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NPOESSAircraft SounderTestbed-Microwave:
Observationsof CloudsandPrecipitationat 54-,

118-, 183-, and425-GHz
R. VincentLeslie, StudentMember, IEEE, andDavid H. Staelin,Fellow, IEEE,

Abstract— The National Polar-orbiting Operational Envir on-
mental Satellite System (NPOESS) Air craft Sounder Testbed -
Micr owave, or NAST-M, includes spectrometers operating near
the oxygen lines at 50-57 GHz, 118.75 GHz, and 424.76 GHz,
and a spectrometer centered on the water vapor absorption line
at 183.31 GHz. All four of the spectrometers' antenna horns
are collocated, have 3-dB (full-width at half-max) beamwidths
of 7:5� , and are dir ected at a single mirr or that scans cross-
track beneath the aircraft with a swath up to 100-km wide.
The �rst part of the paper describes the instrumentation and
calibration for the newly installed spectrometers at 183.31GHz
and 424.76 GHz. The second part demonstrates the potential
performance of NAST-M, by presenting radiance images and
precipitation rate and cell-top retrievals obtained during over-
�ights of isolated convective storm cells,and by comparing these
results with coincident visible images. NAST-M radiances are
alsocompared with visible, infrar ed, and radar images.The non-
linear retrieval method was trained with a simple precipitation
model. The data were obtained during the Cirrus Regional
Study of Tropical Anvils and Cirrus Layers-Florida Ar ea Cirrus
Experiment (CRYSTAL-FACE 2002) and the Paci�c THORpex
(THe Observing-systemResearch and predictability experiment)
Observing SystemTest (PTOST 2003).

I . INTRODUCTION

T HE National Polar-orbiting OperationalEnvironmental
SatelliteSystem(NPOESS)Aircraft SounderTestbed-

Microwave (NAST-M) instrumentconsistsof four independent
total-power microwave spectrometersthat sharea scanning
re�ector. The original suite had two spectrometersnear the
oxygen lines at 50-57 GHz and the oxygen line at 118.75
GHz [1]. The two new spectrometersare double-sideband
superheterodynesystems,one centeredon the 183.31-GHz
water vapor absorptionline (183-GHzsystem)and the other
centeredon the424.76-GHzoxygenabsorptionline (425-GHz
system).

The original NAST-M suite has been used in a variety
of remotesensingapplications,including atmosphericpro�le
retrievals (e.g., temperature[2]), cloud-parameterestimation
(e.g., precipitationcloud-topaltitude [3]), and cloud-clearing
of coincidentinfrareddata[4].

Passivemicrowaveretrievalsof temperatureandwatervapor
pro�les involve measurementsof brightnesstemperaturesnear
known absorptionlinesof oxygenandwatervapormolecules.
Fig. 1 shows the zenith opacity due to oxygen, nitrogen,
and water vapor as a function of frequency; the NAST-M
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spectralcoverageis overlaid. Zenith opacity is the integrated
atmosphericattenuationfrom the terrestrialsurfaceto the top
of theatmosphere.For this simulation,theU.S.1976standard
atmospherewas usedwith the Millimeter-wave Propagation
Model [MPM] [5]. Hydrometeors(e.g., rain) both absorband
scatterelectromagneticwaves.
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Fig. 1. Zenith opacitywith overlappingNAST-M spectralcoverage.

