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TWO-CHANNELMICROWAVERADIOMETERFOROBSERVATIONSOF
TOTAL COLUMNPRECIPITABLEWATERVAPOR AND CLOUD LIQUIDWATER PATH

J.C. Liljegren
t

PacificNorthwestLaboratory
Richland,Washington,U.S.A.

1. INTRODUCTION

I "'l''l''l''l'" I'" I'" I''I'" I'"

The Atmospheric Radiation Measurement (ARM) i ! _ i.re0..socu,.,o.m°rovn.......nto ...............................................,...........................
radiationtransfer in models of the atmosphericgeneral T Li ! icirculation,as well as on improvingparameterizationsof _' i! _ t _ _ _
cloud properties and formation processes in these = ........,.......................i....................... -

models (USDOE, 1990). To help achievethese t _i/IIJJ'._::_.'_i__-

objectives, ARM is deploying several two-channel "_ = i
microwave radiometers at the Cloud and Radiation _ i i i
Testbed (CART) site in Oklahoma for the purpose of =
obtaining long time series observationsof total precip- 1 ! ,°

itable water vapor (PWV) and cloud liquidwater path ......... i; .....
(LWP), defined as 0 4= o =0 1,

oo OIyI ilnee 1 JInum'y 1913

f Figure 1. Daily averagesof PWV from 9 October 1992
PWV = _LL10" Pv(z) dz, (cm), (1) through21 July 1993 at the ARM Cloud and Radiation

Testbed (CART) centralfacilitynear Lamont,OK.

0_ radius. This relationshiphas been exploitedto parame-

LWP = 1___" w(z)dz, (mm), (2) terize cloud radiative properties and to study cloud
PLd structure;see for example Stephens (1984), Cahalan

andSnider (1989), Cahalanand Wiscombe(1991). PWV
where PL is the density of liquid water, pv(z) is the is also used to parameterize atmospheric radiation
density of water vapor and w(z) isthe cloudliquidwater transfer. For example Li et el. (1992) used PWV to
content(g m'3). relate net solar radiation at the surface to satellite-

Daily averages of PWV from 9 October 1992 derivedfluxes. Kuoeta/. (1993)have shownthat short-
through 21 July 1993 are presentedin Figure 1. This range precipitation forecasts and predictions of the
data revealsthe annualtrend of lowmoisturecontentin vertical distributionof specific humidity are improved
the winter(PWV = 0.5 cm) increasingto over4 cm inthe when PWV is assimilated into numerical weather
summer. Superimposed on the annual trend are the predictionmodels.
synopticvariations associatedwith frontal passages. The use of PWV and LWP fordevelopingandtest-

ing radiation and cloud models imposes significant
1.1 Back0rouq_ performance requirementsfor accuracy,sensitivityand

long-term stabilityof the measurements. In this paper
Both PWV and LWP have been widely used to the performanceof one of the ARM microwaveradiome-

understand cloud and radiation interactions. For ters with respectto these requirementsis presented.
example, Stephens (1978) has shown that LWP is a
useful surrogate for the cloud optical depth, 2. THE MICROWAVERADIOMETER
6 = 312 LWPlre, where re isthe effectivedroplet

The microwaveradiometers(MWRs) thatARM has

• acquiredare RadiometricsModel WVR-1100. These are
Pacific Northwest Laboratory is operated for the U.S. dual-frequencyinstrumentsoperatingat 23.8 and 31.4

Department of Energy by Battelle Memorial Institute GHz. (See Table 1.) The 23.8 GHz channel is about
underContractDE-AC06-76RLO 1830. three times as sensitiveto water vapor as the 31.4 GHz

channel; the 31.4 GHz channel is about twice as
Corresponding author address: James C. Liljegren, sensitiveto liquidwater as the 23.8 GHz channel. The
Pacific Northwest Laboratory, Battelle Blvd., Richland, two channels use a common antenna and waveguideWA 99352.



