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Meeting Minutes
CEOS WGCV IVOS Fal192 Meeting

at NOAA Science Center, Camp Springs, MD, USA
November 30- December 1,1992

AGENDA
November 30,1992

Welcome
Agenda
Brief MemberReports

USA - NOAA, NASA, U of Arizona
Canada
France
U.K.

-EROS
-JRC

Australia
Termsof Reference
WGCV - S. Till
IVOS
AVHRR Status
Other Instruments
Lunch
Pathfinder
On-Board-Calibration (OBC)

ATSR -2 (U.K.)
MODIS (NASA)
OTHER (SeaWiFS)

Coordination
Funding
Interactionwith Other Groups
Close

December 1,1992

- Initial Activities
-Test Sites
-AVHRR

- FutureCampaigns,Sensors,& Plans
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Meeting Minutes
CEOS WGCV IVOS Fal192 Meeting

at NOAA Science Center, Camp Springs, MD, USA
November 30- December 1,1992

Use CEOS Newsletter and Bulletin Board for communications
send information to Susan Till (CCRS Email Omnet or Internet) on

Up-coming meetings/campaigns with potential for international
participation

Contact points for Cal/Val for satellite sensors
Up-dates on parameters and coefficients for satellite sensors
References to new reports
Lexicon (will be reviewed by WGCV)

Action Items
1. U. Arizona

To investigate a mechanism for wider use of White Sands test site during
their intensive ground-based campaigns

2. CNES
To investigate a means whereby satellite-derived data collected over ground

test sites can be released for mutual in-flight calibration of all IVOS, and
thus improve the characterization of the test sites for the mutual benefit
of the space agencies involved.

A comprehensive set of radiometric histograms is already being
prepared for SPOT.

CNES does not direct commercial activities of SPOT Image
NASA has a program directed from Headquarters for accessing a

certain number of SPOT images.
What is the policy that should be developed or sought.
Could use

3. IVOS members
Think about comparison of radiative transfer codes.
NOAAINASA---->
implementation of the “Pathfinder” activities and encouragement of other

space agencies to support similar activities for other satellite systems.
for atmospheric correction of EOS Satellite data

Lowtran
Hitran
Genlin2 - U. K./USA
5S (6S) LOA (Tanri)
MODTRAN
RAL U. K.
Other more rigorous codes

-
a) Minimize ambiguity in the comparison of calibration activities
b) Recommend code(s) for use in calibration
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IVOS Objectiv~

1. To identify and agree on calibration and validation requirements and standard
specifications for IVOS, including on-board calibration systems.

2. To promote international and national collaboration in the calibration and
validation of all IVOS and thus assist in the improved application of data from
satellite instruments.

3. To include all sensors (ground based, airborne and satellite) where there is a
direct link to the Cal/Val of satellite sensors

4. To identify test sites and encourage continuing observations and inter-
comparisons of data from these sites

5. To encourage the timely and unencumbered release of data relating to cal/val
activities including details of pre-launch and in-flight calibration parameters.

Provisional: May, 1992
Confirmed: December, 1992
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Reco mmendations to CEOS WGCV
1. Recognizing that accurate long term calibration is crucial (essential) for the use

of satellite data in climate and global change applications, the IVOS
recommends that CEOS member agencies support the identification,
characterization, and maintenance of ground test sites for the verification of
on-board calibration systems, the in-flight calibration of IVOS, and subsequent
cross-calibration of instruments.

. .
lscusslon. .

To ensure the accuracy and continuity of satellite data and their use for
climate and global change research,

vital activity that allows for quantitative scientific inter comparison of global
change parameters derived from different instruments.

In view of the on-going problems related to the use of in-flight calibration of
IVOS, the IVOS recommends support the use of ground test sites for the
cross-calibration of IVOS and their mutual benefit.

Rocket Sounding Programs, Solar Radiation Networks and other existing
sources of required ancillary data should be supported within this
framework.

2. That, as a matta of urgency, CEOS supports the establishment of a
comprehensive database on selected test sites for the future in-flight calibration
of infrared and visible sensors.

Discuss ion:
IVOS is currently identifying test sites and exploring data collection

procedures.
ESA felt that there were so many test sites (e. g. Black Forest test sites for

SAR, corner cubes are unreliable (move) and therefore sits are typically
used for )

Dossier
an international

3. CEOS WGCV IVOS congratulates NOAA/NASA on the implementation of the
“Pathfinder” activities and encourages the producers and users of satellite data
to support similar activities for other satellite systems.

Drop item #4 as an already approved item at a previous WGCV meeting.
4. IVOS endorses the recommendations of ad-hoc group on data policy regarding

the exchange and availability of data (including imagery at cost-of-copy prices).
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Im rviite stobe e stedatnext C OS OS ~E IV meetin :
1. Inter comparison of Radiative Transfer Codes
2. Collation of Data on test sites
3. Use and experience of histograms database of SPOT
4. Validation activities (wider application than planned?)

Schedule for next meeting
Philosophy

Meet less than twice a year, perhaps every 9-10 months
Meet just before WGCV and stay through that meeting

~e t Meetx ing
CEOS IVOS: Monday and Tuesday,

30MAY92 and 1JUN92 in Ispra, ITALY
CEOS WGCV: Wednesday, Thursday and Friday

2-4JUN92 in Ispra, ITALY
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Attendees
at

CEOS (Committee on Earth Observation Satellites)
WGCV (Working Group on Calibration and Validation)

IVOS (Infrared Visible Optical Sensors)
NOAA Science Center (formerly World Weather Building)

Barker, John L.

Barton, Ian

Biggar, Stuart F.

Helder, Dennis

Henry, Patrice

Maracci, Giancarlo

Camp Springs, M-aryland USA
Monday, 30 November 1992, and

Tuesday, 1 December 1992

NASA/Goddard Space Flight Center
Code 925
Greenbelt, MD 20771 USA
Barker@highwire. gsfc.nasa.gov
Jbarker@GSFCmail
301286-9498
301296-9200 (FAX)

CSIRO, Australia
PMB No. 1, Mordialloc
Victoria 3195, Australia
Barton@lamy.dar. csiro.au
61-3-5867666, FAX 5867600

University of Arizona
Optical Sciences Center
1600 N. Country Club Road, Suite 100
Tucson AZ 85716
internet: stu@spectra.opt-sci. arizona.edu
602621-8168
602-621-8292 (FAX)

for EROS Data Center
South Dakota State University
P.O. Box 2220
Brrokings, SD 57007
605-688-4523
605-688-5880 (FAX)
ee04@sdsumus. sdstate.edu

CNES
18, Av. Edouard Belin
31055 Toulouse Cedex, France
336 12747-12/Phone
336-1273-167(FAX)

CEC JRC-IRSA
IRSA - JRC TP.272
21020 Ispra (VA) Italy
39332789136
39332789034 (Fax)
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Mo, Tsan

Mutlow, Chris

Planet, Walter G.

Rae, C. R. Nagaraja

Schiro-Zavela, Jean

Sherman,John W. III

Staenz, Karl

Till, Susan

Weinreb, Michael

NOAA/NESDIS
301763-8763
301763-8108 (FAX)

RAL (Rutherford Appleton Lab (U. K. )
BNSC Rutherford AppCeton Laboratory
Chilton, Didcot, Oxon Oxll OQX
Email: SPAN RLVP::Chris
+44 235446525
+44 235445848 (Fax)

NOAA/NESDIS
E/RA14
WWB Rrn 810
Washington, D.C. 20233
301-763-8136
301-763-8108 (FAX)

NOAA/NESDIS/SRL PBE/RA/4
World Weather Building, Room 810
Washington, D.C. 20233
301763-8763
301763-8108 (FAX)
(Michael P. Weinreb...same as RAO) (Non-member)

NOAA/NESDIS
E/IAl
FB. 4, Room 0110
Washington, D.C. 20233
301763-4586
301-736-5828 (Fax)
Email: J. schiro.zavela/Omnet

NOAA/NESDIS Jack only afewhours on Monday
301763-4626

CCRS (Canadian Center of Remote Sensing
588 South Street
Ottawa, Ontario, Canada KIA 0Y7
613-947-1250/Phone
613 947-1250/FAX

CCRS
Canada Centre for Remote Sensing
588 Booth St., Ottawa, Ontario KIA 0Y7 Canada
Internet: till@ccrs.emr.ca
Omnet: S.Till
613998-9060
613-993-5022

NOAA/NESDIS (only present on Monday)
301763-8763
301763-8108 (FAX)
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Action for 10hnBarkeq
Co-ordinator for Action Items on Test Sites and On-Board Calibrators

~
All agenaes are to develop a database for selected test sites and investigate a

means for easy exchange of data. At the next IVOS meeting, this activity will be
reviewed and a mechanism established to collate these data

Action:
1) By end of January, 1993, agencies are to make available the location

of possible test sites, including low reflectance sites such as water (off
Australia), and details of their size, homogeneity, time variability,
etc.

2) A start should have been made on collecting data for/from White
Sands and one site in North Africa

3) Develop ideas for the collation of test site data into useful data set

X John Barker (NAsA/GsFc)
ubcom mittee : Stuart Biggar (UAZ), Patrice Henry (CNES)

Do White Papers, report, & publication to co-ordinate effort

Inter comparison of solar diffusers and on-board calibration techniques
- John Barker

ubco remittee : ESA
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MODIS On-Board Calibration Overview
NASA CEOS/lVOS Mernbcr I<eport

John Barker, FIead of MCST

Joann }Iarn~~en

Ken Brown

Steve Ungar

Brian Markham

1 Decen~ber 1992
NOAAScienceCenter (formerlyWorldWeatherBuilding)

CampSprings,MD

John Barker (925) Phone 301-286-9498 / Internet: JBarker@gsfcmail.nasa. ov or JBarke@highwire.gsfc. nasa.gov ● Joann IIamden (925) Phone: 301-286-4133 / Internet:
fHarnden@highwire.gsfc. nasa. ov ● Ken Brown (925) Phone: 301-2%-329 / Internet: KBrown@gsfcmail. nasa.gov

Characterization Branch / MhlSCharacterization Support Team (MCST) / Goddard Space Flight Center, Greenbelt, MD207i’I
● NASA / GSFC / Code 925 / Sensor Dcvclopmcnt and

BrianMarkham (923) Phone: 301-286-5240 ● Steve Un ar (923) Phone 301-286-W07 / Internet: Un ar@}lighwire.gsfc. nasa.gov or SUngar@gsfcmail. nasa.gov ● NASA /
t 7GSFC / Code 923/ Biospheric Sciences Branch / God ard Space Flight Center, Crcenhlt, MD 207 1



On-Orbit Instrument-Based
Calibration Methodology

MODIS Performance/Calibration Requirements

Calibration-Related Instrument and Data Design
Solar Diffuser (SD)
Solar Diffuser Stability Monitor (SDSM)
Spectroradiometric Calibration Assembly (SRCA)
Blackbody (BB)
Space Port (SP)

NASA/CEOS/IVC)S Member Report 1’age 2
JO1lII1. Barker/NASA /(;SFC/925/MCST

NOAA Science Center, Camp Springs, MD lDEC 92
92.336 NC)AA Meeting 6:46 I’M December 2, 1992
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MODIS Calibration Requirements
and On-board Calibrators

Specification Calibrator—
Radiometric
Below 3.0 pm

Above 3.0 pm

Reflectance

Spectral
Center

Wavelength

Band-to-13 and
Stability

Geometric
Band-to-Band

Registration

MTF

5% absolute

lVO absolute

2% relative to Sun

il .() 11111

().5V0l;U1l Scale
1.()% llalf Scale

(). 1 lFOV

0.3 @ Nyquist

SRCA Radiometric Mode
Solar Diffuser & SDSM

Blackbody & Spaceview

Solar Diffuser & SDSM

S1{(JASpectral Mode

S1<CASpectral Mode
S1{CA Spectral Mode

SRCA Retitles

SRCA Retitles

NASA/CE(lS/IVOS Member I<eport I’age 4
JL>lIn1. Barker/NASA/L;SFC/925 /MCS’r

N(3AA Science Center, Camp Springs, MD lDEC 92
92.336 NOAA Meeting 6:46 PM December 2, 1992
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NASA /C1~L3S/IV(>SA{ember I{eport I’age 5 NOAA Sciellce Center, CamL~S}>ril~gs,MD 1DEC 92
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MODIS DATA FROM ONE SCAN

Illack DO(~y(31 ~[>)
SIICA (5 [’[>) 1

Solar Dilltjser \ Space VinS*O
(31 FD) ———.—.

Slarl of Mirror — ——
Side n Scan

n=l or2

Engineerir\g ~

Dala (2 FD)

NASA/CEC)S/IVOS h4ember Report
John 1.. Barker/NASA/(;SFC/925 /MCST

I’age 6 NOAA Science Center, Camp Springs, MD lDEC 92
92.336 NOAA h4eeting 6:55 I’M December 2, 1992



MODIS/MCST Calibration Strategy
from 199 1/1992 Science Team Meetings

1. Use Alternative MODIS Calibration Methodologies
Several alternative calibration methodologies will be implemented throughout 15-

year mission to provide a robust unique “official” calibration algorithm and to
allow for its validation by independent methods

2. Characterize Precision on a Time-Scale of Months
Post-launch quantitative characterization and monitoring of the precision

(repeatability) with which MODIS at-satellite radiances are measured by various
methods will occur wi~hin 2 to 6 months

3. Characterize Accuracy on a Time-Scale of Years
Post-launch quantitative characterization and monitoring of the accuracy with

~vhich MODIS at-satellite radiances are measured by varicjus methods and on two
in-orbit instruments will occur will]in 3 to 5 years

4. Validate Math Model in 10-15 Years
Validation of the components of the predictive radiometric math models for each

MOL)IS instrument (with an expected life-time of five-six years each) will occur
over the fifteen year life-time of EOS mission

NASA /CE(>S/IVOS Member I<eport
Jol~n 1.. Barker/NASA/GSFC/925/MCST

I’age 7 NOAA Science Cel~ter, Camp Springs, MD lDEC 92
92.336 NOAA Meeting 6:46 I’M December 2, 1992



Time-Dependent Radiometric Calibration
of the Reflective Bands

Time Scale Calibration Technique Availability

Within a Scan Line

Within a Scan

Within a IIalf Orbit

Between orbits

Between [Jays

Between hlOnths

Eetween Years

Vtllidat ion

Scene-dependent NITFinversion Post-Launch

Bias Offset rneasurenlents At-Launch
Blackbody as ~(;-restore
Spat>cview

Relative cross-correlation of detectors At-Launch
both wii.hin and between bands

Radionletric rectification over known Post-Launch
radion]etrically homogeneous sites

S1{(;Ain ll:~dion]e[ri~: nl[)~le At-Launch

Solar I>iffuser At-Launch

Lunar l)ointing (Not Baselined)

Lunar Views At-Launch
Radionletric hlath Nlodel Post-Launch*

Vicarious Nleasurenlent klell]ods Post-Launch on an
aircraft and ground-based internlittant schedule

NASA/CEC)S/IVOS Member I<eport
John I.. Barker/NASA/(;SFC/925 /MCST

l’age 8 N(JAA Science Center, Camp S}>rings, MD l[JEC 92
92.336 NC>AA Meeting 6:46 I’M December 2, 1992



Direct Lunar Viewing Calibration (Not Baselined)

Requirement: Radiometric Calibration Using Moon
SDSM assumed to provide stability of reflectance-based SD calibration on a time scale of months.
On-Orbit Transfer of Absolute Radiometric Source from Solar Diffuser via N1ODIS detectors to Moon as
source.