The NAST-M spectrometer�ies together with NAST-
Infrared (NAST-I), a 8500-channelinfrared interferometric
spectrometerscanningwavelengthsof 3.6to 16.1micronswith
2.6-km resolution at an altitude of 20 km over � 48o [6].
The NAST system is testing and validating measurement
conceptsessentialto the successof the NPOESSglobal en-
vironmentalsatellitesystem.The new 183-GHzspectrometer,
combinedwith the existing 50-57 GHz spectrometer, is vali-
dating conceptsutilized by the AdvancedMicrowave Sound-
ing Unit (AMSU) on the operationalNational Oceanicand
AtmosphericAdministration (NOAA) satellites,a precursor
to the NPOESSAdvancedTechnologyMicrowave Spectrom-
eter (ATMS) and the Conical scanningMicrowave Imaging
System(CMIS) plannedfor NPOESS(npoess.noaa.gov). The
combination of the 183- and 425-GHz spectrometerdata
describedin this paperprovidespreliminaryvalidationof con-
ceptsproposedfor utilization in future geostationaryglobal-
precipitation-monitoringsatellites[7]. The critical advantage
of thesemillimeter andsub-millimeterbandsis their ability to
yield spatialresolutioncomparableto ATMS andCMIS with
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geostationaryantennasapproximatelytwo to four metersin
diameter.

Theobjective of this paperis to presentthenew spectrome-
tersonboardthe NAST-M suiteandpresentthe new potential
of the combined spectrometersfor precipitation parameter
estimation.

I I . INSTRUMENT DESCRIPTION

Initially, NAST-M wascon�guredfor theNASA ER-2high-
altitude airborne-scienceaircraft so that it could view both
nadir and zenith. Late in 1999 the NAST-M suite was also
integratedinto the Proteushigh-altitudeaircraft,designedand
built by ScaledCompositesin Mojave, CA. The ER-2 hasa
maximum cruising altitude of 20 km, while Proteuscruises
at 17 km. In Proteus,NAST-M �ies in a pod underneaththe
fuselageand lacks the zenith view that it hason the ER-2's
superpod.The loss of the zenith port reducesthe three-point
calibration, describedin [1], to a two-point calibration, but
also reducesleakageof zenith cold-spaceradiation into the
antennaduring calibration.

The spectrometers'four hornsare directedat a single �at
mirror, which scanscross-trackbeneaththe aircraft with a
swath width of � 100 km for altitudesof � 20 km. The 3-dB
diameterof all four antennabeamsis 7:5� , yielding a 2.6-
km nadir footprint diameterfrom an altitude of 20 km. A
singlescanlastapproximately5.5 secondsandincludesviews
of threethermalcalibrationsources(two on the Proteus)and
yields19 spotsacrossnadir from � 64:8� (Proteusfrom � 54�

to 68� ). ThemostextremeER-2angleshave footprintson the
surfacethat are 14-km long in the crosstrackdirection (e.g.,
seeFig. 4), andthe extremeangleson eachsideof a scanare
usuallynot includedin NAST-M imagerybecauseof excessive
pixel size.

Channelspeci�cationsfor the183-GHzand425-GHzspec-
trometersare given in Table I. Channel sensitivities were
determinedfrom actual aircraft data and include calibration
noise.The nominal integration time for all spots(including
calibrationspots)is 100 msec.The block diagramsandchan-
nel speci�cationsfor the54- and118-GHzspectrometerswere
presentedpreviously [1].

A. 183-GHzSpectrometer

A block diagram of the 183-GHz spectrometersystem
is shown in Fig. 2(a). A test-bench183-GHz receiver was
providedby Millitech' s Millimeter-Wave ProductsDivision in
Northampton,MA. The receiver was then recon�gured and
integratedinto theNAST-M instrumentsoasto functionin the
harshenvironmentalconditionsat 20-km altitude.The system
wasdesignedto switch betweentwo LOs (Local Oscillators),
but thesecondLO at 166 GHz wasnot operational.Bandpass
�lters de�ne the spectrometer's temperatureweighting func-
tions, which are shown in Fig. 3 for all four spectrometers.
The 183-GHz weighting functions are plotted as a function
of watervaporburden,a representationthat is lessdependent
on the humidity pro�le. Watervaporburdenis de�ned as the
integratedwatermass,g=cm2, above a given altitude.

TABLE I

183- AND 425-GHZ CHANNEL SPECIFICATIONS.

