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1 Joint alibration experimentGround-based passive mirowave radiometers (MWR) are beoming more and morewidely used in atmospheri remote sensing and start to be routinely operated by na-tional weather servies. However, ommon standards for alibration of these radiometersand a detailed knowledge about the error harateristis is needed, in order to assimilatethe data into models.In the frame of the COST-TOPROF ation, the joint alibration experiment (J-CAL)will make an e�ort towards establishing protools for providing quality ontrolled (QC)MWR data and their unertainties. To this end, standardized alibration routines forMWR will be developed, by jointly performing alibration experiments and establishingstandards for error haraterization.The fous of J-CAL will lie on the performane of the two main instrument types whihare urrently used operationally. These are the MP-Pro�ler series by Radiometris Cor-poration (Ware et al., 2003) as well as the HATPRO series by Radiometer Physis GmbH(Rose et al., 2005).The overall goals of J-CAL an be summarized under the following three topis:
• Calibration, OperationReview protools for alibration, sanning and maintenane. Develop quality on-trol proedure for alibration, standardized alibration proedures
• Data quality ontrolAutomati methods for �ltering spurious data. Calulated spetra vs. observedspetra allow �lter out rainy situationsfor RPG-HATPRO: SPC-�les ontaining spetra are being developed
• Error harateristisAssess total unertainty of MWR data (orrelations/ovarianes, theoretial errorof brightness temperatures, di�erent retrieval types). How to deal with unertain-ties in gas absorption models that lead to biased produts? How large are theseerrors?1.1 Field experiment in LindenbergInteromparisons of alibrations performed by di�erent MWRs have rarely been per-formed. Therefore, a alibration experiment in Lindenberg is suggested in order to assessunertainties and di�erenes between various instruments. Furthermore, a standardized3



alibration proedure should be developed by interation between MWR operators andmanufaturers.When and where:25-29 August 2014, Meteorologial Observatory Lindenberg (DWD)
• 2 Radiometris MWRs are operating in Lindenberg
• 3 HATPROs from di�erent series will be brought to Lindenberg (Cologne, Warsaw,RPG)
• homogeneous onditions by parallel alibration of di�erent MWRs
• interomparison with radiosondes possible (standard sondes every 6 hours, howmany extra sondes will be available?)Calibrations using LN2 should be performed during 2-3 days by several experienedpeople, adding high-quality radiosondes if possible. After the LN2 alibrations, the in-struments shall run ontinuously for several weeks (with optimized automati alibrationsettings).1.1.1 Proposed ations
• Stability of MWR reeivers, Covarianesontinuous observation of ambient load and LN2 load during 1 hour (minimum),possibly with and without gain alibrations
• Noise level of MWR observations (absolute auray of BTs)How large are the varianes? How do the varianes di�er between di�erent instru-ments (see e.g. in Fig. 3?
• Quality assessment of LN2 alibration with radiosondesComparison of MWR brightness temperatures after alibration with lear sky ra-diosondes
• HATPRO: Standing waves at LN2 alibrationDoes a standing wave pattern appear when looking at external target with LN2?Examples for this phenomenon at LACROS are shown in Fig. 7 and Fig. ref�g:ex8
• HATPRO: Performing absolute alibrations with di�erent integrationtimes. 4



• Clear sky omparison of brightness temperatures over longer time (minimum onenight).
• Long-term stability2-3 weeks of o-loated, unattended operation of the instruments after LN2 ali-bration. Are there any instrument drifts?1.2 Review of urrent operation strategiesAs a preparation for the J-CAL experiment, a review among MWR operators onerningtheir operation strategies is:
• Review among MWR operators onerning urrent alibration yles
• Whih instruments are operated? Whih onstrution year (e.g. HATPRO G1,G2, G3 have quite di�erent performane parameters)
• Whih type of retrieval algorithm is used? (Statistial, neuronal network, om-bined, other?)
• How often are gain/noise diode/sky tipping/LN2 alibrations performed?
• Whih thresholds are used?
• Are any quality ontrol measures taken (e.g. ompare to radiosondes, model, et.)1.3 Error harateristisThe total random error for eah frequeny is determined by the brightness temperaturevariane, but also by the ovariane to the other hannels. An error estimate an be ob-tained by omputing orrelation and ovariane matries from blakbody (internal target)observations. The errors di�er for every single instrument and therefore these matriesshould be determined for every instrument to get the individual error harateristis.Fig. 1 presents an example for orrelation and ovariane matries for three hours ofHATPRO blakbody observations at Leipzig. Note that the varianes and ovarianesare higher for the V-band hannels (8-14).
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(a)

