have been
recognized for some time (Barnett et al., 1979) and are still residually

" apparent in the region centered on the Indonesian archipelago (JPL 1983, p.

3-4) where both extensive cloud cover and high atmospheric water vapor content
occur, notably in the October to April periods of each year. These factors
affect AVHRR retrievals particularly and substantially degrade SST returns
which, in drier areas appear to give useful agreement with ship derived
values. SMMR :zturns and to & lesser extent HIRS returns are affccted by the
digtributed nature of the land mass in the Indonesian region. AVERR hag the
advantages in this region of high gampling density and small footprint.
Present methods of SST retrieval applied in this region provide uppareat high

‘positive temperature anomalies where cloud cover allows retrievals te

proceed. While this is presumably a concequence of over correction for
atmospheric water vapor effects, adequate analysis is difficult to achieve
because of limited ground truth availability in the region.

Two related problems thus arise 1. evaluating AVHRR SST retrievals in the
Indonesian region. One concerns the regional nature of the processing appar-
ently required for AVHRR data and the second concerns the requirements and ¢
availability of ground truth information. AVHRR regression coefficients ¢
derived in one set of regional environmental conditions can result in large
SST errors when applied to data in other regions (JPL 1983, p.'5-3). Pending
a fuller understanding of the global atmosphere it may bec necessary to develop
regional processing algcrithms for multichannel water vapor corrections, a
process particularly czlled for in the Indonesian region. This in turn calls
for improved ground truth data sets both of SST and atrmospheric water vapor.

PR 5 Rur e

The omall AVHRR footprint is better suited to comparicson with ship point
measurcmentg thun the larger HIRS and SMMR footprints, SST retrievals from
which are better compared with binned ship data. The nature of shipping in
the Indonesian region suggests that point, rather than binned ship data are
more likely to arise. This raises a difficulty already experienced in working
with differently conditioned ground truth data sets. Reynolds (1982) nas
indicated that the widespread availability of ship near-surface temperature
estimates, notwithstanding the substantial noise in such data, makes it more
valuable than the more precise, but less dense XBT data. Further, single
point observations of SST are usually assumed to be representative of an
ensemble mean value over the spatial dimensions characterizing one or more
pixels (JPL 1983, p. 5-7). This assumption may require examination in parts
of the Indonesian region where comparatively large horizontal temperature
gradients may be expected.




Recommendations:

(1) Atteation should be given to developing regional multichannel pro-
cesging techniques applicable to the tropical region centered on
Indonesia. This will call for improved ground truth data sets in
the area. '

(2) Because the spatial density of ground truth data sets in the
Indonesian region can be expected to remain low, attention should
be given both to the development of high accuracy in ground truth
wherever possible and to the statistical significance of compari-
sons made with the data sets that do becowe available.

(3) Wherever possible, SST ground truth data in the Indonesian region
should include measurements illustrative of the spatial character
of the temperature field, notably over length scales comparable
with the AVHRR footprint. '

{(4) Cooperation in items (1)-(3) above should be sought from scientists
and institutions active in the Indonesian region in order to maxi-
mize the emount of ground truth data made available.
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CORRELATION TABLES
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. SUISKIND ., . C..0.21 C..0#0 C..3.32 C.. 0 08
N HIRS . . B.-0.54 8. -¢0? B @S2 P 923
_ .. . 8..123 8., 0.00 5.. 116 3.. ¢ ¥2
. . .. M. 739 .. 1 N 174 N, 1879
T WILHEIT, . . C..0 00 C..068 C.. 029
v W HILNAN . . .. B. 0.45 3. 107 B 843
SHAR MIGHT | .. . 8..0.00 S.. 00y 3.1 09
© CELL 234 - . .. H.. 1 M. 140 N, 739
. PAZAN . . .. - . c.. 0.9
: SHIPB . . .. .. .. 5. 82
: IS/CELL .. . .. . o .. 000
i - . . . .. N..
FCCE . . .- .. .. C..0.00
. 5uaTs . .. . .. .. b -85
.. .. . . . 8.. 185
.. . . . .. . 174
CLIMATOL .. - . . . . ..

e e s e . . e o



.. s .o . WIVHI T

0z N e .. .
650 °°g o T o T3II’s¢
328~ '@ o ) o 9dIN3
e ) . . o NITve
IZr N gL2 N o o
¥8'3 '8 ¢4 8 g e o
019~ 'd g1': ‘g °t " BEIH
63’ 2 39 "3 t o C¥Ix33n3
02 "M wi¥ 'n "
£5°0 ''gs g8’y ''s o ACH
€V 6- ‘8 (170~ g T ETXAY
Sv'e ©°0 e1'e > 0 Lage
M33/5¢ AQM
S4IKS (230 qrine
LI TY NYIVY axixssng ol

0s8dud) mes sautw BEJaiesadwas uvated Joan abrinay xg scrg
(SV0L,0a20300 prEwa wewuod 3% 48QwapN--ty ‘R q 8 qs
Uelietasg puepueg.-.a ‘Serg--q ‘ustietevaey Seean--)
Siuted prut wewwsos 3o 18)UsFLIa036s | Jureg Fxs

2850 0°09T @2 3 Bep ¢psz s bep 0y % u Bop 9795 suesbay
susy; 4933 s34 djowsuy 558 abrssay oe482g eny

dTuvIy yjaoy ‘6261 I2qudacy  (9)

Ao

T S e et . -




Wiwl

"e x
s s
s @ lex
e 2 WThvEL
Ve T, 8 Maveac
. Sdtun
20 e- & v o- €
Wwses 3 s 3 wive
[TV I (T I Y T I
728 8 A8 3 w08 % 1M13/5¢
8 B L2 Q€ e @ SdIMs
e D 4Le 3 Y23 weIvd
C OO K 1 S T 1Y N ot
e 8 W8 (SI 8 6§
£ LY 8- & (3 9- @ @GR O- & B9~ § svh
e "3 S1e- D xve ") ses 2 $31vd
-
| 30 ry \
O < 4182 W L2y WM G X MY M W o 15 1RO 00D
<< D ¥ 0 '8 ¢t 8 e B (v 0 8 Ve B dtrs/ewusg [
a o 1 8- 8 TZ0- € $30- @ VOG- € 20 @ e -
MWE D 4r 8 I VeI RSt 3 gE e ] 711N ,..f
- 02 ¥,
,
M Q TISC M MY N M2 R ST N G2 w122 M .
=0 213 3 01T 8 S1%T S LY B ez s 2vs g "2 117 o
O a. *5 8- °C 81 8- @ S1 2 @ 120 ¢ M @ f29 @ INSIN Pus i
P 098 D ST 8 I 430 3 4283 e e-" 3 ave '3 Lot .
]
) D
d STWY T BIY M SAZ M L2 M ALY M L1S2 M 2eRP T m !
238 8 B3V 8 G40 B 260 % 4LO 8 846 % et g - i
e ‘8 420- @ L20- @ 0 O- 8 LN 8 02 g 610 ¢ surM
090 73 118D ETe I N8 CD L3 E1yY 3 v D Cuiug3ns:
Tise B vy "M S92 W SAL TN GEY M SEST K GeRT M 217 M
S0 "8 820 °8 €S8 8 150 "8 460 L 458 8 (40 8 St g
18- 8 914 € 48 € X C 8 I C 14 @ VeS- g SZe- @ Y
068 "3 658 3 #9090 I (98 I 24 I K383 €S9 D S e D wven
430 WOV N S9Z N SAL T W LY H NN N RIBT M aLSe W 628y N
400 "8 1208 4208 WO 3G 8 230 5 408 24 s CZ0 8 Lt
h 0 8 28 & 58 @ 408 G IV Q40 8§ W0 & 209§ W'Y @ Ay .
$00 770 @50 T3 <96 T3 490 D N2 0 3 190D ¥ e D SEE D s e ) woN
CZCO TR WL UM ST CH WY M RIS M S22 M LYSE M 2T M 2TV N veZv N ey
T68 °°8 4L 0° € 0260 °°8 Lv0 "G L3I0 € K18 § T4V 8 S48 3 YL S [ra s [
I O- '8 <O - & 800 & 408 & £Z8 Q VT 9- € LZ0- @ fr 0- € NI'O- ‘Q <L 0- @ I
$06 73 150 73 S8 3 ¥ T3 N30 3 150 D b8 D er M3 %es D EEt D wvon
2£180MCT wu
TI/A2C Vi3IS I/ w8 er2 3133 Jec1) Avg
‘a8 [T DG svA WM INTIN WS SR [ [T ey
WIWIT WNeswwel wive WOIVE  BIVE  /IWIA weR M EXIFCSNS vyon Fvon s