183-GHzSpectrometer(LO = 183.31GHz)
Frequency Bandwidth Sensitivity

No. Offset (MHz) (MHz) (RMS K)
1 � 10000 3000 0.36
2 � 7000 2000 0.45
3 � 4500 2000 0.43
4 � 3000 1000 0.59
5 � 1800 1000 0.77
6 � 1000 500 1.39

425-GHzSpectrometer(LO = 424.76GHz)
Frequency Bandwidth Sensitivity

No. Offset (MHz) (MHz) (RMS K)
1 � 3250 1300 0.47
2 � 2150 900 0.52
3 � 1430 540 0.58
4 � 910 260 0.95
5 � 680 200 1.04
6 � 505 150 1.42
7 � 285 150 1.22

B. 425-GHzSpectrometer

A block diagram of the 425-GHz radiometersystem is
shown in Fig. 2(b). The receiver was designedand bench-
testedat the University of Virginia and Virginia Diodes,Inc.
in Charlottesville,VA [8]. The Centerfor SpaceResearchat
the MassachusettsInstituteof Technologydesignedand built
thehousingfor the425-GHzreceiver. TheLO for the425-GHz
receiver is a Gunnoscillator, which is temperaturecontrolled
to maintain its frequency. The Gunn is set to 106.19 GHz
and a varactordoublerupconverts the frequency, which then
drives the subharmonicmixer. The 425-GHz receiver has a
separatesubharmonicmixer for measuringthe LO frequency.
Any deviationsof theGunnoscillatorfrom theabsorptionline
frequency causethe opaquetemperatureweighting functions
to have two peaksinsteadof the desiredbell shape.

Temperatureweighting functions for the 425-GHz system
are shown in Fig. 3. The 425-GHz channelsfurthest from
the absorptionline are sensitive to water vapor becauseof
the watervaporcontinuum,anddo not sensethe surface.For
example,channeloneof the425-GHzsystemhasa weighting
function very similar to channelfour of the 183-GHzsystem,
exceptthat the425-GHzchannelis moresensitive to hydrom-
eteors;it typically peaksnear4 km or 0:2 g=cm2.

C. Calibration and Validation

Calibration consistedof laboratoryexperimentsand com-
parisonsbetweenradiometricand simulateddata.Laboratory
measurementsdeterminedcorrectionsto the temperaturesof
the onboardcalibrationloads,which were validatedby mea-
surementsof a target submerged in liquid nitrogen. In a
separateexperiment, the optimal view-angle of the calibra-
tion loadswas con�rmed by rotating throughall anglesand
choosingtheanglewith themaximumbrightnesstemperature.
Another experiment consistedof varying the 425-GHz LO
frequency in simulationsof the zenith-view brightnesstem-
peraturesuntil the numericalsimulationsmatchedthe actual
�ight data.Fromthis test,it wasdeterminedthat the425-GHz



IEEE TRANSACTIONS ON GEOSCIENCEAND REMOTE SENSING,VOL. ?, NO. ?, SEPTEMBER200? 3

(a) 183-GHzspectrometer (b) 425-GHzspectrometer

Fig. 2. Block diagramsof 183-GHzand425-GHzspectrometers.
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Fig. 3. Clear-air nadir temperatureweightingfunctionsfor the US 1976StandardAtmosphereanda blackbodysurface.Channelnumberscanbe relatedto
frequenciesthroughTable I. Note that the ER-2 cruisesat 20 km andthe Proteusat 17 km.

LO frequency was 106.05 GHz and was off the absorption
line by 0.56 GHz. This frequency shift was incorporatedin
the following validationsimulations.

To validate the NAST-M calibration, dropsondesand ra-
diosondesmeasuredthe temperatureandhumidity pro�les in
approximatelythe sameareaandtime interval. Thesepro�les
were enteredinto a software program written to simulate
brightnesstemperaturesspeci�cally for the NAST-M instru-
ment; it used the Millimeter-wave Propagation Model [5].
Thesesimulatedbrightnesstemperatureswerethencompared
with theactualcoincidentalbrightnesstemperaturesmeasured
by the instrument.

