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RadiometricandSpectralPerformanceand
Calibrationof the GHz Bandsof EOSMLS

RobertF. Jarnot,VincentS. PerunandMichael J. Schwartz

Abstract— This paper describesradiometric performance and
pre-launch radiometric and spectral calibrations of the GHz
component of the Micr owave Limb Sounder (MLS) experiment
on NASA's Aura spacecraft. Estimated systematic scaling un-
certainties (3� ) on limb radiances are � 0.5% fr om radiometric
calibration, with an additional 0.55% (118GHz bands) to 0.8%
(640GHz bands) equivalent scaling error fr om spectral calibra-
tion uncertainty. Operational noise performance is consistent
with pre-launchexpectations,and in-orbit measurementsto date
indicate no changes in instrument noise performance, and no
observable calibration drifts. Spectral baseline has remained
stable to 20mK since launch. Re�nements to calibrations based
on in-�ight data are discussed.Level 1 radiometric calibration
algorithms are also described.

Index Terms— Calibration, limb sounding,microwave, submil-
limeter wave, GHz.

I . INTRODUCTION

EOS MLS on Aura is a follow-on to the successfulMLS
instrumenton the Upper AtmosphereResearchSatellite

(UARS) [1]. It measuresthermal emissionfrom Earth's at-
mophericlimb to infer vertical pro�les of minor constituents
of interestto improving understandingatmosphericchemistry
and dynamicsin regions spanningthe upper troposphereto
mesosphere.A moredetaileddescriptionof the instrument,its
operation,missionandmeasurements,is givenin a companion
article in this journal [2]. In this paperwe describein-orbit ra-
diometricperformance,theradiometricandspectralcalibration
of the GHz portion of Aura MLS, andthe algorithmsusedto
convert raw datainto calibratedradiances.Companionpapers
in this journaldescribethe�eld-of-view (FOV) calibrationsof
theGHzradiometers[3], andtheTHz portionof MLS together
with all aspectsof its calibration[4].

Comparedto its predecessor, the current instrument im-
plementstwice as many radiometers,eachwith substantially
greatermeasurementbandwidthand spanninga considerably
larger overall frequency range.The numberof measurement
channels,a usefulindicatorof themagnitudeof thecalibration
effort, is increasedby an order of magnitude,and the instru-
ment data rate by two ordersof magnitude.The calibration
techniquesdescribedbelow evolved from thoseemployed on
UARS MLS [5], but with signi�cant enhancementsin data
quality, andmeasurementef�ciency to supportthegreaterthan
an order of magnitudeincreasein the quantity of calibration
datacollected.
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Fig. 1. This �gure indicates the linear relationship betweenmeasured
radianceP and channeloutput C. S and T indicate views to cold space
andan ambientcalibrationtarget, andL indicatesa view to Earth's limb via
the main antenna.

A. MeasurementSequenceand RadianceCalibration Process

Aura MLS radianceobervations consist of a continuous,
regularsequenceof dataintegrations,eachof 161ms nominal
duration, with 5ms dead time betweenthem. Each 166ms
integration/deadtime period is referredto as a minor frame
(MIF). MIFs are grouped into major frames (MAF), each
of which contains148 MIFs (24.7s), the �rst 120 of which
are usedto view the atmosphericlimb. The remainingMIFs
are usedfor viewing cold space(12 MIFs) and one of two
radiometriccalibration targets (6 MIFs). A switching mirror
commonto all GHz radiometersis usedto direct the receiver
FOVs to one of 4 ports (limb, space,ambient or cooled
calibration target). 10 MIFs of eachMAF are used to step
and settle the switching mirror, and measurementsare made
in a total-power (non-chopped)mode.The ambienttarget is
nearroomtemperature,andtheothertargetis cooledpassively
by � 40� C. Only one target is viewed routinely as part of
the radiometric calibration process,but both targets were
viewed by specialswitching sequencesimplementedduring
the instrumentactivation period in order to verify linearity.
Detailsof atmosphericscanningareprovided in [2].

The Aura MLS radiancecalibrationprocessandalgorithms
are very similar to the UARS MLS implementation.Since
all GHz radiometerssharea common switching mirror, all
channelsareradiometricallycalibratedsimultaneously. We can
representthe output of a single measurementchannelby the
linear transferfunction shown in Figure1.
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I I . RADIOMETRIC CALIBRATION ALGORITHMS

The softwarewhich converts raw datainto calibratedradi-
ancesis called Level 1 dataprocessing.Radiometriccalibra-
tion algorithmsare describedin detail in [6]. The switching
mirror FOV' s to the space,target andlimb portsarepartially
restrictedby the aperturesof the correspondingports of the
cavity in which it is located.Representingthe transmission
throughport X by � M X , the output of a �lter channel,CX ,
is given by:
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whereCX
i aretheoutputsof channeli for the threeswitching

mirror positionsX , andgi is the radiometricgain of channel
i (expressedin countsper Kelvin of signal brightness).CO

i
representstheoffsetcountsfrom thedigitizer of channeli , set
by a combinationof theelectronicsoffsetsin themeasurement
system,and the noisecontribution of the receiver electronics
(systemtemperature).� M X is determinedfor eachradiometer
aspartof theFOV calibrationactivity, and

�

PB T is determined
from engineeringtelemetry. Subscriptr indicatestheradiome-
ter dependenceof calibrationparametersandradiances.

The �rst step in the radiance calibration processis to
estimateradiometricgain,ĝi , at thetime of eachlimb-viewing
MIF:

ĝi =
( bCT � bCS )�
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(2)
wheresubscriptsi andr on theright handsideof theequation
have beendroppedfor clarity.

�

PB T and
�

PB S are radiation
offsets from the baf�es obscuring the edgesof the FOVs
from the switching mirror to the target and spaceviews. �
is the emissivity of the calibration target T , discussedlater.
Radiometriccalibrationsareperformedon MAF-sizedchunks
of limb data.Theestimatesof targetandspaceview signalsat
the time of eachlimb view in the MAF beingcalibrated, bCT

and bCS , are obtainedby quadraticinterpolationof the space
andtarget view datafrom 6 groupsof calibrationviews, 3 on
either side of the group of limb being processed.Note that
the differencebetweeninterpolatedtarget andspacecountsis
used in this expression,removing the needto estimateCO

i
in Equation1, but requiring that any drifts in this offset be
well �t by the quadraticinterpolatorsover timescalesof � 3
minutes.Adequatestability is obtainedthrough appropriate
choiceof electroniccomponents,careful designof electronic
subsystems,andgoodthermalstability. Prior experiencewith
UARS MLS led us to designfor temperaturestability better
than0.01K per100s in thesignalprocessingelectronics.This
performanceis achievedin orbit, anddrift characteristicshave
beenacceptablysmall in both magnitudeandderivative.

Onceradiometricgainhasbeendetermined,theatmospheric
radianceenteringthe limb port from the external telescope,
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where bCS

i (L ) is the interpolatedvalue of the spacecounts
at the time of the limb view1. In addition to the atmospheric
radiance,therearesigni�cant additionalradiancecomponents
reachingtheswitchingmirror limb port, in particularemission
from the antennasurfaces,and scattered/diffracted radiation
from thespacecraftandEarth.Thesecomponentsarecorrected
in the limb port radiancesestimatedby the Level 1 software,
anddiscussedfurther in [3].

1) AntennaBaselineCorrection: Views to spacevia the
spaceand limb ports (with the antennaviewing well above
the Earth's limb) differ by up to � 10K in offset, and
� 0.5K spectralstructure.The large spectrally-�at component
arises from thermal emission,scatteringand diffraction at
antennare�ectors. Thesmallerspectrally-varyingcomponents
are a natural consequenceof the diffraction-limited optics
and frequency dependenceof the illumination anddiffraction
sidelobes.Level 1 softwaremakesa �rst ordercorrectionfor
theseradiancedifferences(seeaccompanying FOV paper),but
signi�cant residualerrorsremain.Two approachesareusedin
Level 1 to addresstheseremainingresiduals:

1) Spectrally-averaged(DC) offsets are determined
on a MAF-by-MAF basis independentlyfor each
band by averaging all limb observations above a
tangent height of 85km in channelswhich have
negligible predictedatmosphericradiances.

2) Spectrally-varying (AC) offsets are periodically
measuredby viewing Earth's limb at tangentpoints
well above thoseat which atmosphericsignalsare
present.

A DC offset estimateis provided in the Level 1 radiance
�les for each measurementband, and for each of the 12
individual � 500MHz wide �lter channelsin the 118 and
240GHz radiometers.To accomodatedrifts, thereportedvalue
for eachMAF is themeanof themeasuredoffsetin thecurrent
andboth adjacentMAFs.

Specialmeasurementsequencesrun during instrumentacti-
vation con�rmed the stability andlack of scandependenceof
the AC baseline,down to the few mK level. The AC baseline
is reportedin the Level 1 radiance�le asa staticquantityfor
all �lter channelsbasedon the datafrom theseextendedhigh
tangentpoint scans.