Table 1. WVR-1100 Specifications. Vref+nd is the signal when viewing the reference target
VaporSensing Channel withthe noise diode on, Vre f is the signal viewingthe

Frequency 23.8 GHz targetwiththe noisediodeoff,andTndisthe noisediode
Bandwidth 0.4 GHz output(K) determinedby priorcalibration. (See below.)
Beamwidth(3dB) 5.5 degrees CombiningEqs (3) and (4)gives:

Liquid Sensing Channel
Frequency 31.4 GHz ]'sky= Tref+ Tnd Vsk¥ -- Vref
Bandwidth 0.4 GHz Vref+n d _Vre f . (5)

Beamwidth 4.6 degrees Duringeach observingcycle, the three signalsin Eq (5)
Pointing Characteristics are obtainedfor each channel. The mirroris rotatedto

Angularcoverage 4_sr view the sky; the Gunn diode oscillators for each
Angularslew rate > 90 degrees/s, elevation channelare then sequentiallyenergizedandthe signals

3 degrees/s, azimuth recorded. The mirror is then rotatedto view the black-
Physical Characteristics body target; for each channel the signalsare recorded

Dimensions 58 x 28 x 74 cm withthe noise source off and on. The target tempera-
Weight 21 kg ture ismeasuredandEq (5) appliedto determinethe sky
Power 120W max. (winter) brightnesstemperature.
Voltage 90-135 VAC, 47-440 Hz The above observingcycle acquires a 1-second

"snapshot" of the sky every 20 seconds. This high
system with individualGunn diode oscillatorsfor each samplingrate is necessarybecause the LWP measure-
frequency. This design has two implications. First, ments are being used to develop and test new models
simultaneous observations at the two frequencies are that describethe inhomogeneousnatureof clouds. The
notpossible- only one Gunn diodecan be on ata time; samplingrate must be highin orderto resolvethe fine
and second,the fields of view of each channel are not scale structure of clouds. Averaging over a longer
identical. At 2 km altitude this translates into fields of period wouldtend to smear out the details. Sampling
view of 192 m (at 23.8 GHz) and 161 m (at 31.4 GHz). faster (by shorteningthe observingcycle, if possible)
Consideringthe differencesinthe temporaland spatial would not necessarilyprovide additional independent
scales of PWV and LWP, as well as the differencesin observations:fora 10 m s"1windspeedat 2 km altitude,
the sensitivityof the channels to vapor and liquid,this at least 16 seconds are requiredfor a scene to advect
difference infield of view is not particularlysignificant, throughthe fieldof view of the liquidsensitivechannel.

2.1 RadiometricMeasurements 2.2 Calibration

The MWR measures the incident microwave Absolutecalibrationis achievedby use of "tipping
energy and reportsit as an equivalentblackbodybright- curves." (See Decker and Schroeder, 1991.)
hesstemperature,]'sky(K) for each channel: Essentially, the atmospheric optical depth at several

Vskv- Vr_f elevationangles is measuredusingan old or estimated
]'sky = Tref + G " (3) calibration, and a straight line is fitted against the

cosecantof the elevationangle. The slopeof the line is
Tref (K)is the actual temperatureof the ambientblack- the true zenith optical depth, from which can be
body reference target, Vsky(counts) is the signal computed the true zenith brightness temperature.
observed when viewing the sky, Vref (counts) is the Tippingcurvescan onlybe performedon days whenthe
signalobservedwhen viewingthe referencetarget, and sky is completely free of clouds as the technique
G is the system gain (counts K"1). The gain is assumes that the atmosphere is plane-parallel and
extremelysensitiveto the temperatureof the microwave horizontallyhomogeneous. In Oklahoma, such condi-
hardware. The microwave hardwareis mountedon an tionshave been rare duringthe lastyear.
aluminumplate in an insulatedenclosureandthermally Combined with measurements of the blackbody
stabilizedto 323 +0.2 K to ensure gain stability. Even referencetarget, both withthe noise diodeswitchedoff
so, to achieve the necessaryaccuracythe gain is mea- andon, the noisediodeoutputcan be calibratedas well.
sured duringeach observingcycle,defined below. This First, the gain is determined for each tippingcurve by
is accomplishedby switchingon a "hotload"inthe form solvingEq (3)
of a calibrated noise diode that injects microwave
energy directlyintothe system. The gain isdetermined G -' vsky -Vref
as Tsky- ]'i'ef' (6) r