Fig. 4 is a �ight map illustrating a typical pro�le com-
parison.The footprints of the radiometric data are plotted,
and the footprints of the last scan are outlined in black.
The footprints were projectedfrom the altitude of the ER-
2 to a �at surface, taking into accountthe scanangle.The
dropsondedropsite is plotted,alongwith the trajectoryof the
dropsonde,asit fell from analtitudeof 14 km. To supplement
theatmosphericdataabove thedropsonde,datawasusedfrom

aradiosondelaunchedon theislandof Kauai,Hawaii, approxi-
mately100 km away. Ten sequentialspotsat eachanglewere
averagedto reducethe effect of noise, and then validation
is done by subtractingthis averagedbrightnesstemperature
from the simulatedbrightnesstemperaturecalculatedwith the
radiosonde/dropsondepro�les.

Dueto errorsin position,time,assumedancillarysimulation
inputs (e.g., surfacetemperature),and other sources,a single
pro�le comparisoncanbemisleading.Ideally, asmany pro�le
comparisonsas possibleare usedand their statisticsare cal-
culated.The near-nadir meanandstandarddeviation statistics
per channelarepresentedin Table II. The 425-GHzstatistics
utilized six radiosonde/dropsondecomparisonsover two days
duringthePTOST2003mission.The183-GHzsystemresults
utilized thirteendropsondecomparisons.

I I I . RAIN RATE AND CELL-TOP ALTITUDE ESTIMATION

In order to comparethis novel NAST-M imagery to con-
current visible images, the NAST-M spectral images were
converted to imagesof retrieved precipitation rain rate and
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Fig. 4. A mapwith an exampleof the aircraft's positionandthe NAST-M' s
antennafootprintsin relationto dropsondeandradiosondereleasepoints.Also
includedarethe UTC timesof thesereleases,the aircraft's time of overpass,
and the dropsonde's trajectory.

TABLE II

CALIBRATION RESULTS

183-GHzSpectrometer 425-GHzSpectrometer
Channel mean standard mean standard

No. difference(K) deviation difference(K) deviation
1 -1.0 0.5 -0.60 0.5
2 -0.25 0.5 -0.55 0.5
3 0.05 0.6 -0.60 0.2
4 0.50 0.6 0.50 1.5
5 1.50 1.0 0.20 0.5
6 -0.05 1.0 1.50 1.5
7 N/A N/A -1.0 1.5

cell-top altitude using the simple algorithm describedbelow.
The algorithm is only intended to give an overall under-
standingof the capabilitiesof the NAST-M spectrometersto
retrieve precipitationparameters.More advancedalgorithms
for estimatingtheseparametersfrom millimeter-wave spectral
imageryhave beenpreviously describedin [3], [9], [10], but
nonehave usedthe spectralrangeemployed here.

The estimatoris a weightedsumof �rst- andsecond-order
polynomialsof thedifferencebetweentheobservedbrightness
temperaturesand the background(zero-cloud)temperatures,
where the weights minimize the mean-squareerror over a
training set. Third-order polynomialsoffered no discernible
improvement. The non-cloud backgroundtemperaturesare
easilydeterminedfrom the NAST-M observationsbecauseof
themodestsizeof thecellsstudied.All retrievalsweretrained
andperformedover ocean.

For eachpixel the retrievedparametervectorP (containing
rain rate,precipitationcell-topaltitude,andicedensity)is sim-
ply relatedto thebrightnessperturbationvectorB � M , where
(bi � mbi ) is thei th vectorelementof B � M correspondingto
channeli , bi is the observed brightnesstemperature,andmbi

is the observed neighboringmean background(zero-cloud)

brightnesstemperature:

P̂ = C � (B � M ) + D � S (1)

S = [(b1 � mb1 )2; (b2 � mb2 )2; : : : ; (bN � mbN )2]T

C and D are 3 � N matricesof weighting coef�cients that
minimizemean-squareerrorover thechosentrainingdataset;
N is the numberof channelsemployed in the retrieval. The
superscriptT signi�es the transposeoperator.