High Risk Using Spaceport View of Moon
It is assumed that 18-year Phase-Ilependent Spectral/Spat ial I.unar Radiometric Model from IIugh Keiffer
will be available and that it will take approximately 20 to 200 independent lunar half-phase lunar
observations to validate the Model and provide for a transfer, which would require require 5 to 50 years
using the same MODIS instrument with spaceport observations at a rate of about 4 per year. Since this
exceeds the expected five year life of a single MO1>lS instrument, [he transfer cannot occur with required
accuracy, if 20 to 200 observations are required.

Low Risk Using Direct View of Moon
It is assumed that 18-year Pll;~se-llepellclerl( Spe~>tral/Spatial Itlnar Radiomel ric Model from Ilugh Keiffer
will be available and that it will take approximately 10 to 100 independent lunar full-phase lunar
observations to validate the Model and provide for a transfer, which would require require 1 to 8 years
using the same MODIS instrulllent with thruo~lgh-t he-aperat~lre observations at a rate of about 12 per

Year” Since (“his is well within the exPe~ted five y~~~r life of a single MODIS instrument, the transfer can be
accomplished with required accuracy, if 10-100 observations is the number required.

Recommention: IIave Project do system-level stLldy of feasibility of Monthly Full-Phase Off-IIoizon
~rie~ving of the Nloon by MODIS in order to provide mul[i-year multi-instrument MODIS-to-MODIS
radiometric cross calibr~~tions for 15-year EOS mission life for continuous calibrated data
sets.

NASA /C EOS/IVOS Member Report
J[)l~nI.. Btlrker/NAS.\/~;SFC/925 /MCST

NOAA Scicllce Center, Can~~>S~>rings, MD 1IJIIC 92
92.336 N( )AA Mcetillg 6:46 I’N4 I)ecember 2, 1992



MODIS Calibration
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NASA/CEOS/IVC3S Member Report I’age 10
JfJl~lII.. Barker/NASA/(;SFC/9~5 /MCST

N(”)AA Sciel~ce Cel~ter, Camp Springs, Ml] lDEC 92
92.336 NOAA Meetil~g 7:11 I’M December 2, 1992
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NASA/CE(lS/IVCIS Member I<eport
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MODIS Level-1 B CallOration Product #3646
Algorithm and Ancillary Data Development Schedule

Milestone f Calendar Year

MODIS Instrument Design Reviews

Engineering Model (Integ & Eva/)

EOS-AM I Protoflt Md/ (Int, Test& Cal)

EOS-PM I F/t Mdl 1 (Int, Test& Cal)

EOS-AM2 F/t Mdl 2 (Int, Test& Cal)

EOS-AMI SBRC Launch Support

SBRC MODIS Simulator Data

Prototyping and Simulation

Level-1 B Aigorithm Peer Review

Design of Prototype Aigorithm

~eiiver Prototype Aigorithm to SDST

Design Levei-1 B Aigorithm/Software

Code Levei-1 B Software

Test Levei-1 B Software

Deiiver L-1 B Calibration SW to SDST

SDST L- IB S W Delivery to EOSDIS

AM- 1 P/atform Launch

MODiS-AMl Activation

Post-Launch Aigorithm Test & Revisiol

~ost-Launch Validation Meeting

MODIS Calibration AJgorlthms

1992 I 1993 I 1994

[

—

—

—<

—

7
—
—
—
-—
—
—
—
Q

—

—

,—

1995 I 1996 I 1997 I 1998 I 1999

~ From WDIS SDST Schedule, June 11, 1992

John L. BarkerNA*FC@25/MCST (MODIS Characlerlzation Support Team)
# From SBRC PRP9O-1051C, Figure 3.7, Test Schedule Summary] for MST meeting SBRC Oclober 1992

File: MCST Schedule 1, October 14, 1992



hl~ Instrument Wsco e and Change RepL~rt
1John L.Barkw I NASAI SFC1925/hlW

at hlODIS Calibrati~}n \Yt~rking Group, Holida Inn, Goleta, CA 2Wct. 92
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~ 2:17 Ak13 I(J128192
at hl[>DIS C~lll>ratl~~n \V(~rking Gn)up, H(~lida Inn, Ct)lcta, CA 260ct. 92

l-iIlk#3 FIlt’ .92 3(I251 Plenary IJlh.
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GEOPHYSICAL VALIDATION OF ATSR SEA SURFACE TEMPERATURES

I.J. Barton*, D.T. Llewellyn-Jones**, A.J. Prata*, and R.P. Cechet*
* CSIRO Division of Atmospheric Research, PMB No. 1, Mordialloc, Victoria, Australia

** Rutherford Appleton Laboratory, Chilton, Didcot, Oxen., United Kingdom

ABSTRACT

The Along Track Scanning Radiometer, which was launched on the ERS-1 satellite in 1991, is supplying
global sea surface temperature (SST) measurements which are useful for climate research applications.
To ensure that the radiometer is able to supply highly accurate estimates of SST, several cruises have
been undertaken in Australi~ waters during which ship based measurements have been compared to
those born space. A summary of this intercomparison is given in this paper along with a case study of
comparisons between the ship measurements and those made using data from the Advanced Very High
Resolution Radiometer (AVHRR) on the NOAA-11 meteorological satellite.

INTRODUCTION

The Along Track Scanning Radiometer (ATSR) is a new generation instrument that was built by a con-
sortium of institutes in the United Kingdom, France and Australia, and was supplied to the European
Space Agency for fight on the ERS-1 satellite. The instrument incorporates several novel features which
are included to enable a derivation of sea surface temperature (SST) with an accuracy of O.3K. These
features include accurate on-board cfibration targets, dual angle scanning of the earth’s surfacel and
detect ors cooled to 80K using a Sterling cycle cooler developed in the United Kingdom. This last feature
gives an equivalent noise temperature of 0.02 to 0.04K on the infrared detectors and enables the signal
to be detected using the full 12-bit capability of the instrument. Further details of the instrument design
are given by Delderfield et a12.

The design accuracy of the ATSR means that great care must be taken with the geophysical ~dation
using ground based measurements. The ATSR is designed to measure the surface temperature with an
acc’1racy of O.3K which is the order of the magnitude of the temperature Merence between the top of
the thin surface skin layer of the ocean and the water some few millimetres below the surface. Thus ship-
based radiometers must be used for validation of the ATSR and not the more conventional techniques
used to obtain the temperature of the upper mixed layer of the ocean.

sHTP.BASED MEASUREMENTS

During 1991 two Australian research vessels were used to obttin validation data for the ATSR - the
RV FRANKLIN which is operated by CSIRO, and the RV LADY BASTEN operated by the Australian
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Institu=~f Marine Science. A case study is presented here from data obtained during a-cruise-of the
LADY BASTEN, and an overall assessment of the ATSR perform=ce is given in a table of results from
four ~erent cruises in the Coral Sea.

An tiared radiomet er, with similar spectral characteristics to the 11 ad 12pm chmels on the ATSR,
was mounted on the upper deck railing of the LADY BASTEN so that it viewed the sea surface with m
incident angle of 40°. ll-bile the vessel was steaming the radiometer viewed partly disturbed water in the

bow-wave of the vessel

Figure 1: Small area (256km x 256km) ATSR image showing the ship track between 0100 and 0900 local
time on September 14, 1991. The centre of the image is 18013’S, 146”55’E.

The data analysed here were obtained on the night of September 13, 1991. The LADY BASTEN departed
from Tomsville at 2100 local time (LT) and travelled north towards Cairns. During this night sat~te
measurements were obtained from the ATSR at 2300 (LT) and the AVHRR on the NOAA-11 satellite at
0200 (LT). Figure 1 shows a 256km x 256 km image from the ATSR llpm nadir scan with Townsville
on the coast near the bottom of the image. From 0100 (LT) to 0900 (LT) the next morning the ship
travelled along the line drawn in Figure 1. Temperature measurements along the ship track are shown
in Figure 2. The ATSR brightness temperatures for the nadir and forward views in the 11 pm channel
are shown to be near 210C and 19°C respectively. The AVHRR llpm temperature is close to that in
the ATSR forward view as the AVHRR data were from the edge of the swath where the incidence mgle
is close to that of the ATSR forward view (55° at the surface). The sea surface temperatures derived
from both the ATSR and AVHRR data are shown to be in close agreement with the surface temperature
measmed by the ship-borne radiometer. Prior to plotting, the radiometer data were corrected for the
non-unity emissivity of the sea surface and for the reflected downcoming sky radiation.,.. .
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Figure 2: Satellite and surface temperatures along the ship track shown in Figure 1.

A closer examination of the surface temperature data reveals one of the major differences between the
SST products from the ATSR and the AVHRR. The latter product is derived using the MCSST algorithm
derived from an intercomparison of coincident satellite and drifting buoy measurements and thus is tuned
to provide the bulk SST beneath the surface skin layer. In contrast the ATSR algorithm is derived from
transmission modelling of the atmosphere and gives the actual skin surface temperature. Under normal
conditions the skin layer is 0.2 to 0.5°C cooler than the bfi temperature. This effect can be seen in
Figure 2 where the ATSR SST is generally cooler than that from the AVHRR and is also closer to
the radiometric measurement of the skin layer. Unfortunately it was not possible to measure the bti
temperature of the ocean surface while the LADY BASTEN was under way.

GENERAL VALIDATION RESULTS

Rom the four ship cruises in Austrtian waters we have been able to identify twelve occasions when
coincident ATSR and ship data were available for validation. Details are given in Table 1.

FINAL COMMENTS

The results in the table showthat the ATSR is obtaining its designaccuracy for the measurement of the
SST. It also showsthat the ATSR measures the skin temperature of the ocean surface and not the bti
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Table 1: Details of coincident ship and satellite measurements. RSST is the
ship radiometer measurement of SST, BSST is the bulk temperature measure-
ment, and ATSR is the satellite estimate.

Time Date Lat. Long BSST RSST ATSR BSST- RSST-
GMT 1991 (OS) (OE) (K) (K) (K) ATSR ATSR

1203 5/9 21.54 154.85 296.22 296.00 296.00 0.22 0.00

1257
1315
1257
1257
1315
1257
2330
1014
1219
2301

7/9
8/9
10/9
13/9
13/9
16/9
21/9
22/9
19/11
29/11

18.71
24.20
18.56
18.97
18.01
16.71
17.07
16.09
30.25
28.27

147.22
156.92
147.32
146.78
147.82
145.96
147.34
146.34
155.18
167.16

296.91
295.62
297.52
296.54
297.86
297.93
298.64
298.26
294.87
293.62

296.60
295.48
297.24
296.01
297.71
297.47
298.46
298.11
294.46
293.16

296.61
295.41
297.45
296.20
297.51
297.73
298.57
297.91
294.73
293.37

0.30 -0.01

0.21 0.07

0.07 -0.07

0.34 -0.19

0.35 0.20

0.20 -0.26

0.07 -0.11
0.35 0.20

0.14 -0.27

0.25 -0.21

1148 5/12 23.00 161.72 298.53 298.12 298.20 0.33 -0.08
Mean error (bias) 0.24 -0.07

Standard error [K) 0.10 0.17

temperature. The instrument is thus useful for determining energy budgets at the air-sea interface, but
should be used with care if the bulk temperature of the ocean is required. Further analysis of global data
may lead to a better understanding of the dynamics of the skin layer, and thus allow a wider application
of this highly accurate data source.
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Several mechanical, and electrical constraints on the possible choice of
a light source and its associated equlpnt were Imposed, since the design
of the rest of the ATSR-2 structure had already been frozen. mere were
basically four constraints:- 1. The addition of the visual channels and
vISC~L should not interfere vith the IR performance, in particular ti]ere
should be minimum thermal effect on the structure or on the black-body
sources. 2. The addition of the exterml baffle required for the VISC\i.,
should not l>?>struct the microwave link. 3. Pover cozsunptlon shauld be
kept belo~ ~1~, and Lo mere should be no mechanical switch~ng of the
source.

Choice of Light Source for the VISC4L
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fie Sua illmfnates tfie opal diffuser S (pelf shed Russian opal type

HS20) at normal incldenl; e, v[a a baffled tube T. Light scattered at 45°

lS reflected by the tvo mirrors ~fl and Yq (one below, aad the other above,

the plane of B) to~’ard the scan mirror SM. me main off-axis parabaloldal

mirror ?, then focus the bean through the aperture stop into the detector

housing. The area of the opal used is de ffned by the limiting projecte~

area of Y2, with Ml and the opi31 b?fng oversized.
The baffle T restricts the calibration period to 33 seconds on eac~,

Gr3it. ?, is placed in the view of the ro~atiag SC+.1 YIi!-r.>r to allow 15
pi:<els of-the full 20?!) to be used for the calibration be~n. Hli; Dccurs
close to the ri-~ of local satellite sunset, ‘when the Sun iS at a dir
2cgle 0: 13° [O the local horizon, t+e solar bean :hen clearing the
~a~t~~~ ~urf~ce by .- ~~~ ~~. (Note: ,; pixel corresponds to lkm square on
the ground fron the orbital Aeight of 777 kn.

Durin~ the c~libraricn period with the scan mlrrcr rotating a: 6.65
-1

r~*Js.s ., S]Q ~:z?]es ~f ]6 pixe~5 e=c~ ~re ~a~e of :L.e ~ali~ra[jon ~e2,=

3n Czc$ orbit. fiis Cotal$ 7.7 nins 2 day for the lC5ajn Ute or bira!

perioc!.
v-ary 53211 ie~-iatio~.; from ~or7..3l incidence of the sunlight on the opal

CCCUr f:r t“:o r?asons:- (1) fie sun =ppears to move in altitude across
the jaffle for about 1“ ezch, siie of tie normal, ciu~i~~ each cali5r~;io~;
s~~ (Z)) a drift occurs in the azin~th plane, of aboc: :4.75° due to che
equation of time, for the sumsynchronous or?)!t. Sin:e variations in the

~figle of incidence to the opal obey a cosine la~ slailar to the ha5ert ian
~ax for ;cat~ere~ light (Teel ]965), these var[a~ ions in the ex:rene c2Sc

Ezocnc :3 less :!~n tO .3%.

~,e AbsoIute Light-Levels in the VISUL at the Detectors

Ir. ser:ing tb. ese f ig’~res in (1), one obtains L = 4.3 n~ at the c’e:ectors.

CWRA~I%TIO?i Ak~ ‘051 TORIRG
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Phosphorescence and Fluorescence

Phosphor esce!]ce uf zte opal was investigated by illuminating a sample

from a svitched mercury UV lamp and measuring the residual radiance after

the laap was switched off. A radiometer with a sampling period of 0.5
secon?s .~as used for the measurement and no phosphorescence was detected,

the radiance fallir~ to the background level after about one second. (In

coz?=rison the solar input to the opal will be vignetted wiCl~fn lfi secon~s
~v ~’:,~. salar baffle on each orbit).

~~ue~~s~ence ‘.’2s investiga:~:~ 1 !): {Illuminating the opal with the 254 na

Tlerc”Jr;f source srid neasurin~ the radiance from the surface over tbe
.:2..l~] ~~~th range 350 to 1100 nn with and without ~he .UV radiating
CO:20:51E. ~uorescence was detected ac a level of 0.6Xof the equivalent

SCStL5ied UTV rsdiznce iron t5e 0921. .\lchough this ef~ect is small when

the C“; Ccntent of t:75 so’~ar coatinu~m is used :here may be SjS~l=!:~P:
---=-. -? : . . . . > f Ton PO-:??T32; ra3iacion such 2S the highly energecfc ~-:’~+1

.217’:2 rziiacion ac 125 na.

‘cr:k.eraore, si~~e :hese no~cherca?. enissi02S are not predictable, a

?ecis!c:l “=”2s made to rsduc~ any likely effect of fluorescence on :h~

CZ:!3:ZL:G3 sysLe2 ty i?.c:ti~:n~ 2 L-: blocki~g glass xindow ahead of the

o~zl .