(b)Figure 1: (a) Correlation matrix and (b) Covariane matrix for all 14 hannels of HAT-PRO. Data were retrieved by 3 hours of observation of the internal target.
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2 Radiometer alibration methods2.1 IntrodutionAn aurate alibration of mirowave radiometers is ruial, sine alibration errors arethe biggest soure of unertainty in radiometer observations. A short overview of ali-bration methods for MWR is given in Westwater et al. (2005). Mashwitz et al. (2013)present many details on MWR alibration and their possible error ontributions with aspeial fous on liquid nitrogen alibrations.When relating the total noise power P to the detetor voltage Ud, the following unknownterms in Eq. 1 have to be determined: the gain fator (G) and the non-linearity α.
Ud = GP

α (1)The total system noise power P an be expressed as noise temperature Tsys whih is om-posed of two omponents, the atmospheri brightness temperature (sene temperature)
TA and the noise temperature of the radiometer system TR.

Ud = G (TR + TA)
α (2)Eq. 2 has now three unknown parameters G, TR and α whih have to be determinedduring the alibration proess.Several methods are used to alibrate radiometers, whih an be desribed as absolute(all three alibration parameters are determined) or relative (only one or two parametersare updated, the rest is assumed to be onstant).

• Liquid nitrogen alibration (absolute), see setion 2.2
• Tipping urve alibration (absolute), see setion 2.3
• Noise injetion alibration (relative), see setion 2.4
• (Hot Load) Gain alibration (relative), see setion 2.5These alibration methods will be desribed brie�y in the following, and some open issuesare disussed. 7



2.2 Liquid Nitrogen CalibrationBy using liquid nitrogen (LN2) and an additional internal noise diode with a noise tem-perature Tn, four unknowns an be determined (G, TR, α, and TN ). Measurementsagainst blak body targets with di�erent well-known physial temperatures (boiling pointof LN2, and ambient temperature) are performed. In addition, the internal noise diodeis swithed on and o�, resulting in four alibration points for four unknowns.2.2.1 Challenges, Issues
• Unertainties due to pressure dependeny of LN2 boiling temperature
• Refrative index of LN2 surfae not exatly known
• Standing wave patterns between reeiver and LN2 surfae
• How often should the LN2 alibration be performed?
• ... see also Mashwitz et al. (2013)2.3 Tipping urve alibrationAn alternative to the LN2 alibration in setion 2.2 is the so-alled tipping urve alibra-tion whih an be used to alibrate low-opaity radiometer hannels. The general ideais to replae the LN2 target by the old lear sky. The method uses opaity - air-masspairs under di�erent elevation angles. Assuming lear sky onditions and a homoge-neously strati�ed and non-opaque atmosphere, the opaity sales linearly with the airmass for low optial depths along the slant path. Han and Westwater (2000) disuss thismethod in detail and speify an absolute alibration auray of better than 0.5K forK-band hannels.2.3.1 Challenges, Issues
• Atmosphere is never perfetly homogeneous, therefore quality thresholds that guar-antee the goodness of the �t have to be used. Whih ones? How strit?
• Lower angles lead to higher auray, but also potentially to a very low number ofgood alibrations. 8



• Repeatability of tipping urve alibrations?
• appliable only at low humidity, not possible under tropial onditions.
• no tip alibration during daytime due to onvetive atmosphere?
• ...2.4 Noise diode alibrationAfter a suessful LN2 alibration, the temperature TN from a well burned-in 245 noisediode is stable enough to serve as a seondary alibration standard during operation.Therefore, from Eq. 2, G and TR an be determined by measuring on the internal target,one with and one without additional noise.2.4.1 Challenges, Issues
• Stability of noise diode between LN2 alibrations?2.5 Gain (Hot load) alibrationThis alibration type uses the ambient hot load target as a referene. The hot loadtemperature TH is known from a preision in-situ measurement within the target itself.In order to orret for signi�ant hanges in HATPRO-G2's detetor gain that ouron time sales longer than 5min, the hot load target is reviewed every 5min with anintegration time of 4s. For the V-band hannels, G is known from ontinuous noiseswithing (Se. 3.3) and thus Tn is used to update TR during every hot load targetalibration.2.5.1 Challenges, Issues
• How aurate is temperature measurement of hot load target?
• How often should the gain alibration be performed?9