G Vref+nd- Vref Equation (4) is then solved for Tnd and the gain
-- -ind . (4) computed from the tippingcurve usedto determine the

noisediodeoutputTnd:



31.4 GHz channel changed noticeablybetween the April
Ted Vref+nd -Vref (7) and July calibrations, but remained constantfrom Julym G "

to September.
The amount of microwaveenergy injectedintothe

antenna system by the noise diode is not constant; 3. CALCULATIONOF PWVAND LWP
rather (Vref+nd- Vref) is a random variable with a
Gaussian distribution. To preventadding noise intothe PWV and LWP are determined from the MWR
calibration,tipping curves are performed at 90-second brightness temperatures using a statistical retrieval
intervalsover a period of hoursand the mean value of techniquedevelopedby Westwater(1993).
Ted for each channel is used. The distributionsof Tnd
resultingfrom the tippingcurves are shown in Figure 2 3.1 Statistical Retrieval
for the 23.8 GHz (vapor-sensitive)channel andin Figure
3 for the 31.4 GHz (liquid-sensitive)channel. Essentially,historicalradiosondedata represent-

ingthe climatologywhere the MWR will be operatedare
'"" ....!....!....!....!....!....!....I inputto a model of microwave radiationtransfer
oo.o ...........;............_......:...:.;._..,-, ._¢..----"..%.'..-.......;........v.._i i /.'.!" .J_ i -_" _ (Schroeder and Westwater, 1991). This model

! /' .,'!., i Jr _ / computes the zenith optical depths, 8, atmospheric
,s ............;............¢..j..._,..._..:.........i.....:,_.._..........._...........-1 mean radiating temperatures, Tmr, and the expected

oo ............!...........:._.........? ......._ ......_............i..........._ microwave brightnesstemperatures correspondingto

so ............i.....-_:'_......." "i"_,_""'i- ="i"s==(o=,,,,)I"_ each sounding:_. =o ............!....._-;_'.;-'......,,...._-,.........t --- Jun,,= ""
=o ............'"""";'_+........."_........_ ....... ['" ]'sky= Tce"8+ Tmr(1-e'_5). (8)

............_,......L_'Z:] ..... _s_,.n,- l.-
_:" ,' _ . j....._ ..... ]-'- _" " l-- Tc isthe cosmicradiatingtemperatureequalto 2.75 K.

.__ " -._,_ I -'- =.,v,= _ For each soundinginthe climatologicaldata base
---_ ...... t...... _-............................. September 93 .-•_ , . , ! ] t the PWV is computedby integratingalong the trajectory

.o_ of the soundingand the LWP is computedby inserting163 164 14S 164 117 III 1t9 170

Noise=odeOutputTempersturs[K] clouds in regions of the soundingwhere the relative
humidityexceeds a preset thresholdvalue. The PWV

Figure 2. Noise diode outputcalibrationhistoryfor the and LWP are then related to the optical depths using
23.8 GHz channel, multiplelinearregressionsof the form

99.g9 .... I .... I .... I .... I .... I .... I ....

! : ! •i......_....."..........."............ PWV = a0 + a1_z3.8+ a2_1.4,
09.9 ............ :............ "."t'"'t"": ..... r'":*'!i ,,," . :! _: __' ._ , ! : :_ ,..............i............_.:..._'./._._...._,,_;..............;..........._............

i _'._',.C.it _" i ! i LWP = bo + b__23.s+ b2a3_A• (9)
e s ............ i ............ r .... -"_'";_ ...... _............. :"........... _ ............

.o ............;.........._.._,..,-....'.,_:........;.............;............;............The retrievalcoefficientsforEq (9)havebeencomputed
_o ............_:.........<,,'__J,.-......,;............":............._:............t.............