CBIEIVIOINE) KEs Cauiw TEINL0 s0HwE} Weele3 J0s0 abesser 0y eorg
(SUOTIVAL08Q0 PIICS WOUNED 46 OQuIN--K ‘SITQ Jaoqe

NLLTIseg PpI $--8 ‘001g-.g ‘Getal0a0) $88)--3)

Sauied prad vewwe2 4o (B)ustivessnze § aseal 3y

3600 0t i I bap gy ‘S bap g 95 as 4 Bop g 4y curiley
SUOTIFLasI0] 0304) dioweuy 185 S87404y sasdeg oa)

18Q0{9 ‘1861 13qwadag (3)

Y
E{.:"“" -

.
Yargob, . Ao
AR




g

4

g S
Lb—ﬁ-s e

R TSNS,
L2

!
(S
:

(8) December 1981, North Pacific

Twe Degree Average £37 Anenaly Cress Cerrelations
Regien:, S5.0 deg M te 20.8 deg N; 100.0 deg € ve 290.8 deg E

At lesst 1 edservation(s) at cemmen grid peints

(C-~Cross Correlation, D--Blas, S--Standard Deviatien

abest bias, N--Nenbar of cCommen valid ebservotions)

Bles 13 sveraga sver coelumn tenperateres ninvs row tenpe-stures

NDAA NOAA NOAA SUISSKIND WILHEIT/ PAZAN TRANSPAC CLIMATOL
AVHAR AVHRR AVHRR HIRS HILHAM  EHIPS xBT
DAY NICHT SMMR NIGHT )S/CELL
DEC CELL 234
NOAA .. C.. 695 C..0.99 C..0.40 €. . 5.32 ¢.. 0.75 €.. .73 C.. 0. 00
AVHRR .. B. 0.84 B. 0.03 D, 74 B, 1.31 B. 0.48 B. 0.48 b. 0. S?
DAY .. 8..0.25 8.. 0.44 8.. 0.00 B., 1.28 8. . 0.54 8., 072 8., 0.82
pec .. N.. S81 N.. S81 MN.. S8t MN.. S7¢4 N.. Jo4 N.. 183 N.. SB1
NOAA .. . C..9.98 C.. 0.43 C.. 8.08 C.. 0.77 .. .75 C.. om0
AVHRR .. .. B. -0.03 D. 0.680 P. 1.25 B. 0.44 B, 0.47 3. @ 53
NICHT .. .. S..8.16 8., 9.65 8..1.27 §.. 9.59 §.. $.70 8.. ¢.80
‘ . .. .. N.. S95 N.. S§S N.. '$72 N.. 376 N.. 188 M., 59§
“
Iy HOAA .. .. .. C..08.43 C.. 0.09 C.. 0.77 C.. 0.75 C.. 0.0
1 > AVHRR .. .. .. B. 0.74 B. 1.28 3. #.44 D. 9.4s B. 0.53
J éa .. .. .. 8..066 8.. 1.26 5.. .50 8.. 9.73 3. 0.03
i .. .. .. H.. 595 N.. 372 N.. 376 N i88 N.. S9s
1
t BUSSKIND .. .. .. .. C.. 8.86 C.. .29 C.. 9.27 C.. 0.00
L] HIRS .. .. .e .. B. 8.57 B, -0.31 B -90.39 B -0 1p
) .. . .. . 8..1.20 8.. 0.8y 8.. 1.20 8.. 9 89
i .. .. .. .. ] S72 N.. 37s M.. 188 N.. S9s
)
WILMHEIT/ .. .. .. . .. C.. 0.22 C..0.25 ¢.. 0.38
MILrAN .. .. .. .. .. B. -1.¢8 B, -1.39 B. -9.74
EMMR MIGHTY | e .. .. .. 8..1.10 8.. 329 5.. 1. .84
CELL 234 .. e .. .. M 361 N.. 183 N.. S72
PAZAN .. .. e . .. .. C..0.63 C.. 9.8
SHIFS . .. .. .. .. .. 3. -0.04 > .18
¥S/CELL .. .. .. .. .. .. S.. 8.84 8., 0.8
.. .. .. . . .. N.. 155 M. 37
TRANSPAC .. .. .. .. .. .. .. C.. 0.68
XBT .. .. .. .. .. .. .. 5. 0.43
.. .. . .. .. .. .. 8.. 1.88
.. . . . .. . . N 189

