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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.
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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.

2-9

[ ——




MRS\ §

) Atles oo o

Bt o -

Ayt

BR o .ID%T AT

' HRATIRROTY SINEQ TEN Lp Ty ORI 2 S (g o
TR A el

‘.‘*»‘.i\ NN L WYy . PO A §

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
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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
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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