?ercentsge Transmission of BK7G25 after Xadlation

—- ---- . ---

Radiation hdiatioe Wavelength ~

Enern tise 550 670 870 1600

(Rads)

—— ----- ..- ---

Cnir:adia:ed 91.8 92.5 93.5 93.9

Cen=2 (g) i.li ‘ev 15K(g)- S9.6 91.2 ~~.S 93.8

LK(p)

~:~:c: (?) 52 Yev 3oK(g)+ ~5.~ 89.3 92.5 53.7

8K(p)

—-



Photodiode Monitor

Both the ~anms radiation effect on the opal efficiency and the

degradation in the window transmission indicates the need of a monitor in

the calibration beam that ~’ill show any small s~ 0.; c~anges. me

calibration data from t?le monitor czn be csed in conju~ction with data

from the detecrors for analysing chan~es in the channel sensitivities.
Tfie Toniccr vill tal:e the form of an unfiltered radiatio~haricaed

silfcon photo (lio~!e placed behind a 2 mm diemeter aper:~~re in the centre

of the seccnd ni:r~>r ‘.!2 (fig. 2). me intensity of rbe czlihr3tion Eean

over the full ‘~ndxid:+ is racorded to an accuracy of O.1~<, and xill

neas”~re the predictable chaages zlr~ady descrfbeti 2s Llell ES the

unpredictable cF,2:2c:eristics .

Addltlo~l Cdibratloa }.ids

Future Test
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Radiance Calibrations for Advanced Very High Resolution Radiometer
Infrared Channels

D.A. STEYN-ROSS AND MOM L. STEYN-ROSS

Physics Department, University of Waika[o, Hamilton, NW Z.satand
.,

S.CLIFT

CSIRO Marine Laboratories, IIo6art, Tasmania, Australia

We examine in dct.aiJthe ~libration procedures for the advanced very high resolution radiometer
(AVHRR) infrared channels. The AVHRR iitcralure states that the linear mapping used to eonvcrt radiomet-
ric eorsnt to s-c radiance is satisfactory for channel 3, but is only approximately eorrcct for channets 4 and
5 sinec these channels have a slight curvature in their mspcct.ivc radiance-versus-~unt response functions,
so a nordintity correction (NW) is applied. TraditioitaUy, these adjustments have ~ tabulated as bright-
ness tcsrt~raturc corrections: wc fiid that when expressed as radiance eorrcuions, the hlcs M be WriLtCSI
in a Fatl.icularly sirsrplc form which depds only 011the temperature of dtc internal calibmtion target. ‘Jhis
new ionnulation clirninalcs the nd to interpolate within Lhcrablcs of temperature NLCS and permits the eor-
-ion to be applied prior to mnvcrsion to quivalcnt brightness tem~mtum. raticr th~ titer. Examination
of the dibration records for 48 NOAA 11 passes sampled over a fdl year rcv~cd scverrd significant f=-
turcs: (1) For low Sun elevation angles relative to the satelliie, sunlight can apparently l=k into the optical
path of tic AVIIRR, distorting the in-flight alibration data for ehanncl 3, producing errors in apparenLscene
temperature as large as 2eC. (2) I%CE is a clear detnareation bctwun the calibration slopes for day and
night operation of the satcllire. (3) ~c thcnnal step that oecum when the apaeccraft crosses the nightday
bourrdasy into fuU sunlight l-ds to transient esdibtaLioncmrs which deeay to zero with a tisrtc eonstarit of
about 40 s. At the peak of the transient, the apparent scene temperature ean be depressed by over 1‘C in
channel 3, and by up LO0.4°C in channels 4 and 5. Quality control measures and tcctilqucs for eornpensating
for eaJibration problems are disetrssed.

1. IAmODUmON

The advand very high rcsoluLion radiomcicrs (AVHRRS)...<7.:..*J<:t..,’
flown on the NOAA series of pular-orbiting satellites sense
visible and infrared radiation rcflcctcd by and emitlcd from tic
Earth. The NOAA 9, 11 and 12 satellites carry a five-channel
AVHRR: channels 1 and 2 work over two intervals witi]n the
visible spectrum, chcnnel 3 responds in the near infrared

(nominally 3.54.0 pm), while thermal infrared emissions arc
detoctcd by chanrtcls 4 and 5 (10.5 -11.5 and 11.5 -12.5 ~,

respectively). NOAA 10 lacks a channel 5 sensor. The filler
functions for channels 3, 4, and 5 for NOAA 11 are shown in
Figure 1.

Since 1985 the CSIRO (Cornmonwcal[h Scientific, Indust-
naJ, and Research Organisation) Marine Laboratories in
Hob@ Australi% have been systematically receiving and
processing AVHRR data to esLimrtLc sea surface tcmpcraLures
smd vegetation indices and are currently developing cloud rc-

.
tricval algorithms. Essential to algorithms involving the

infrared measurements arc aeettratc values for radiance, which
implies that there must be a well-defined and COItSktCttt calib-

,
ration procedure. By calibration wc mean, How dots the
radiometer’s digitized output value (or count) relate to Lhe
actual radiance of the observed scene? In principle, if the
radiometer were perfectly stable, onc could perform the
ncccss~ calibration experiments on Estrth prior to launch to
establish the precise and permanent rcl aiion between counts
and radiance/brightness tcmpcra~urc. The resulting transfer

%@ght 1992 by thc hcrim Gcophysicat Union.

Paper rttrntbcr91JC03055.
0148=r92191JC43055S05 .00

function could then bc used for all subsequent in-flight
measurements. However, bccausc tic characteristics of the on-
board sensors and electronics may drift wiLh time and
environmental changes, they need to bc regularly recalibrated

while in service. We dcseribc this in-flight testing process as

“dynamic” calibration in which changes in instrument

response are automatically tracked rmd corruted.
The in-flight ctilbration of the AVHRR infrared chanrtcls

proceeds by monitoring the radiometer output when it views
two targets whose radiance is known or can bc computd deep
space serves as a zero-radiance rcfcrcncc and an intcmal
“blackbody” calibration target (lCT) which is located in the
instrument baseplate, and whose temperature is measured with
a cluster of four platinum-rcsistartec Lhcrrnomctcrs (PRTs),
provides the s-rid reference. These two measurements are
used to define a mntinuousl y updated 1incrsr mapping from
count to radiance. For channel 3, this linear form is satisfac-
tory; however, channels 4 and 5, whose detectors have a non-
linear radiance-versus-counts response, require a nordineariy
mrrection (NLC). These corrections traditionally have been
tabulated in temperature space; however we feel that since
radiance is the fundamental physical quantity measured, the
corrections are more naturally stated in radiance space.
Furthermore, some algorithms. for cxarnplc cloud retrieval,
require corrected scene radiances rather than brightness
temperatures. In order to produce the corrections in radiance
space, we transform rhc NESDIS (NOAA National Envir-
onmental Satellite, D at% and Information Servi=) brightness
temperature corr=tions as tabulated by Weimeb et uf. [1990].
When the resulting radiance Corrections arc plotted as a
function of apparent scene radiance, wc discover that tic NLCS
can be ex~resscd in a particularly simPlc fo~.

5551 .-
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rcprescnta 20% (factor chosen for convenience of comparison witi the odser cum-) of the solar radiance at the top of the
atmoaph-, and assumes the Sun is a blackbody radiating u SW K C2~y, solar conuibutions cannot be neglcued for chmncl
3 (thii has irnplicatims for inOight calibrations of this nar-infrati &annds= diimssim in rhc text). (b) Flttr functions and
samplc blackbody radw- for channels 4 and 5. Solar contributions m negligible across rhcse thermal infm~ ~.

The NESDIS nonlinearity correction tables (in temperature
space) are calculated from data obtained in the prelaunch cxP-
irnents at ITT Aerospace/Optical Division, as dcscnbcd by
Weiwe&s et d. [1990]. These experiments produce, for each

channel and for thrw different baseplate temperatures, the
fundamental calibration curve of radiance versus AVHRR out-
put in digital counts. A sample radiance-vcrsusaunt curve is
shown in Figure 2. The graphs for channels 4 and 5 show a
slight curvature, of approxirrtatcly quadratic nature. The non-
linearity corrections are obtained by subtracting a linear
approximation from the curved form. Use of the corrections is
based on Ute assumption that they are invariant with time so
that what applied in the laboratory will Lhorefore apply in
flight.

To check the quality and stability of the in-flight calibra-
tions, we examined the calibration records for 48 NOAA 11
passes sampled at monthly intervals over a full year (two duy -
tirnc passes end two nighttime passes for each month). Our ex-
amination revealed several surprising and significant features.
In 16 of the 24 daytime passes, the channel 3 count-vcrsus-
ICT-temperature calibration curve displayed consistently large

but spurious deviations away from the expected rrcn~ caused,
we Cortjmtttre, by sunlight leaking into the optical path. If

this extraneous radiation is not corrected for, the apparent
scene temperature in channel 3 may be lowered by ss much as
2°C. With the exception of the four (southcm hemisphere)
summer months November through February, solar corruption
of the channel 3 1~ data S-S to be a regular daytime event at
our Hobart ground station (latitude 43°S).

We also found that the calibration slope (change in radiance

perchangeinmunG g inequation(2)) for all three infrared
channels showed clear demarcations hetwcen day and night op-
eration. It might be hoped that the dynamic calibrations will
completely compensate for these day-night variations.
However, when dre satellite crosses the night-day boundary
into fu~ sunligh~ it experiences a thcrrnal step. me 1~ tem-
perature rises rapidly, and the radiometer counts decline
steeply; it takea almost 3 min for the temperature to stabilize
to the new value. During thii period the dynamic calibrations

are only pmtially successful at tracking the thermal changes,
producing significant deviationa from drc anticipated calibra-
tion trend which persist for about 40 s following the transi-
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Radiance vs Counts Calibration Curve for NOAA-9 Channel 4
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Fig. 2. Appproximasecalibration cm for chanrsel4 of NOAA 9 AVHRR (mcacurcd from Fig. 1 of Wetieb et al. [1990]). ~e
least squares pambola ftited to tbc &ta has bcus factorised to show the form ~x) = a(x - SC)(x - ~, where SC and y arc the
w of tie quadratic. Gowledge of tie curvature u enables a simple aprcssion to be written down for the CO-MS whcss
approximadng the corve wish a tw&pint4imtion straight line passing through the space count, SC

tion. These instabilities appear to be duc to lags in the PRT re-
sponses resulting from the finite thcrrnal conductivity of the

ICT material. Uncorr-te& the apparent scene temperature
could be momentarily lowered by as much as 1“C for channel 3,
and 0.4°C for channels 4 and 5. This syndrome affected all 12
of the sampled night passes within the 6-month interval
October through March.

In section 2 we describe the standard calibration method
which anverts AVHRR count to radiance via a linear map-
ping. In section 3 we argue that the application of the nonlin-
earity mrrections is considerably simplified when the cotTec-
tion is stated in radiance space rather in temperature space as
has been tradition. We present the restdw of our examinations
of in-flight data for NOAA 11 in section 4, and in section 5 we
list recommendations pertinent to quality control of AVHRR
calibrations.

2. CO~TtNG AVHRR COUhTSTO ~D~CE

AS part of the preflight calibrations prodttres, NESDIS
. establishes a least squares polynomial which maps t, the PRT

output cotm~ to absolute temperature T. The individual PRT
temperatures are then averaged to obtain the mean ICT tempcr-

4 ature. For NOAA 11 and 12 the polynomial is the quadratic

T = 276.60 + 0.051275r + 1.363 X104t2 (1)

Weiweb et ~. [1990] descrik how thc constant term will

have been adjust~, if nuws~, so that (1) gives the bright-
ness temperature of the IC’T, rather than i~ physical or tier-

modyrtamic temperature. This modification to the polynomial
effectively eliminates systematic errors arising from non-
blackness of the ICT blackbody, so that thcrdtcr the emissiv-
ity of the Im Cm & SSSMti to & fity. The actual emissiv-
ity of the ICT is estitnated to & htler th~ 0.994 [Weinreb et

al., 1990].

All analog measurements are converted to digital munts.
The satellite broadcasu the PRT tem~ature and the radiomet-
ric data for the space-views and the irttcrnrd target views for
channels 3, 4, and 5 as part of each scars line. Thtss for a typi-
cal 14-min overpass of 5000 lines ticrc will be 5000 cfllbra-
tion sets for each channel, enabling the ground station to
monitor calibration changes during this period.

Figure 3a illustrates the standard NESDIS calibration
method, which assumes that the count-to-radiance mapping is
a straight line passing through the space count SC on tl~c x
axis (d=p space has =sentially zero radiance in the infrared),
with slope g = R/(IC - SC). IC is the channel count when
the sensor viewed the internal target, and R is the total
radiance of the target at temperature T rcccived by the sensor.
We may thus express the (linear) conversion from AVHRR
munt x to (linem) scene radiance rh(x) as follows:

rh(x) = *(X-SC) = gx+h (2)

We refer to g as the “’calibration slope” with uni~ of radi-

ance per counc h is the interqt on the radiance axis. Wc cal-
culate R by integrating the Plsmck blackbody expression
B(v, T) across the channel filter function WV):

R = J;~(v$n#(vMv

J;#(v)dv
(3)

where Vt and V2 are respectively the lower and upper
wavenumbcr limits of the filter function. The Planck equation

expressed in wavcnutnber space is

(4)
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Fig. 3. A- dbrations ase derived from IWOmfesuzcc views. ~e
space view fmca tbe z.cro-radirm~ rcfercn~ dte IH view defmcs a
semnd point on the true Calibmtion curve. Bccsuae the ICT temperature
vanes, dzis sc~d point moves up and down the calibration cts~ and
thus she size of any nonlinearity corrections to be applied also varic5.
(a) For channel 3, the detector wporrse is Iii-r, so ● two-point
calibration fixes tie counts-to-radiance mapping unambiguously. (b)
Channels 4 and 5 have a atrvature whose dcviatiat fmns a linear tit can
be compensated for by ●pplying tabulated nonlinearity radiance
CO?SCcdOS2S. (Based on Fig. 3 of Wetieb el d. [1990].)

with c1 ~d C2 being the ~st and s~nd radiation constants

scaled to give radiance ttrtits of mW/(m2 sr cm-’):

c, = 2k2 Xlo” = 1.1910439 x 10-s cm’ mW/(m’ sr cm-’)

~ = bjkx 10’ = 1.438769 cm K

where h, c, ~d k arc respectively Plrsnck’s constan~ speed

of ligh~ and B 01tzmann’s anstant. It should be noted that
these values for the two radiation @nstanta, which are derived
from the 1986 CODATA Recommended Values of the
Fundamental Physical Constants [Cohn ad Taylor, 1987],
differ by a few parts per million from those quoted in the
NESDIS literature [burilson er al., 1979; Planet, 1988],
namely:

c, = 1.1910659 Xlo-s

C, = 1.438833

NESDIS tabulates each infrared filter function at 60 evenly
spaced wavenumber increments Av. The table entzies arc nor-

malized so that the area under the filtertune (i.e., the dcrtomi-
nator in equation (3)) is unity. Bwause in some cases the fdtcr
fincriorts are not pr=iscly zero at the tails, we elect to use the
trapezium rule to evahsate (3):

R = ;[B(vl,T) #(v,)+ B(v@,T) @(v@)]

+ Av~B(vi,T) #(Vi) (5)
i-2

Wc use equation (5) to create a Lhree-cohtmn tcm~ature-to-

radiance lookup table, one column for each chamrel, compulcd
for a temperature range of 180 K to 340 K in 0.1 K steps. (A
marsely sampled subset from the full NOAA 11 lookup table is
shown in Table 1.) Thereafter, all conversions from tempera-
ture to radiance (and vice versa) are done by interpolating
within the body of the table.