CLINATOL o .. .. .. .. .
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(h) December 1981, Mid Pacific
! Twe Degrue Average SST Anonaly Cress Cerrelatiens
Regieny 20.0 deg N te 28,0 dog 9, 189.9 deg E te 2v0.0 deg €
At 1mast 4 edservation(s) at coemmen grid peints
(C-~Cress Correlation, B--Bias, S~-Standerd Deviatien
asbeut bias, N--Nunber of cemmsn valid sbservatiens)
Dias is oversge sver celumn tenpsrateres ainvs rew tempersteres
NOAA NCAA NOAA SUSSKIND WILHEIT/ PAZAN TRANSPAC CLINATOL
AVHRR AVHRR AVHARR HIRE RILMAN EMHIPS x7
DAY RICHT SMMR MICGHT )S/CELL
pEC CELL 234
NOAA e - C..0.58 C.. 9.92 C.. 9.49 C.. 0.33 C.. 8.45 € 3.28 ¢
AVHRR . B, -0.13 B. ~0.07 B. -$.39 B. -3.35 B. 0.32 3. -8.21 B
DAY .o 8.. 0.82 S.. 0.33 8.. 0.87 B.. ¢.95 8.. .69 8 9.7 8
DEC .. N.. 998 N.. 1809 N.. 1009 NK.. 933 N.. 4 N "N
NOAA .. . .. C.. 0,77 C.. 9,27 C.. 0.39 C.. .34 C.. .58 C.. 0.00
AVHRR . . - B, 0.95 B, -0.26 9. -0.24 B. 9.11 B, .11 B. .08
NIGHT .. B.. 036 8., 0.5 B.. .79 B.. 0.5% B.. 0.43 9.. § 42
. M., 1043 M., 1943 N.. 1015 N.. 41 N.. 89 N.. 1043
. NOAA .. . C.. 8.25 C.. 8.36 C.. 9.42 C.. 9.4 C.. 5.00
N - AVHRR .. . .- B. -0.33 B. -0.30 B. 0.27 B. -0.02 B. -9.06
' ve) . .. . 8.. 0.70 8.. $.85 S8.. .54 S.. 9.53 8.. .60
i . .. .. N.. 1056 N.. f026 M.. 43 N.. 98 N.. 1858
. _ 00
; SUSSKIND |, . .. .. C.. 0.08 C..~0.43 C.. 0.43 C.. 0.08 3
} HIRS .. .. .. .. B. 9.02 B 027 B 037 B. .27 oo
. . .. .. 8.. 1.08 8., 8.2 8 9.57 8.. 0.5% (@] EE
' .. . N.. 1033 N,. 4 N e n 1064 (@] »
; <~
)
WILHEIT/ . . . . .. C.. 953 C.. .50 C.. 0. 00 Lo By ]
MILMAM . .. . .. N B, 0.46 D .42 B 0.29 T >
SMMR NICHT . . . .. . B.. 0.68 8.. 8.70 SB.. ¢.85 N
CELL 234 . . . . T ?3 N.. 1833 Cm
3
PAZAN . . C..-0.24 ¢ 0.00
SHIPS . .o .. .. .. . B 0.36 B. -0.09
JS/CELL .. .. .o .. .. e 8..0.723 8 0.43
.. .o . .. .. . L] 3 N 41
TRANSPAC . .. .. .. .e . C.. 0,900
Xat . .o .. .. .. .. D. -t8.10
.n . .o . 8.. 0.53
- . . N.. 98
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Twe Degres Average SST Anenaly Cress Cerrelatisns
Regien: 28.0 deg 8 to  56.0 deg S, 100.0 deg € te 290.0 deg E

E"" e L Al ot RN Y A D WO gy S S 0N e Py gy e ;M-..-_.._..--__.___,
g

i

% (i) December 1981, South Pacific

|

AT lwast 4 ebservatien(s) at cemman grid peints

(C-~Cress Correlatisn, B~-Piss, S--Stenderd Devietien

absvt bias, N--Nunber of commen volid sbservetiens)

Bias {s aversge ever column temperatures minus row tanpereteres

NOAA HOAA NOAA BUSSKIND WILHEIT/ PAZAN  CLIMATOL
AVHRR AVHRR AVHRR HIRS HILMAN SHIPS
DAY NICHT BANY NIGHT )S/CELL
pc CELL 234
NOAA .. .. 9.50 C..9.87 C..0.50 C.. .25 C..0.47 C.. 0.0
AVHRR .. B.-9.96 D.-0.38 B. -9.86 D.-0.70 B.-0.59 B. -817
DAY . B..0.75 8.. 8.3 8..0.83 G..1.00 B.. 0.83 $.. 8.8
DEC .o M. 1049 N, 10S3 N.D £052 N.. 714 N.. 32 N.. 1453
* NOAA .. . €. 078 C..0.37 C.. 0.1 C..0.49 C.. 0.08
AVHRR .. . B. 0.55 B. 0.6y . 0.43 B. 099 B. 000
NIGHT . .« 8..D0.55 8. 8.70 8., 110 8.. 0.56 8., 0.72
i . e MO 4895 NOD 1074 MDD 732 MDD 12 WD 1695
!
i 3 NOAA . . . C.. 0.49 C.. 0.14 C.. 0.7 C.. 0.08
r AVHRR . . .. B. -0.47 3.°-0.23 5. -0.02 B. 0 .24
= . - . 8..0.62 B..1.65 8., 9.60 8., b.73
.. - s MU 1098 MDD 736 NI 42 N 1899
BUSSKIND .. . .. . C.. 0.46 C..~0.01 C.. 0.09
HIRS . - . o 3012 0 ei7a B el
. .. - e B..4.12 8. 0.95 8., 0.67
.. - . . M. 735 N.. 12 WD 4098
VILKEIT, .. . . .. .. C c.. o
MILWAH L. . . . D 5. el
BHMR MICHT .. .. . .. .8l $..0.93
CELL 234 .. .. . - Nl N 738
PAZAN . .. .. .- . ‘e C.. 0.0
SHIPS . . . .o .o . B, -0.14
YS/CELL L. .. - . .. Bl usy
. . . . - : Mo a2

CLINATOL . .o .. .. .. .
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Regien:

At lesst
(C--Cress Corrctlation, B--Bias, S--Stendard Deviatien

abevt bias, H--Nunber of connon valid ebservations)

Bias is aversge sver celvmnn temperaturos ainus rew temperatsres

HOAA

AVHRR
DAY

DEC

NOAA
"AVHRR
NIGHT

NOAA
AVHRR

SUSSKIND
HIRS

WILHEIT/
NILMAN
BMIMR NIGHT

CELL 234

PAIAN
SHIPS
IS/CELL

CLIMATOL

Two Degree Average SST Anenaly Cresa Cerrelations
56.0 deg N to

NCAA
AVHARR
DAY

DEC

.

(j) December 1981, North Atlantic

0.3 deg 8,

290.0 deg € te 368.8 deg E

1 edservationis) at cemnen grid peints

NOAA
AVHRR
NIGHT

NOAA
AVHRR

SUSSKIND WILHEIT/ PAZAN
SHIPS
SHMR NIGHT )S/CELL

HIRS HILHAN
CELL 234

C.. 0.20 C.. 3.4
B. 0.16 B, 0.21
8.. 0.79 8., 1.29
N.. J44 WN.. 333
C.. 6.48 C.. 06.32
P, 0.44 B, .00
8.. 0.74 8.. 1.18
N.. 420 N, 373
C.. .19 .. 0.286
B, 0.16 B, 0.10
8..0.73 8., 1.4
N.. 420 N.. 373
. C.. 0.80

.. B, -0.02

.o 8.. 1.35

.o N.. 373

c..
B.
8.. 0.4
N..

