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The discussion refersto the calibration of microwave ozone radiometers operated by a
collaboration between the University of Massachusettsand NIWA. Theinstrumentsare
located at L auder, New Zealand and Mauna L oa, Hawaii.
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QUASI-OPTICAL BANDPASS FILTER PASSES OZONE LINES AT 110.836 OR
109.559 GHZ, AND PROVIDES >2(MDB IMAGE SIDEBAND REJECTION. IMAGE
SIDEBAND TERMINATION IS AT ~20 K.

TWO BEAM SYSTEM. BEAMS ARE SWITCHED BY CHOPPER WHEEL.

TEFLON WINDOWS AT BREWSTER’S ANGLE ISOLATE INSTRUMENT FROM
WEATHER WITH MINIMAL LOSS AND REFLECTIVITY.

REFERENCE SIGNAL IS COMBINATION OF RADIATION FROM COLD SKY
NEAR ZENITH AND ‘GREY BODY’ EMISSION FROM LOSSY DIELECTRIC IN
BEAM PATH. BRIGHTNESS TEMPERATURE SEEN AT RECEIVER IS ~100-150 K.

SERVO ADJUSTS SIGNAL BEAM ELEVATION TO MINIMIZE DIFFERENCE
BETWEEN SIGNAL AND REFERENCE CONTINUUM INTENSITY BY ADJUSTING
SIGNAL BEAM ELEVATION.

HOURLY SKYDIP MEASUREMENTS OF TROPOSPHERIC CONTINUUM AT FIVE
ANGLES BETWEEN 10 AND 25 DEG. PROVIDE RAW DATA FOR OPACITY
DETERMINATION. BUILT IN, COMPUTER-CONTROLLED CALIBRATION

LOADS ARE REFERENCES FOR SKYDIP MEASUREMENT.,

BUILT IN LOADS ARE CALIBRATED EVERY FEW DAYS AGAINST HAND-HELD
AMBIENT AND LN2 COOLED LOADS. THE LATTER ARE ALSO USED FOR THE
RECEIVER NOISE TEMPERATURE MEASUREMENT.
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CALIBRATION LOADS:

NOT TO
SCALE

DEWAR

HAND-HELD COLD LOAD: A SEMICIRCLE OF ECCOSORB AN-73 IS FORMED
INTO A CONE AND THE JOINT IS SEWN TOGETHER. THE CONE IS MOUNTED
ON A WOODEN HANDLE.

TESTS SHOW COLD LOAD RADIOMETRIC TEMPERATURE IS STABLE FOR ~1
MINUTE AFTER REMOVAL FROM THE LN , BATH.

THE HAND-HELD AMBIENT LOAD IS A BLOCK OF “HILL AND VALLEY”
ABSORBER.

THE BUILT-IN COLD LOAD CONSISTS OF TWO ALUMINUM PLATES COATED
WITH CARBON-LOADED EPOXY TO A DEPTH OF ~4 MM MOUNTED ON THE
REFRIGERATOR FIRST STAGE COLD PLATE IN THE FORM OF THE LETTER
V. A TEMPERATURE SENSOR IS EMBEDDED IN ONE OF THE PLATES. THE
LOAD IS AT A RIGHT ANGLE TO THE NORMAL BEAM PATH, AND A
SWITCHING MIRROR DIRECTS THE BEAM INTO THE CONE WHEN REQUIRED.
THIS ARRANGEMENT IS INTENDED TO SHIELD THE LOAD FROM SOME OF
THE INFARED RADIATION COMING IN THE DEWAR WINDOW.

THE BUILT-IN AMBIENT LOAD IS A CONE OF AN-73 ABSORBER IN A CAN. A
SENSOR RECORDS TEMPERATURE IN THE CAN BEHIND THE CONE.



CALIBRATION:

THE RETRIEVAL RETURNSA PROFILE THAT MINIMIZESTHE DIFFERENCES
BETWEEN THE MEASURED AND MODELLED ANTENNA TEMPERATURES:

MEASURED NET ANTENNA TEMPERATURE:

Tawm E?ng) = ((Ps(v) / Pr(v) )*™ - 1) * (Trx + Trer(v) )
1

RAW DATA SYSTEM TEMPERATURE

NET ANTENNA TEMPERATURE CALCULATED BY THE FORWARD MODEL.:

Tamoo(v) = *exp(- w)*{ Tsr(v, 9*exp(- as) - Tsr(v, r)*exp(- ar)*exp(- o) } 2)
SIGNAL REFERENCE

PARAMETERS:

Psand P, ARE RECORDED SIGNAL AND REFERENCE FILTERBANK DATA .
THEY ARE CORRECTED FOR BIASESIN THE ABSENCE OF SIGNAL INPUT TO
THE FILTERBANK USING DATA TAKEN OCCASIONALLY WITH THE SIGNAL
FROM THE FRONT END DISCONNECTED. (CORRECTION ISN'T SHOWN IN EQ.)