Thecloudmodelusedto train thisestimatorusedabsorption
coef�cients from Liebe et al. [5] anda radiative transfer(RT)
solution [11] that is not computationintensive for an altitude
resolutionof 500 meters.The rain rateswere linked to the
drop-sizedistribution andtotal waterdensityby the Marshall
Palmermodel[12]. The15 cloud-topheightsusedfor training
rangeduniformly from 2 to 16 km, and the rain rateswere
0.5, 1, 5, 10, 25, 50, 75, 100 mm=hr . Precipitationbelow
freezingwas assigneddensitiesof 0.1, 0.4, 0.7, or 1 g=cm3,
which coveredtherangeof snow, graupel,andice; this density
was also estimatedusing Equation 1, but is not discussed
furtherhere.Therewasnocorrelationbetweenassumedcloud-
top altitude, rain rates, or ice densities,and it is assumed
that physically plausible correlationswould have improved
the retrieval results.The temperaturepro�les were assumed
to be the sameinside and outside the clouds, whereasthe
relative humidity in thecloudswasassumedto be100percent.
Thesepro�les werefoundby averaginga subsetof theTIGR3
radiosondeset [13]. The subsetwas chosento match the
latitudesand months of the PTOST-2003 deployment. This
distribution of precipitationparametersreasonablyspansthe
rangelikely to be encounteredin the �eld; for more realistic
convective-cell pro�les see[14].

Becausetheseretrievals are used in this paper primarily
to illustrate the utility of the NAST-M observationsand their
relation to concurrentvisible-wavelengthdata,more sophis-
ticated retrieval methods were not warranted, particularly
since the over�own precipitating-cloudice-particledensities,
habits,andsizespectrawerenotmeasuredsimultaneously. The
performanceof this estimatorfor cell-topaltitudeandrain rate
is suggestedin Fig. 5, which comparesmodel truth with the
retrieval resultsobtainedusingEquation1 andthetrainingdata
set.The black dash-dotlines correspondto perfectretrievals,
while the black line correspondsto a systemusing all of the
NAST-M channels,thesolid gray line characterizesa 183/425
GHz system,and the dashedgray representsthe presently
operationalsatellitesystemusing 54 and 183 GHz. To allow
the differentspectrometersto be comparedequally(i.e., limit
the in�uence of the different receiver noise), each channel
wasgiven a radiometricsensitivity of 0.3 Kelvin (RMS). The
error barsrepresentone standarddeviation above and below
the error's meanvalue, and the error barswere removed for
rain ratesunder25 mm=hr in order to keepthe �gure clear.
The averagedstandarddeviations for the �rst four rain rates
(0.5-10mm=hr ) were 7:0 mm=hr for the full-band system,
9:4 mm=hr for the183/425-GHzsystem,and8:3 mm=hr for
the 54/183-GHzsystem.

Thecurvesin Fig. 5 suggesttwo points.First, all threesys-
temsareadequateto soundthe precipitationcell-top altitude.
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Fig. 5. Nonlinearestimatorcomparisonbetweena full complementNAST-M
instrument(black), an estimatorlimited to the 183- and 425-GHzchannels
(gray), anda third caselimited to 54- and183-GHzchannels(dashedgray).

Second,whenestimatingrain rate,the major contributionsto
the all-bandequal-radiometric-sensitivity (27-channel)results
came from the 54- and 118-GHz values for C and D in
Equation1, plusthevaluesfor C for 183GHz.Theestimation
of precipitationcell-top altitude usedalmost exclusively the
values in C. One important incidental lessonlearnedfrom
this �gure andby investigating the coef�cient matricesis that
single-pixel precipitation-rateretrievals basedexclusively on
frequenciesabove 180 GHz may be impaired unlessmore
sophisticatedretrieval algorithms,morecomplex precipitation
models,andsuperiorradiative transfersolutionsareusedthat
correctly incorporatethe correlationsbetweenrain rate, cell-
top altitude,andconvective cell diameter.