ZVD

ZOWO

ZHhWN

ZRWO

9.6%
9.22

233

co=
N

a5%

9.74

L ¥-]
>
-0

.. @SS

. 9.13

-0.10
. 0.77
. asS

. 8.33
~6.42
1.4

.. 227

CLIMATOL
C.. s.00
b, -0.10
8.. 0.66
N.. 344
C.. 0.08
B. -0.13
8.. 9.57
N.. 420
C.. 0.¢0
B. -0.10
8.. 9.56
N.. 420
C.. 0.00
B, ~-0.27
5.. 8.58
N.. 420
C.. 0.408
B, -8.22
8.. 1.23
N.. 373
C.. ¢.00
B. ~-0.14
8.. 8.55
N.. 2SS

ALIWND uood =g
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(x) March 1982, Global

Tue ree Sverage Sﬂ Anongly Cr
!"lm L ] 0: S6.0 '4 oy

Correlotions
deg E 10 340.0 ¢eg €

ten,
snhor of connen vilid
Dies 18 average tver Colean tenperateres minvs Fou TBRperateres

HOAA SUSSKIND MWILWAN  WILMEIT/ DATES  PAZAN PAZAN 12ASPAC  CLINATOL
anme KIRG  Ganm MICHT  MAN vAS sHIPS sHirs x?
DAY CEWL 234 IS/CELL  D20/CEAL
[
NOAA ..
Pty .
pAY ..
nar .
oA .. C..0.01 C.. c.. 0.08
Anar o 3 e B 5. 0.04
NITHT . .02 8. 5. 09
. N 2474 W . N as7y
NOAM .. €..0.58 C.. 820 C.. 0.67 C.. 0.84 C.. c.
peres . . 0.81 3. 8.8 B. 834 B 837 O, »
. 8..0¢Y .. 8660 8.. 051 S, 9.53 8., .
. N.2SIS N, A2 M. 793 W.. 235 H.. n.
susszd .. .. .. .. c.. c.
Hizg . . . .. .. ».
nILMAN .. . - .. .. €. C..0.07 C.
SheR WIGHT .. . . I . [ 2 eS8,
CELL 234 .. .. .. .t . s .. 1.45 8.
I . - . . n. n.. 248 n
M 31 72N . N .. .. . C.. 0.2 C
SANZ/BHIP .. .. .. . . . S.. 042 8.
COMPOBITE .. i . . . n . "
pATER . . .. .. . .. .. C..0.ax €
vas . . .. .. . . .. 3. -3 B
.. .. . .. .. . .. c..057 8
.. . i . . . - . ss N
PAZAN . . .. .. . .. .. .. c C..039 C..o0 a0
aHIPS - .. . . . . .. . ». -2.27 0. 0.0y
IS/CELL . . .. . .. . . B. 06y 8 . 052
- . . . . . . . . o202 N 7S
» .. .. . .. . . . . C..90.35 C..0.00
mﬁf:: . .. .. . .. .. R e
o o : .. .. .. . .. 080 8. 8.
rasccElL .. .. - - - : - ‘ : : 1w Ve
c..»
mawEC .. .. .. .. . . .. .. . . .
XBT . .. . .. . .. . i - . 5.
.. . i . .. . 5.
. . o o . . . . o R w.
sl .. .. .. .. .. .. . . . . .
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(1) March 1982, North Pacific v
4
Tus Degree Aversge SST Ansnaly Cress Cerrelstians ,
Region: 56.8 deg N te 200 deg N, 108.0 deg E te 278.0 deg € f‘
/
At least 1 edservetionis) at cemnon grid pesnty 4
(C-~Cre~s Cérrolation, D--Bias, S--Standard Deviatien .
absvt Dias, N-<~Nember of cosnon valid sdservatiens) .
* Dies 1is average sver column tenperatures minvs rew temperateres A
L,
NOAA NOAA NOAA BUCSXIND MILMAM WILHEIT/ PAZAN TRANSPAC CLIMATOL
AVHRR AVHRR AVIIRR HIRS SHMR NICHT HAN SHIPrS xT 0
DAY NIGHT CELL 234 ENFR/SHIP )S/CELL M -
HAR CONPOSITE t
NOAA . C.. .20 C. C..0.11 C.. 8.31 C.. $.45 C.. 834 C.. 8.44 C.. 0.00 ;
AVHRR .. B -0.31 B. B. 0.64 P 211 B, 0.20 B, B 22 9. 810 B. 6.30 [
oAy 8.. 8.52 8.. 8.. 403 S . 112 8.. 0.73 §.. .65 S.. 0.3 8.. 1.73 /
MAR N 483 N, N.. 483 M., 429 N.. 434 N.. 344 N.. {93 N 483 A
’
'
NOAA C..018 ¢ 039 ¢ 8.62 C.. 0.56 C.. 0.5 C.. 8.0
AVHRR .. .. . 1.3 B .4y b 0.55 3, 4.5 5. 030 B 074
NICHY .. . 8.. 0.93 89 i s 0.S4 S..  0.46 5.. 0.683 B., ¢ 57
.. . MN.. S5 N S34 N S38 N, 434 N.. 25% N., 59S
NCAA . - .. C.. 90.13 C.. 9.38 C.. 288 C .52 C.. 0.52 C
AVHRR .. .. .. B. 891 B 049 B 045 D 950 5 830 3
. 8.. 095 S.. 103 £..09%3 S .49 8., 0.82 8
. N SPS MN.. S3¢ M., S38 N 434 M. 251 N
I>
Lt SUSSKIND . C..0.09 C.. 036 C .43 C.. 0.17 C.. s. 00
w HIZ8 . B =0.56 B. -0.58 B -0.47 B, -0.62 B, -0.27
8..1.32 8. 0.97 B8.. 0.95 8., 4.24 S.. 0.85 {
.o M.. 534 N.. S3A N 4314 N 251 n. 1143 H
HILMAW .- .. .. C..0.86 C.. 0.37 C.. 3.25 C.. 3.90
SANR NIGHT .. i, . D ees B -88s B -038 B 827 g o]
CELL 234 - . 8.. 003 S.. 0.9 S5.. 1.26 8.. 1.09 ﬂ
.. . N.. S38 N.. 392 N.. 226 N. 534 0 9
o2
WILKEIT, . .. c.. C..8.35 C.. 0.00 o>
KAl . . B. b -0.28 B ¢.22 Qre
SMAR/SHIP §.. 8.. 0.9¢ 8. 0. 60
COMPOSITE N.. N.. 228 W.. s18 O
S5
PAZAN . . C.. » 8¢ .2 m
SHIPS . . B. 0.27 e
»S/CELL . 8.. 0.48 1 -
. M. 434 (]
TRANSPAC . c..
xBT . . . . o . B.
. N,

CLIMATOL
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(m) March 1982, Mid Pacific

MINTR SRR WAL -

Ywe Degree Average §3T Ansmaly Crs Correlations
Regien. 20.0 deg N te  20.0 doqg 8, 103C.F deg £ te 290.8 deg £

At least § ebnarvatian(s) at cemnen erad paints

{C--Cross Correlotion, D~--Dias, §~-Standerd Deviatisn

adsvt bias, N-~Nunber of comnen valid sbservatiens)