(v) DESCRIBES DEPARTURE FROM PERFECT LINEARITY OF INDIVIDUAL
FILTER CHANNELS. OCCASIONALLY, DATA TAKEN AT SEVERAL SETTINGS
OF A CALIBRATED ATTENUATOR IN THE IF ARE RECORDED AND A FITTING
PROCEDURE USED TO DETERMINE

Trx ( ) ISTHE RECEIVER NOISE TEMPERATURE. IT ISMEASURED
OCCASIONALLY (EVERY 2-3DAYS) USING THE HAND-HELD LOADS. THE
LOADSARE DELIBERATELY KEPT MOVING IN A SMALL CYCLICAL MOTION
DURING THE MEASUREMENT TO SMEAR OUT STANDING WAVE ARTIFACTS.

(THE BUILT-IN LOADSARE FIXED, AND THEIR STANDING WAVE ARTIFACTS
ARE BIG ENOUGH TO SLIGHTLY DEGRADE THE MEASUREMENT IF USED FOR
THE NOISE TEMPERATURE MEASUREMENT.)

Trer( ): SEE NEXT VIEWGRAPH.



Tameas(v) = ((Ps(v) / Pr(v) )*™ - 1) * (Trx + Trer(v) )
(1)

DISCUSSION OF Trer( ):
Trer( ) HAS SEVERAL COMPONENTS:

1) THE TROPOSPHERIC CONTINUUM EMISSION, WHICH ISCALCULATED ASA
SCALAR USING AN ISOTHERMAL MODEL FROM THE TROPOSPHERIC
OPACITY AND TEMPERATURE OF THE MODEL TROPOSPHERE. (DETAILS
DISCUSSED LATER.)

2) AVECTOR CORRECTION TO THE TROPOSPHERIC EMISSION
CALCULATION TO ACCOUNT FOR THE SLOPE IN THE WATER VAPOR
CONTINUUM EMISSION AND THE SLOPE AND CURVATURE PRODUCED BY
THE FAR WING OF THE 118 GHZ OXYGEN LINE.

3) AN ADDITIONAL VECTOR CORRECTION FOR THE CONTRIBUTION OF THE
OZONE LINE IN THE REFERENCE BEAM. IT ISCALCULATED FROM A
CLIMATOLOGICAL OZONE PROFILE, TAKING INTO ACCOUNT THE
REFERENCE BEAM ELEVATION ANGLE AND THE OPACITIESOF THE
TROPOSPHERE AND THE LOSSY DIELECTRIC SHEET.



PARAMETERSPASSED TO FORWARD MODEL:

Tamoo(v) = *exp(- w)*{ Tsr(v, 9*exp(- as) - Tsr(v, r)*exp(- ar)*exp(- o) } (2

. BEAM EFFICIENCY, OBTAINED FROM BRIGHTNESS TEMPERATURE
INCREASE WHEN COLD LOAD ISPLACED JUST INSIDE WINDOW INSTEAD OF
NEAR RECEIVER INPUT. SIDELOBES ARE ASSUMED TO BE TERMINATED IN A
ROOM TEMPERATURE BLACKBODY. ( =98-99% ISTYPICAL FOR SYSTEM.)

TLOAD-AT-WINDOW - TLOAD-NEAR-RX = TPHYS—COLD + (1 - )TPHYS-AMB (3)

w: WINDOW LOSS, OBTAINED FROM BRIGHTNESSTEMPERATURE OF COLD
LOAD OUTSIDE WINDOW TO THAT INSIDE WINDOW. WINDOW MATERIAL
TEMPERATURE ISTAKEN TO BE THE AVERAGE OF INDOOR AND OUTDOOR
TEMPERATURE. (w =0.01 NEPER ISTYPICAL FOR SYSTEM.)