2) Calibration Targets: The emissivities of the calibration
targetsweremeasuredprior to launchusinga setof sweptRF
sourcesand broadbandreceivers.The return signal from the
targetswascomparedto thatfrom areferencere�ector overthe
full rangeof anglesandorientationsseenby the radiometers.
This provided veri�cation that no harmful diffractive effects
werecreatedby thegroovedsurfacestructureof themicrowave

1By convention,radiancesarecomputedin unitsof temperatureso that the
measureconverges to the absolutetemperaturein the long wave (Rayleigh-
Jeans)limit.
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absorbers.Return loss was better than 30dB over the full
frequency rangespannedby theGHz receivers.During routine
operationonly oneof the two GHz calibrationtargetsis used
as a radiometricreferenceevery MAF, and we currently use
the one attachedto the radiative cooler. This is becauseof a
pre-launchpredictionthatthesurfaceof theothertargetwould
see a brief indirect re�ection of sunlight from the antenna
structureasthe instrumentcameinto solar illumination. Data
from an instrumentactivation testduring which the switching
mirror staredat eachtarget for just over 2 orbits indicatethat
any impact of this illumination transienton target radiance
is too small to be observed. Use of the cooled target gives
rise to a small difference betweenthe temperatureof the
target reportedin engineeringtelemetry, and the surface of
the target (which `sees' an environment � 40K warmer).
Testsrun during instrumentactivation in which the switching
mirror dwelled at the cold spaceand both target reference
ports indicated that the radiative temperatureof the cooled
target was between0.5 and 0.6K higher than that reported
in telemetry. The rangearisesfrom the varying skin depthof
the target surfaceabsorbingmaterial, the largestdiscrepancy
arising in the highestfrequency radiometer. This temperature
`error' is correctedin the Level 1 processingalgorithms.

The �nite re�ection from the surface of the calibration
targetsgive rise to small standingwaves,of ordera few 1

10 's
of a Kelvin in eachband.We have no way of measuringthese
separatelyfor eachtarget in �ight, leadingto anuncorrectable
radiometricgain error componentof up to � 0.2%.

3) Precision: The noiseon a time seriesof data from an
individual channel,� T , is commonlyrepresentedby:

� T = Ttotal

s
1

B �
+

�
� G
G

� 2

(4)

WhereTtotal is the combinationof receiver systemtempera-
ture andsceneradiance,B is the channelpre-detectionnoise
bandwidth,and� is thepost-detectionintegrationtime of each
measurement.The 1

B � componentis commonlyreferredto as
radiometernoise [7], and is uncorrelatedbetweenchannels.
The gain variation term indicatedby � G

G hasbeenmeasured
to be essentially100% correlatedbetweenall channelsof a
givenradiometerin Aura MLS. A requirementon theLevel 1
dataprocessingsoftwareis that in additionto determiningcal-
ibratedradianceat the limb port, estimatesof both spectrally-
averagedand spectrally-varying noiseof calibratedradiances
shall be provided.The spectrally-varying noisecomponentof
uncalibrateddata is provided by routinely determiningT sys,
andapplyingtheradiometerequation(Equation4 with thegain
variation componentomitted).T sys is a stablequantity, with
orbital variationof < 1%, and is readily estimatedin Level 1
processingfrom the expression:

T sys =
(CS � CZ )

g
�

�

P(2:7) (5)

whereCS andCZ arespaceand`zero' counts,and
�

P(2:7) is
theradianceof cold space.CS is measured12 timesperMAF,
and CZ , the spectrometeroutput with no RF signal input, is
known from pre-launchcalibrations.UARSMLS experienceis

thatCZ remainedstableevenafterseveralyearsof continuous
on-orbit operation.We have veri�ed typical drifts in CZ in
EOS MLS �lter channelsof � 10 counts from pre-launch
valuesaftermorethan8 monthsin orbit, which is negligible in
comparisonto the typical operatinglevelsof � 30,000counts.

The quadratic interpolator used in Level 1 processingis
implementedso that it providesan estimateof the spectrally-
varying uncertaintywith each interpolate.The uncertainties
on interpolatedspaceand target views are usedto determine
the additional precision errors introducedin the calibration
process.The Level 1 estimateof spectrally-varying noiseon
eachmeasurement,�

�

PL , is determinedfrom the equation:

�
�

PL =

s
(T sys + T lim b)2

B �
+ (� R)2 +

�
T lim b �

� g
g

� 2

(6)
� R and� g arethenoiseon the interpolatedspacereferences
and channelgains respectively. � g is determinedfrom the
precisionsof the interpolatedspaceand target signalsat the
time of eachlimb measurement.

For signalscloseto balance(i.e., sceneradiancescloseto
thoseof cold space)the total-power radiometriccalibration
processincreasesthe noiseon an individual measurementby
� 4% from the radiometerequationnoise.For out-of-balance
signalsthereis anadditionalcomponentof uncertaintyarising
from the �nite precisionof the gain estimate,̂g.

4) Spectrally-averaged noise: The spectrally-averaged
componentof noisein Equation4 canbe readily determined
for eachmeasurementchannelif � T andTtotal areknown. As
a routine performancediagnosticfrom Level 1, the observed
ratio of (� T )2 to thatpredictedby the radiometerequationis
computedfor all spaceview sequences.This diagnostic,called
spaceview � 2, provedvaluableon UARS MLS whereits time
dependenceenabledus to rapidly diagnosea periodic noise
problemarising from worn bearingsin the switching mirror
whenspacecraftbatteryvoltagewasnearits orbital minimum.
We were able to implement changesto switching mirror
operationwhich cicumvented this problem. For EOS MLS
we report � 2 in the radiance�le, allowing Level 2 (retrieval)
software to trivially determinethe spectrally-averagednoise
componenton eachcalibratedradiance.In-orbit � 2 and Tsys

dataarepresentedlater in this paper.
� 2 has a typical value close to unity for signals whose

noise contribution is predominantly spectrally-varying, the
casefor the narrower (< 24MHz) channelsat the centerof
each spectrometer. For the outermost(96MHz bandwidth)
channelsat theedgesof each25-channel�lterbank � 2 increase
to � 1.2, and as high as � 2 in the 500MHz Wide Filter
channels.The observed � 2 in R4 (640GHz) rangebetween
2.5 and 5 in the 96MHz �lter channels,indicating a much
higher than expected level of spectally-averagednoise in
this radiometer. An unusualcharacteristicof the spectrally-
averagednoise in R4 is that its magnitudedecreaseswith
increasingsceneradiance,contrary to expectations,and to
the behavior of all other radiometersin this instrument.The
nature of the pre-launchcharacterizationenvironment was
such that sensitivity was measuredwhen viewing ambient
temperaturescenes,underwhich conditiontheobservednoise
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TABLE I

IN-ORBIT SPECTRALLY-VARYING NOISE IN EOS MLS GHZ BANDS FOR
1
6 S INTEGRATION TIME. � Imin DATA ARE FROM LONG (MULTI -ORBIT)

CHARACTERIZATION TESTS.

Band Tsys � I6 MHz � I96 MHz � Imin
R1A 1200K .2K 0.35K 0.02K
R1B 1400K 1.3K 0.40K 0.02K

R1BWF 1200K � I500 = 0.23K 0.02K
R2 1000K 3.2K 0.9K 0.02K
R3 1400K 4K 1K 0.02K

R3WF 1400K � I500 = 0.4K 0.02K
R4 4200K 10K 3K 0.1K

in R4 metexpectations.This led to thesituationthattheexcess
spectrally-averagednoise was not recognizedbefore launch.
We do not yet know its source.

A. RadiometricPerformanceand Accuracy

Table I indicatesthe measuredin-orbit spectrally-varying
noise for all GHz bandsexpressedas Tsys (doublesideband
except for the R1 radiometers)and � I (time-seriesnoise) in
6, 96 and 500MHz (WF) �lter channelsfor single MIFs of
data. � Imin is the level down to which signalsare required
to integrate, and it was determinedthat this was met by
differencingsetsof spectrameasuredwhenviewing spacevia
the main antennafor an extendedperiod.We expect the long
data integrationssuchas are requiredfor measuringBrO to
indicate better � Imin performancethan indicated here. All
spectrally-varying noiserequirementsaremet.

Spectrally-averagednoise requirementson individual data
integrations are that it shall be less than 4� 10� 4 � T sys

in all GHz channels.For R1 through R3 (118 to 240GHz
radiometers)the measuredspectrally-averagednoise is ap-
proximately2� 10� 4 � T sys, meetingrequirements.Evenwith
the anomalousspectrally-averagednoisebehavior in R4, the
observed noisecontribution is � 3:5 � 10� 4 � T sys, meeting
requirements.

Requirementson radiometriccalibrationaccuracy are:

(1) The systematicuncertainty (i.e., not including
the estimatedcontributionsof randomnoise)in the
absolutevalue of the atmospheric/Earthradiances
measuredthrougheachspectralchannelshallbeless
than3K (at the 90% con�dencelevel).

(2) The systematic uncertainty (i.e., not includ-
ing the estimatedcontributions of random noise)
in the spectrally-varying componentof the atmo-
spheric/Earthradiances,measuredfrom onechannel
or �lter to anotherthroughouta given radiometer,
shall be lessthan1% or � Imin =3 where� Imin for
eachspectralregion is given in Table IV of [2].