Bias 48 average over Coloma tonperaturss ainvs rew tenperateres

m— & VT

HOMA NCAA NOA SUSSXIND MILMAN WILHETY/ BATES PAZAN TRANSPAC CLIMATOL
Airg AHRR AVHRR MI&S SAMX NIGHT  Han VAl SHIPS xatr
DAY NIGHT CELL 234 o
NCAA .. c.. ’
AVHAR . . :
DAY . 8.. -
naR .. L]
l"
HOM .. c. . 0.43 C. . ‘.
AVHR R o | B 9.28 B. ’
NICNT .. 8. - 0.3 8.
.. N . . N B
NOAA .. . .. C..90.34 C.. 0.58 C.. 90,53 C.. .38 C. .
AVHRR . . . 3. -0.80 B. -0.19 B, $.16 D. 6.2t B,
. . .. 8..0.55 8.. 045 3.. 048 8., $.39 8.
. .. . N.. 1952 N 1623 N 1841 N.. 3 N
SUSSKIND . . . . . €. €. c. C.. . .08
S HIRS .. . .. .. 13 ». [3 .. .
t . .. .. .. 8. 8. 8. 8.
L . . . o L N N. "
&
NILAN . . .. . .- c. c.. C.. 037 C.. .09
ER NICHT . .. . .. .. | R D B »
CELL 234 . . . . s. 8. $.. 8.
. .. . .. . ", . N.. N n..
YILHELT/ .. . e . - c.. c.. 8043 C c..0.»
HAN .- . .- o .. . 0. B ~8.14 D D. ~0.26
SMMR/SHIP . . . . .. .. . 8.. 0.4 8 $.. 8.44
COWO3LITE .- .. . . .. . L] .. I N N, 18353
PATES . .- . . . . c. C..-9.15 €
VAS . “e .. . ‘e .o . ». . ».
. .. ‘e . . . .. 8..0.9S 8., i
e .. .. . .. . “. . L N 1 N, 4
PAZAN .. . AN .. .. . .. .. C..0.42 C.. 0.0
fHIrs . e s . . . .o .. . 3. ~4.05 B -b.0b
IS/CELL . . . . N e o . S.. 030 3., 02
.. . .. .. . .o .. . [ 1S N,
TRANSPAC . . . . . . g.
XRY .. .. . . .. . "
« .. N .. . . . . . N
CLIMMTOL . .. .. .. . . - . .. .
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(o) HMarch 1982, North Atlantic

Twe Degree Aversge 337 Anenely Cress Correlations
Regien: $6.8 deg N te 0.0 deg 8, 290 .0 Ceg E te 340.0 deq €

At lesst | oebsersvationis) ot connen grid peints
{C~-Cross Correlation, D--Diass, S--Standard Deelation
abent Biss, M--Meaber of Connen valld ebrarvatiens)
8108 1s sverags over coelvmn temparaturss ninve revw tempersteres

NOSA NOAA NOAA BUSSKIND MILMAN BATES  PAZAM CLIRATOL
avvag AVIHRR AvHRS NIKS  SaAR NICH™  vAS BHIPS
DAY NICHMT CELL 234 IS/CELL
nax
®OAA .. C..0.727 C.. 0.89 C.. 660 C..-0.15S C.. 0.46 C . 8 S7 C.. 0 o8
v AVHRR .. . -0.42 ¥. ~026 B, 0.26 3. -4 02 5. 949 D BRe B 9.02
. DAY .. 6..0.50 B.. 937 8..182 §.1.3 S..90.63 5..060 S.. 881
nax .. M., 356 N.. 3IS? M., 3IS7 N.. 277 N.. 118 M.. 2%% N.. 357
NOAA .. .. C..0.95 C..0.8% C..-906 C.. 0.5 C.. 0.66 C.. ¢ 30
AVHRR .. .. B. 0.13 B. 0.5 5. -8.62 B. 1.35 9. 0 44 B, 8.42
NIGHT .. .. .. 0.7 S 8 €5 B..115 G..0.48 3.. 543 8. 9. %7
. .. M. 41% M. 19 M. 335 N.. 1314 N.. 287 N.. a1®
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: ' " RGAA .. . .. C..8.88 C..-3 97 C.. 0SS C.. 2.87 C.. 8 08
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M . .. .. .. N, 335 N.. 114 N . 257 W.. 420
3
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. .. . . . N, 188 N.. 213 N 335 .
BATES .. . .. . .. . C..9.50 C.. .98
VA3 .. .. . .. .. 2. -05% B -1 82
.. .o . - . . $.. 852 8. 9858
.. .- .. . N.. 10h N, 18
FAZAN .. .. .. .. .. .. C..e 80
SHIPS .. . . .. . .. . -9 05
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(p) July 1982, Global
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Regqion. 3 S dog N te 300 dey B, 90 6eg L to 340 0 0eg &
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tC-~Crose Corratation, B
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Table A-2.

Statistical Comparisons Between 2°

Cell Spat

oo aa
ey

AVHRR
ROV

SUSSKIND
HIRS

WILKHEIT/
HILMAN
SHMR NICH
CELL 234

PAZAN
SHIPS
)S/CELL

PAZAN
SHIPS
Y20/CELL

FOGSE
BUOYS

TRANSPAC
XBT

CLINATOL

ial Smoothing. All Data Masked up to 600 km from Land:

Tws Degrew Average SST Anenaly Cress Correlations
Regien: 56.0 deg N to  56.0 deg S, 8.0 deg L te 350.8 deg E

At least 1 ebaervation(s) at conmon Qrid peints

(C--Cress Correlation, B--Bias, S5--Standerd Drviatisn

sbevt bias, N--Nunber of common valid ebscrvatisns)

Bilas {3 average svoer celumn temperateres minss rew tenperate-es

NOAA SUSSKIND WILHEIT/ PAZAN PAZAN FGLL  TRANSPAC CLINATOL
AVHRR HIRS HILMAN  SHIPS SHIPS BUOYS xBT
NGY SMMR NIGHT )S/CELL  )20/LELL
CELL 234
.. C..8.34 C.. 046 C.. 0.78 C.. 087 C.. 9.00 C.. 9.78 C.. 0.00
.. B. -0.53 B. -5.21 B. -0.24 B. -0.32 B. -0.16 B. -0.20 B. -9 65
.. S.. 8.78 9., § 57 5..2.35 S..0.42 S.. 0.00 S.. 0.32 S.. 9.74
.. H.. 3087 N.. 1502 N.. 324 N.. 6 N.. 1 M., 30 M. 3108
. . C..9.31 C..8.48 C.. 90.06 C.. 0.00 C..-0.03 C.. ¢.0a
. . B. -0.34 B. @.20 B. 0.45 D. 0.26 B. 0.2 B. -0.55
. §.. 089 S.. 0.62 S.. 0.56 S.. 0.80 S5.. 0.68 5.. 0 64
.. .. N.. 1846 N.. 324 N.. 6 N, 1 N.. 30 M. 3597
.. .. . C.. .59 C.. 0.9 .. £.. 8.32 C.. 5.00
. .. . B. -9.72 B. -2.11 - B. -8.26 B. 0. 14
T . . S.. 0.81 S.. 0.42 . S.. 8.64 5., 0.89
.. . . N.. 152 N.. & N.. 27 M. 10SS
. .. . C.. 1.00 . C.36s C.. 860
.. .. .. . B. ©.00 .. B. 015 8 2.00
.. . - . S.. 8.80 .. S.. 034 5. 854
. . . . N.. s . M. 2y N.. 324
. . .. . C.. 000
. . . . B -9 24
. e . S . 013
. . . . N 6
. . . . €.. 8.93
. . .. .. . B. -0 77
.. .. . - S . a.00
. . . N 1
.. . .. . . C.. 3.0
. : . . . 0.33
. .. S.. 0.44
. .. N, 30

(a) November 1979, Global.