TABLE1. Sample Subset from the NOAA 11Tcmpcsaturc-to-Radiance
hkUP Table

Radmcc, mW/(m2 sr cm-l )
Temperature,

K Chalmcl3 channel 4 atannd 5

180 0.00013 5.761 8.531
190 0.00040 8.504 12.1S5
200 0.00108 12.076 16.718
210 0.00266 16.588 22.314
220 0.00606 22.144 29.019
230 0.01288 28.832 36.896
240 0.02569 36.733 45.996
250 0.04850 45.912 56.354
260 0.08725 56.422 67.997
270 0.15032 68.305 80.937
280 0.24917 81.589
290

95.179
0.39896 96.296 110.718

300 0.61918 112.435 127.545
310 0.93425 130.008 145.643
320 1.37407 149.010 X64.989
330 1.97449 169.429 185.559
340 2.77774 191.249 207.325

lltiisubset table was creased by integrating dse Plmck funtion at the
spcc~led temperature across a& of she channel filter functions in
turn. (The ftdl lookup mhle has a resolution of 0,1 K.)

To summarize: ~e satellite broadcmrs the spa= count SC,
the internal target count IC, and clrc PRT temperature count f
as part of each scan lke. The ground station converts the PRT
count to absolute temperature T of the intem~ tuget via qua-
tion (1). ~s is mapped to radi~cc R by in~crpolating in the
temperatttre-to-radi~cc lookup tables generated earlier from
equation (5). The lin~ c~ibration S1OPC g = R/(IC - SC)
is established for each of the three infrared channels.
~ere~tti, ~uation (2) is USd LO convert the raw radiometric
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count x for each scene pixel into the corresponding lincsr
estimate for radiance rlti

Equation (2) is valid for all counts x only if the detector re-

sponse varies linearly with radiance. However, the channel 4
and 5 sensors have a slight curvature, which we model as
quadratic, in their radiance-versus-counts respnse as indicated
in Figures 2 and 3 (the curvature has been exaggerated in the
latter figure for cltity). For these channels the linear conver-

sion of (2) can only be correct when the scene radiance

matches either of the two reference radiances (i.e., either zero
radiance or ICT radisncc). For scene radiances higher than that
of the ICT, the linear approximation will underestimate the
true smnc radiance, while for lower scene radiances it will
overestimate. Therefore for channels 4 and 5 a correction must
be applied to the linear fit. This adjustment is referred to as the

“notdinearity correction. ”
The in-flight ICT temperature is not constant; it varies

rapidly as the spacecraft moves into (or out o~ Earth shadow,
and more gradually at other tisncs. The anticipated minimum
and maximum operating temperatures are approximate] y 10°
and 20°C respectively, although for a given ground station
overpass the temperature variation is unlikely to exceed 2°-
3“C. If the ICT temperature increases, the upper calibration
point defined by the intersection between the true calibration
curve and the linear fit moves further up the curve (see Figure
3b), and the nonlinemity corrections alter correspondingly.
Similarly, a decreasing spacecraft temperature drives the cali-
bration point down the curve, and again tie NLCS must be al-
tered It was Brown et of. [1985] who f~st recognized that the
NLCs are n=essarily a function of ICT temperature.

NESDIS publishes tables of nonlinearity corrections com-
puted from prelaunch tests in which the radiometer views a d-
ibrated laboratory blackbody whose temperature ranges from
175 to 315 K in steps of 5 or 10 K. The calibration procedure
is carried out for three settings (four for NOAA-12) of the
AVHRR’s baseplate temperature% nominally 10°, 15°, and 20°C
(and 25°C for NOAA 12). This detemtincs the “uue” AVHRR
radiance-to-counts calibration (the curved line in Figure 3).
The linear approximation draws a straight line which inter-
sects the curve at zero radisnw, and again at the baseplate radi-

ance. The deviations away from the linear fit define the rquircd
corrections: Ar = r- - rb. Thus the true sccnc radiance is
obtained by adding the correction to the linear result.

For historical reasons, NESDIS transforms these radiance
corrections into bnghtncss temperature corrections, and tabu-
late5 them as a function of apparent scene temperature (rather
than apparent scene radiance); this is the form in which the
NLC tables are published. (For an example, refer to the first
four alurnns of Table 2.) The presentation of tic corrections
in this form makes life awkward for users who wish to extract
mrrected radian= rather than brightness temperature, rquiring
a four-step process: (1) count to radiance via equation (2); (2)
radianu to temperature via table lookup; (3) temperature to
mrrected temperature via NLC tables; (4) corrected temperature
back to corrected radiance via reverse lookup. The more direct
approach would be to recover the original tables of radiance
corrections to be applied to the scene radi ante calcul atcd from
quation (2); at that point the user could convert the corrected
radiance to brightness temperature should he or she so wish.
Since we feel that such tables are useful, we computed the full
set of radiance correction for NOAA 9, 10, 11, and 12. These

are contained in Tables 2 to 9, and plotted in Figur= 4 to 11.
To regenerate the original radianm NLCS, we “rcvcrsc engi-

neered” the NESDIS tables by making two interpolative forays
per comection into the temperature-to-radiarscc lookup tables

(LUTS), fiist to onvert the apparent sccnc temperature Tlrn to

apparent stine radiance rlh, the second time to fmd the true

radiance ~rresponding to the mrrect~ temperawe Ulrn + An
where AT is the NLC in temperature space); the difference

gives the radiance Corr-tiom

Ar=rW– rk = LUT(Tb + AT) – LUT(TU.) (6)

where LUT(T) means “the radiance corresponding to bright-

nms tem~rature T obtained from interposition within the ra-
diance lookup table.”’

Figures 8 and 9 show the results of plotting the tempaature
corrections versus apparent scene temperature, and the mrrc-

sponding radiance mrrections versus apparent scene radiance

for channels 4 and 5 of NOAA 11. Viewed in temperature spare,
the corrections appear as sets of nearly parallel cumes, As
Weinreb et uZ. [1990] obsct-ve, if the curvm were exactly psral-

lel, then wnsidered as a function of scene temperature minus
base plate temperature, the comection terms would be indepen-
dent of base plate temperature.

However, when viewed in radiance space, the corrections
form a nest of well-defined parabolas. ~ls is consistent witi
our initial assumption that the underlying munt-to-radiance
calibration curve is well approximated by a quadratic function
(e.g., Figure 2). We would not expect the curvature of this un-
derlying calibration curve to depend on the base plate tempera-
ture (even though the correction magnitudes clearly do), in
view of the instrument description by Schwalb [1978, pp. 43-

45] indicating that the infrared detectors arc mounted adjacent

to a radiant moler which maintains their temperature at a con-
stant 105 K. @ fac~ maintaining HgCdTe detectors at low
&mpcrature would appear to be a necessaxy condition for their
su=ssful operation [Norwood und Laming, 1983, p. 354].)

All three radiance correction cumes in Figure 8b pass
through the origin (zero emor at zero radianm), and have as
their second root the radiance R of the internal target at the
s~KJ~ b=e plate temperature (zero error when the scene ra-
diance matches the ICT radiance tils is the upper calibration
point in Figure 3). Since the horizontal axis of Figure 8b is the
apparent scene radiance rlk, (i.e., the radiimce as estimated

from the linear equation (2)), each correction parabola can be
expressed as a quadratic function of rlrn:

& = krk(rh– R) (7)

where

rb = g(x - SC) (8)

and k, the quadratic coefficient for the corrections parabol~ is
a lemt squares fitted constant (details given later this section).
The corrected scene radiance then is obtained by adding (7) to
(8):

r=rh+h (9)

Once the corrections coefficient k h= been establishe~
equations (7) through (9) provide a simple algorithm for cor-
r~ting linear radiance estimates in channels 4 and 5. It is con-
siderably more straightforward to implement than the four-step

rl~ + T~rn+ Tn. + r- process OUfliIIed above, ~d it ~lOWS
direct calculation of the radiance NLC at any baseplate
temperature without the need to interpolate in the NESDIS ta-
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TABLE 2. Turtpcmture Corrections ~einrcb ets1.,1990, Table 3] sutdthe Corresponding
Radiarscc Corrections for NOAA 9, Channel 4

Temperature Correction Radian= Correction
Scene Scene

Temperature 10.0 15.0 19.3 Radian= 10.0 15.0 19.3

320
315
310
305
295
285
275
265
255
245
235
225
215
205

2.35
1.a9

1.45
0.82
0.11

-0.48
-0.71
-0.96
-1.09
-1.15
-1.32
-1.22
-1.21

2.53
1.97
1.55
1.02
0.46

-0.22
-0.61
-0.84
-1.25
-1.36
-1.38
-1.39
-1.34
-1.48

2.28
1.81
1.31
0.88
0.17

-0.48
-0.90
-1.26
-1.50
-1.66
-1.60
-1.53
-1.42
-0.90

148.676
139.003
129.686
120.728
103.888

88.4i5
74.513
61.955
50.787
40.973
32.466
25.204
19.116
14.116

4.67
3.61

2.56
1.33
0.16

-0.63
-0.84
-1.00
-0.99
-0.90
-0.87
-0.67
-0.54

5.03
3.77
2.85
1.80
0.74

-0.32
-0.81
-0.99
-1.30
-1.23
-1.07
-0.91
-0.73
-0.65

4.53
3.46
2.41
1.55
0.27

-0.70
-1.19
-1.48
-1.56
-1.50
-1.24
-1.01
-0.77
-0.40

The f- column gives a veclor of apparent seute temperatums, in ~ computed via the hear model of
quation (2). Tlte next shree columns defiic the temperature corrections to be applied (added) to the
appa~t s-c ~PC~mrS for baseplam _Fcmusres of 10.0”, 15.@, and 193W. The fiial three mlantns
antairs the corresponding radiance mmctions to be added to a given apparent scene radiance. Irr
appficatio~ inmrpo~te verticaUy within the scene tanperatum (or mdtancc) column, thess horizontally
betweus bracketing baseplate temperature columns so arrive at she appropriate tempemtum (or radiance)
wrrectiort,

TABLE 3. Tempemtum Corrections [Wekeb ct al., 1990, Table 3] and she Grresponding
Radti~ Corrections for h’OAA 9, Channel 5

Teanpmature Grretion Radiance Cotion
Scene Scene

Temperature 10.0 15.0 19.3 Radiance 10.0 15.0 19.3

,<7.: .... .

320
315
310
305
295
285
275
265
255
245
235
225
215
205

0.82
0.64

0.66
0.45
0.05

-0.25
-0.42
-0.63
-0.76
-1.03
-1.14
-1.24
-1.43

1.14
0.83
0.71
0.35
0.20

-0.09
-0.31
-0.46
-0.81
-0.92
-1.19
-1.11
-1.28
-1.62

1.16
0.91
0.68
0.47
0.09

-0.24
-0.47
-0.75
-0.91
-1.12
-1.31
-1.14
-1.41
-1.23

164.495
154.666
145.148
135.944
118.489
102.320
87.450
73.886
61.627
50.664
40.976
32.531
25.286
19.183

1.64
1.24

1.20
0.76
0.08

-0.36
-0.54
-0.73
-0.78
-0.93
-0.89
-0.82
-0.78

2.28
1.61
1.33
0.63
0.34

-0.14
-0.44
-0.59
-0.94
-0.94
-1.07
-0.86
-0.84
-0.89

2.32
1.77
1.28
0.85
0.15

-0.37
-0.67
-0.96
-1.05
-1.15
-1.18
-0.89
-0.93
-0.68

TABLE 4. Temperatum Gtions [Wcinrcb cl al., 1990, Table 4] and tie Grresponding
Radiance Corrections for NOAA 10, Channel 4

Temperature Comction Radiance Correction
Scene Scene

Temperature 8.7 13.8 19.1 Radiance 8.7 13.8 19.1

320 3.50 2.83 2.54 152.595 7.02 5.66 5.08
315 2.93 2.19 1.97 142.858 5.66 4.22 3.80
305 1.88 1.34 1.11 124.427 3.36 2.39 1.98
295 1.12 0.57 0.12 107.396 1.84 0.93 0.20
285 0.20 -0.15 -0.38 91.770 0.30 -0.22 -0.57
275 -0.46 -0.53 -1.08 77.550 -0.62 -0.71 -1.45
265 -0.76 -0.93 -1.37 64.724 -0.92
255

-1.12 -1.65
-1.33 -1.49 -1.77 53.275 -1.42 -1.59 -1.89

245 -1.74 -2.09 -2.26 43.171 -1.62 -1.95 -2.10
235 -1.79 -2.20 -2.53 34.372 -1.44 -1.77 -2.03
225 -2.22 -2.51 -2.53 26.825 -1.51 -1.71 -1.72
215 -2.58 -2.65 -2.80 20.463 -1.46 -1.50 -1.58
205 -2.47 -2.88 -3.27 15.207 -1.14 -1.32 -1.49
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TABLE 5. Tesnpcratum CotiaIs [Weimeb et af., 1990, Table 5] and the -spending Radiance
Cotiorrs for NOAA 11, channel 4, Baaed on she OrigiiaI 1981 Dam

Temperature Grrccrion Radiance. Corrr.Uion
Some scene

Tcsnperaturc 9.2 13.9 19.0 Radiance 9.2 13.9 19.0

320
315
310
305
29S
285
275
265
255
245
235
225
215
205

4.81
4.03
3.28
2.56
1.27
0.23

-0.61
-1.22
-1.70
-2.02
-2.21
-2.18
-2.17
-1.97

4.16
3.43
2.68
1.99
0.82

-0.20
-1.06
-1.58
-2.08
-2.43
-2.42
-2.46
-2.41
-2.25

3.64
2.93
2.20
1.52
0.27

-0.71
-1.41
-1.91
-2.35
-2.63
-2.55
-2.71
-2.55
-2.12

149.010
139.331
130.008
121.042
104.186
88.764
74.770
62.190
50.998
41.159
32.627
25.341
19.230
14.208

9.65
7.77
6.08
4.55
2.06
0.34

-0.81
-1.44
-1.77
-1.83
-1.72
-1.43
-1.18
-0.87

8.32
6.60
4.95
3.53
1.33

-0.29
-1.40
-1.86
-2.16
-2.19
-1.87
-1.61
-1.31
-0.99

7.27
5.63
4.06
2.69
0.44

-1.04
-1.86
-2.24
-2.43
-2.37
-1.97
-1.77
-1.38
-0.93

TABM 6. Revised Tunperatorc and Radian= Comtions for NOAA 11 Chmncl 4, Based on the
Recalibration Data from 1988 [Wcimcb et ai., 1990, Table 7]

Temperature Corrccsion Radiane correction
Scene Scme

Tapcraturc 9.2 14.2 19.0 Rsdiancc 9.2 14.2 19.0

320 4.29
315 3.50
310 2.85
305 2.23
295 1.05
285 0.24
275 -0.45
265 -1.06
255 -1.41
245 -1.70
235 -1.87
225 -1.90
215 -1.82
205 -1.54

3.71
2.98
2.33
1.73
0.68

-0.21
-0.79
-1.37
-1.72
-1.96
-2.10
-2.14
-2.02
-1.76

3.25
2.55
1.91
1.32
0.22

-0.67
-1.15
-1.66
-2.03
-2.22
-2.28
-2.36
-2.20
-1.98

149.010
139.331
130.008
121.042
104.186
88.764
74.770
62.190
50.998
41.159
32.627
25.341
19.230
14.208

8.59
6.74
5.27
3.95
1.70
0.35

-0.60
-1.25
-1.47
-1.54
-1.46
-1.25
-0.99
-0.68

7.41
5.73
4.30
3.06
1.10

-0.31
-1.05
-1.61
-1.79
-1.77
-1.63
-1.40
-1.10
-0.78

6.48
4.89
3.52
2.33
0.36

-0.98
-1.52
-1.95
-2.11
-2.01
-1.77
-1.55
-1.20
-0.87

fie NOAA 11 AVHRR was originally mlibrated in 1981, then mtestcd prior to launch in 1988. As a
AL a revised set of sronlinarity co-tions was issued for channel 4. (IrI mntrast, the chanrrel-5 retests
showed no si~lcsnt change.)