� Imin requirementsfor the GHz bandsrangebetween0.02K
and 0.1K, and the measuredperformanceshown in Table I
indicatesthat requirementsare met. The primary sourcesof
systematicradianceerrorsaresummarizedin Table II. These
have beenexpressedasa percentageof the limb port radiance
reported by Level 1 software. Errors for signals close to

TABLE II

SYSTEMATIC ERROR BUDGET FOR LIMB PORT RADIANCES, EXPRESSED AS

A PERCENTAGE OF REPORTED LIMB RADIANCE.

CalibrationTarget temperatureuncertainty 0.1%
StandingWaves 0.1%
SwitchingMirror Baf�e uncertainty 0.15%
End-to-endlinearity 0.1%

Total 0.45%

radiometricbalancehavenegligible standingwaveerrorcontri-
bution becauseof thebaselinecorrectionsat Level 1. Linearity
errorsarea maximumfor signalsmid-waybetweencold space
and calibration target in radiance,and negligible for signals
closeto either reference.The estimatesin Table II shouldbe
considered̀ worst-case,' and it is clear that requirementsare
met.

B. Level 1 Daily File Sizes

Level 1 softwareprocessesdatain daily (GMT) increments.
Theinputdataconsistsof 240individual �les of spacecraftand
raw instrumentdatatotaling � 1.2GB. Daily outputdata�les
are listed in Table III. The radiance�les include spectrally-
varying and spectrally-averagednoiseestimatesfor eachcal-
ibrated radiance,as well as AC and DC baselineestimates.
Radiancedataare�agged as`bad' whenthecoldspaceor limb
views are contaminatedby the moon in their FOV, or when
instrumentcon�guration is changingin a way that precludes
calibrationof the limb data(e.g.,whengain levels are being
tuned).The contentsof the engineeringand diagnostics�les
are plotted and inspecteddaily to monitor instrumenthealth
andsafety, andalsotrendedfor determinationof any long-term
drifts in instrumentcharacteristics.

I I I . RADIOMETRIC CALIBRATION

Pre-launchradiometric calibrations consistedof the de-
termination of calibration target emissivities and switching
mirror baf�e transmissions,and veri�cation of linearity and
noiseperformance.Calibrationtargetmeasurementshavebeen
discussedin SectionII, andswitchingmirror baf�e properties
in [3]. Figure2 illustratesthe setupusedto verify linearity of
the GHz radiometers.Focussingmirrors M1 and M2 direct
the view from the GHz radiometerspaceport to external

TABLE III

LEVEL 1 DAILY OUTPUT FILE SIZES. EXCEPT WHERE NOTED, FILES ARE

HDF5 FORMATTED.

GHz �lter channelradiances 1.4GB
GHz autocorrelatorradiances 1.8GB
THz radiances 434MB
Orbit/Attitude data 292MB
GHz diagnostics 20MB
THz diagnostics 1MB
Engineeringdata(binary) 95MB
Log �les (text) 11.5MB
Metadata(text, 4 �les) 35kB

Daily Total 4GB
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Fig. 2. This schematicillustrates the con�guration to verify end-to-end
linearity of MLS signalchains.

switching Mirror S which in turn directs the receiver FOVs
towards either a liquid nitrogen (LN2) cooled or a heated
calibrationtarget.TheGHz moduleswitchingmirror addition-
ally providesa view to eitherof the calibrationtargetsin the
radiometerassembly. The externalheatedtarget canbe varied
in temperaturebetweenambientand100� C, andits controller
provides good stability. This target is a spareUARS MLS
calibration load very similar to the internal Aura MLS ones
mountedin an insulatedenclosure,with strip heaterson the
aluminumbackingplatesof the absorbingsurfaces,andPRTs
to bothcontrolandmonitortargettemperature.TheLN2 target
consistedof a circularpanelof standardmicrowave absorbing
material at the bottom of a stainlesssteel dewar. Standing
waves in the views to the external targets were typically of
ordera few 1

10 's of a Kelvin.
Figure 3 is a picture of the linearity measurementsetup.

The instrumentGHz moduleis mountedwith the spaceport
pointing down. Focussingmirror M1 is mountedbelow the
spaceport,anddirectsthereceiverFOVs towardsM2. External
switchingmirror S is shown directingthe FOV into the LN2
dewar. The UARS heatedtarget aperture,A, is clearly visible
to the left of mirror S. The additionalelementslabeledin the
�gure are part of the high-resolutionspectralsweepsetup.
Linearity measurementsconsistedof the 3-point observing
sequenceambient/heated/LN2 targets.This sequencewassyn-
chronizedto the instrumentMAF, with the GHz switching
mirror providing the view to the internal ambienttarget, and
the external one providing the views to the heatedand LN2

targets.By synchronizingthe measurementsequenceis this
way it was possible to use standardLevel 1 software to
processtheheatedtargetviews into calibratedradiances,using
the ambient target view as the primary reference,and the
LN2 view as the radiometric gain reference.This type of
�e xibility was designedinto the Level 1 processingsoftware
from theoutset,andallowedearly testingof thesoftwarewith
instrumentdata. In addition, this method of processingthe
dataautomaticallytakes careof instrumentalgain and offset
drifts. An example of the raw data from 1 MAF during a

A F

LB

M2
S

M1

T

LN

M

2

Fig. 3. Radiometriclinearity andhigh resolutionspectralsweepcalibration
setup.Seetext for additionaldetails.

linearity test run is shown in Figure4. The threeviews to the
different radiancetargetsare clearly visible. Figure 5 shows
thesamedatafor entiretest,andtheeffectsof gainandoffset
drifts areclearlyvisible.This measurementcycle wasrepeated
with theheatedtargetelevatedin temperaturein � 15� C steps,
with � 45 minutesof stabledata taken at eachtemperature
plateau.Thesamedataareshown in Figure6 afterprocessing
to Level 1, clearly illustrating theeffective drift compensation
of this software.

1) Integral and Differential Linearity: Figure 7 shows
the individual channel linearity data for R1A (the primary
118GHz radiometer).In the upperpanelthe Level 1 radiance
at eachtarget plateauis shown. The lower panel shows the
samedata,but with the meanradiance(weightedby channel
bandwidth)subtracted.Standingwavesareclearlyvisible, and
presentat similar levels in thedatafrom mostbands.Of most
importanceis the difference betweenthe plots at different
scenetemperatures,sincethis a directindicationof differential
linearity, or channel-to-channelbreakup for out-of-balance
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Fig. 4. Raw datafor 1 MAF taken duringa linearity measurementtest.The
four panelsare data from individual 96MHz �lter channelsin eachof the
GHz radiometers.
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Fig. 5. Data as Figure 4 for an entire linearity measurementrun. The
blue/black/reddataarefor the LN2 /ambient/heatedtarget views respectively,
eachplottedpoint beinga MAF-average.Note the cyclic drifts in thesedata.

scenes.Thebaselinecorrectionat Level 1 effectively removes
the effect of standingwaves for measurementsnearbalance.
With UARS MLS we have measuredcleanH2O2 spectrawith
channel-to-channeldifferencesof 0.001K, a factor106 below
Tsys, asshown on Figure12 of [9]. Standingwavessimilar in
magnitudeto thosein the lower panelof Figure7 exist in the
space-target differencesfor EOS MLS, and are not corrected
in the current software, leading to the 0.1% standingwave
systematicerror contribution in Table II.

Figure 8 plots the band-averagedradiancefor R1A versus
scenetemperature.Departuresfrom a linear transferfunction
indicate imperfect integral linearity. All GHz bandsindicate
similar performanceto that shown in the �gure.

We place an upper limit of 0.1% on linearity error in
this instrumentbaseduponpre-launchlinearity measurements
discussedabove,andfrom in-�ight dataobtainedfrom special
switching sequencesviewing both GHz calibration targets.
The in-�ight measurementsextend the dynamicrangeof the
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Fig. 6. The data of Figure 5 processedby Level 1 software into heated
target radiancesis shown here. Note the removal of all instrumentaldrift-
relatedartifacts.
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Fig. 7. Hot Target Radiancesfor all 25 channelsof Band 1 (118GHz
radiometer)for 6 different target temperatures.The lower panel shows the
datafrom the upperpanelwith the weightedmeanradiancesubtractedfrom
eachmeasurementgroup.

linearity measurementsto cover approximately 1
3 rd of full

dynamicrangeof atmosphericscenetemperatures.Sincethe
linearity measurementsencompassthe portion of the signal
chain operatingrange that can be expectedto be the least

Linearity Test, R1A:118.B1F:PT.S0.FB25-1
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Fig. 8. Integral linearity plot for R1A. The offset betweenscene(target)
temperatureand Level 1 radianceis a consequenceof the expressionof
radiancein units of Planck temperature,not a performanceproblem with
the instrument.