Latitude-Longitude Binned SST Anomaly Fields with 3 x 3

T AT U e LM . A8 =8 e . e—
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(b) November 1979, North Pacific

Two Degree Average SST Ansmaly Cress Correlations
Regien: 56,0 deg M to 20 0 deg N; 100.0 deg € ta 290.0 deqg E

At Jeast | ebrervation(s) at comnen grid peints

(C~~Crass Correlatien, B--Pias, S--Standard Deviatisn

abewt Dias, N~~Nunber of commen valid sbservations)

Blas is average over Colvren temperatures ninvs row tenperateres

NOAA SUSSKIND WILHEIT/ PAZAM TRANSPAC CLIMATOL
AVHRR HIRS HILMAN  SHIPS BT
NOV SMMR NIGHT )S/CELL
, CELL 234
NDAA .. C..9.45 C.. 0.80 C.. 8.85 C.. 0.76 C.. 0.80
AVHRR . B. -9.03 D. 0.16 B. -8.27 B. -0.24 B  0.04
NOV .. S..0.61 §.. 075 S.. 0.33 5., 0.32 8.. 0.63
. N.. S87 N.. 408 M.. 175 N.. 29 M.. 697
SUSSKIND .. .. C.. 8.23 C.. 3.49 C..-2.28 C.. 0.00
HIRS .. . B. 0.28 B. 0.06 B. 0.26 B. 0. 07
.. . 3..6.97 S.. 8.65 S.. D.69 S.. 0.52
. .. N.. 400 N.. 176 N 29 N.. 507
> WILHEIT, .. .. .. C.. 9.58 C.. 6.54 C.. 0.08 S% §3
ro HILMAN .. . . B. -8.76 B. -0.34 B. -0.24 =
w SHKR NIGHT .. .. §..0.78 S.. £.53 5.. 0.94 oD
CELL 234 . . N.. 148 N 26 N.. 400 gg =
=
= B
PAZAN .. .. .. . C.. 068 C.. 8.08
SHIPS L . . . 3. 815 B. 0.19 O
$S/CELL .. . . .. S.. 8.34 S.. 0 81 <>
. . . . M., 29 n.. i7e =0
m
5—
TRANSPAC .. .. . . .. c...0.00 [72]
xaT .. .. . . . b. 8.37
. . .. . S.. 0.40
. .. .. N 29

CLIMATOL .-
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(c) November 1979, Mid Pacific

Tue Degree Average SST Anenaly Cressy Cerrelations !
Regien: 20.0 deg N te 23.0 deg S, 100.0 deg E te 296.0 deg E

At leant 1 ebservatients) at comnen grid peints
(C-<Cress Correlstion, B--Biss, S~-Standard Deviatien

abest bios, N--Numder of cennmen velid sbservations)
Bies is aversage ever colunn terperatures ninus row temparatvres
MOAA SUSSKIND WILHEIT/ PAZAN FGGE TRANSPAC CLIMATOL
AVHRR HIRS HILMAN  SHIPS BUOYS XBT
NOV SMMR NIGHT >S/CELL
CELL 234 .
NDAA . C.. .77 c.. 0.34 C., 0.99 .. C.. 0.2 C.. 5.00 1
AVHRR .. B. ~0.42 B. -1.08 B. -2.05 .. B, 0.06 B, -9.92 ¢
NOV .. 8.. .30 S.. 9.67 S.. 0.94 .. S.. .80 S.. 0.81
.. H.. 618 N.., 585 N.. 4 .. N.. 1 N 514 -
: !
SUSSKIND .. .. C.. 9.13 C.. 0.76 .. C.. 9.00 C.. 0.08 *
HIRS .. .. B. -0.29 B. 0.45 .. B. 8£.27 b, -8.43
. .. 8.. 8.77 S.. 9.0 .. §.. 2.00 5., 8.47
.. .. N.. 928 N.. 4 .. N.. 1 N.. 983
> WILHEIT/ .. . .. C..-0.14 .. C.. 0.60 C.. 9.90 '
(] HILMAN .. .. .. B. 0.79 . B. 1.66 B, -8.06
n SMMR NICHT . . . s.. e.21 . S.. 0.00 8.. 0.56
CELL 234 .. .. .. N, 4 .. N 1 N, 934 L
PAZAN .. .. .. .. .. .. C.. 038 )
SHIPS .. . .. .. . e B. -0.2¢ 4
¥S/CELL .. .. .. .. .. .. .. 8.2 *
.. .. .. .. .. .. N.. 4 i
FOCE .. .. .. .. .. .. .. ‘ ) ‘ ’
BUOYS .. .. .. .. .. .. ..
TRANSPAC .. .. . .. .. . C.. 8.00
XBT .. .. .. .- .. .. B. -0.63
. ’ .. .. .. .. . S.. 6.60
. .. .. . .. . N 1

CLIMATOL .. . ..
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(d) November 1979, South Pacific

Two Degree Average 5ST Anenaly Cross Correletisns
Regten: 20.0 deg S to 6.0 deg S; 100.8 deg E to 290.8 deq E

AT least 1 ebservatien(s) at comman grid peints

(C--Cross Correlation, B--Pias, S--Standerd Deviatien

4bowt biay, N--Number of commen valid sbservations)

Biss 1w average over celumn terperatures minus row temperatures

NOAA EUSSXIND WILKEIT/ PAZAN FCLE CLINATOL
AVHRR HIRS MILMAN  SHIPS budY8
NOY SMMR NIGHT >S/CELL
CELL 234
NOAA .. C.. 0.23 c.. 0.79 .. .. C.. 0.80
AVHRR .. 8. ~0.82 B. -1.2% .. .. B. -0.85
NOV .. §.. 9.96 8., 09.59 .. .. S 9.90
. N.. 831 N. 547 e ‘e N.. B4A2
SUSSXIND . . C.. 0.47 .. .. C.. 8.00
HIRS .. .. B. -0.73 .. .. B. 0.23
.. . 8.. .78 .. . 8.. 8.59
.. .. N.. 5t8 .. .. N.. 994
WILKEIT/ .. . . .. C.. 0.00
MILMAN .. .. . .. .. B, 0.79
SKMR NIGHT .. .. . . S.. 0.66
CELL 234 . . .o . N.. S21
PAZAN .. oe .. . .
SHIPS .. .. .. . . .
)S/CELL .. . ... .
FGCE . . .. ..
BUJYS .. .. ..
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{(e) November 1979, North Pacific N
A
. P
e
r, 2
vl
Tue Degree Averasge SST Ananaly Crons Correlations 7'}/
Regien, S6.0 deg N te 9.0 deg 8; 290.9¢ deg € to 386.90 dag E . S
At least 1 edservation(s) 8t comnen grid peints ] ",
(C~~Cross Cerrelatien, B~-Bias, S-~Stendarg Deviation r _’
sbevt bias, N--Numnber of CoOnnen valid observeticns) L.
Blas is average ever colunn tchperatures minus row tenperatires R
o #
i
o
KOAA BUSEXIND PAZAN CLINATOL i
AVHRR HIRS EHIPS -
NOV IS/CELL
NOAA .. C.. 8.15S C.. 0.41 cC.. .08 .
AVHRR .. B. -9.30 B. -9.20 ». -0.38
NOV .. S..90.62 8., 0,38 3., 8.386
e N.. 278 n 144 N.. 29 .
SUSSKIND . .. C.. 0.49 €., p.g0 H
HIRG .. .. 9. 0.35 B. -3 ¢3
. .. 8.. 0.52 8., 9.5
.. .. N.. 144 N.., 314
o>
U
5 PAZAN .. .. .. .. 0.08 : ' :
SHIPrS . .. - B. -9.23 :
}S/CELL .. .. N S.. 6.33 ,
. . .. N. 144
CLINATOL .. .. .. ..