. so ............;......./ '._ .... _:i............;_ , ; for each calendar month by E.R. Westwater and M.J.

_. ,o,o' ..Z.:_..':'.,:'......Z_I l -.--_.n... (o.,.,) ,iI::::::::::::::_--T,:':.2.::::::::::::::::::::::]_""= Falls of NOAA/Wave Propagation Laboratory (WPL)
............;_.;..:_.,f.. ;__.._...,,,, ...._............_ s.p,mu.,,= usingten yearsof NW,Sradiosondedata fromOklahoma

................_i_i _.i;..'.i_i_iiiiill!_i:';-*'?"".._:_'_.:./_" ......."?!........................l]-'-I..... _p,,,,,vFsu,,,w,_,= , turesCity, OK.arerelatedNote thatto thetheopticalObServeddepthsbrightnessby solvingtempera-Eq (8)

" ";"............... T?I s,,,,,,,.... _ /Tmr-Tc
., ............_.... :...(L _'T')_T)L" .; ;.... in _T.._.rc

(I0)
163 164 16, 166 167 188 169 7'0 Y_y'/

NolSs Olode Output TemperatureIKI

Figure 3. Noise diode outputcalibrationhistoryfor the usingthe climatologicalaverage valuesof Tmr for each
31.4 GHz channel, month. The residualuncertaintyinthe regressions,i.e.

the variation in the data that is not explained by the
Calibration stability is important for long-term regression, is referred to as the theoretical accuracy.

observations. Even though the tippingcurves can be That is, even if the observed optical depths were
performed automaticallyby the MWR, collectingtipping exactlycorrectsome uncertaintyinthe retrievedvalues
curve data interrupts normal data collection, of PWV and LWP would result from the residual
Fortunately, the interruptions occur during the least uncertaintyinthe regressions.
inte,e_tinq periods, i.e. duringclear sky conditions. The
MWR calibrationsexhibit a 1% overall variationover a 3.2 TuninoFunctions

periodof more than a year. However, it is apparen',that
the aging of the noise diode is not linear in time. The Because the model Used to compute optical
mean value of Tnd for the 23.8 GHz channelappearsto depths and brightnesstemperaturesdoes not capture
have reached a stable value; the mean value for the all of the physics,"tuningfunctions"mustbe developed
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to linearly relate the actual brightness temperatures s
observed with the MWR, "['sky, to those computedwith : _ i i o

the model, Tmode, (Westwater etal., 1990). Because ] ,; ¢=.;,,_swl i , !._"
MWRs operated by NOAA/WPL used 20.6 GHz and 4 /" ='" =', I""T................._'"'_'_... ...............
31.65 GHz (Hogget el., 1983) ratherthan 23.8 and31.4 _ i ! _ _,.';- t
GHz, these tuning functionshad to be developed after
the deployment of the first MWR at the CART site in ! = .................:.................T............ :t ..............._.................i .! i

NOAA/WPL microwaveradiationtransfermodel intothe , =i._i i i
CART data system as a Quality Measurement
Experimentor QME. (See Miller et aL in this volume.) 1 ......_ ...................................................

AfterthedatafromeachCARTBalloon-BorneSounding "_.. i° ; i" i" i=System (BBSS) launchwas received by the CART data o ................
system, the WPL model was run automaticallyin order 0 1 = = 4 s
to generate model-calculatedbrightnesstemperatures pwv_,, ,w, [=,,]
and computethe PWV from the soundingfor comparison Figure4. Scatter plotof PWV measured withthe MWR
with the MWR. As the number of samples in this against PWV derived from BBSS soundingsfor clear
database has accumulated, the tuning functions have and cloudyskyconditionsthoughJune 1993.
been periodicallyrevised. ,.,

A final adjustment of the tuning functions was ".0 _- Z _'_Y. "
necessary in order to eliminate a bias in LWP that =,*,,m.,).leom _ i
causedthe MWR to indicatethe presenceof liquidwater 0= - _B.,_'"=un'°'=4=m....:i..........._...-.tt......""_P'_......._i........

os - M_n..o.ooszcm .... :....._"_'""_! ....... i ........ T........
for clear skyconditions. Thiswas accomplishedusinga =o - ,=,,,,.,nSUr,.om=m...._'_." ......._........;......... ........