MLS GHZ PERFORMANCE/CALIBRATION PAPER FOR IEEE TRANSACTIONS ON GEOSCIENCEAND REMOTE SENSING 7
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Dual LN2 Target Diff. spectrum for R3:240.B9F:CO.S0.FB25-9
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Difference spectrum for R4:640.B11F:BRO.S0.FB25-11
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Difference spectrum for R4:640.B14F:O3.S0.FB25-14
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Fig. 9. Differencesbetweenlimb and spaceport views to similar LN2-cooled targets for the GHz 25-channel�lterbanks. This data is usedto verify the
ability of MLS to integrateout-of-balancesignalswith the requiredprecision

linear, we arecon�dent in extrapolatingthesedatato encom-
passthefull workingdynamicrange.Thisoutstandinglinearity
performancewasobtainedby runningall RFampli�ers at least
12dB below their 1dB compressionpoints,andoperatingall
�lterbank detectordiodeswith input power levels of -29dBm
or less. The ability to integrate signalsdown to levels well
below the intrinsic resolution of the raw telemetry data is
obtainedby appropriatedesignof post-detectordigitizers.For
both UARS andEOSMLS the digitizersare implementedas
voltage-to-frequency converters(VFC) operatingover a small
portion of their dynamicrange.

A. Additional RadiometricPerformanceTests

In addition to the linearity measurementdiscussedabove,
severalotherimportanttestswererun to investigateradiomet-
ric performance.In orderto verify theability to integratedown
data from scenesout of balancewith the primary reference
we took an extended(12 hour) datasetwith the GHz module
switchingbetweenlimb andspaceports,andwith theFOVs of
both limb andspaceportsdirectedby planemirrors into LN2

loadslike the oneshown in Figure3. This testwasrun when
the GHz radiometermodulewasnot integratedwith the main

antenna.In additionto the limb andspaceport views, a short
view to the internalGHz ambienttargetwasperformedduring
eachMAF. This allowed the datato be processedby Level 1
software,using the target view as the primary reference,the
LN2 view via the spaceport as the gain reference,and the
limb port view as the calibratedscene.The key information
from this test is the limb-spaceport difference,shown plotted
in Figure9 for all GHz FB25 channels.Of mostsigni�cance
are the peak-to-peakspectraldifferencesnotedat the top left
of each panel, which are at levels indicating that the � I
requirementson sensitivity aremet with adequatemargin.

An end-to-endtest(the`BlueSky' test)wasrun in whichthe
instrumentwaslocatedat theair lock to theassemblybuilding,
orientedin sucha mannerthattwo largeplanealuminumfaced
panelscould be usedto direct the FOVs of both antennaand
spaceport nearzenith(Figure10).Thesignallevelsat thetwo
portswerebalancedby adjustingtheanglesof thelowerpanel,
and multi-hour data setstaken while switching betweenthe
two internal calibrationtargetsand the spaceand limb ports.
For this testoneof theinternaltargetswasheated(by � 25� C)
usingits built-in heaterelements,andthe internaltargetviews
enabledLevel 1 software to continuouslydeterminechannel
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Limb View
Reflector

Space View
Reflector

Space Port Reflector

Secondary
Primary

Fig. 10. `Blue Sky' measurementsetup.Seetext for details.

gain.
The exceptionallylow atmospherichumidity broughtabout

by SantaAna conditionsat thetime of this testresultedin high
tropospherictransmissionat the lower measurementfrequen-
cies,andatmosphericspectracanbebeclearlyseenin several
of thesebands.Anotherfeatureof thesedatais thesigni�cant
offsets in the mid-bandsectionsof the R4 25-channel�lter -
banks.Given the low thermal contrastbetweenthe internal
targetsand the atmosphericviews, suchan offset shouldnot
exist. This was traceddown to inadequatevoltageregulation
in the spectrometermodule,anda �x was implementedprior
to instrumentdelivery. The relatively large standingwaves
visible in many of thespectralplotsareattributableto standing
waves in the internal target views similar to thoseshown in
Figure 7. The small temperaturedifferencebetweenthe two
targetsin conjunctionwith the radiometriccalibrationprocess
at Level 1 leadsto theseenhancedstandingwaves,a situation
that does not arise in orbit. Data sets were recordedwith
the antennascanactuatorat its nominalandextremesettings.
Thesedatawereusedto verify the absenceof any signi�cant
scandependencein the limb port signals.

IV. SPECTRAL CALIBRATION – HIGH RESOLUTION

Detailsof measurementchannelwidths andplacementsare
givenin [2]. All GHz measurementchannelsweresweptusing
synthesizedfundamentalsourcescoupledinto the spaceport
of the GHz radiometermodule.Eachchannelwassweptwith
approximately100 frequenciesuniformly spreadacrosseach
nominal �lter passband,with the sweepsextendingtwo �lter
widths beyond the nominal outer channel �lterbank band-
passesto captureany extraneousresponses.Wide �lters were
sweptover a rangecovering threetimes their nominalwidth.
All �lter channelsweresweptin bothsidebands(exceptfor the
single-sideband118GHz receivers),andwith all combinations
of switch network settings.The measurementsetupis shown
in Figure 3. The GHz module (M) spaceport is directed
vertically down towards focusing mirror M1, seenedgeon
in the �gure. Mirror M2 directsthe instrumentFOV towards
switchingmirror S which is shown pointingtowardstheLN2-
cooled target in dewar LN2. During active sweepsS directs

theinstrumentFOV throughthesmallholevisible in absorbing
baf�e B, throughlensL, and�nally ontothesmallhornvisible
at the left handendof fundamentalsourceF. A schematicof
the sweepsetupis shown in Figure12.

A. Alignment

Optimal data quality requires precise alignment of the
instrumentFOV throughthecalibrationpathfor all calibration
con�gurations and setups.Focusingmirrors M1 and M2 are
positionedcorrectlywith respectto theGHz moduleby means
of meteringrodsandtooling balls locatedon theperipheryof
themirrorsandtheGHz modulespaceport. Four tooling balls
are clearly visible on M2. All external mirrors are oversized
relative to the beamsto ensure that the signals are fully
captured.The next step in the alignment processconsisted
of positioning and orienting switching mirror S so that the
beamfrom M2 illumatedS centrally, andalsopassedthrough
the centerof the small aperturevisible in absorbingbaf�e B.

A mirror/LN2 target combinationsimilar to the oneshown
in Figure 3 was located in the place of the RF sourceF,
and a custom-built low noise power detector/ampli�er used
to monitor the total IF power from a bandin the radiometer
to be swept. The power meter had suf�cient S/N to allow
the receiver FOV to be traced with a hand-heldabsorbing
iris similar to the one in Figure 3, startingat S. This mirror
assemblycouldbe easilytranslatedandrotated,thenclamped
in placeoncethereceiver FOV struckthemirror centrally, and
the re�ected beamwasdirectedthroughthe small aperturein
B. The remainderof the alignmentprocesswas similar, the
entirealignmentprocesstakingonly � 10 minutesto complete
after somepractice.

The absorbingbaf�e B serves two purposes:it absorbs
spillover from the sourceF through focusing lens L illumi-
nating the apertureon the baf�e; also by replacingthe baf�e
with one having an aperturesize smaller than the beam,the
sourcepower could easily be attenuatedwhen necessary. A
small selectionof absorberswith differentaperturesizeswas
kept on handto facilitate rapid settingof signal levels.

LN  dewar and target
2

Switching Mirror with
stepper motor, encoder
and driver

SW1

Controller 1 Controller 2

TCPIP connections to GSE
Isolated Instrument Sync and
RS485 Data Bus from Instrument

GHz Module

GHz switching Mirror

Space
Port

GHz Ambient Target

RS232 to GPIB

adapterSynthesizer

RF Amp

Optical path

horn

X8, X12, X18, X42 multiplier

Lens
Absorbing iris

M1
M2

Fig. 12. Schematicof high resolutionfront-endsweepsetup.
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Blue Sky Radiances R1B:118.B21F:PT.S4.FB25-12
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Blue Sky Radiances R2:190.B2F:H2O.S0.FB25-2
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Blue Sky Radiances R2:190.B3F:N2O.S2.FB25-3
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Blue Sky Radiances R2:190.B4F:HNO3.S0.FB25-4
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Blue Sky Radiances R2:190.B5F:CLO.S0.FB25-5
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Blue Sky Radiances R2:190.B6F:O3.S0.FB25-6
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Blue Sky Radiances R3:240.B7F:O3.S0.FB25-7
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Blue Sky Radiances R3:240.B8F:PT.S3.FB25-8
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Blue Sky Radiances R3:240.B9F:CO.S0.FB25-9
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Blue Sky Radiances R4:640.B10F:CLO.S0.FB25-10
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Blue Sky Radiances R4:640.B11F:BRO.S0.FB25-11
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Blue Sky Radiances R4:640.B13F:HCL.S0.FB25-13
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Blue Sky Radiances R4:640.B14F:O3.S0.FB25-14
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Fig. 11. Limb andspace(green)port datafrom the Blue Sky testprocessedto show sky radiancesmeasuredthroughthe both ports.The blue line indicates
the differencebetweenLimb andSpaceport radiances.

As shown in Figure 3, the signal sourceF is wrappedin
copperfoil to preventleakagefrom therelatively strongsignal
sourcedirectly into the closely-situatedGHz spaceport. A
simple way of verifying that all unwanted paths from the
source to the receiver had been dealt with was to center
the sourcein a �lter channeland look for any changesin
observed signal level as a hand-heldpiece of absorberwas
moved aroundthe measurementsetup.For repeatableresults
it wasessentialto remove all unwantedsignalpathsbetween
sourceandspaceport.