e T e e U
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(f) December 1981, Global

Tus Degree Average 83T Ancmaly Cress Cerrelatiens

Regien:

At leasy

S6.8 deg N te

56.0 deg 8,

1 sbservatrienis) at comnen grid psints
(C~~Crcss Cerreletion, B--Bias, S--Sterders Dovl‘tlnn
abost bias, N-=Nunber of conmen valid o

9.0 deg £ te 3600 deg € °

Bizs i averaqe esver Colvean tenperatures thtl rew tomperatures

NOAA

AVHR R
DAY

2

NOAA
AVHRR
N1GET

NCAA
AVHRR

SUSSKIND
HIfS

WILKELIT/
KRILMAN
SMMR NICGHT

CELL 234

PAIAN
SHIPS
IS/CELL

PAZEN
SHIPS
228/CELL

TRANSPAC
xBT

cLiratoL

HOAA

AVHRR
DAY

BEC

NJIAA NOAR

AVHRR
NICHT

TOo0

z@'p

AVHRR

SUSSKIND WILKEIT/ PAZAN

HIRS

. 8.36
-0.36

.80
. 3373

.~0.82

8.82
. 1.47
. 308S

. 8.42

-9.23
. 0.47
. 37970

HILMAN  SHIPS
SHMR MNIGHT )S/CrLL
CELL 234
t..e¢20 C 8.09
B. -80.10 B. 0.3
$..1.01¢t § .29
N.. 2578 N 232
C..-3.12 C..-8.11%
B. 0.33 b. 9 43
8..4120 8..,078
N.. 25414 N.. 213
C.. 8.23 C.. 0.93
B. 0,06 B, 0.33
8.. 09 8..8.28
N.. 2431 N.. 235
C.. 0.24 C.. 0.45
D. 0.4 B. -0 21
8.. 0.87 8., ¢.42
N.. 2863 N.. 23%

C.. 9.4
B. -0.71
S.. 0.79
N.. 226

PAZAN
SHIrS
Y20/CELL
C.. 1.8
3. 0.3
S.. 8.99
N, 2
C..-1.08
B, 1.6S
8.. 0.2%
N.. 2
c..
.
$..
N..
c.
B.
S..
N..
€C.. 0.9:
b. -0.81
S.. 0.7
N 2
C.. 188
B. ¢.00
8.. 0.00
N.. 2

TRANSPAC CLIMNATOL
xpT

e TVwO ZXUOwn XEwD xhen E 4.2 Ja)

ZVOO

.o

c..
. =0.89

E L X 1.

xow0

- £-N 21

zHwn

ZTOWO

b 2.7 X3]

zZwd

. 3377

!E’ ‘:
3 ,E
o g
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(g) December 1981, North Pacific

Twe Degree Average SST Anomaly Crsss Correlatsons

: "'s?xr‘\' W

Region. S6.0 deg N te 20.0 deg N; 100.0 deg E to 2Y0.\ deg E a'
At lcast 4 edservatien(s) at commen grid peints :,’%
(C-~Cress Correlation, B--Bias, S--Standard Deviation ;! )
abest bias, N--Nwnber of common valid ebservatiens) ’,‘uﬁ
Dias is sverage sver celumn temperatures minus row temperatures N
‘ /"ﬂ
NOAA NOAA NOAA SUSSKIND WILKHEIT/ PAZAN TRANSPAC CLIMATOL re -’/,
AVHRR AVHRR AVHRR HIRS HILHAN EHIPS XBT [ ;
DAY NIGHT SMMR NIUMT )S/CELL S A
DEC CELL 234 . : -
KDAA .. €C..0.22 C.. 1.00 C.. 8.73 C.. 6.¢6 C.. 0.94 C.. 0.66 C.. 0.00 ; .
AVRERR .. B. -0.69 B 0.3 B. 0,74 B. t.16 B. 0.45 B. 0.57 B. 0.SS 4
Day .. S.. 8.8% S.. 0.06 S5.. 0.53 S., 1.05 S.. 0.33 §.. 0.37 S.. 8.75 = .
DEC .. N.. 454 N 494 N. A74 N.. 479 N, 127 N.. 13 N.. 494 . ce
NOAA .. .. C.. 8.25 C.. B.04 C.. 0.44 C.. 0.456 C 0.26 C.. 0.00
AVHRR .. .. B. 0.73 B. 1.39 B. §1.71 B. 0.87 B 1.27 B. .20
NIGHT .. . S..0.81 S,..0.75 S.. 0.85 S.. 0.5% S 0.53 S.. 0.52
N. 421 M.. 421 N. 402 N.. 1089 N 11 N 421
NOAA . .. . c 0.74 C.. 0.06 C.. 0.92 C.. 0.73 C.. 0.00
> AVHRR .. .. .. B. 0.68 B. 1.45 B, 0.43 B. 0.63 B. 0.S1
| . .. .. S.. 0.54 S.. 1.86 S., 0.29 §.. 0.33 §.. 0.73 §
5 . N.. S07 N.. 4¥1 N.. 127 N.. 13 N.. S07 !
s '
SUSSKIND .. .. .. €C..0.83 C.. 0.56 C.. 8.70 C.. 0.00 '
HIRS .- . .. . B. 0 47 B, -0.2¢ B. -0.30 B. -0.17 : N
. .. S5.. 0.90 S.. 045 S., 0.37 S.. ¢.50 . .
.. . . . N.. 48% N.. 127 N.. 13 N.. S907 ! .
WILHEIT, .. .. } C..0.34 C.. 0.30 C.. 0.00 P
MILMAN . .. B, -0.95 R. -1.30 B. -0.83 i i
SKMR NIGHT .. . . .. §..0.72 S5.. 0.78 S.. 0.79 { :
CELL 234 .- .o - N.,. 126 N 13 N.. 4061 )
PAZAN . .o . € 9.50 C.. o oy ;
SHIPS .. . . . B 0.24 B, 0.12 H
IS/CELL . . S 0.27 S.. 0.4t 4
. . . . N H N 127 3
5,
TRANSPAC C.. 0.00 3
XBY . . .. . B. 0.24
. S.. 0.48
N.. 13 :
CL INMATOL
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(h) December 1981, Mid Pacific

Tus Degres Average SST Anemaly Cross Coerrejatsens
Kegien: 20 8 ceg N ve 20 D deg 5, 100 0 deg t te 290 0 deg €

At least 1 ebsarvetion(s) et comnen gri4 peints

(C=-Crons Corrolatien, P--Pias, S5--Stinderd Deviatien

abevt dlas, N--NHuaber of camsen e2l1d sbsvrsetiens)