TABLE 7. Tunperaturc and Radiance Corrcuions for NOAA 11 channel 5, Based m 1981 Data
[Wetieb er d., 1990, Table Sl

Ternperatum Comction Radmce correction
Scene Scme

Tcrnperaturc 9.2 13.9 19.0 Radian= 9.2 13.9 19.0

320 1.43 1.26
315 1.23 1.03
310 1.05 0.84
305 0.85 0.64
295 0.43 0.28
285 0.07 -0.07
275 -0.19 -0.34
265 -0.37 -0.51
255 -0.60 -0.77
245 -0.72 -0.90
235 -0.84 -1.02
225 -0.94 -1.06
215 -1.12 -1.24
205 -1.15 -1.27

1.12
0.89
0.70
0.47
0.09

-0.23
-0.47
-0.60
-0.78
-0.92
-1.00
-1.16
-1.16
-1.23

164.989
155.161
145.643
136.436
118.972
102.787

87.895
74.304
62.014
S1.016
41.290
32.807
25.523
19.382

2.87
2.39
1.97
1.54
0.72
0.11

-0.27
-0.48
-0.70
-0.74
-0.76
-0.73
-0.74
-0.64

2.53
2.00
1.58
1.16
0.47

-0.11
-0.48
-0.66
-0.89
-0.93
-0.92
-0.83
-0.82
-0.70

2.24
1.73
1.31
0.85
0.15

-0.36
-0.67
-0.77
-0.90
-0.95
-0.90
-0.91
-0.77
-0.68
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TABLE 8. Temperature Corrections and Corrcspmding Radiance Co-ons for NOAA 12, Garmel 4
(May 1991 Addendum to P1.ntf [1988])

Scme TcmperaMrc Correction Rediane Correction
Tmtp- Scule
erasure 8.9 14.7 19.5 23.9 Rad;ancc 8.9 14.7 19.5 23.9

320 3.21 2.88 2.27 1.91
315 2.58 2.39 1.72 1.43
310 2.04 1.94 1.28 0.98
305 1.60 1.42 0.80 0.52
295 0.80 0.53 0.13 -0.16
285 0.16 -0.23 -0.52 -0.70
275 -0.41 -0.84 -1.05 -1.19
265 -0.71 -0.97 -1.19 -1.32
255 -1.04 -1.20 -1.53 -1.59
245 -1.18 -1.40 -1.58 -1.62
235 -1.05 -1.59 -1.51 -1.63
225 -1.33 -1.65 -1.58 -1.67
215 -1.24 -1.65 -1.49 -1.53
205 -1.58 -1.80 -1.31 -1.33

150.306
140.608
131.262
122.270
105.352

89.859
75.784
63.116
51.831
41.897
33.268
25.887
19.685
14.577

6.41 5.75 4.52
4.96 4.59 3.30
3.77 3.58 2.36
2.84 2.52 1.41
1.30 0.86 0.21
0.24 -0.34 -0.77

-0.55 -1.12 -1.40
-0.85 -1.15 -1.41
-1.10 -1.26 -1.61
-1.09 -1.29 -1.45
-0.83 -1.26 -1.19
-0.89 -1.10 -1.06
-0.69 -0.92 -0.83
-0.71 -0.81 -0.59

3.80
2.74
1.80
0.92

-0.26
-1.03
-1.58
-1.57
-1.67
-1.49
-1.29
-1.12
-0.85
-0.60

Note that there arc now four mlunms of temperature corrtions.

TABLE 9. Tempemsure Corrections and Corrcspmding Radiance Grrections for NOAA 12, Charmcl 5
(May 1991 Addmdum to Platsef [1988])

Scene Temperature Correction Radiance CO*OSS
Temp- Scene
eraturc 8.9 14.7 19.5 23.9 Radiance 8.9 14.7 19.5 23.9

-,<.>;:

320 0.80 0.80 0.80 0.73
315 0.80 0.80 0.73 0.61
310 0.80 0.73 0.61 0.37
305 0.73 0.61 0.37 0.18
295 0.37 0.18 0.08 -0.08
285 0.08 -0.08 -0.21 -0.31
275 -0.21 -0.31 -0.37 -0.41
265 -0.37 -0.41 -0.47 -0.53
255 -0.47 -0.53 -0.63 -0.76
245 -0.63 -0.76 -0.88 -0.94
235 -0.88 -0.94 -1.01 -1.10
225 -1.01 -1.10 -1.15 -1.19
215 -1.15 -1.19 -1.17 -1.16
205 -1.17 -1.16 -1.19 -1.23

165.810
155.983
146.462
137.251
119.769
103.555
88.626
74.990
62.648
51.592
41.805
33.258
25.910
19.705

1.60 1.60
1.55 1.55
1.50 1.37
1.33 1.11
0.62 0.30
0.12 -0.12

-0.30 -0.44
-0.48 -0.53
-0.55 -0.62
-0.65 -0.79
-0.80 -0.86
-0.80 -0.87
-0.77 -0.80
-0.65 -0.65

1.60
1.42
1.15
0.67
0.13

-0.33
-0.53
-0.61
-0.73
-0.91
-0.92
-0.91
-0.78
-0.67

1.46
1.18
0.69
0.33

-0.13
-0.48
-0.58
-0.69
-0.89
-0.97
-1.00
-0.94
-0.78
-0.69

Radiance Corrections for NOAA-9 Channel 4

5-

1-

0

-1-

1

Radianc9

Fig. 4. Radim= codons for channel 4 of NOAA 9. LcAst squares
parabolas of sbe form & = krb(r~ -R) have bcur fitted to she
radiance &w from Table 2.

Radiame Corrections for NOAA-9 Channel 5

I
❑ 10.0

3 A 15.0

+ 19.3 A

u-

-11-*+*
+

k = 2.92x 104 r
4 L-z~
02040 SO S7J1W 1~ 140 160

Radiance

Fig. 5. Radian= correction parabolas for channel 5 of NOAA 9, plotd
fran Table 3.
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Radiance Corrections for NOAA-1 O Channel 4

8+ m I , , I I I ,11

a 8.7
6- A 13.8

+ 19.1

4-

2-

0-

-2-

k = 6.WX10A
1

-4~
o m40eosolmla 140190

Radiance

Fig. 6. hdiancc mtion pambolas for charurcl4 of NOAA 10, ploucd
frcsn Table 4.

Radiance Corrections for NOAA-1 1 Channel 4
(1981 data)

10-

6-

6-

4-

2-

0

-2-

? km, = 10.01x 10A

.~
o 2040 SO S01C0120 140160

Fig.7. Radm~ mrrcction parabolas for channel 4 of NOAA 11, based
on she 1981 timrion dara contained in Table 5.

bles. For users who rquire brighmcss temperature, the three
s~s would be rlrn + r- + TX; the important change from
present procedure is that the mrrcction is to be applied before

mnvcrsion to temperature, rather than after.
In fac~ we can reduce (7) to an even simpler form if wc

know the quadratic factor in the original calibration equation
(i.e., tie curve generated from the prelaunch ~ experiments,

e.~.s Flg~ 2) which relates the AVHRR otmt x ~ radi~

r(x) = UX2+ bx + c = Q(X– SC)(x – 7) (lo)

with a, b, and c being calibration mrLsLants. We ret’er (raticr

Temperature Corrections for NOAA-1 1 Channel 4
(1988 recalibration)

5 t

4-

3-

2-

1

0

-1-

-2

.~
2402602603W 320

‘-ne Temperature (K)

Fig. 8a. Tcmpcratum corrccdons for channd 4 of NOAA 11, based on
1988 revised crdi%raticmsa in Table 6.

Radiance tirrections for NOAA-11 Channel 4
(1988 recalihation)

10

6-

6-

4-

2-

0

-2-
k= &77x10”-

-4~
02040 s0s0100 12014’ol~

F%. 8b. Radwcc cotions for channel 4 of NOAA 11, based on 1988
revised calibrations. Least squares parabolas of the forsn
Ar = krh(ra -R)bwbfiMmtiedm=-fmT*k6.
For each radisoce -e she two sc-rrccsion points (LC, the -of
the mrrcctims quadratic) occur when the radiance is z.em, and whm the
target radian= rnati R, the rsdmcc of the 1~.

loosely) to a m tie curvature of the count-to-radiance func-
tion. It is useful to write the expression in the factorized fom
showing explicitly that the radiance goes to zero at x = SC
(the space view), and at some other poirtL x = y (of no phys-
ical significance). me curvature a is assumed to be fixed for
all time, but the otier “constants” b and c, or quivalcntly,
SC and y, may vruy in flight. (In practice, rhe space count is

/
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Radiance Corrections for NOAA-1 2 Channel 4

8 , , , f , , * , 1

Temperature Corrections for NOM-1 1 Channel 5

7 Q 8.9

6 A 14.7
+ 19.5

5 0 23.9

54

~,
o

\

-3~
o m40a060100120 1401SU

Fii. 9u. Tanpcrak cotions for channc35of NOAA 11, fti to she
1981 dats of Table 7.

Fig. 10. Radiance corrcctism parabolas for channel 4 of NOAA 12,fiucd
to she tadisnce data of Table 8.

Ratiance Corrections for NOAA-11 Channel 5 Radiance Corrections for NOAA-1 2 Channel 5

#

o

A

)

l.u -

0.s -

0.0

-0.5-

-1.0- 1-

1 + 19.5

.- 0 23.9

-<,<:..

k = 2.79x 10~

-2 , , 1 t , r , i #

02040 eomlw 120 140 ?W

k = 2.33x10-

-1.5 I1 , # , , , I 1 ,
0204060601W la 140 1s0

Fig. 9b. Wiance eQtion pImbolas for &anml 5 of NOAA 11, fiued
to the 1981 radiance data of Table 7.

Fig. 11. Radilmce ~on pambolas for channel 5 of NOAA 12 f-
to the rsdIance &ts of Table 9. Urdike most of the other radiance
co-on curves, the experimmtsd data scurs not to follow she expcacd
trmd at both the high- and low-radiance ex~es. This may pint up
s-a~c m~~m~ -n in b P*USSCIScsdibration experiments.
Nevertheless, the ag~cnt over the imponant su surface radiance
range is quite satisfactory.

very stable we found that the value of SC for channels 4 and
5, after averaging in blocks of 50 scan lines, did not vary by

more than *0.04 and kO.2 coun~ rcs~tively, for the 48
NOM 11 passes extracted over a full year.)

It follows tim (10) that when x = IC (the ICT view), the
radiance will be R: Substituting this resdt into (8), and solving (9) for Ar, we

obtain the following alternative to (7):
R = r(Ic) = a(Ic - SC)(IC – 7) (11)

&= a(x – Ic)(x - Sc) (13)
so that the linear calibration slope g becomes

me advantage of this form is tha~ provided we know a,
(13) permits calculation of the NLC dir~tly from she raw
count. Equating (7) and (13), and eliminating rlk using (8),g = X/(IC - SC) = a(IC – 7) (12)
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we can relate the corrections coefficient k to the calibrations
mature a:

k = a/g’ (14)

Because the calibration slope g depends (weakly) on base
plate temperature, the mmections coefficient k will also vary
with b=e plate temperature (higher ICT temperatures will be

associated with lower values for k). This means tha~ strictly
speaking, each of the three correction parabolas (corres-
ponding to the three base plate temperatures) for a given
channel should have its own k value. In practice, we fmd that

this subtle variation in k is dominated by “noise” in the
~DIS ~ tables. Weirtreb ef d. [1990] remark that the lack
of smoothness in some of the temperature-correction cuwes
(e.g., Figure 9a) probably originates in the test procedures
themselves.

Since the preflight values for a are unknown (to us), we

have elected to work with equation (7) rather than (13), and to
estimate a single average value for k which applies to all three
(or four, in theme of NOAA 12) radiance correction parabolas
for a given channel. The advantage of this average-value

approach is that (7) can then be applied for any b~cplatc
temperature, not just the nominal 10”, 15°, or 20°C tempera-
tures which head the NLC tables.

Having extracted ~ wc could in principle calculate the cur-
vature a from equation (14), but only if we knew the prel’light
values for the line~ calibration slope g. Sin= wc do no~ the

best we can do is to use averaged values for the calibration
slopes derived from the inflight measurements. Because k is
an average best fit value across the range of baseplate tempcr-
aatrcs, we computed a representative slope which was averaged
across the range of base plate temperatures accessible to us.
For NOAA 9, we analyzed a single pass from mid 1988, and for
NOAA 11 we used the full-year suite of 48 passes described be-
low in section 4. (We have not yet examined in-flight data for
NOM 10 or 12.)

To explain our k extraction and a estimation methodolo-
gies, mnsider the radiance corrections for channel 5 of NOAA
11 (Table 7, Figure 9b). For each of the actual baseplate
brighmess temperatures [9.2, 13.9, 19.0] ‘C, we computed the
arresponding channel 5 radiances R = (98.7, 106.0, 114.2)
mW/(ml sr cm-l ), then evaluated Icast squares fits to the form
Ar= krb(qa – R) to determine the corrections quadratic coef-
ficient k for =ch curve ti turrt. The restdts for the three curves
were k = (2.794, 2.778, 2.810) x 10A. Because these values

do not form a smoothly diminishing sequence with ICT
temperature, we conclude that the true coefficients have been
masked by measurement noise, so compute the average of the
three using their sample standard devia~ion as the uncertainty
estimate k,= = (2.79 ~ 0.02) x 10A. From the 48-pass suite
of NOAA 11 observations, for which the bwe plate temper-

ature varied from 11.7° to 16.1 ‘C, the average charnel 5
calibration slope g was -(0.1797 + 0.0004) radiance units
per count; this implies a channel 5 estimated curvature

a = k.~gz = (0.902 * 0.006) x 10-5. Encouragingly, when we
performed the analogous set of computations for NOAA 9
chmel 4, we obtained a curvature estimate of a = (1.59 *
0.04) x 10-5 which agrees rather well with the 1.568 x 10-5
value gleaned horn our least squares flt to the ffT calibration

curve shown in Figure 2.
We repeated the k extraction procedures for all of the radi-

ance correction tables. In some cases we omitted from the
curve fit those extreme values which appeared to be glaring

outliers; for example, we ignord the last two entries within
the 8.9° and 14.7°C columns of Table 9 (NOAA 12 channel 5).
The results of this work are ~ntaind in Table 10. There are
three general observations. The corrections coefficient for
channel 4 across the various AVHRRS is insistently higher
than that for the corresponding channel 5 sensor by a factor of
about 2 or 3, and therefore so are the relative magnitudes of the
correction to be applied; the ~ radiance curvcs for charmcl
4 are generally “’better behaved” (less noisy) than those for
channel 5; channel 5 generally exhibits deviations away from
the expected trend at both the high and low radiance extremes.
We do not krtow whetier these deviations are real or a conse-
quence of the calibration procedures. The fmt two observ a-
tions are confirmed by the in-flight calibration record for
NOAA 11 (discussed in detail in the next section): channel 5 \
has lower curvature but higher noise.

TABLE 10. Quadratic tificimt k for Radian= Correction
Pambolas,and EstimatedCWature a for sheUnderlying

Coum-to-Rad=na Quadratic

AVHRR
k f 104

-5
satellite Chamtel a/10

NOAA 9 4
NOAA 9 5
NOAA 10 4
NOAA 11 4 (1981)
NOM 11 4 (1988)
NOAA 11 5
NOAA 12 4
NOAA 12 5

6.01 f 0.14 1.59 * 0.04
2.92 * 0.30 0.94 * 0.10
6.97 i 0.33

(10.01 * 0.16) (2.94 * 0.05)
8.77 * 0.12 2.58 * 0.04
2.79 * 0.02 0.90 * 0.01
6.28 * 0.47
2.33 t 0.10

Each mq has been scaled as indicated at the head of the column.
The radiance correction Ar for a given channel can either be
calctdatert from equation (7) using k and rlti, or from quation (13)
using a and raw radiometric count x.