Whencalibrationmeasurementswereunderway, additional
absorbing panels were placed between B and the instru-
ment spaceport to eliminatepotentialproblemsarising from
diffraction/re�ection of the sourcesignal from both baf�e B
and lens L. Additional large panelswere placedaroundthe
entirecalibrationsetupto preventany interactionsfrom people
moving aroundtheinstrument.With theseprecautionsin place
we observed no interferenceor interactionsof any kind from
concurrentactivities taking placearoundthe instrument.

B. SignalSource

A family of signal sources,F, were usedto spanthe 114
to 662GHz range covered by the GHz receivers. A single

sourcecovered all of the bandsin a given receiver, and all
sourceswere fed by a programmablesynthesizeroperating
in the 13.5 – 17.1GHz range. The sourcesmultiplied the
synthesizeroutput frequency by factors of 8, 12, 18 or 42
dependingupon the band/sidebandbeing swept. The small
fractional bandwidthof eachchannelensuredthat the power
from the sourceremainedconstantover the channelwidth.
Minor problems were encounteredsweepinga handful of
channelswhenunwantedharmonicsfrom themultiplier passed
throughthe channelresponsein the oppositesidebandto the
onebeingtargetted.Therewerealsosomeinstanceswherethe
modeof an unusedharmonicin the sourcejumped,causing
a small changein RF power. Both of theseconditionswere
readily identi�able in the data,and �x es were built into the
analysissoftwareto correctthesepotentialerror sources[10].

C. Standingwaves

With the 118GHz radiometersit was observed that the
relatively large iris aperturein B neededfor thesesweeps,
combined with the precise optical alignment betweentest
equipmentand receivers, creatednoticeablestandingwaves.
Thesewere readily observed by performing a sweep of a
96MHz channeltwice, with the sourcemoved by �

4 between
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sweeps.It becamestandardpractice to check for standing
waves,andperforma pair of �

4 separatedsweepsfor af�icted
bands.The analysissoftware then combined thesedata so
as to remove the effects of the standing waves. To make
precisionmovementsof thesourceeasyandrepeatable,it was
mountedon a micrometer-driventranslationstage.Thesource
was mountedon a rotation stagelocatedon the micrometer-
controlledtranslationstageso that polarizationof sourceand
receiver could be lined up with ease.

D. Measurementsequenceand timing

To maximize measurementef�ciency the operationof the
internal and external switching mirrors, and of the synthe-
sizer/sweeper, were preciselysynchronized.As with the ra-
diometric calibration measurements,the measurementcycle
wassimilar in timing to the standardin-orbit operatingmode,
allowing the useof Level 1 processingto remove the effects
of gainandoffsetdrifts. The �rst 20s of eachMAF wasused
to step the external sourcethrough 20 frequencies,and the
remaining4.7swasusedfor areferencemeasurementin which
thesourcewasmovedoutof band,andaview to anLN2 target
to provide a periodic gain reference.The sourcewas moved
to an out-of-bandfrequency ratherthanthesynthesizeroutput
beingturnedoff in orderto avoid any potentialadversethermal
effects as the multiplier ampli�er chain settledbetweenlow
and high signal states.As an aid to the operators,the start
of the sweepwas signalledby a MAF in which the source
frequency wasmoved betweenthe centerof the �rst channel
being swept and the out-of-bandfrequency in a regular and
easily recognizeablepattern.The codein the microcontroller
operatingthe synthesizerhadsweeptablesfor all GHz bands
andwide �lter channelsin both sidebands,andautomatically
generatedthe start-up sequencewhen a sweepwas begun.
With this highly automatedsystemin placewe were able to
sweepa 25-channel�lterbank (2,900discretefrequencies)in
just under1 hour, andperform8 completeandveri�ed sweeps
in a standardworking day.

E. Results

Figure 13 shows the resultsof an upper sidebandsweep
of Band 7 of R3, covering a frequency rangeof � 242.7 to
244.4GHz. The plot was madewith the `quick look' tools
used to verify data quality in near real time. Figures 14
and15 show the detailedresponsesof the lowestandhighest
frequency FB25 channelsin the GHz module.The legendscf
andwidth arethemeasuredcenterfrequency (in �nal IF space)
and 3dB width of the channel.The numbersin parentheses
are the nominalvaluesof theseparameters.

V. SPECTRAL CALIBRATION – LOW RESOLUTION

In a double-sidebandmeasurementsystemlike EOS MLS
it is necessaryto determinethe relative responseof each
channelin the two sidebands.We measuredrelative sideband
responseby observingthe differencebetweenambient and
LN2 loadsviewedthrougha scanningFabry-Perotinterferom-
eter. A schematicof this setupis shown in Figure 16, and a
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Fig. 13. Front-endsweepof the upper sidebandof Band 7. The x-axis
is the spectrometerinput frequency. All channelshave been independently
normalizedto unity peakresponse.

photographin Figure17. Thesidebandsweepsetupusestwo
externalswitchingmirrors.The �rst mirror (SW1) directsthe
receiver FOVs to eitheran LN2 load or the Fabry-Perot.The
secondmirror (SW2) directstheFOV throughtheFabry-Perot
to either ambientor LN2 loads.The internal GHz switching
mirror directsthe FOVs to eitheran internalambientload or
the externalcalibrationsetup.

A family of calculatedFabry-Perottransmissioncurves is
shown in Figure 18 for the 240GHz radiometer. The widths
of the transmissionordersare seento be considerablywider
than the individual bandsbeing characterized.The ordersof
the Fabry-Perotare seento be well separatedin all bandsin
this example.The sameis true for thesweepsof the640GHz
bands,which were performedwith �ner Fabry-Perotgrids.
Sweepswith bothgrid setswereperformedover largeenough
rangesof grid separationsthat the sidebandresponsesof all
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Fig. 14. Theend-to-endfrequency responsesof the�rst 4 channelsof Band1
of R1. The responsesareplottedon a linear scalein blue, logarithmically in
green.
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Fig. 15. The end-to-endfrequency responsesof the �rst 4 channelsin the
uppersidebandof Band14 of R4. The responsesareplottedon a linearscale
in blue, logarithmically in green.

bandswere well resolved over several Fabry-Perotorders.In
this �gure the`brightnesstemperature'differenceof theviews
to theambientandLN2 loadshasbeenplotted,assumingunity
peaktransmission.

A. Alignment

The alignmentprocessfor the Fabry-Perotsweepsystem
wasthesameasthatdescribedfor thehigh resolutionsweeps.
Thegridswereremovedfrom theFabry-Perot,andthereceiver
beamstraced along their optical path using a small iris in
a hand-heldpieceof absorber. At the end of the alignment,
the beamswere re�ecting off the centersof eachmirror, and
passedcentrally through the Fabry-Perotgrid holders.Once
this stagehad beenreached,the grids were placedinto their
holderson the translationstage,and alignedby maximizing
transmission(i.e., minimizing channelcountswhen viewing
theLN2 loadthroughtheFabry-Perot)by iterativeadjustments

LN  dewar and target
2

LN  dewar and target
2 Switching Mirror with

stepper motor, encoder
and driver

Switching Mirror with
stepper motor, encoder
and driver

Optical path
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SW2
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Isolated Instrument Sync and
RS485 Data Bus from Instrument

Ambient Target

Scanning Fabry-Perot with driver/controller

GHz Module

GHz switching Mirror

Space
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GHz Ambient Target

M1 M2

Fig. 16. Schematicof theFabry-Perotsweepsystemusedto measurerelative
sidebandresponsein the GHz radiometers.

Fabry-Perot

Space Port

GHz module

Cooling duct

Ambient Tgt

SW1SW2
M1 M2

Fig. 17. Photographof theFabry-Perotsweepsystemdepictedin Figure16.

to grid spacing and angle. A complete alignment of this
measurementsetuptook about20 minutes.

For thesemeasurementsno attemptwasmadeto orient the
Fabry-Perotslightly off axis, a common practice to reduce
or eliminatestandingwavesin the cavity formedby the front
grid andthereceiver. Insteadwechoseto allow thepresenceof
thesesmall (but not insigni�cant) standingwaves.Sincethese
artifactswerepresentwhenviewing boththeambientandLN2

loadsthroughthe Fabry-Perot,their effect was eliminatedin
the differenceof thesetwo measurements,the quantity used
in the dataanalyses.