,o :._._...o:.o......_......:::::::::::::::::::::::::::::::::variation of a procedure developed by L.S. Fedor of t 7= = = , : . :., : ; = .
NOAA/WPL for the purposeof adjustingthe calibration -" so ........-'........¢........_........_..,.(..x........_........_........z........; ........=,, : : : ' : : I ! '

of MWRs operated by NOAA/WPL without tipping ¢. =0 ........ ........;........_......___ ........_........;........,_........=o ........;.........;........;..v.......;'/'----i....oouWskyo_mnc=,: ...
: : ._': :-/.......i....Ulr*_Jm.-040cmcurves. In this variation the brightnesstemperatures _o ........_........,..._,...:........, .......,.... ...

....... .L........ _.t...... _........ # ........ i.... Unx'mJrn.0._ an ...
required to produce the observed values of PWV with s i ..¢ " /I i ,_n..=_'_"....
LWP set to zero were computed and a regression I .......i...._...ip.!........i.._,...._i_.,,=..o.o__i _ _=o,,,,,sq,,,..o.,s=m"'"

: : : : : SOd,De_dlitlon. 0o13 tilt
against the observed brightness temperatures .1 .......*.........,........,.........,........,.......
performed. "l'h,e results of this procedure are given in .ol ! ! : ; ' : : : !.o.s .0.4 .o.= .o.= .o._ o.o o.1 o.= o.= 0.4 o.s
Table 2. _,v Olff,rono,(MWR.IIIISS) (am]

Table 2. Slopes and interceptsfor tuningfunctions, Figure 5. The distribution of differences in PWV
TmgdeI -m TskY+ b. between the MWR and BBSS using the data from

Vapor Channel LiquidChannel Figure 4.

interceot =_lggg. jnterceot sky value equals the theoretical accuracyof the PWV
QME 0.895 2.27 0,969 -0.549 retrieval,so this is as good asthe agreementis likelyto
Adjusted 0.904 0.348 0.968 -0.176 be.
WPL 0,863 0.263 0.982 -0.791 The performance of the MWR in terms of PWV

accuracy under relatively extreme conditions of high
PWV and LWP is presentedin Figure 6. The accompa-

4. PERFORMANCE nyingLWP data are presentedin Figure 7. The mean
and Root-Mean-Square (RMS) differences between

4.1 Accuracyof PWV MWR- and BBSS-derived PWV agree with the annual
statisticsfor cloudyskies presentedabove.

The resultsof the QME comparingthe PWV from In order to try to understand the relationship
the MWR withthat computedfromthe BBSS for the time between PWV accuracy and cloudcover, the cumula-
period of Figure 1 are presented as a scatter plot in tive distribution of RMS differences in PWV as a
Figure 4. The general impressionfrom this plot is that functionof LWP is presentedin Figure 8. The cumula-
the agreement for clear sky conditions is superior to tive number of BBSS soundingsis also plotted; about
cloudysky conditions. This impressionis borne out by 25% of the soundings are for clear sky conditions,
comparinq :he distributionsof differences(PWVMwR- another50% occurfor LWP less than0.1 ram; only25%
PWVBBsS) presented in Figure 5. For clear sky condi- spanthe rangefrom0.1 to 1.5 mm.
tions the mean difference (i.e. the bias) is essentially Figure 8 reveals a steady increase in the RMS
zero whereas there is a significant negative bias for difference with increasingLWP untila value of LWP =
cloudy skies. Also, the standarddeviationof the clear 0.3 ram. Several possibilitiesexist for this increase.
skydifferences is half of that for cloudy skies;the clear First, the horizontal distribution of water vapor may



soundingsfor which the LWP exceeds 0.2 mm is quite
s ___ limited. If this trend holdsgenerally, then large LWP