Of particular interest is rhe degree to which the fitted correc-
tions parabolas match the NESDIS corrections (expressed in
radian- space) over the sea surface temperature range 273 to

310 K (neglecting atmospheric attenuation this corresponds
to radiance ranges 70-130 for channel 4, and 85-145
mW/(m~ sr cm-l ) for channel 5). From inspection of the
corrections graphs, it is clear that this temperature interval
brackets the family of zero-error crossings, and for this inter-
val at leas~ the agreement is generally very satisfactory. For

radirmcea outside this range, the deviation of the experimental
calibration away from the smooth parabolic trcnda may sim-
ply be due to systematic errors in the measurement procedures.
It is difficult to imagine, for instance, that the depar!urcs from
the quadratic form displayed by the NOAA 12 channel 5 data
(Figure 11) are more “real” than the smooth well-behaved
trenda shown by NOAA 11 channel 4 (Figures 7 and 8). Even if
the departures were real, they tend to occur at tie low and high
radiance extremes and so are of little consequence to sea surface
radiance and temperature estimates.

4. IN-~GHT DATANOAA 11

We examined in detail the in-flight calibration records gen-
erated by NOAA 11 for two daytime asccndirrg and two night-
time descending passes received at Hobart on April 30, 1991.
By “calibration record” we mean the following set of measure-
ments averaged in blocks of 50 scan lines: (ICT brighmess
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Count vs Te~rature for NOAA-11Channel 3
(four passes, Ml 30 1991)

7s54 t

Count vs Temperature for NOAA-11Channel 4
(four passes, April30 1991)
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temperature; radiometric cormu for both the ICT view and the
sp- view for charmek 3, 4, 5). Since a typical pass ~nsists
of about 5000 scars lines, there will be about 100 averaged cal-
ibration records pcr pass. This initial investigation rcvcalcd
unex~tcd day-night variations in all Utr% infrard charnels,
as well as the presence of spurious daytime radiance in charmcl
3, presumed so bc solar in origin. Tltc charmcl 3 calibration
graphs for the four (April 30, 1991) passes are presented in
Figure 12.

Figure lb shows the channel 3 ICT count as a function of

1~ brightness temperature. As the satellite travels nofi from
its southern polar crossing, it is in full sunlight and warms
gradually, so the 1~ count should diminish steadily. While

thii trend is evident in the channel 4 and 5 r=ords (SW Figures
13a and 14u), it is distorted severely in the chsmncl 3 graph: in
the e~ly pordon of the pass, channel 3 is exposed to an addi-
tional source of radiance which dcprcsscs the ICT curve by
about 20 munu to form a characteristic “shark fin.” This be-
havior is apparent for both daytime passes but is completely
missing from the two nighttime (descending) passes during
which temperanrre dminishes with time, causing dtc 1~ count

to steadily increase. Note that there is a strong correspon-
dence between time and temperature in this and several OFthe

Fig. 12 In-flight calibration curves for channd 3 of NOAA 11 for four
catsecutivc passes received at Hobart on April 30, 1991 (two daytime
ascending passes plus two nightdme descending passes). (Q) Charnel 3
target count ●s a function of 1~ brightness temperature. ICT
temperature typically incr~ses (for an ascending pass over Hoba~ it
decreases for a descending pass) by about 2°C during the 12-min
overfliihL Instead of the expected smooth variation of counts with
temperature, both day passes exhibit a consistent anomafous behavior
persisting for two thirds of the pass. ~c mismatch between she day and
night curves indicates a &ange in instrument sensitivity. Tlrc space COUSIL

(add ~ to top plot) was substantiaffy constant at 990.U i O.~ -KS.
(b) Plcc of channel 3 dbration slope versus ICT count for the April 30
passes, showing disrina day and night clustering abut a pair of avcmge
values which can & used to derive the linear counts-lo-radiance
quations. The solar distortion stands out clearly. (c) Channel 3 radmm
versus Iff -L The brightness temperature data from Flgurc lti have
been converted to cbannd 3 radiances, and the linear calibration -.s
Suprirnposed.

Fig. 13. In-flight calibration curves for chanrrd 4 of NOAA 11 for four
cmsecrrtive passes ~ived at Hobart on April 30, 1991. (a) Gannel 4
target count as a function of ICT brightness tanperatum There is a
dis-tirsuity betweut the day and night crtrve~ istdlvidual count steps
can be clearly discerned, suggesting a superior noise performance
ComPr.d with *.ls 3 md 5. ~e spae. count (add 520 to sop plot)
was substantially constant at 993.014 i 0.007 counts. (b) Plot of channel
4 calibration slope versus 1~ counL ~e distinct day and night graphs
both follow an upward trend of approximate slope 7x1&s. M we wuld
be confident that the radiometer is responding ordy to the ICT
temperature changes, then the slope of this gtaph could provide an in-
flight estintatc of the channel curvature. (c) Channel 4 tadianm versus
Iff munL The brighmess temperature data from Figure 13u have been
-verted to channel 4 radiances. For an ideal radiometer, this graph of
radiance VCKUSradiometric aunt wodd represent a (dny, 2°C) subset of
the “tree” couors-tc-radian~ calibration msvc.

Fig. 14. In-flight calibration curves for channel 5 of NOAA 11 for four
consecutive passes received at Hobart on April 30, 1991. (a) Channel 5
target casnt as a function of 1~ brighmess imperature. The space munt
(add 570 to top plot) was subsrantiatly constant at 996.66 f 0.04 counrs.
(b) Channel 5 calibration slope versus 1~ counL The &y and night
graphs merge at a count of 418, and foflow an upward t.rend of slope
1.6x10-$. (c) Channel 5 radiance versus ICT mum. The brightness
tcmperasurc data from Figure 14 have been mnvertcd to charnel 5
radiances.
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Fig. 16. -el 4 Iff ecum versus base plate tempemture over a fi
year. (u) Twelve daydnte pass= samplut at 1-montiy intervals. The
cuwea follow the expected rs--littear ttendq there is no sign of she solar

Fig. 15. Channel 3 ICT count versus base plate Sentptttre over a full
year. (a) Twelve da-e passes sampled at 1-monshly intervals. For 8
months, March through October, there is a substantial distortion its the
curve caused by spurious radiance its channel 3. llse daytime curves for
channels 4 and 5 are clear of distortion (s= Figures l& and 17u)
suggesting that surdight is affecting calibrations in this channel.
(b) Channel 3 nighttime passes sampled at 1-monthly intervals.
Nighrt.imecalibration instabfities occur during the southern hemisphere
summer months (October through March) when the satellite crosses the
night-day bcundary into fti surdigItLSimilar disturbances arc seen itsthe
charmel 4 end 5 night records (SW Figures 16b and 17b), although of
smaller magnitude.

radiarsee dlstortiorts ~vidcnt in channel 3 daytime passes. (b) Channel 4
nighttime passes sampled at l-monthly intervals. Night pass dtbmtiorr
instabtities O- during the southern hemisphem summer months
(October through March) when the satellite crossm the night-day
borm&v into ftdl aurdighLThe deviations away from tbe _ trend
line are thought to be due so dte differertee in thermal mspse time of
the mdiometer compared with that of the PRT satsors which measure the
btdk 1~ tatt~rsture (SCCF- 18).

1990 to May 1991 (see Figure 15a). Of the 24 day-time passes,
16 passes contained charmel 3 radiance anomalies; only the
months of November through February were free of daytime rtr-
tifacta. These anomalies always coincided with Sun elevation
srtgles relative to the satellite which were lower lhm about 15°

following graphs and that some of the features sue functions of
time or SpacMrsft position rather than temperature.

To test our soler radiance hypothesis, we then examined 48
NOAA 11 passes sampled over a full ycu two daytime passes
and two nighttime pssscs for each month for the period June
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horn the edge of the scarming mirror when it is aligned [owards
the ICT, or even, at very low solar elevations, dir-t illumina-
tion onto and reflection from the imperfectly “black” ICT it-
self.

To demonshate that this ICT rcflution explanation is at

least numerically fcasibl% we computed the t.otaf solar radiance
across the channel 3 filter function by evaluating equation (3)
for a blackbody radiating at 5800 K (the Sun), then scaled the
result by the square of the ratio (radius of Sun : radius of Earth
orbit abut the Sun) to obtain the radiance at the top of the at-
mosphere [Liou, 1980, p.41 and exercise 2.1, p.48]. The result
was 5.27 mW/(m2 ar cm-’). We convcrtcd this to chanrseI 3
counts by dividing by the channel 3 S1OPC of -0.00149
radian= units per count (s= Figures 12b and c), and then
multiplying by the estimated (upper limit for) rcfl~tivity of
the ICT blackbody, (1 -0.994 = 0.006), giving a predicted

upper limit for the count displacement of –21.2 counts. From
Figure 12c we estimate the actual count dismepancy at –17
munts. (Similar solar calculations for channels 4 and 5 predict
a deviation of about -0.03 counts, well below the limits of
detectability.)

If these distorted calibrations arc taken at face vrduc, they
will lead to scene brightness tcmpcraturc estimates in charmcl

3 which for the case shown in Figure lti, could be as much as
1.7°C too low. To illustrate, mnsidcr a sccnc pixel which hap-
pens to produce a chartncl 3 count of 747. In the abscncc of
distortion, this count value would intersect dlc (extrapolated,
lower) murtt-versus-temperature curve at about 288 K whereas
on the distorted curve the intcraection would occur at 286.3 K,
an error of -1 .7°C. As a rough but useful guide, Ihe slope of the
radiometer response in the mid temperature range is about 10
counts “C-l, so a count depression of Ax implies a temperature
error of magnitude A/l O.

Also evident in Figures lk and 12b is a clear demarcation

between the day and night calibration curves. Our conjecture is
that there has been a change in instntmcnt sensitivity arising

horn a change in the background radiiutcc flux on the detectors.
The standard dvnamic calibration urocedurcs will track, and, we

~ t hope, complet~ly compensate fo~ these changes. However, at

264.8 2ss.2 26S.6 266.0 20S.4

Baseptate Temperature (K)

Fiz. 17. Channel 5 ICT count versus base trlate temocmture over a fti
y&r. (u) Twelve daysirne passes sampled ‘at l-mo~thty intcrvaIs. The
curves fottow the cx~ ncnr-linear trends; there is no sign of tic solar
radiance distordas evident in she charmel 3 daytime passes. (b) Channel

> 5 nighttime passes sampled at l-monthly intervals. Nlghrtirstedbratim
instabilities occur during the southern hemisphere summer months
(October through March) when the sate~lte crosses tie nightday
botmdary into ftdl suntighc

above the tangent plane; for Sun elevation angles higher than
this, the crdibration dlsnsrbanus in chanrtcl 3 disappeared. At
the time of the arsomalies, the solar azimuth (Sun angle
measured counterclockwise in the tangent plane from the
satellite velocity vector) wm ~ically in the range 25° to 45°,
which placed the Sun on tie same side m the AVHRR instru-
ment. This leads us to susput that at low solar elevations, a
small amount of surdight leaks into the optical path of tie ra-
diometer. Without access to a model of the satellite, it is diKl-
cult to know how this might OCCUGperhaps there is reflection

the day-night transition itself, the success of dynamic calibra-
tions is questionable (dtis is discussed in greater detail later in
this section).

~lgure Iti shows calibra~ion slope g = R /(IC - SC) vers-
us internal-target munt for the four April 30 passes. A distinct
day-night clustering about a pair of average values is observed,
while the solar-contaminated data stand out clearly. Using
these average slopes, a pair of linear counts-to-radiance
equations were derived, which are shown in Figure 12c

superimposed on the data of Figure 12a (the brightness
temperatures have been converted to chanrtcl 3 radiances). The
satisfactory agreement indicates that use of the uncontam-
inated data to derive a single slope figure for a pass has mcnt
and should ccrtairdy be considered as a method for working
around daytime calibrations afflicted with solar contamination
problems.

Figures 13a and Iti show the channel 4 and 5 counts, rc-

specr.ively. SS a fUnctiCM of 1~ temperature for the same April
30 passes. As in Figure 12, counts and temperatures have been
averaged in blocks of 50 Iincs, yet in tic case of charmcl 4 the

underlying digital-count steps can be clearly discerned indicat-
ing that this charnel has a better noise pcrforrnancc than
channels 3 and 5. As expected, there is no evidcncc of solar
contamination in these thermal infrared channels.
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Figures 13b and 14b show linear slopes for channels 4 and
5 as a function of 1~ mtmt. Urdike channel 3, there is no ob-
vious clustering about an average vahtc. instead, the slope
variations for both channels display an upward trend. It is
tempting to speculate that on the basis of equation (12), the

gradient of these calibration-slope-versus -intcmal-target-
- Junt graphs might provide an in-flight estimate of a, the

channel curvature. Unfortunately, this rqttires hat y, the acc-

ond root of the fundamental count-versus-radiance quadratic
(quation (10)), remain constan~ This quadra[ic has three de-

grees of b-m. u, SC, y We have tiy found that SC is
substantially constant. If curvature a is assumed m be fixed,
then arty variationa in the in-flight calibration curve must
arise from variations in y Since for chartnd 4 the locus of day
and night calibration points form two disjoint curves, it fol-
lows that for fixed a, y has varied hw~n day and nigh~ and
may even vary during the course of a single pass. Our model for
this behavior pic~es the radian~-versus-couttt transfer func-
tion (e.g., Figure 3) as a parabola of rigid shape (i.e. mnstant
a) whose left branch is fice to slide through the count-axis at a

fixed point SC, so that the smnd ~unt axis intcrsutio~ ~
can also vary freely.

The whole-year suite of 48 calibration trajcctorics, radio-
metric count versus baseplate temperature, for all three chan-
nels arc shown in Figures 15 through 17. While the solar dis-
tortions in the channel 3 daytime passes have already been
discusse~ the graphs for the nighttime passes reveal some
surprising deviations in all three channels. Wc find that for the
Hobart ground station, calibration discrcpartcics occur in night
passes during the sotttiem hemisphere summer months (Nov-
ember through March): when the satellite crosses the ter-
minator into the sunlight during a descending pass, tic PRT
measurements of the ICT temperature suddenly rise, but this
temperature change is apparently anticipated by about 16 s
(the time for two 50-line-averaged calibration rmrds) in the
radiometric-count curves (see Figurm 18 and 19). All thru in-
frared channels behave in this way. This is apparently due to
the structure of the ICT. Sttrfacc heating due to incident sun-

light will be itnmediatcly dctcctcd by the radiomcmr, but the
PRTs are located somewhere inside the ICT and it will take
some time for the heat to diffuse through to thcm. Channel 3 is
more strongly affected by thermal calibration transients than

eitier of the otha infrared channels, probably kause the so-
lar elevation at transition will necessarily be low, enabling
sunlight to leak into the optical path, thereby allowing re-
flecd solar radiance to exacerbate the count depression in this
channel.