B. Measurementsequenceand timing

As with the high-resolutionsweeps,the measurementse-
quenceclosely matchedthe in-�ight one to allow use of
Level 1 softwareto removetheeffectsof gainandoffsetdrifts,
and to convert the measuredsignalsinto radiances.The �rst
20s of eachMAF is spentviewing through the Fabry-Perot
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Fig. 18. Computedradiancesignaturesgeneratedby the Fabry-Perotwhen
sweepingthe 240GHz radiometerbands.The dashedline shows the spectral
shift correspondingto a 0.01mm increasein grid spacingfrom the initial
spacing.Bandpositionsin both sidebandsare indicatedfor reference.
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with the separationof the grids steppedevery 5s. For the R4
sidebandsweeps,the switchingsequencewas kept the same,
but thegrid spacingwasincreasedevery10s to compensatefor
the poorersignal-to-noisein this radiometer. Half of the time
at eachgrid separationwas spentviewing the LN2 load, the
otherhalf viewing the ambientload via SW2. The remaining
4.7s of eachMAF was usedfor viewing the external LN2

via SW1 and the internalGHz ambientload via the internal
switching mirror. Raw data from 1 MAF for Channel1 of
Band 2 is plotted in Figure 19. Clearly visible in thesedata
are the alternatingviews throughthe Fabry-Perotto the LN2

andambienttargetsvia SW2. The increasingtransmissionof
the Fabry-Perotis a resultof the 10� m stepsin grid spacing
betweenmeasurements.The views to the LN2 load via SW1
and to the internalGHz ambientload can be seenat the end
of the MAF. The grid spacingfor thesemeasurementswas
90 lines per inch (lpi), andby steppingthe grid spacingfrom
� 3.74 to � 9.93mm is was possibleto measurethe sideband
responseall bands in R2 and R3 from a single data set.
Figure20 shows the sweepdatafor channel1 of bands2 and
9, the lowestandhighestfrequency doublesidebandchannels
sweptwith the 90 lpi grids.

For sweepingR4, the 90 lpi grids were exchangedfor
200 lpi ones,the Fabry-Perotstepsizewas reducedto 5 � m,
andthe scanrangewasfrom � 3 to � 8mm. Figure21 shows
the data for channel1 of bands10 and 14, the lowest and
highestfrequency channelssweptwith the 200 lpi grids. The
dataplottedin Figures20 and21 arethe outputfrom Level 1
expressedasthe radiancedifferencebetweenthe ambientand
LN2 views throughthe Fabry-Perot.

C. Data Analysis

The �rst step in the analysisof Fabry-Perotsweepdata
was the conversionfrom raw countsinto calibratedradiances
using Level 1 software. We evaluatethe transmission,� , of
the Fabry-Perotusing the simpleexpression:

� (s; � ; r ) =
�

1
1+4 � sin 2 (s� 4:19169� 10� 2 � � =2) � r =(1 � r ) 2

�
(7)
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Fig. 19. Relative sidebandsweepraw datafor a singleMAF. Thesedataare
for Channel1 of Band2.
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Fig. 20. Level 1 radiancesfrom channel1 of band2 (upper)and band9
(lower) as the Fabry-Perotgrid spacingsteppedfrom � 3.74 to � 9.93mm.
Thesedatawere taken concurrently.

where:

s = grid spacing,mm
� = signal frequency, GHz
r = grid re�ectivity, and

4:19169� 10� 2 = 4 � � =c in appropriateunits.

The estimateddouble-sidebanddifferenceradiancemeasured
in the target channel,T , is thengiven by:

T = 220� (Rl � � (s; � l ; r l ) + Ru � � (s+ � s; � u ; ru ) � P)=2 (8)

where:

220 = the approximatetemperaturedifferencebetween
the 2 external targets,Kelvin,

� x = the lower (x = l) andupper(x = u) sideband
frequencies,GHz

s = the grid spacing,mm
� s = a correctionappliedto the uppersidebandgrid

spacingto allow for the changein phaseof grid
re�ections asa function of signal frequency, mm

Rl = sidebandresponse(lower sideband)
Ru = sidebandresponse(uppersideband)
P = a Planckcorrection– seetext below, and
r l , ru = lower anduppersidebandgrid re�ectivities.
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Level 1 Sideband Sweep Data for Band 10, Channel 1
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Fig. 21. Level 1 radiancesfrom channel1 of band10 (upper)andband14
(lower) as the Fabry-Perotgrid spacingsteppedfrom � 3 to � 8mm. These
dataweretakenconcurrently. The`gaps'in thedataindicatewheretheFabry-
Perotspacingwasincreasedmanuallyto allow all channelsin R4 to beswept
with well-resolved sidebandsin a reasonabletime.

In Equation8 above we assumethat the ambientand LN2-
cooled targets observed through the Fabry-Ṕerot are stable
andat temperaturesof 300K and80K for the durationof the
measurementsusedin thedataanalysis.We useapproximately
60 measurements(Fabry-Perotspacings)in each �t, taking
approximately12 minutesof data(aboutdoublethis time for
R4),suf�ciently shorttimescalesto maintainadequatestability
in the climate-controlledenvironment in which these tests
were performed.The factor 220 in the equationis just the
temperaturedifferencebetweenthe ambientand LN2 loads
seenthroughtheFabry-Perot.This is clearlyanapproximation
that does not model the actual temperaturesof the targets
exactly. Both sidebandresponseswill be in error by the
same(small) multiplicative factor due to departuresof scene
temperaturesfrom those assumedabove, and this error is
eliminatedwhen the responsesin eachsidebandare divided
(to obtain the relative sidebandresponseof eachchannel).

Although this approachtakes care of the minor issue of
not knowing the precise target temperatures,it does not
accountfor thedifferencein Planckfunction betweenthe two
sidebands.This is accomplishedby meansof parameterP in

Equation8, where:

P =
B (� u ; 300) � B (� u ; 80)
B (� l ; 300) � B (� l ; 80)

(9)

and B (� ; T ) is the Planck function at frequency � and tem-
peratureT . This correctionis extremely closeto unity in all
bands,and could have beenignoredwith no signi�cant loss
in accuracy.

The parameter� s in Equation 8 allows for the change
in phaseof the grid re�ections betweenlower and upper
sidebands,but does not account for the actual phaseshift
in the lower sideband.This is accountedfor by �tting both
parameterss and � s during sidebandretrievals, the actual
valuesof the phaseshifts beingunimportantto the endresult.

Thegoalof thesidebandretrieval is to determinethevalues
of s, � s, w, r l , ru and R which provide the bestmatch (in
theleast-squaressense)betweenmeasurementsandmodel.We
choseto perform the sidebandretrievals on a bandby band
basis(25 channel�lterbank), andto allow R l andRu to vary
smoothly acrosseachsideband,expressedas separatecubic
polynomialsfor eachsideband:

Rl (f ) = al
r + bl

r � f + cl
r � f 2 + dl

r � f 3 (10)

with acorrespondingequationfor theuppersidebandresponse.
Parameterf is the nominal channelcenterfrequency at the
input to eachspectrometer.

The �nal measurementmodelthushad12 parametersto be
retrieved:

s initial grid spacing,mm
� s uppersidebandphasecorrection,mm
r l lower sidebandgrid re�ectivity
ru uppersidebandgrid re�ectivity
al

r constantcoef�cient,
bl

r linear coef�cient,
cl

r quadraticcoef�cient, and
dl

r cubic coef�cient of lower sidebandpolynomial
au

r constantcoef�cient,
bu

r linear coef�cient,
cu

r quadraticcoef�cient, and
du

r cubic coef�cient of uppersidebandpolynomial

Only the initial grid spacing of the measurementset, s,
needsto be retrieved, since all other grid spacingsof the
measurementset are accuratelyknown by addingthe appro-
priategrid relative movementto this initial spacing.Notealso
that the phasedifferencebetweenlower and uppersideband
grid re�ections is modelledasa small virtual grid separation
offset, � s, in the uppersideband.This waspurely for coding
convenience,and is mathematicallyequivalent to modelling
the phaseshift differenceasan angle.

The retrieval methodwas to perform a conventional least
squares�t of the measurementsto the model, allowing a
suf�cient numberof iterationsfor adequateconvergence.Typ-
ical retrievals took about5 iterationsandcompletedin a few
secondson a desktopPC.Partial derivativesweredetermined
from small perturbationsof the model on eachiteration.The
measuredand �tted datafor band8 for a single Fabry-Perot
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Band 8, Channel 4, SDlist(16)
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Band 8, Channel 5, SDlist(16)
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Band 8, Channel 6, SDlist(16)
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Band 8, Channel 7, SDlist(16)
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Band 8, Channel 8, SDlist(16)
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Band 8, Channel 9, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.65148045 K

Band 8, Channel 10, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.70192184 K

Band 8, Channel 11, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.63156516 K

Band 8, Channel 12, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.70895462 K

Band 8, Channel 13, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.67709404 K

Band 8, Channel 14, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.62844177 K

Band 8, Channel 15, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.66457242 K

Band 8, Channel 16, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.61348952 K

Band 8, Channel 17, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.50180254 K

Band 8, Channel 18, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.50471349 K

Band 8, Channel 19, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.50266746 K

Band 8, Channel 20, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.57283715 K

Band 8, Channel 21, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.46635001 K

Band 8, Channel 22, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.53501386 K

Band 8, Channel 23, SDlist(16)

0 20 40 60
Relative grid spacing

-20

0

20

40

60

80

100

F
P

 d
iff

er
en

ce
 r

ad
ia

nc
e 

/ K

rms = 0.46558449 K
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Fig. 22. Fabry-Ṕerot datafor Band8 (black crosses)andtheoreticalpredictionfor the grid spacingschosenfor the �t. Vertical rangefor eachpanelis -20K
to 100K, andchannelorder is 1 to 25, left to right, top to bottom.The blue crossesare the residualto the �t (differencebetweenmeasurementsandmodel)
multiplied by a factorof 10.

order are shown in Figure 22. The dashedhorizontal green
line indicatesthe radiancecutoff below which data are not
includedin the�t. Thebluecrossesat thebottomof eachpanel
arethe measurementresiduals(differencebetweenmodeland
measurement)magni�ed by a factorof 10.Thecutoff radiance
wasselectedon a bandby bandbasisto avoid systematicsin
theresidualswhich appearedin thedatawhentheFabry-Perot
transmissionwasnearits mimimum.Theretrieveddatafor the
samebandareplottedin Figure23.Theuppersetof crossesis
theretrievedrelative sidebandresponse(upper/lower) for each
channel.The lower setsof crossesare the individual upper
and lower sidebandresponseswhich do not add up to unity
becauseof the �nite throughputof the Fabry-Perot.