____ i i _ events represent extremes inthe climatology upon

'4 _iiiii i........_':'-"t "_"t "_'_.... whichthe retrievalsare based;i.e., the fartherfrom the
i statisticalaverage conditions,the greater the error in. the retrieval(see Hogg eta/., 1983). The latter may be

i ' ' ' ' __'t mostapparentin the mean radiatingtemperature,Tmr.
_4_cn_;=m. oili iil The values of Tmr used in the present retrieval
(,wR.oess) o,. method represent climatological averages for each

i Mlnlmum,, -0,31,uu,.o.= ..,........+........,....................... month derived from the same historicaldata as the
ll .... Pidntl,,il,,,,,..o.007 retrieval coefficients. In Figure 9 these climatological

RootIdoirl Slpmm= 0,18
s_ o,,_=.o.,7 averages are compared against the values computed

+ _, i, i. i . , . , . , , , , , . foreachCARTBBSSsoundingaspartoftheQME. In
,== +== ,=7 ,=, ,. ,70 _7_ ,7= ,7= ,74 general the BBSS-derivedvaluesfollowthe climatologi-

o.v. ,moo,J,,,,-wlm cal trend well, with the largestdiscrepanciesoccurring

Figure6. Time sedesof PWVfor 15-23June 1993. duringthe winter months. This may be due, at least in
part,to the knowndifficultiesof the NWS sondes (upon

O.s ' I ' I • I 'WII NO I ' ! ' I ' ]. : = _ ! which the climatological values are based) at low

! =1Iilli i i i I i i
0,4 ...... i ..... i...... .i..t.. i.... .i.......l.i.........;........i....

i i i i i ! i
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Figure7. Time seriesof LWPfor 15-23 June 1993. 1 _" =lliO ,..., .... , .... , .... i .... , .... , ....

become more inhomogeneouswith increasing cloudi- lOO 310 100 SlO 400 410 100 lie
ness. Because the MWR and BBSS do not sample the o,_ .me, J,,-,w lee=

same volume of the atmosphere, differencesbetween Figure 9. Mean radiatingtemperaturescomputed from
them should increaseas horizontalhomogeneitybreaks soundings for 23.8 GHz (circles) and 31.4 GHz
down. Second, Schmidlin (1988) has shown that (squares) under cloudysky (open symbols)and clear
radiosondes can exhibit anomalous behavior upon sky (symbolswith '+'s) conditions. The monthlymean
passingfrom a cloudintoclearair. Third, the numberof valuesused inthe retrievalsare indicatedas solidlines.
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Figure 8. Cumulativedistributionof RMS differencesin
PWV betweenMWR andBBSSfor increasingLWP. The Figure 10. Tmrcomputedfromsoundingsfor 16-26June
cumulativedistributionof soundingsaccordingto LWP 1993. Climatological average values for June are
is also indicated, indicatedas solidlines.
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humidities;see Nash and Schmidlin (1987). However, To determine the sensitivity of the MWR, cloud-
Tmr is strongly affected by the amount of liquid water free periods were selected horn two days: 22 October
present. To illustratethis, the values of Tmr computed 1992 during which the PWV varied from 2.5 to 3.0 cm,
from BBSS soundingsfor the same period as Figures6 and 13 January 1993 havinga variationin PWV from0.5
and 7 are plottedin Figure 10. The climatologicalaver- to 1.0 cm. The PWV, LWP and brightnesstemperatures
ages for June are also plotted for reference. The from these periods(1-second integrationsat 20-second
variationinTmrduringthisperiodis approximatelyhalfof intervals) were high-pass filtered using a recursive
the annual variation exhibited by the climatologic;al digital filter having a 2-minute time constant. The 2-
values. Fortunately, the retrieved value of PWV is minutetime constantwas determinedempiricallyas that
relativelyinsensitiveto variationsin Tmrofth_ orderof + which produced uncorrelated samples. That is, the
5 K; unfortunately,the LWP is much more sensitiveto autocorrelation of the output of the high-pass filter
Tmr. equaledzero afterone lag.