BEAM ELEVATION ANGLES sAND g: sISOBTAINED FROM RECORDED
ENCODER DATA, CORRECTED FOR INSTRUMENTAL OFFSET.
MEASUREMENT OF THISOFFSET WILL BE DISCUSSED LATER. grISNOT
CRITICAL AND ISESTIMATED FROM GEOMETRY OF THE SYSTEM.

as, ETCL As = Ag* 7,
WHERE As 1/SIN( ) ISA GOOD APPROXIMATION.

p: THE SERVO FORCESTHE SIGNAL AND REFERENCE CONTINUUM
EMISSION SEEN AT THE RECEIVER TO BE EQUAL. THE EQUALITY

Tatm(1-exp(- as)) = Tarm(1 - exp(- ar))exp(- b) + To(1 - exp(- b)) (5)

ISSOLVED FOR p. Tatw ISTHE MODEL ATMOSPHERE TEMPERATURE,
DISCUSSED BELOW. THISEQUATION ASSUMESTHAT THE ABSORPTION
COEFFICIENT ISUNIFORM AT ALL ELEVATION ANGLES. ANOMALOUS ,
VALUES CAN SERVE AS A DIAGNOSTIC FOR A NON-UNIFORM SKY.



TROPOSPHERIC OPACITY DETERMINATION:

THE TROPOSPHERIC OPACITY, ,CANBE ANALYTICALLY CALCULATED
FROM THE MEASURED BRIGHTNESSTEMPERATURE Tg IF THE
TROPOSPHERE ISASSUMED TO BE ISOTHERMAL:

= In{(Tarm - Te)/Tatm }
(6)

(THE COSMIC BACKGROUND RADIATION ISNEGLECTED IN THIS
DISCUSSION.)

TO FIND THE CLIMATOLOGICALLY OPTIMUM VALUE OF Tarm TO USE
WITH EACH OBSERVATION, WE HAVE USED TEMPERATURE AND HUMIDITY
PROFILESFROM SETS OF RADIOSONDE PROFILES. USING LIEBE'SMODEL
FOR THE ABSORPTION COEFFICIENT VS. FREQUENCY, TEMPERATURE,
PRESSURE, AND HUMIDITY, WE HAVE DONE A RADIATIVE TRANSFER
CALCULATION FOR Tg AND HAVE INTEGRATED THE ABSORPTION
COEFFICIENT TO OBTAIN THE CORRESPONDING FOR EACH FLIGHT.

WE SOLVE (6) FOR Tarm, INSERT THE MODELLED Tg AND TO GET THE
OPTIMUM VALUE OF Tatm TO USE FOR THE ATMOSPHERIC CONDITIONS
ASSOCIATED WITH EACH FLIGHT.

WE THEN PARAMETRIZE Tatm =Tout - Tatm AGAINST VARIABLESWITH
KNOWN VALUESAT THE TIME OF EACH MEASUREMENT, SUCH ASTHE
OUTSIDE TEMPERATURE Toyr AND THE DAY NUMBER (TO ACCOUNT FOR
SEASONAL EFFECTS). INCLUDING AN ESTIMATE OF THE TROPOSPHERIC
OPACITY FURTHER REDUCESTHE RMSOF THE RESIDUALS.

THE PLOTSON THE FOLLOWING PAGE SHOWSTHAT Tarw ISLESSTHAN
Tour, ASONE WOULD EXPECT GIVEN THAT TEMPERATURE DECREASES
WITH HEIGHT IN THE TROPOSPHERE. HOWEVER, THE DIFFERENCE, Tatwm,
AL SO DEPENDSON Toyr (SHOWN AST_Surface) ON THE PLOT, THE SEASON
(DAY OF YEAR) AND THE TROPOSPHERIC OPACITY. (ANINITIAL ESTIMATE
OF THE OPACITY CALCULATED USING A CONSTANT Taru ISUSED ALONG
WITH Tour AND THE DAYNUMBER TO OBTAIN A BEST ESTIMATE OF THE
OPACITY FOR THE PROCESSING OF A GIVEN OBSERVATION.
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ELEVATION ANGLE ENCODER CALIBRATION:

ACCURATE ELEVATION ANGLE MEASUREMENTSARE CRITICAL. FORTHIS
EXPERIMENT THE SENSITIVITY OF THE RETRIEVED OZONE VALUESTO
ELEVATION ANGLE ERROR 1S~10% PER DEGREE.

THE INSTRUMENT CAN SWEEP THE SIGNAL BEAM IN ELEVATION AND
RECORD THE CONTINUUM INTENSITY. THISFEATURE ISUSED WITH THE
SUN OR A POLE-MOUNTED CALIBRATION TARGET ASTHE SOURCE FOR
ENCODER CALIBRATION.

WHEN THE SUN ISUSED, AN EPHEMERIS CALCULATION GIVESTHE TRUE
SOLAR ELEVATION ANGLE FOR EACH DATA POINT.