Pias 13 sversge ever coelumn tenperitures nines rew torgeratyres

KOAA NOAA NOAA SUSSKIND WILRELIT/ PAZAN TRANSPAC CLIMATOL
AVHIR AVHIR AVIAR KIRS nitnan  SKHIPS Xy
LAY ®ICHT SnAR NICHT IS/LELL
peC L 234
NOAS o C..0.31 C.. 09 C. 085 C. vuas C.. 0 &7 c .00
AVHER P -631 2 -00% P -025 B - 2 P. 0 %8 . 0 03
LAY 8..80.70 8 20 S .03 S 066 S5 . 825 s ¢ Sé
DEC M. 68HY N. 794 X . 794 M. 714 N, [ .. 7va
NOAR . .02 C -833 C..014 C.. 879 C.. 98 80
AVHIR ‘e . 5. 93¢ B 802 » s 05 D § 52 1 d ¢t 31
HICHT . 85..068 8 . 2w 8 PP 5 010 S .0 a0
. N, BI7 N eSS M KA% T . 3 n . ez2s
NOAA .. . .. C..02 C . 048 C. ¢ 71 .. C.. 6 ¢¢
AVHRR . .. ‘. P -026 . -027 ». B a1 . L d (2N 1)
. .. . S§..049 S . 063 5 02y S.. 0 48
N %34 N 807 M. 6 N.. 93¢
SUSSKIND .. .. . . €C .-0.33 C..a7 cC.. o8
Hirg .- .- .. . P. -0 02 ¥ 816 . 027
.. . . S.0083 8 .92 .. S.. 039
. . N. 836 v [ . M. Y9
WILHELT, . . Ve . cC .-+ n C.. s 00
niLMAY . .o .- .. ] e 7 9. & 132
SHMR MICHT .. .. .. . 8 . 0816 . 872
CELL 234 . . N, L] N . 83
PATAN .. .. .. . c. C.. 080
SHIPS .o .. .. e . 17
LIS/CELL .- .. .. .- S 16
.. . . N, [
TRANSPAC , . . .

xa7 . . - . - .

CLIMAYOL
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(i) December 1981, South Pacific
Tus Deqgree Averane S5t Anemaly Cresns Correlatiens
Reqien 28 0 deq 5 te 56 3 deq 5, 109 3 deq L te 299 ¢ Seg
At losst | abservatients) ot Comnen yrid peints
(C--Cress Cerrelatien, B Pras, S--Srendard Deviation
ebset biras, M--Nunher of commen valid ebservatiena)
Bi1ss 1% average sver colymn terperateres minve row tenpgrratures
HOAA NOAA NNAA SUSSKIND WILME BT/ PAZAN TRANLPAL  CLIFAIOL
AVHRR AVHAR AVHRR NIIS_ NILRAN SHIPS xpl
par NICMT Shar WiLh, )S/CLLL
DEC CELL 234
NOAA .. C. 012 ¢ 93 ¢ 886 C ¢ 3s C .8 80
AvHRR B -933 b -037 P -9044 b -0 w2 b -0 20
DAY § .08 S 824 8 564 g 0 &2 S ¢ 63
DEC N 832 M., 432 w.. w8 N 445 N . B3
N{AA c ¥ ¢ 884 € -p 2 c 8 0
AVHER B -009 B -Dp%4 b -8 .8 b 01?7
NICHT 8 861 5 0% 5 1 04 S 0 &y
L 968 N 964 N auy2 L] P60
HOAA C . 063 ¢ 0 24 c [ 2 13
AVHRR -0 45 W -9 3 I ¢ 25
S.. 8058 5. 0 65 S ¢ Su
N Y4 M 02 ] 968
SUSSKIND [ s 3 C o 0
HIRS bk -0 8 1 [ I3}
3 .3 467 S . e 7
L 478 h . Yee
MILMHELTY R [ [N 1]
niLnan . ] 8 3
SHMR MICHT S "9 &9
CELL 234 N 482
PAZAN
SHIPS
IS/CELL
TRANSPAC
X3t
CLIrATOL
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Regien:

At joast

g e PR

P e ae Rt 4

$6.0 deg N 1o

3 edservatien(s) at coemnen grid peints

(j) December 1981, North Atlantic

Tue Degree Average SST Ansmaly Cress Cerrelatiens
2Y8.0 deg E te

(C~~Cross Correlatien, D-~Dias, S--Stantard Deviation

abest bias, N--Nuaber of cemnen valid sbservations)
Dies s sverage ever Colunn tempersteres minvs row temperateres

NOAA

AVHRR
DAY

LEC

NOAA
AVHRR
NICHT

NOAA
AVHRR

SUSSKIND
HIRS

WILHELIT/
MfILNAN
SMMR NICHT

CELL 234

PAZAN
SHIPS
¥S/CELL

CLIMATOL

TROND
TOWO

ZTWWwO
22 Jg)

TVIYO

B e VTP I AN

SUSSKIND WILHLIT/ PAZAN

RILNAN  SHIPS
Snnkt NIGHT S/CLLL
CELL 234
C..0.98 C.. 5.9
5. 013 B 822
8..093 8.. 0.17
N, 231 N, 99
C..-0.55 C..-0.00
. L.48 B 079
3 .31.27 8.. 0 92
K.. 1vyS N, 102
C.. 90438 C.. 6.93
B. -0.82 B 019
.. 0.95 8.. ¢ 13
H.. 267 W, 182
C..-6.28 C.. 8.04
B. -0.1S B, -8 24
S.. 1.34 S, 0.3y
N.. 267 N . 102

.. C.. 85Yy
.. 3. -0.47
.o 9.. ¢.76
. N. 5

Rl AR] ZORO 2vwn rzORO 3 R X,

ZTVEeN

360 ¢ deg €

CLINATOL

. 8,00
-0 07
0 47
2414

31.01

.. 097

. 236

-8.14
. 8 44
311

. 8.08
-0 27
. 0.30
RIS

[ 1]
-0 18
. 093
247

0.98
s 01
.83
102
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: L3
! (m) March 1982, Mid Pacific
Tue Degree Average 551 Ansnsly Cress Core taens
Reqien: 20.0 deg N Te 20 8 dey B, 100 9 dog E te 2v0 0 deg &k
At l1esst 1 eduervationtis) at coanen qris peinte :
(C-~Crens Correlotion, 9--FBtss, S--Ktendard Deviation
4500t Bias, N--Nenher of conmen valid sdaer
. B14% 38 sversge ever colomn tenpar tengorateres
"an NOAA NOAA SUSSKIMD  SBUSSKIND  MILAAN LHE 3374 PATLS PAZAN TRANSPAL CLINATOR,
Mg ANRR Lo 1] Hing HiRS SAnt NILMT AS sMlrs T
DAY NiguY VCRS 10N 2CELL 234 ’S/CELL
NAR
NUAA C..o75 € B 71 C..04vy C . 047 C.. 083 C . C . 843 .
aving . B -0.34 D 021 0 -324 D -0V B -8 44 5 01y .
DAY .- - 8. 031 8. 221 8. 045 B . 040 8. g4y 3 8. 0.2t ..
RAR “e LB b8 M 636 M., 426 N.. 486 M. 17w L N s .
NOAA .. .. €. e 40 C.. 042 C, . C..87% C.. 012 C.. 0.72 ..
L] ] o .. | B S0 3 004 D | o3 ¥ 0 D VW ..
NICHT .. .. s.. 0.3 S..9435 8 $.. 626 8. 0.50 0.. 0.34 .
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