This process removed the atmosphericcontribu-
4.2 Accuracyof LWP tions to the signal, leavingbehind only the instrument

noise. (This is why clear-skyconditionswere selected
Because the BBSS does notmeasure liquidwater for study;cloudscontributeto the signalat much higher

content in clouds, a direct comparison against the frequencies.) The RMS of the high-passedsignal is
MWR-derivedvalues as presentedabove for PWV is not thus the 1-secondsensitivityof the instrument. These

, possible. However, indirect evaluations are possible, valuesare summarizedinTable 3.
For example, Daum (1993) used a parameterization
developed by Derr et el. (1990) to relatecloudtransmit- Table 3. Summaryof MWR Performance
tance to LWP and found that the predicted and Precipitable Water Vapor(PWV)
observed transmittances could not be reconciled TheoreticalAccuracy 0.07cm
withoutadjustingthe observed LWP for a positivebias MeasuredAccuracy (RMS Differencefrom BBSS)
rangingfrom 0.01 to 0.05 mm. This was most apparent Clear sky 0.07 cm
oncloud-freedays becauseLWP was greaterthan zero, Cloudy sky 0.15 cm
indicatingthe presence of clouds. As discussedabove, Sensitivity(1-s RMS noise) 0.01 cm
this bias was corrected by adjusting the tuning
functions. It should be noted however that the Uquid Water Path (LWP)
theoreticalaccuracy of the LWP retrieval is 0.035 ram. TheoreticalAccuracy 0.03 mm
This means that there will be some uncertainty under Sensitivity(1-s RMS noise) 0.003 mm
conditions of low LWP as to whether thin clouds are

present. (See "FutureImprovements"below.) Brightness Temperature
Daum also pointed out that even after correcting 23.8 GHz Sensitivity(1-s RMS) 0.11 K

for the bias, the LWP oscillatedabout zero (:1:0.01ram). 31.4 GHz Sensitivity (1-s RMS) 0.14 K
This is believedto be due to short term variationsinthe

mean radiating temperature that cannot not be Calibration Stability
accounted for with the climotologicalaverage monthly AnnualAverage 1 x lO'3month"1
values. ImplementingDerr's parameterizationas a QME

may enablethissituationto be monitored. As the values indicate, the sensitivity is an order of
magnitudebetterthan the accuracy.

4.3 Sensitivity

5. FUTURE IMPROVEMENTS
The application of LWP observations to develop

and test models of inhomogeneous cloud structure The mostvexing problemwiththe MWR has been
demand a high sampling rate with a short averaging associatedwith the accumulationof water on the Teflon
period. Conflictingwith this requirementis the need to windowcoveringthe mirror. Dew, rain,or meltingsnow
achieve a sufficientsignal-to-noiseratio to distinguish onthe Teflon windowcause the MWR signalto saturate,
cloud structure. One way to achieve a high signal-to-
noiseratio is to average. Howeverthis alsosmears out i

the cloud structure. The only solution is to use an Contributions to the 1-second sensitivity due to
instrument with sufficiently low noise characteristics aliasingof the instrumentnoise spectrumat frequencies
(i.e. highsensitivity)to support_ highsamplingrate. lessthan about 1 Hz (the integrationperiod) butgreater

Additionally, typical analy_._._of LWP and PWV than 0.025 Hz (the Nyquist frequency for 20-second
time series include measures of changes in the data sampling) have notbeen removed;this woulddecrease
such as spectrum analysis; see Hogg, et el., 1983 or the calulatedRMS values.
Cahalan and Snider, 1989 for examples. These require
high-sensitivityobservationsof the phenomena.
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effectively"drowning*the atmosphencsignal. To try to supported by the U.S. Department of Energy under
preventthe accumulationof water and to promoteevap- ContractDE-AC06-76RLO 1830.
orationof water that does accumulate, the MWR has a
blower that directs a stream of air over the Teflon REFERENCES
window. Unfortunately, in condensing environments
(e.g. whenthe temperaturefallsto the dew pointat night Cahalan, R.F. and J.B. Snider, 1989: Marine stratocu-
or after a heavy rainfall)the airstream is fully saturated mulusstructure. Remote Sens. Environ., 28, 95-
and the blowerdoes littlegooduntilthe relativehumidity 107.
falls. Cahalan, R.F. andW.J. Wiscombe,1991' Plane Parallel