THE POSITION OF THE CALIBRATION TARGET RELATIVETO THE
ELEVATION MIRROR SHAFT CENTERLINE ISESTABLISHED USING
SURVEYOR'SINSTRUMENTS. EXPERIENCE SUGGESTSTHAT SURVEYS CAN
ESTABLISH THE TRUE TARGET ANGLE TOBETTER THANO.1 .

THE OBSERVED INTENSITY FROM A SIGNAL BEAM ELEVATION SWEEP PAST
THREE WOODEN CROSSBARSMOUNTED ON A POLE ISPLOTTED AGAINST
ELEVATION READOUT ANGLE BELOW.
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AT LAUDER IN 1996, WE FOUND THAT THE ELEVATION ANGLESOF THE
CALIBRATION TARGETSASMEASURED IN 1992 HAD BEEN INVALIDATED
BECAUSE THE INSTRUMENT BUILDING OR CALIBRATION POLE
FOUNDATION PAD HAD SETTLED IN THE MEANTIME, NECESSITATING AN
ALTERNATE MEANSOF CALIBRATION.

THE APPROACH WE USED WASTO FIT THE SKYDIP DATA WITH BOTH
ZENITH OPTICAL DEPTH AND ELEVATION ANGLE OFFSET ASFREE
PARAMETERS. (NORMALLY AN ELEVATION ANGLE OFFSET ISFURNISHED
BASED ON AN ELEVATION SWEEP PAST TARGETSAT KNOWN ELEVATION
ANGLESASSHOWN ON THE PREVIOUSVIEWGRAPH.)

THE PLOT ON THE FOLLOWING PAGE SHOWSELEVATION ANGLE OFFSET
DATA OBTAINED BY THISTECHNIQUE FOR THE 1992-1996 PERIOD,
SUGGESTING SIGNIFICANT SHIFTSAND DRIFTSIN THE OFFSET.

BEGINNING IN 1996, THE TRUE ELEVATION ANGLESOF THE CALIBRATION
TARGETSWERE RE-MEASURED EVERY TIME AN ELEVATION ANGLE
CALIBRATION WASPERFORMED.

THE SECOND FOLLOWING PLOT SHOWSTHE ELEVATION ANGLE OFFSETS
DERIVED FROM ELEVATION SWEEPSPAST THE TARGETSFOR THE PERIOD
1996.5-2003. ALSO SHOWN (BLUE DOTS) ARE SWEEPS DONE USING THE SUN
ASA CALIBRATION TARGET. (SOLAR SWEEPS CAN BE DONE WITHOUT
DISTURBING THE INSTRUMENT AROUND THE TIMES OF THE VERNAL AND
AUTUMNAL EQUINOXES.)

THE SECOND PLOT ALSO SHOWSOFFSET DATA DERIVED FROM THE
SIMULTANEOUSOPTICAL DEPTH AND OFFSET FIT, AND A 50 POINT RUNNING
AVERAGE OF THAT DATA.

THE GOOD AGREEMENT BETWEEN THE SWEEP AND SKYDIP DATA SHOWS
THAT THE DRIFTSAND SHIFTSIN THE PRE-1996 DATA ARE REAL, AND THAT
AN ACCURACY OF THE ORDER OF 0.1 DEG. CAN BE OBTAINED FROM THE
SMOOTHED SKYDIP DATA.
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ITISCRITICAL THAT THE BRIGHTNESSTEMPERATURESOF THE
CALIBRATION LOADSUSED IN THE SKYDIP MEASUREMENTSBE
ACCURATELY KNOWN. TOINSURE THIS, WE MEASURE THE BRIGHTNESS
TEMPERATURE OF THE INTERNAL COLD LOAD (WHICH ISUSED IN THE
AUTOMATIC SKYDIP MEASUREMENTS) AGAINST THE LN,-SOAKED, HAND-
HELD LOADSEVERY FEW DAYS.

PLOTSOF THE INTERNAL COLD LOAD BRIGHTNESSTEMPERATURE VS.ITS
READOUT PHYSICAL TEMPERATURE MAY SHOW CHANGESIN SLOPE AND
OFFSET FROM TIME TO TIME FOR REASONSNOT PRESENTLY UNDERSTOOD.
THISPROBLEM ISWORST AT MAUNA LOA, WHERE CHANGESTYPICALLY
OCCUR FOLLOWING FULL OR PARTIAL WARMUPSOF THE CRYOGENIC
SYSTEM. THE FOLLOWING PLOT SHOWS SEVERAL EXAMPLESFROM
MAUNA LOA DATA. AT LAUDER, A NOTICEABLE SHIFT WASSEEN ONLY
FOLLOWING DISASSEMBLY OF THE RECEIVER FOR REPAIRS.
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