IV. OBSERVATIONS

A principal advantageof the NAST-M suite of microwave
spectrometersis their superiorresponseto the several degrees
of freedomcharacterizingprecipitation;eachbandcontributes
additional information useful in interpretingthe responsesof
theothers.Theimagespresentedhereillustratethatcapability.

The image in Fig. 6 was obtainedwhile on Proteusnear
Miami, Florida during the CRYSTAL-FACE missionon July
13, 2002.The eastern-mostconvective cell wasimagedwhile
the aircraft was banking,and thereforethe scatteringis less
prominentacrossall channelsas the thicknessof the atmo-
sphereincreased.Thewesterncell illustratesthesensitivity of
wavelengthto hydrometeordiameter. This strong convective
core is identi�ed by the scatteredsignaturein the 54-GHz
channel,becauseof the abundanceof large diameterhydrom-
eteors.As frequency increases,the cell signatureenlargesto
the extent of the infrared image, which is the limit of the
cloud. The boundariesof the infrared signaturewere placed
on theotherimagesfor comparison.Theeast-to-westincrease
in signaturesize could be an indicationof westward blowoff

Fig. 6. Convective cell signaturefrom microwave to visible wavelengths
along with compositeradarre�ectivity on July 13, 2002 during CRYSTAL-
FACE. Proteuscrossedthe main convective cell at 21:38 UTC. GOESand
radardatacourtesyof the SpaceScience& EngineeringCenter, University
of Wisconsin-Madison.

from the wind shearat the top of the convective cell. The
precipitationmodeldescribedin SectionIII doesnot presently
modeltheblowoff from a convective cell andtheretrievalsare
not presentedhere.

The 183-GHz channel had the largest brightness-
temperatureperturbation,whereasthe425-GHzchannelcould
see a high-altitude layer of small-diameterhydrometeors
that don't perturb the lower frequency channels.When the
microwave imageis comparedto the compositeradarimage,
the 54-GHz channelmatchesthe highest-re�ectivity region.
While the airbornemicrowave instrumentsuggeststhe anvil
blowoff, the groundbasedcompositeradardoesnot register
the same precipitation on the surface. These discrepancies
could arise from either instrument's blind spotsor temporal
differences.

Fig. 7 has further examplesof convective cells, but they
are less intense and smaller. For these cells, the retrieval
techniquefrom Section III was used to gain insight in the
full-channel capability of NAST-M to retrieve precipitation
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Fig. 7. Convective cell comparisonwith the NAST-M spectrometersbetweenchannelssharingsimilar clear-air temperatureweighting functions.NAST-M
video imagesof the clouds,precipitationcell-top altituderetrievals, andrain-rateretrievals arealsopresented.PTOST March 14, 2003
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Fig. 8. NAST-M brightnesstemperatureperturbationsfor the 54-, 183-,and
425-GHzwindow channelswith a matchingNAST-M videoimage.Theclear-
air brightnesstemperaturesatnadir(limb) were221(242)K, 272(266)K, and
251 (243) K for the 54-GHz,183-GHz,and425-GHzchannels,respectively.

parameters.The four columnsof Fig. 7 correspondto four
oceanicconvective cells over�own on March 14, 2003by the
ER-2 at 20-km altitudeover the North Paci�c during PTOST
2003.The top four rows of the �gure correspondto channels
in thefour bandsthathave weightingfunctionspeakingat one
to four kilometersandhave comparablecloud-freebrightness
temperatures.Only the inner most eleven anglesare plotted;
they span a swath approximately32 km wide. The cloud-
free baselinebrightnesstemperaturefor each channel was
subtractedto yield a cloud-perturbationimagethat simpli�es
inter-bandcomparisons.