For the Jan Z 1991 pass illustrated in Figurm 18 and 19,
the initial thermal shock errors of about 1.00, 0.4”, end 0.4°C
respectively for channels 3, 4, and 5 can be almost completely
eliminated by advancing the temperature rcmrds, relative to
the radiometric-count r~rds, by about 16 s (Figures 19c and
19d). It is clear fiat channel 3 is beset by more than just ther-
mal inertia problems, since these timing adjustrncnta do not
remove the distortions evident during the middle and final sec-
tions of the aunt-versus-temperature trajectory. Wc suspect
that sunlight l~ge into the radiometer is the cause, and that
tie peaks and troughs witiin the distorted section arc shadow
or reflwtion patterns gencratd by the movement of the Sun
relative to the underparts (e.g., antenna systems) of the space-
craft. We fmd that such distortion features are quite mnsistent
in shape from pass to pass. TItc large count depression dis-

Channed Count& Temperature w M
(2& 1991, *ud.sty aosaing)

F~. 18. Tiie series plot of radiometric -t and base *le tesn~
for a night~ss (Jan ~ 1991) exhibhing themtal instabilities in the
calibration WCS. ~e horironral axis is calibration ruwd numbec there
●re 100 such tuords in the pass. At about mrd 30the satite crosses
the aightdsy tmninator into W srudight as indicated by the subsequmt
declioe itsthe sadiomh count plots. fie base plate tcmpemture stans
to rise sosnewharlater, ●t mrd 32, arsdits rate of change is S1OWUtharr
that of the ntdiomctcr. W diff~ in thermal ~ times causes
the interesting caliiraticu -jectories show in Figure 19& me_
3 and 5 mtrnts have beers adjusted as indicated to ●now sirmdsaneous
display.)

played at the end of the Jan 2 night-day pass is of similar mag-
nitude to that shown near the beginning of the April 30 day

pass (Figure 12u), and will result in a channel 3 brightness
temperature which is about 2°C low.

Xn this paper we have examined the philosophy and
methodologies of the preflight and in-flight calibrations for
the AVHRR infrared channels. Wc find that the nordinestrity
corrections rquired for channels 4 and 5, when expressed in
radian= space, can be writti in a simple form which ticpcnds
ordy on the base plate radiance. This altcmativc formtdation
obviates the need to interpolate in the tables of brightness

--C COSTCCtiOnS ~d redu= the compumtion effort rc-
quird to prodtsce wrrected radiances. Users now have a choice
of thr= methods for the application of the nordineatity correc-
tions: they can either (1) mntinue to follow the NESDIS prac-
tice of applying temperature mrrections to the apparent sccnc
temperatures, (2) perform tic equivalent operation in radiance 1

V= by interpolating within the radiance correction columns
presented in Tables 2 through 9, or (3) assume the ~rr~tions
are best represented by smooth radianm-space parablw, and ‘
utilize the k coefficient metiod of equation (7) as described in
this paper. If, for future NOAA satcllit~ launches, NESDIS
were to publish the original courtt-versus-radimce calibration
curves, users ~uld extract the quadratic curvature tcrrn a and
hereafter use the more direct a cu~aturc method of equation
(13) to calculate the N~s.

It seems that our assumption of constant curvature for
channels 4 and 5 may ot-dy be accurate to first ordcc r~ntly,
Weinreb (personal mmmunication, 1991) pointed out that
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Fig. 19. Radiometric count ●s ● frmcdon of base plate temperaturefor the Jars 2, 1991 night pass. ~e calibration trsjeciones
display spurious kinks and loops arising from the S1OWUresponse time, rrdativc to the radiometer mspostsc, of the PRT sensors
which measure the temperature of rhc base plate. Tlrcsc 1- can bc ~psed by ●dvancing the tcmpcraturc msdiigs by two or
kc ~lbratioo records to compensate. (u) Count vcssus temperature with no lag adjustment. (b) Count versus tcmpcrstum
advanced by onc ~rd (-g s). The dibrariorr tijcctorics begin to coflapsc into ● simpler fonts linking the upper and lower
“stable” -~urc regions. (c) Count versus scmpcraturcadvanced by LWOmrds (-16 s). llte ~ ponions of the chanrsd 4
and 5 trajcctoncs bavc ~pscd into dte main ~& drc lower Iv seems to have ● longer drnc constant associated with iL

(~ -t versus ~perature advanced by th- -tds (-24 s). ~ u~r portion of shedamtcl 3 traj-oty has cc$lapscd into
the main trcn~ channels 4 and 5 ●rc now ovcrcompcnsstcd. ~e remaining dcviadcrrts in channel 3 possibly arise from solar
radiice rcflcctui from the internal calibration targc~

three may in fact be slight charrgcs LOdte calibration me it-
self as the IC1’ temperature varies. This could occur if tie ICT
temperature variations arc associated with tem~raturc changes
in smy AVHRR mmponents which radiate to the rlctcctors,
since dte nordinearity is a (weak) function of background flux

on the de~tors. We are presently investigating this ~ssibiI-
ity.

Our examinations of the in-flight rards for NOAA 11 ex-
posed two evcnrs which cart compromise the quality of the cal-
ibrations: solar distortion in chanrtcl 3 for low Sun-elevation
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angles, and thermal transients affecting all three infrared
channels when the spacecraft crosses the night-day botrndaty

into full sunlight. Solar dis~rtion lowers the apparent brigh-
tness temperature in channel 3 by Up to 2°C; this error persists
for rts long as the solar elcvalion stng]c, relative to the satel-
lite, is lower than about 15° above the tangent plane. In wn-

tras~ the thermal transient deviations produce temperature de-
pression errors which decay to zero with a time-constant of
about 40 s. The maximum emr is typically -l°C in channel 3,
and -0.4°C for ctiels 4 and 5.

Channel 3 s=ms to be much more sensitive to thermal
trsmaients and is the ordy infrared channel which can respond
to stray reflected surtlight. For this channel at leasL continu-
ous unqualified dynamic calibrations are risky. A safer prom-
dure would be to plot the channel 3 radirmce-versus-cormt cali-
bration curve for each pass, inspect for deviations from the
expected trend, and, if necessasy, use averaged slopes and irt-
tercepta exuacted horn known good portions of the curve for
extrapolation into the contaminated section. This technique
was demonstrated in Figure 12.

Some users may prefer to ignore thcrrnaf shock perturba-
tions in channels 4 end 5 because the effect is transicn~ and
the magnitude of the error is at the threshold of significance.

However, if the perturbation coincides with a portion of the
pass which is critical to the user, we suggest the timing ad-
justsncnts shown in Figures 19u to 19d as a possible comection
method.
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ABSTRACT

Recent requirements for more accurate absolute radiometric calibration of NOAA
AVHRR data have given rise to a variety of investigations concerned with inflight
calibration of the two solar reflective channels. In order to make available and
document time histories of AVHRR calibration coefficients, a multi-level electronic
database has been implemented. This article describes the spreadsheet and provides an
overview of calibration methods and formulations. Specific recommendations are made
toward the operational calibration of AVHRR image dat~ including the establishment
of a procedure for the reliable and timely determination of calibration coefficients for
the visible and infrared AVHRR channels.

INTRODUCTION

Digital image data from the Advanced Very High Resolution Radiometers (AVHRR)
on-board the National Oceanic and Atmospheric Administration (NOAA) series of
satellites have provided valuable, continuous regional and global coverage since 1979
when the first instrument was launched on the NTOAA-6platform. The increasing use
of the visible and near-infrared AVHRR channels for monitoring vegetation conditions
and mapping land cover (Cihlar et al., 1990) has prompted new research and
development in many areas, including improved understanding of the optical
characteristics of the instrument and quantitative image correction methodologies
(Teille~ 1992).

The functional requirements and related design criteria for the AVHRR did not specify
on-board radiometric calibration and so only preflight calibrations have ever been made
by NOM Requirements for more accurate absolute radiometric calibration of the solar
reflective channels have lead to the development of a variety of techniques to overcome
the lack of on-board calibration. These investigations have shown that preflight
calibrations are inappropriate for post-launch data acquired by nearly all the AVHRR
instruments, with substantial decreases in sensitivity with time after launch compared to
prelaunch values. The various approaches show comparable trends over time but the
results are not necessarily in close agreement.

It is recognized that there is a need to make available time histories and the latest values
for AWRR calibration coefficients as well as to decrease the time lag between research
results and their dissemination to users (Faizoun, 1992; Townshend, 1992; Abel, 1990a;
Teillet, 1990). While NOAA has recently established a calibration group to address
these problems, the authors in the interim have developed a multi-level electronic
database specifically for the documentation and dissemination of calibration coefficients
for AVHRR channels 1 and 2. This paper discusses AVHRR calibration issues and
describes the multi-level electronic spreadsheet. Specific recommendations are made
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towards the operational implementation of AVHRR radiometric calibratio~ including
the establishment of a calibration procedure which can provide the reliable and timely
coefficients urgently need internationally for vegetation monitoring and other
applications.

OVERWEW OF CALIBRATION METHODS

Standard Targets

One approximate approach is to select water bodies and forested areas near nadir and
assume that they have the same reflectance from day to day throughout most of the
vegetation development period (Manore and Brown, 1986). In the same vei~ dark
counts from space views and the White Sands National Monument area in New Mexico
have been used as calibration targets by Frouin and Gautier (1987).

Cloud Radiance Approach

Another approach uses a ground radiometer to measure cloud radiance on an overcast
day and a delta-Eddington cloud layer model to infer the irradiance incident on the
cloud tops imaged by the AVHRR (Justus, 1988).

Undeflight Method

One approach being used is to fly a well-calibrated spectroradiometer operating in the
().4~5Pm to l.oo~m region over Wite Sands (Abel et al., 1988; Smith et al., 1989). The
U-2 flight at 19 km altitude is timed to coincide with the satellite overpass and the
viewing ~eometm is arranged to match that of the AVHRR sensor. An integrating
sphere”is”used t; calibrate;he aircraft instrument before and

White Sands Approaches

Three different approaches are described by Teillet et d.

after each flight. - -

(1990) for the absolute
radiometric calibration of the two solar reflective channels of the” AVHRR sensors.
Method 1 relies on field measurements and image data from another calibrated satellite
sensor that acquired high-resolution image~ on or near the day of the AVHRR
overpass. Method 2 makes no reference to another sensor and is essentially an extension
of the reflectance-based calibration method developed at White Sands for the in-orbit
calibration of Landsat Thematic Mapper (TM) and SPOT High Resolution Visible
(HRV) data (Slater et al., 1987). Method 3 achieves a calibration by reference to
another satellite sensor; but it differs significantly from the first approach in that no
ground reflectance and atmospheric measurements are needed on overpass day. Instead,
a standard data set of atmospheric conditions is assumed to approximate the actual
atmosphere and historical bidirectional reflectance data are used to adjust for differences
in illumination and viewing geometry.

Calibration Over Ocean

A method used by Kaufman and Holben (1992) and Santer and Sharman (1992) for
AVHRR and by Fraser and Kaufman (1986) for GOES-VISSR imagery is based on
measurements of the radiance over the ocea~ out of the glint direction. Under cIear sky
conditions, the at-satellite radiance can be modeled to t 1070 absolute accuracy
(Kaufman and Holbeq 1992). Since the molecular scattering is much weaker in the
near-IR, ocean glint is used to transfer the calibration of the visible band to the near-IR



band, owing to the spectral independence of the glint.

Calibration Over Deserts

Deserts that are invariant in time can be used to monitor the temporal stability of the
calibration. In order to use the desert for an absolute calibration, the desert spectral
reflectance must be determined in each particular instance. Frouin and Gautier (1987)
used laboratory measurements of the White Sands reflectance as the basis for the
satellite calibration. Teillet et al. (1990) used ground measurements of the reflectance
of the alkali flats area at White Sands and the nearly simultaneous image data from high
resolution Landsat Thematic Mapper to derive the surface reflectance during the
AVHRR observation.

Several other variations of the desert approach have been investigated. The simplest
restricts the illumination and viewing geometries over carefully selected, bright sites in
the Libyan Desert (Holben et al. 1990; Kaufman and Holbeu 1992). Viewing geometry
is chosen to be near nadir to remove sun-scanner azimuthal dependence which requires
an observation every satellite repeat cycle (-9 days). Visible and near-infrared channel
data are taken for a two-month period near the autumnal and vernal equinoxes in each
year. Image data are visually screened for cloud and aerosol contaminatiomafter which
mean and standard deviations are computed for each time period resulting in a time-
dependent gain response. The method is calibrated by anchoring a relative response for
a single date to an absolute value derived from an absolute calibration method.

Staylor (1990) and Santer and Sharman (1992) monitor a large area in the Libyan desert
using all of the data available during the aforementioned time periods for each year of
AVHRR acquisition. They empirically account for scan angle effects and determine a
time-dependent relative calibration for the visible and near-infrared channels.

Using the ISCCP data base, Brest and Rossow (1991) make use of a generalization of
the desert approach by selecting data over 8 surface types and 28 targets globally (deserts
being only one) for all times of year and all ~ewing geometries. This method requires

a rather sophisticated analysis to remove geometric effects and seasonal variations in
surface cover reflectance, the entire AVHRR data base, and enormous computing power.
The result is a relative calibration method that will respond to non-linearity in the
system.

RADIOMETRIC CALIBRATION NOTATION

The radiometric calibration from 10-bit digital signal level to radiance units is
accomplished by means of the following equation:

L“i = (Di - DOi)/Gi > (1)

where L* = radiance (Wm-2sr-l~m-1),D = digital signal level (counts on a 10-bit scale),
DO = calibration offset coefficient (counts), G = calibration gain coefficient
[counts/(Wm-2sr-’~m-’)], and the subscript i refers to AVHRR channel number (1 or 2).
A common notation for the gain coefficient is the inverse factor

CKj = l/Gi , (2)

where the gain factor ai is in units of Wm-2sr-l~m-lcount-l.



The prelatinch calibration coeffltients given by NOAA (Mdwell, 1991; Lauritson et al.,
1979) are expressed in terms of effective normalized albedo A (in percent) such that

(3)

where Yi = 100~/(EOiGi) = 100~a~EOi and EOiis the exe-atmospheric solar irradiance
(Wm-2~m-’) for channel i (Table 1). Prelaunch calibration coefficients for recent
AVHRR sensors are discussed in articles by Abel (1990b) and Price (1988%b; 1987).

TABLE 1: Exe-atmospheric solar irradiance (based on Neckel and Labs (1984))
and equivalent bandwidths for AVHRR channels 1 and 2.

EO(Wm-2~m-’) AA(flm)
NOAA

ch 1 ch 2 ch 1 ch 2

6 1632 1035 0.1086 0.2228

7 1642 1021 0,1071 0.2606

8 1606 1044 0.1123 0.2295

9 1620 1036 0.1172 0.2395

10 1648 1026 0.1079 0.2226

11 1622 1048 0.1129 0.2290

12 1615 1032 0.1227 0.2219

CALIBWTION STATUS

Calibration Coefficients

It is recommended that the zero radiance counts be used for the offset DOi , aS
approximated by the deep space view which occurs every scan. The deep space values
change very slowly with time and remain close to the prelaunch values.

Almost all AVHRR instruments studied using the aforementioned calibration approaches
have shown a substantial decrease in sensitivity after launch compared to prelaunch gain
coefficients. The variety and frequency of changes in the AVHRR calibration gain
coefficients suggest that an infrastructure be established in which frequent calibration
updates are made and the results passed on to the user community within a few weeks.

Responsibility for current knowledge of the calibration of AVHRR channels 1 and 2 has
resided with the data user. Although several research groups have been or are working
on AVHRR calibration, the various methods have yet to be studied in a coordinated
fmhion and the results are often intermittent and become available months to years after
the initial data acquisition. Consequently, most users have little or no knowledge of the
best estimates available for calibration coefficients and end up relying on prelaunch
values. On the other hand, a variety of in.fright calibration techniques have been
developed, allowing a more thorough exploration of AVHRR sensor characteristics and
assessments of the most appropriate calibration procedures.
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Nlulti-bvel Spreadsheet

Calibration coefficients for AVHRR channels 1 and 2 have been compiled from as many
sources as possible and a multi-level electronic database has been implemented. One
level of information in the spreadsheet contains entries that have been obtained
exclusively from the peer-reviewed literature. Another level contains all available results,
including preliminary values not yet peer reviewed, in order to allow timely, although
potentially risky, access to calibration information. It would also allow investigators in
the field to compare their results relatively quickly and easily to the others in the data
set. A third, key part of the database includes time-dependent characterizations
recommended for use on operational AVHRR processing systems.