In order to positively identify such situations a Albedo Bias. Proceedings of the Second
solid-state moisture sensor is being retrofitted to the Atmospheric Radiation Measurement (ARM)
MWRs. Mountedhorizontally,downstreamof the Teflon Science Team Meeting. Denver, CO. USDOE
window from the blower, it should get wet when the CONF-9110336.

Teflon window does; because it is farther from the Daum, P., 1993:SGP/MWR BiasinLWP measurelnents.
blower,it shouldnotdry untilthe windowdries. ARM ProblemIdentificationForm PIF930610.2.

In order to overcome such situations a heater
couldbe mounted in the blower housingand activated Derr, V.E., R.S. Stone, L.S. Fedor and H.P. Hanson,
by the moisture sensor. However, this would likely 1990: A parameterization for the shortwave

, increase the maximum power consumption of the transmissivityof stratiformwater clouds based
instrumentby an orderof magnitude,from 120 W to 3-4 on empiricaldata and radiative transfertheory.
kW. J. Atmos. ScL, 47, 2774-2783.

In order to identify sky conditions (i.e. clear or Decker, M.T. and J.A. Schroeder,1991" Calibrationof
cloudy)moreaccuratelyduringconditionsof lowLWP, a ground-basedmicrowaveradiometersfor atmo-
zenith-viewing infrared thermometer with a spectral sphericremotesensing. NOAATech Memo ERL
response in the 10-11 _m region and a narrow field of WPL-197.
view has been acquiredfor installationonthe MWR. Hogg, D. C., F. O. Guiraud,J. B. Snider, M. T. Decker

and E. R. Westwater, 1983: A steerable dual-
6. CONCLUSIONS channel microwaveradiometerfor measurement

of water vapor and liquidinthe troposphere. J.
The performance of the WVR-1100 microwave Clim. Appl. Meteorol., 22, 789-806.

radiometerdeployedbyARM at the OklahomaCARTsite Kuo, Y-H., Y-R. Guo and E.R. Westwater, 1993:
central facility to provide time series measurements Assimilationof precipitablewater measurements
precipitable water vapor (PWV) and liquid water path into a mesoscalenumericalmodel. Mon. Wea.
(LWP) has been presented. The instrumenthas proven Rev., 121, 1215-1238.

to be durable and reliable in continuousfield operation Li, Z., H.G. Leightonand R.D. Cess, 1992: Surfacenet
sinceJune, 1992. solar radiationestimatedfrom satellite measure-

The accuracyof the PWV has been demonstrated ments: comparisons with tower observations.
to achieve the limiting accuracy of the statistical Submittedto J. Climate.

retrieval under clear sky conditions, degrading with Miller, N.E., J.C. Liljegren,T.R. Shippert,S.A. Clough,
increasingLWP. A bias inthe LWP has been corrected; and P.D. Brown 1994: Quality Measurement
uncertaintiesinthe LWP duringclear skyconditionsare Experiments within the Atmospheric Radiation
less than the theoreticalaccuracy of the retrieval. The Measurement Program. 74th AMS Annual
sensitivityof the PWV and LWP measurementsfor a 1-
second integration is approximately an order of Meeting. Nashville,TN.
magnitudebetterthan the accuracy. Nash, J. and F.J. Schmidlin,1987: WMC) international

Improvements are planned to address moisture radiosonde comparison, phase I. Instruments
accumulationonthe Teflonwindow,as well asto identify and Observing Methods Report No. 30 WMO/I"D-
the presence of clouds with LWP at or below the 195.
retrieval uncertainty. Schmidlin, F.J., 1988: WMO internationalradiosonde

comparison, phase II. Instruments and
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