The differencesbetweenthe bandsare striking. As in the
previous image,the 52-GHz imagesclearly respondstrongly
only to thenarrow convectivecoresof thesecellswheretypical
icy hydrometeorsaresuf�ciently large to have strongscatter-
ing signatures,saymorethantwo millimetersin diameter. The
apparentwidth of thesecoresis approximatelyninekilometers.
Theapparentdiametersof thecellsnear118GHzaremarkedly
larger becauseRayleighscattering(ice or liquid) is inversely
proportional to the fourth power of wavelength.This trend
continuesas the frequency progressesto 183 and 425 GHz,
for which thesecell diametersapproachapproximately16-17
km. A related trend continuesfor the minimum brightness
temperaturesof at eachof thecell tops.In orderof increasing
frequency, theseminima areapproximately6, 18, 20-30,and
24-40Kelvin below their baselinesin all cases.

One potentially important implication of theseresults is
that a diffraction-limitedgeostationarysatellitewith � 20-km
resolution at 425 GHz would sensepixels that are � 5-10
Kelvin colderfor eachof the �rst threeisolatedcells,whereas
the sameantennawould yield pixels less than � 2 K colder
at 183-GHzor longerwavelengths.This differencewould be

theresultof theincreasedspatialresolution,cell diameter, and
Mie scatteringnear425 GHz. Spatialresolutionof 30 km or
morecanstill bequiteusefulfor thelargercell ensemblesthat
typically dominateglobal rainfall, as is evident in the global
rain imagesproducedusingthe 54- and183-GHzbands[10],
[15].

Thephysical informationcontentof suchdatais not readily
evident from such perturbationimagesalone, however. The
bottom two rows of Fig. 7 show the correspondingimages
of precipitationcell-top altitude and rain rate retrieved using
Equation 1 and the most transparenteight, six, six, and
three channelsin the four NAST-M spectrometers,in order
of increasingfrequency. Becausethe retrieval algorithm was
derivedfor nadirviewing, only thoseelevenview angleswithin
36 degreesof nadir are presented,correspondingto the area
betweenthe parallel lines shown in row � ve of the �gure.

The retrieved cell-top altitudesarein reasonableagreement
with thoseobtainedby stereoscopy of the video images,as
indicatedby the dotsandinferredaltitudesshown in the �fth
row of the�gure. Theseretrievedcell-topaltitudeimagestopo-
graphicallyresemblethe 425-GHzperturbationimagesmore
than the others,becausethe 0.7 mm wavelengthis sensitive
to the smallesthydrometeors.However, thereis a signi�cant
differencebetweenthe precipitationcell-topaltitudeandrain-
rateestimates.As expected,the highestrain-rateretrieved co-
incideswith the 54-GHzchannel's largestperturbation,while
the perturbationsat higher frequenciesoutline the lower-rain-
rateregions.Themodelincludedonly clear-air andconvective
cell pro�les, and the estimatorretrieved light precipitationin
areaswherethe visible imageshowed low-lying clouds.

The 425-GHz brightness-temperatureperturbation image
correspondswell to the dynamically-lifted portions of the
visible cells, but exhibits little responseto the surrounding
lower clouds. An example of a failure to respondto lower
clouds is illustrated in the upper left corner of column B
whereboththe52-and118-GHzchannelsexhibit � 2-5Kelvin
warmingdueto unglaciatedprecipitationor heavy cloudstoo
low in thehumidatmosphereto besensedat either183or 425
GHz. The limited ability of 425-GHzchannelsto senselow-
altitudecloudsis furtherillustratedgraphicallyin Fig. 8, which
presentsbrightnesstemperatureperturbationsobservedduring
a PTOST ferry �ight over the North Paci�c on March 14,
2003.The threewindow channels(i.e., the most transparent)
of the 54-, 183-, and 425-GHz systemsare shown together
with a visible image.The perturbationsare relative to clear
air nearby, for which the brightnesstemperatureat nadir and
at theedgeof theillustratedboxarelistedin the�gure caption.
The 425-GHzchannelhasa weighting function peakingnear
4-5 km due to watervapor, which is at the top of theselow-
lying clouds.In dry atmospheres,183-GHzchannelspenetrate
to sealevel, whereasthe 425-GHzbandalmostnever does.

V. CONCLUSIONS

Thenewly expandedNAST-M passivemicrowavespectrom-
eter suite constitutesa valuable resourcefor imaging pre-
cipitation and atmospherictemperatureand humidity pro�les
with spatial resolution and frequency coverageadequateto
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understandtheir radiative propertiesand to validate retrieval
concepts.