3 Examples for alibration evaluationSome examples for alibration evaluation are presented here, mostly from two Leipzigradiometers (HATPRO G1, G2).In the summer of 2011, two radiometers were operated next to eah other whih allowedan interomparison of the data. Results of mean daily di�erenes are presented in Fig.2. After a ship ampaign, the OCEANET instrument was restarted without a LN2alibration. After a alibration on 10 June 2011, most di�erenes disappeared. However,in the ourse of three months, several hannel drifts ould be observed again.Flutuations on small time sales an be seen in Fig. 3. As an example, 10-minute meanand standard deviation of brightness temperatures for two frequenies are presented.Raw data for both instruments are with a resolution of 1 seond. Note the di�erentvarianes, espeially for the 54.94 GHz hannel!In order to assess the alibration quality, o-loated radiosondes an be used to alu-late virtual brightness temperatures. In Fig. 4, one example for absolute brightnesstemperatures, as well as their di�erenes is presented. Note that the use of di�erentgas absorption models an signi�antly in�uene the quality of the retrieval. Fig. 5shows the mean di�erenes for 30 sondes on a Polarstern ruise between Cape Town andBremerhaven (di�erent limate zones!)In order to analyze favorable skytip onditions, optial thiknesses were alulated fromelevation san brightness temperatures (Fig. 6). It an be seen that already slightdi�erenes in optial thikness lead to high hi-square values.At alibrations with liquid nitrogen, standing wave features our for some HATPROinstruments. Fig. 7 presents time series of brightness temperature observations of the
LN2 surfae. A distint periodi pattern an be seen, until the LN2 has evaporated andthe temperatures were rising. With the �rst derivative in Fig. 7(b), the wave patternan be well identi�ed. The period of the wave depends on the mirowave frequeny(wavelength) as well as the evaporation rate. In Fig. 8, the wave periods for two dayswith di�erent evaporation rates are shown as a funtion of wavelength.With long-term observation of alibration parameters hanges of radiometer omponentsan be deteted. Calibration parameters for a whole year are presented in Fig. 9.
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Figure 2: (a) Time series of daily mean brightness temperature di�erenes between twoo-loated HATPRO MWRs during June-September 2011 in Leipzig. (b) IWVand LWP di�erenes derived for similar period as in Fig. 2(a)
11



22.24 GHz Brightness temperature on 110822

0 6 12 18 24
Time [UTC]

60

65

70

75

80

B
T

 [K
]

black: IfT

blue: OCEANET

 68.52 +/-  3.29 K

 68.71 +/-  3.17 K

22.24 GHz Brightness temperature 10-min standard deviation on 110822

0 6 12 18 24
Time [UTC]

0

5

10

15

B
T

 [K
]

mean:  0.49 K

mean:  0.60 K

(a)
54.94 GHz Brightness temperature on 110822

0 6 12 18 24
Time [UTC]

284

286

288

290

292

B
T

 [K
]

black: IfT

blue: OCEANET

287.46 +/-  0.65 K

287.60 +/-  0.66 K

54.94 GHz Brightness temperature 10-min standard deviation on 110822

0 6 12 18 24
Time [UTC]

0.0

0.2

0.4

0.6

0.8

1.0

B
T

 [K
]

mean:  0.30 K

mean:  0.19 K

(b)Figure 3: (a): Time series of brightness temperatures (22.24 GHz) from two o-loatedHATPRO instruments on 22 August 2011 in Leipzig, and 10 minute standarddeviation of brightness temperatures. (b) same for 54.94 GHz frequeny
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Figure 4: Measured and modeled brightness temperatures on 23 Marh 2014, 17 UTC onPolarstern researh vessel (lear sky onditions)
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Figure 5: Di�erenes between measured and modeled brightness temperatures at learsky onditions. Polarstern ruise ANT�XXVII/4 (Cape Town�Bremerhaven, 20April�20 May 2011). The modeled data are based on radiosondes, two di�erentwater vapor absorption models were used (Liebe, Rosenkranz)
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Figure 6: Analysis of onditions favorable for skytip alibrations for data from Leipzigon 22 July 2012. Top: Optial thikness from elevation san BT observations.Bottom: Chi square values from Sky tip alibrations.
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(a)

(b)Figure 7: (a) Brightness temperature observations of LN2 surfae during alibration on 12Deember 2011 in Leipzig. (b) 1st derivative of brightness temperature for sameperiod.
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Figure 8: Correlation of standing wave period and wavelength for two di�erent alibrationevents (olors).
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Figure 9: Variation of alibration parameters for 22.24 GHz hannel of LACROS HATPROduring 2013.
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