The spreadsheet includes recommended time-dependent calibrations for the AVHRR
sensors on NOAA-6 through to NOAA-12 (Tables 2 and 3). The recommendations for
the odd-numbered satellites are based on piecewise linear fits of the desert results of
Holben and collaborators. This method was chosen for two reasons mainly. Firstly,
many of the calibration approaches have not been fully validated or are more
approximate in nature to begin with. Secondly, there is still insufficient correspondence
between the nominally more accurate calibrations based on White Sands techniques.

PieceWise linear fits are recommended for operational use because, unlike the situation
for polynomial fits for example, they will not change retroactively when new data are
added at the end of the time series. There is also continuity between each linear
segment. In general, the pieces have been chosen to encompass calendar years in order
to avoid changes during the growing season in the northern hemisphere. Because the
piecewise linear functions have been established for the first time, they are largely based
on polynomial fits, The polynomial approach can be useful for quick calculations once
a particular AVHRR instrument is no longer acquiring dat~ but it is less practical for
operational systems.

A copy of the calibration spreadsheet can be made available upon request. A large
proportion of the calibration gain coefficients contained in the database has also been
tabulated recently by Che and Price (1992). In their article, Che and Price provide linear
characterizations of the time-dependence of gain values based on all available data
points for each of the NOAA-7, -9, and -11 AVHRRS. It is also worth noting that the
analysis of Che and Price (1992), as well as that of D’Iorio et al. (1991), examine the
significant effects of calibration on vegetation index calculations.

Level of Consensus

The methodologies described in this article and by Teillet (1992) have been implemented
in a production system in Canada to geocode NOAA AVHRR imagery and to use those
data to construct cloud-free NDVI composites for the entire Canadian land mass
(Robertson et al., 1992; Erickson et al., 1991). In the United States, the EROS Data
Center has also adopted the piecewise linear representations of the time dependence of
AVHRR calibration coefficients as given in Tables 2 and 3 (Eidenshink, personal
communication). Others in the international community have indicated their interest in
following the same procedures (Townshend, 1992; Faizoun, 1992).
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Numerous agencies in various countries are embarking on large-scale land cover change
investigations based on A~RR data, and it is important to standardize the
methodologies involved as much as possible as the remote sensing community works
towards continental and global products. The recent completion of a North American
composite using common radiometric calibration procedures in Canada and the United
States (Morasse and D’Iorio, 1992; Cover Images: Photogrammetric Engineering and
Remote Sensing (June, 1992), Canadian Journal of Remote Sensing (July, 1992)) and the
global l-km AVHRR data set being promoted by the International Geosphere-Biosphere
Program (IGBP) (Townshend, 1992) are two developments in this standardization
process.

TABLE 2: Coefficients for piecewise linear representations of the time
dependence of AVHRR calibration gain coefficients, where
gain = A*(day#) + B. Radiance is in units of Wm-2sr-l#m-l.

Effective Post- A (counts/radiance) /day B (counts/radiance)
Date launch

Day # channel 1 channel 2 channel 1 channel 2

~OAA-6 AVHRR
1979-06-27 0 0 0 1.79 2.83------------------------ ------- --- ----------------- ----------- --- ----------- ------------
NOAA-7 AVHRR
1981-06-23 0 -2.08E-04 -5.92E-04 1.63 2.52
1982-01-01 192 -1.77E-04 -4.36E-04 1.62 2.49
1983-01-01 557 -1.36E-04 -2.31E-04 1.60 2.38

1984-01-01 922 -1.02E-04 -6.21E-05 1.57 2.22
1984-08-22 1156 0 0 1.45 2.15-------------------- ---- ---------- ----------------- ------------- ---------- ------------
~MAA
1983-03-28 0 0 0 1.83 2.71-------------------- ---- ---------- ----------------- -------------- ------------ ------------
NOAA-9 AWRR
1984-12-12 -2.78E-04 -3.54E-04 1.74 2.48
1986-01-01 38: -2.55E-04 -2.53E-04 1.73 2,44
1987-01-01 749 -2.33E-04 -1.54E-04 1.71 2.37
1988-01-01 1114 -2.15E-04 -7.40E-05 1.69 2.28
1988-08-19 1345 0 0 1.41 2.18------------- ---------- .-------- --------- --------- ------------- ---------- ------------
NOAA-10 AVHRR
1986-09-17 -6.56E-04 -8.75E-04 1.72 2.27
1988-02-10 51: 0 0 1.39 1.82----------------------- ----------- ----------------- -------------- ----------- ------------
NOAA-1 1 AVHRR
1988-09-24 0 7.36E-06 -2.84E-04 1.67 2.50
1989-01-01 1.49E-05 -1.71E-04 1.67 2.49
1990-01-01 4:: 2.68E-05 6.20E-06 1.66 2.41
1991-01-01 829 3.70E-05 1.59E-04 1.66 2.28
1991-09-19 1091 0 0 1.70 2.45----------------------- ---------- ------------- ---- --------- ----- ------------ ------------
NOAA-12 AVHRR
1991-05-14 0 0 0 1.87 2,95



TABLE3: Coefficients forpiecetise linear representation of the time
dependence of AVHRR calibration offset coefficients, where
offset = C~(day#) + D.

Effective Post- C (counts)/day D (counts)
Date launch

Day # channel 1 channel 2 channel 1 channel 2

~
1979-06-27 0 0 0 38.0 40.0------ ------------------ ---------- ------— --------- -------------- ------------ -------------

~OAA-7 AVHRR
1981-06-23 0 -5.87E-04 -1.02E-03 36.1 38.1
1982-01-01 192 -5.28E-04 -9.29E-04 36.1 38.1
1983-01-01 557 -4.50E-04 -8.12E-04 36.1 38.0
1984-01-01 922 -3.86E-04 -7.15E-04 36.0 37.9
1984-08-22 1156 0 0 35.5 37.1--_--- --_--------------. .-------- ------------------- ------ -------- ------- ----- ----------- --
NCAA-8 AVHRR
1983-03-28 0 0 0 40.2 43.0-------------------- ---- ---------- ---------------- --------------- ------------ -------------

NOAA-9 AVHRR
1984-12-12 -1.85E-04 -1.53E-03 38.0 40.3
1986-01-01 38: -2.OIE-04 -1.09E-03 38.0 40.1
1987-01-01 749 -2.16E-04 -6.57E-04 38.0 39.8
1988-01-01 1114 -2.29E-04 -3.04E-04 38.0 39.4
1988-08-19 1345 0 0 37.7 39.0-------------------- ---- ---------- -------- -—------ -------------- ------------ -------------
p~
1986-09-17 0 -9.21E-04 -8.12E-04 37.0 37.7
1989-07-24 1041 0 0 36.1 36.9-------------------- ---- .——---- ----- — ---------- ----------- --- ------------ -------------

NOAA-11 AVHRR
1988-09-24 0 0 0 40.0 40.0---------------------- -. ----------- -------- -------- --------- ------ ------- ---- -------------

NOAA-12 AVHR$
1991-05-14 0 0 0 40.0 40.0

CONCLUSIONS AND RECOMMENDATIONS

An electronic bulletin board should be established to document and disseminate NOAA
AVHRR calibration information. uarticularlv for the solar reflective channels. me
central feature of such a bulletin bo~rd would-be a multi-level spreadsheet similar to the
one described in this paper for time-dependent calibration coefficients. It is also strongly
suggested that NOW given its ownership of the A~RR series, be responsible for
ensuring the independent evaluation of calibration results on an ongoing basis and
ensuring the timely inclusion of a recommended set of time-dependent calibrations as
part of the electronic bulletin board.

It is recommended that the international community sponsor a calibration monitoring
program using the resources of member receiving stations. The folloting points should
be implemented in this activity:

(i) The international community should support the acquisition and archiving of data



acquired over desert calibration sites by all active AVHRR instruments by member
receiving stations.

(ii) A hybrid desert method similar to those of Holben et al. (1990) and Santer and
Sharman (1992) should be used. Although relative, the desert approach is simple,
inexpensive, and provides the best possibility for timely determination of calibration
coefficients.

(iii) Automated solar radiometer stations should be established at the desert sites to
monitor atmospheric properties (especially aerosol and water vapour) and thus allow
subsequent correction for their effects.

(iv) Periodic field missions are required to document surface reflectance properties and
uniformity of the sites. An absc!~te calibration using m updated version of the methods
of Teillet et al. (1990) would be made at such times as an anchor point for the ongoing
desert calibrations.

(v) With the added ground sorties and automated solar radiomet~ components, the
proposed methodology could be used to determine A-R calibration gain coefficients
on a frequent basis (every nine days, for example). Nevertheless, how to go about the
near-real-time update of coefficients for use on an operational processing system would
remain a problematic issue.

It is strongly recommended that a single group take responsibility for the radiometric
calibration of the NOAA AVHRR sensors. The instruments belong to NOAA and,
therefore, it is suggested that calibration should be NOAA’s responsibility. However,
because of the international community’s involvement in the calibratio~ it is proposed
that the Calibration/Validation Working Group of the Committee on Earth Observations
Satellites (CEOS), which has an international base, take an active role in working with
the NOAA calibration group and other investigators to ensure the acquisitio~ collatio~
evaluatio~ documentatio~ and dissemination of calibration data. Ultimately, this
includes seeking sponsorship for a routine calibration methodology, analysis and
publication of results, and maintenance of an electronic bulletin board.
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SPOT CALIBRATION METHODS

Ground absolute calibration using a large aperture
sources)

Estimation of the instruments spectral sensitivity in

integrating sphere (+ other

vacuum conditions

In-flight methods

On-board calibration devices (halogen lamp, sun calibrator)

Absolute calibration by reference to earth’s surface measurements over
selected test sites : White Sands, Edwards AFB, La Crau

Intercalibration comparing simultaneous (or nearly simultaneous) acquired
images with or without ground truth
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DEVELOPMENT OF NEW METHODS (1)

Stable desert areas

Some North African deserts are stable enough to represent good standard
references, at least for multitemporal or interband calibration

SPOT 2 vertical acquisitions programmed over some selected sites.

The SPOT histo~rams data base

Storage in a data base of the histograms of all acquired cloud free images
(more than 40000 scenes already stored)

Capability to get worldwide reflectance

O~vortunitV of a statistical inter-SPOT

maps through the SPOT spectral bands

calibration.
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Figure 4.2 : Ak SPOTI HRV1 )(s1
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Figure 4.3 : Ak SPOTI HRVI XS2
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Figure 4.4 : Ak SPOT1 HRVI XS3
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Figure 5.2 : Ak SPOT2 HRV2 Xsl
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Figure 5.3 : Ak SPOT2 HRV2 XS2
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APPENDIX B: AirborneImagingSpectrometerSensorCharacteristics
(FWHM = fill-width-half-maximum,FOV= field-of-view,IFOV= instaneousfield-of-view,GIFOV= groundinstaneousfield-of-view)

Sensor Numberof Spectral BandWidth LFOV(rnrad) FOV~) Periodof
(Agency) Bands Coverage(rim) at FWHM(nrn) (GIFOV(m)) m) DataProduct Operation

FLI/PMI 288 430-805 2.5 .66/.80 70.0 profiles 1984-1990
[ho& t F-) 8 Image

CASI Up to 288 430-870 2.9 1.2 35.0 Profiles since 1989
(ItresResearch) (nominal) Image

SFSI 122 1200-2400 10.0 11.7 ImageCube underconstruction
(CCRS) (:045) ~ 1993)

AIS-1 128 900-2100 9.3 1.91 3.7 ImageCube 1982-1985
(NASA/JPL) 1200-2400

AIS-2 128 800-1600 10.6 2.05 7.3 ImageCube 1985-1987
(NASAIJPL) 1200-2400

AVIRIS 224 400-2450 9.4-16.0 ImageCube since 1987
:2:) (1;;

ASAS 29 455-873 15.0 .80 25.0 ImageCube 1987-1991
@ASA/GSFC) (7 viewingangles)

ti5°1-450

upgradedASAS 62 400-1060 11.5 .80 25.0 ImageCube since 1992
(upto 10viewing

angles)
+750/-55”

GERIS 24 400-1000 25.4 2.5, 3.3, Or 4.5 90.0 ImageCube since 1986
(GER) 7 1000-2000 120.0

32 2000-2500 16.5

ROSIS 128 430-850 55.0 0.55 32.4 ImageCube since 1991
(MBB/DLR)

IMs 64 800-1700 12.5 3.3/11.7 40.0 ImageCube since1991
64 1500-3000 25.0 (selectable)

AMSS 32 500-980 20.0-71.0 2.113.0 92.0 imagecube since 1985
[CEOJCW) 8 2000-2500 60.0

6 8000-12000 570.0



APPENDIX B (cent’d)

Sensor Numberof Spectral BandWidth IFOV(mrad) FOV~) Periodof
(Agency) Bands Coverage(rim) at FWHM(nm) (GIFOV(m)) b) DataProduct Operation

DAIS-7915 32 498-1010 16.0 3.3, 2.2, or 1.1 78.0 ImageCube under
(GER) 8 1000-1800 100.0 construction

32 1970-2450 15.0
1 3000-5000 2000.0

8700-12300 600.0

ASTER 1 760-850 90.0 1,0,2.5 or 5.0 28.8,65.0, ImageCube under
(GER) 3 3000-5000 600.0 or 104.0 construction

20 8000-12000 200.0

MIVIS 20 433-833 20.0 2.0 70.0 ImageCube under
(Daedalus) 8 1150-1550 50.0 construction

64 2000-2500 8.0
10 8200-127000 400.0/500.0

HYDICE 256 400-500 4.7/11.7 0.5 7.2 Image Cube under
(Naval Research construction

Laboratory) (1994)

ASDIS 70 400-800 7 2.8 82.0 Image Cube
(Analytical

under
128 900-2450 12 construction

Spectral Devices) 6 8000-11000 500

HSI 128 400-900 4.3 0.14 9.3 Image Cube under
(SAIC) construction

MODIS 9 529-969 31-55 mu under

Simulator 16 1595-2405 47-57 m construction
(NASAIAMES) 16 2925-5325 142-151 nm (1994)

9 8342-14521 352-517 run

MEIS >200 350-900 2.5 nm 2.5 2.0 Image Cube
(McDonnel
Douglas)

Staenq CCRS/MPO (1992-11-27)



APPENDIX C: Spaceborne Imaging Spectrometer Sensor Characteristics
(FWHM = fill-width-half-maximum, FOV = field-of-view, GIFOV = ground instaneous field-of-view)

Sensor Number of Spectral Band Width GIFOV (mrad) FOV Tentative
(Agency) Bands Coverage (nrn) at FWHM(nm) (m) m) Data Product Launch Date

UVIST >200 380-900 1-3 (100-1000) (25) Image Cube MSX
(US MILITARY) spacecraft

(1994)

NIMS 504 700-5100 10 0.5 Image Cube
(NASA/JPL)

VIMS 320 400-5000 15 0.5 Image Cube g /m

&

flown
(NASAIJPL) ~ terrestrial

mission

MIN MAPj 192 350-2400 12.5 0.45 5.8 Image Cube 1996?

192 400-2450 9.4/11.7 (30) (24) Image Cube AM platform
(NA~~sOS) 2003

MODIS 36 415-2130 10-500 (250-1000) (2330) Images AM platform
(NAS~OS) 3750-4570 1998

6720-14240 PM platform
2000

MERIS 400-1050 5-1o (250-1000) (1450) Images ESA-POEM 1
(ESA/EOS) (sel~~’ble) (selectable) AM platform

1998

Staenz, CCRS/MPO (1992-1 1-27)