Although soundingsnear183 and 425 GHz are relatively
lesssensitive to the larger icy hydrometers(diametersgreater
thantwo mm) thatsignify strongconvectionandprecipitation,
they do respondstronglyto the abundantsmallerice particles
� 1-mm in diameter that spread out from the convective
cores of storms and remain visible longer at theseshorter
wavelengths.This longerlifespanaloft of smallerice particles
yields broader and stronger ice scattering signaturesnear
183 and 425 GHz from single isolated precipitation cells.
This phenomenonmakes any such unresolved cells much
moreevident near183 and425 GHz from diffraction-limited
passive microwave sensorson satellitesthanthey areat longer
wavelengths.

These observations also demonstratethe importance of
frequenciesbelow � 173 GHz for sensingcloud water below
� 3-4 km altitudesin the more tropical atmospheres;sensors
near 425 GHz are of limited utility at thosealtitudesmost
everywhere,but signi�cant convectionpenetratingabove those
levels is readily detected.

Finally, algorithms basedon simple precipitation models
yield plausibleaircraft retrievals of cell-top altitude and rain
rateconsistentwith availableconcurrentdata.More sophisti-
catedretrieval methodsdesignedfor thesehigh frequencies
could presumablyperform better, particularly methodsde-
signedto capturethe informationcontentin the strongspatial
differencesbetweenimagesobtainedin different frequency
bands.
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ronesdes donńeesdes sondeursverticaux atmosph́eriquessatellitaires
p résentset �a venir,” Ph.D. dissertation,Ecole Polytechnique,France,
1993.

[14] G. M. Skofronick-Jackson,A. J. Gasiewski, andJ. R. Wang,“In�uence
of Microphysical Cloud Parameterizationson Microwave Brightness
Temperatures,” IEEE Trans. Geosci.RemoteSensing, vol. 40, no. 1,
pp. 187–196,Jan.2002.

[15] F. W. ChenandD. H. Staelin,“Global PrecipitationClimatology from
AMSU Passive Microwave SatelliteObservations,” in 14th Conference
on Applied Climatology at the 84th Annual Meetingof the American
Meteorological Society, Jan.2004,p. JP5.16,Seattle,WA.

R. Vincent Leslie (S'96) received the B.S. degree
in electrical engineeringfrom Boston University,
Boston,MA, in 1998,andtheS.M. degreein electri-
cal engineeringfrom the MassachusettsInstitute of
Technology(MIT), in 2000, where he is currently
a Sc.D. candidate.He is a ResearchAssistantfor
the Remote Sensing and Estimation Group, Re-
searchLaboratory of Electronics,and interned at
the Raytheon Electronic Systems' Missile Radar
Laboratory, Tewksbury, MA. Mr. Leslie is a member
of Tau BetaPi andThe Orderof the Engineer.

David H. Staelin (S 59 M 65 SM 75 F 79) received
the S.B., S.M., and Sc.D. degreesin electrical en-
gineeringfrom the MassachusettsInstituteof Tech-
nology(MIT), Cambridge,in 1960,1961,and1965,
respectively. He joined the MIT Faculty in 1965,
wherehe is Professorof ElectricalEngineering.He
alsowasAssistantDirectorof theMIT Lincoln Lab-
oratory (1990-2001).He teacheselectromagnetics
andsignalprocessing.He wasPrincipalInvestigator
for theNEMS andSCAMSmicrowave spectrometer
experimentson the NASA Nimbus-5andNimbus-6

satellites,and a Co-Investigator for the NASA AIRS/AMSU/HSB sounding
experimenton Aqua,theSMMR microwave experimenton Nimbus7, andthe
PlanetaryRadioAstronomyExperimenton Voyager1 and2. Other research
has involved telecommunications,radio astronomy, video coding, milliarc-
secondoptical astrometry, andrandomprocesscharacterization.