The analysissoftwarewascapableof �tting up to four or-
derssimultaneously, limited only by availablememoryon the
analysiscomputer. No signi�cant differenceswere obtained
when �tting to oneor multiple orders.

The sidebandmeasurementsfor all double-sidebandGHz
bandsare plotted in Figure 24. Fits to individual 25-channel
�lterbank bands (FB25) are indicated by the black curve
segments,wherechannelpositionsare indicatedby the small
plus signs.The small red and blue plus signsare the results
from performingrelative sidebandretrievals on the datafrom
individual channels,shown for information. Since there is
overlap in several bands,and relative sidebandresponseis

de�ned by thefront-endreceiver, we choseto performa global
�t to all of theFB25sidebanddatain a givenradiometer. This
de�nes sidebandresponseas a function of IF frequency, and
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Fig. 23. Resultsof analysisof data in Figure 22 plotted by channel.The
lower andupperrelative sidebandresponsesareshown assidebandfractions
(blue and greencrosses),and the ratio of the responsein eachsidebandis
indicatedby the black crosses(upper/lower sidebandresponse).
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Fig. 24. Relative sidebandresponsefor all doublesidebandchannelsof the GHz radiometers.The large plus signsin the centerpanelare sidebanddata
for the wide �lter channelsin R3. The large green,red andblue plus signsin the otherpanelsare the sidebandresponsesin the mid-band�lterbanks (bands
27 to 31). Black line segmentsare resultsof sidebandretrievals on individual bands,and the greensegmentsarea global �t to thesedatafor all bandsin a
given radiometer. Individual small red andblue plus signsare from sidebandretrievals performedon individual channels.

the resultsof these�ts are shown by the greenlines, which
are the datausedby the forward model [11] in the Level 2
software[12]. Thelargegreen,redandblueplussignsindicate
the inferred sidebandresponsesin the 11-channel�lterbank
bands(FB11),andthe large plus signsin the centerpanelare
sidebandresponsesfor the wide �lter channelsin R3, which
wereretrieved on a channel-by-channelbasis.

D. R4 SidebandResponse

After delivery of the MLS instrumentfor integration on
the Aura spacecraft,the whisker-contactedtripler in the 1st
LO source for R4 was replacedby a more robust planar
technologyone.The R4 receiver front-endwas removed and
returned to JPL for this rework. One consequenceof this
changeto the receiver was a small changein LO drive level
andmatching,resultingin a small changein relative sideband
response.Thesidebandresponseof thereceiver wasmeasured
with a simpli�ed Fabry-Perotsetup,beforeandafterthetripler
changeout.Without IF and �lterbank subsystemsit was only
possibleto measuresidebandresponseat 3 IF frequencies,
correspondingto the approximatecentersof the 3 groupsof
channelsin the lower panel of Figure 24. The effect of the
tripler changoutwas a decreasein the R4 relative sideband
responsesshown in Figure24 by � 4%.

VI . MASTER OSCILLATOR

All critical frequenciessourcesin the MLS instrumentare
referencedto a 5MHz Master Oscillator (MO). Trend data
taken over a � 480 day interval prior to instrumentlaunchis
shown in Figure 25 for both the primary and backupunits.
The requirementis for drift of no more than 1 part in 7 �
10� 8 of the starting frequency at the end of the mission (6
yearsafter launch).Extrapolationof thesedata indicate that
requirementsaremet. In-orbit spectraobserved by the digital
autocorrelators(DACS) provide a very sensitive measureof
�rst LO placementsin R1 and R3, and provide a valuable
indicator that no unexpecteddrift hastaken placein the MO
during the �rst 6 monthsof in-orbit operation.

VI I . SPECTRAL CALIBRATION ACCURACY

Requirementson spectralcalibrationaccuracy aresimilar to
thosefor radiometriccalibrations,andmaybesummarizedas:
the systematicerror contribution in calibratedradiancesshall
be no more than 1% of the calibratedsceneradiance.This
allocationis separatelyappliedto high-resolutionandrelative
sidebanddata.

For the high resolution sweep data the most sensitive
parameteris channelposition,andsinceall downconversions
arelocked to the ultra-stableMO, we anticipateno frequency
drifts in the signalchainsthat precedethe spectrometers.The
DACS processtheir input signalsdigitally, and are similarly
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immuneto drifts. Theonly likely potentialsourceof signi�cant
channel drift arises in the LC �lters used to de�ne the
bandpassesof the �lter spectrometers.The inductorsin these
�lters arehand-wound,andannealedtwiceduring�lter tuning.
Thespectrometerswereextensively temperature-cycledbefore
instrument delivery, and no evidence of channel drift was
detected.The on-boardsynthesizer, which usesthe MO asits
reference,can determine�lter characteristicsin �ight should
the needarise.Level 2 residualsto dategive no indicationof
drift in the placementof any channel.

The end-to-endsweepsof channelposition/shapewere of
very high precisionas evidencedby the sampledatashown
in Figures14 and 15, making shapeerrorsalso a negligible
sourceof error. The remainingpotentialerror sourcein these
measurementsarisesfrom `outof band' responseswhichcould
be at a low level comparedto the peakresponseof any chan-
nel, but could also spana much larger frequency rangethan
thenominal�lter width. All �lterbanks weresweptover a fre-
quency rangewider thanthe nominalspectrometerpassbands
by twice the width of the broadest�lter in the spectrometer,
and the data carefully examinedfor spuriousresponses.No
suchresponseswereobserved,but to beconservative we have
chosento allow theerrorbudgetfor �lter channelpositionand
shapeto be 0.3% of the measuredradiance.

The error introducedby uncertainty in relative sideband
responseis dif�cult to estimate.For the 118GHz radiometers
their single sidebandresponsewas adequatelyveri�ed by
front-end sweepsin the image sidebandusing a fundametal
source,and by examination of the Fabry-Perotsweepdata
usedto determineband2 to band9 (i.e., R2 andR3) sideband
responses(the R1 radiometerswere active during sideband
sweeps).For relative sidebandresponsesclose to unity, the
casefor all of theGHz double-sidebandMLS radiometers,an
fractional error of � translatesinto a correspondingradiance
error of �

2 in eachsideband.
For R2 the largestdeviations betweenthe individual band

and IF-wide �t dataare � 0.02 in relative sidebandresponse,
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Fig. 25. Trendplot showing drift of the primary (lower) andbackupmaster
oscillator frequencies.

correspondingto 1% error in single sidebandradiance.For
R3 the errorsareapproximatelyhalf aslarge,andfor R4 half
as large again,indicatingpeakrelative sidebanduncertainties
of � 0.01 and � 0.005, correspondingto radiometric errors
of 0.5% and 0.25% in theseradiometers.The presenceof
unidenti�ed systematicsin thesemeasurementsmay result in
theseuncertaintyestimatesbeing somewhat optimistic, but
even so it is reasonableto assumethat the combinationof
errorsin high-resolutionandrelative sidebandcalibrationdata
comfortablymeetthe intent of the requirements.

We expect signi�cant feedbackfrom Level 2 data in the
future in regardto relative sidebandresponse,andsuchinfor-
mationwill be documentedin [10].

A. TheCommonCalibration Setup

An importantfactorin theef�ciency of all of theinstrument
calibrationsand characterizationsdiscussedso far was the
useof a commonsetupwhich allowed simultaneoussetupof
GHz radiometric,spectralandFOV calibrations.For most of
the pre-launchcalibrationsthe GHz radiometermodule was
positionedwith the spaceport viewing downwards,and the
antennasystemviewing the FOV calibration setupwith the
long axisof theGHz primaryre�ector horizontal.Radiometric
and spectralcalibration setupswere locatedbelow the GHz
radiometermodule,coupledto thespaceport via a pair of fo-
cusingmirrors.Radiometricandspectralcalibrationequipment
could be placedand aligned in the working areabelow the
radiometermodule,and any of the calibrationsetupschosen
by appropriatepositioning of the switching mirrors, a task
consistingof just issuing commandsto the instrumentand
calibration controllers.This �e xibility allowed spectraland
radiometriccalibrationsto be performedduring the day, and
the longerFOV measurementsto beperformedat night (when
measurementconditionswerebest),with recon�gurationtak-
ing just minutes.

Anotherkey contributor to thehighef�ciency of radiometric
and spectral calibrations was the use of controllers which
`snooped'the internal instrumentdata and timing busesvia
optically isolated interfaces.This allowed the operationof
externalcalibrationequipmentto bepreciselysynchronizedto
the 1

6 s instrumentmeasurementframes.Quick-look software
allowed near-instantaneousfeedbackon dataquality, andwas
alsoof greathelpduringalignmentof calibrationsetupsto the
instrumentFOV from the GHz modulespaceport.

A useful bene�t of the highly-ef�cient calibration setups
wasthat the reducedmeasurementtimes(comparedto UARS
MLS) resulted in improved thermal stability of the signal
chains.This was a very useful bene�t given the total-power
(unchopped)implementationof theMLS instruments.In addi-
tion, by makingall calibrationsequencesmimic the timing of
theinstrumentin its nominaloperationmode,Level 1 software
could be usedto convert the datainto calibration`radiances,'
takingfull advantageof thegainandoffsetdrift compensation
in the Level 1 algorithms.

VI I I . IN-ORBIT PERFORMANCE

In-orbit performanceof the GHz radiometersis basically
the sameasseenduring groundtesting,but with improved 1

f
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Fig. 26. Plots of Tsys for all GHz 25-channelbandsactive during nominaloperation.The noiseperformanceshown herehasbeenstablefor the duration
of the missionto date.

characteristicsdue to the more benign thermal environment
and lack of convection-inducedartifacts. Channel noise is
characterizedby Tsys and� 2, shown in Figures26 and27 for
the GHz FB25 bands.TheseFiguresare samplestaken from
the daily diagnosticplots usedto monitor instrumenthealth
and safety, and are representative of intrument performance
from the beginning of the mission.

IX. IN-ORBIT CALIBRATION

The most signi�cant in-orbit calibrations are re�nement
of pointing knowledge through moon scans,and updatesto
antennascattering,emissionandohmiclossparameters.These
changeswereexpectedbasedonprior UARSMLS experience,
andaredescribedin [3].

An important in-orbit calibration has beenthe implemen-
tation of static and dynamicbaselinecorrectionsin Level 1
software. Theseupdateswere anticipatedfrom UARS MLS
experience,andLevel 1 softwarewasdesignedto accomodate
the expected changesafter launch. Static baseline is the
spectraldifferencebetweenthesignalsreceivedwhenviewing
spaceby the GHz switching mirror spaceport and main
antenna.This baseline signature was measuredwith long
data integrationsduring the instrumentactivation phase,and
againapproximately8 monthslater, to determineits stability.

Thesemeasurementsindicate typical baselinesignaturesof
a few 1

10 's of a K peak-to-peakin most bands,with long-
term stability of � 0.02K (limited by the duration of the
calibrationdatasets)in all bands.For R4 we seeno spectral
baselinesignaturedown to the20mK level, possiblydueto the
morehighly apodizedillumination of the main opticsfor this
radiometer. We planon verifying thestability of this important
dataperiodically.

Dynamic baselinerefers to the offset in mean radiance
betweenthespaceandlimb port views to space.This compo-
nentof thebaselinesignatureis radiometer-dependent,ranging
from � 3.5K in R2 to � 8K in R3 and R4, with orbital
variations of just over 1K in the bands with the greatest
offsets. This offset is measuredon a MAF-by-MAF basis
in Level 1 processingusing radiancesfrom limb views with
tangentheightsgreaterthan85km for channelswith negligible
atmosphericcontribution. Both static and dynamicbaselines,
togetherwith precisionestimates,are reportedin the Level 1
radiance�les for the GHz data.Since the THz systemuses
thesamescanningmirror to view both limb andreferences,it
hasno correspondingbaselinesignatures.

A small change made to radiometric calibrations since
launch has been the determinationof the thermal gradients
in the passively-cooledGHz target discussedearlier, and the
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Fig. 27. Plotsof � 2 for all GHz 25-channelbandsactive during nominaloperation.The noiseperformanceshown herehasbeenstablefor the durationof
the missionto date.

correspondingchangesto Level 1.
Possiblefuture in-orbit calibrationsincludetheuseof satu-

ratedatmosphericradiancesto validate/re�nerelativesideband
ratio knowledge,andalsoto developmethodsfor reducingthe
small impactsof standingwavesin theviews to thecalibration
loads.

A. R3 SpurCompensation

An unexpectedbehavior observedin �ight wasthepresence
of varyingspursin theR3 �rst LO, which manifestedasclear
artifactsin theDACSdataradianceresiduals.Thepresenceof
thesespurswasknown beforelaunch,but they wereexpected
to be stable.Thesespursare offset � 714kHz from the LO
fundamentalfrequency. There is a second,much smaller,
pair of spursat � 1; 428kHz. During the �rst six monthsof
MLS operationthe fraction of LO power in the spurs has
rangedfrom less than 15% to more than 36%, with large
changesassociatedwith relatively small changesin operating
conditionsthat effect the temperatureof RF components.

As a result,Level 1 softwarehasbeenmodi�ed to estimate
themagnitudeof spurs,andthespectraarecorrectedfor their
effects.Estimatesaremadeseparatelyfor B24andB25(DACS
bands24 and 25) to simplify handlingof missingdata,even
though the underlying sourceis the R3 LO in both cases.
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Fig. 28. CO spectrumfrom B25, before and after correctionfor 1st. LO
spurs.
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The spur amplitudesare retrieved from daily-mean, high-
altitude (tangentpoint above 78km) spectrafrom B24 and
B25,which containmultiple imagesof theDoppler-broadened
235-GHzO3 line and 230-GHzCO line, respectively. Since
theseDoppler-broadenedemissionlines arenot saturated,the
observedradianceshaveaDopplershape.Thehigh-altitudeO3

line is modeledas a Doppler shapecenteredat B24 channel
47.384 with � of 1.67 channels.The high-altitudeCO line
is similarly modeledas being centeredon channel50.44 of
B25 with � of 2.2 channels.The DACS channelspacingis
97.66kHz. A linear least squares�t of the mean spectrum
with themodeledfundamentalimageandtwo pairsof images
aswell asa constantbaselineoffset is performed.All spectra
are divided by the DCT of the retrieved LO shapein the
Fourier domainto effectively deconvolve the LO shapefrom
the spectra.

We must accountfor the effect of this deconvolution on
thechannelprecisions.Receiver noise(which dominatesmea-
surementnoise) is uncorrelatedbetweenchannelsin the raw
measurements,but becomescorrelatedwhen the LO shape
is deconvolved from the spectra.The noise in an individual
channel increases,although a properly-constructedaverage
over the band,using the full noise covariancematrix, beats
down to the samenoiselevel in both cases.

MLS level 2 retrieval algorithmsdo not currently account
for off-diagonal noise covariancematrix elements,and the
only meansof accountingfor the effects of correlatednoise
is to report the in�ated diagonal elements.If we consider
deconvolution to be multiplication by W in the time domain,
wherethe elementsof W are the inversesof the elementsof
the DCT of the LO shape,then the diagonalelementsof the
noisecovariancematrix are in�ated by the rms of W . Using
estimatedprecisionsin�ated by this factor, Level 2 will have
a correctvaluefor thenoiseon an individual channelbut will
overestimatethe noiseon the averageof a block of channels.
This effect is small, with noise underestimatedby a factor
of � 2 on a block of data4s in duration.A similar situation
exists for the �lter channels,sinceLevel 1 doesnot reportthe
temporalnoisecorrelationsthat are introducedby the useof
interpolatedspaceandtarget references.

Convolution in Level 2 of the forward model with the LO
shape,ratherthandeconvolution of the LO shapein Level 1,
permits Level 2 to work in a spacewith a nearly-diagonal
noisecovariancematrix.Thisapproachis usedfor constantLO
widths andspursof otherradiometers.At the time of writing
such convolution has not been implementedin the Level 2
forward model,but it is intendedto be implementedfor later
versionsof the algorithms.

X. CONCLUSION

This paperhasdescribedthe radiometricperformance,and
radiometricand spectralcalibrationsof the GHz component
of Aura MLS. All performanceand calibrationrequirements
have beenmet,and,aswith its UARS predecessor, we expect
instrumentcalibration to be maintained,and possibly even
enhanced,during the durationof the mission.
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XI . GLOSSARY

� I noiseon a calibratedmeasurement
� calibrationtarget emissivity
� X

r transmissionthroughswitchingmirror port X in
bandr

� dataintegration time
B noisebandwith
CX

i raw data`counts' in channeli for view to sceneX
CO

i raw datacountsfor channeli with no signalat the
spectrometerinput

DACS128 channeldigital autocorrelatorspectrometer
FB11 11 channel�lterbank spectrometer
FB25 25 channel�lterbank spectrometer
gi radiometricgain (Counts/K)of channeli
GB gigabyte
GHz gigahertz,109 Hz
kB kilobyte
Level 1: the software that convertsraw instrumentdata

into calibratedform
Level 2: the software that transformsLevel 1 output into

retrieved atmophericquantities/pro�les
MAF Major Frame,nominally 148 MIFs, comprisinga

completelimb scan/calibrationcycle
MB megabyte
MIF Minor Frame,nominally 1

6 s, during which
sciencedataare integrated

�

PX
i radiancein channeli from port X

T sys SystemTemperature,the noiseof the measurement
systemin temperatureunits
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