
Characterization of precipitating clouds by

ground-based measurements with the triple-frequency

polarized microwave radiometer ADMIRARI

Alessandro Battaglia∗

Meteorological Institute, University of Bonn, 53121 Bonn,Germany

Pablo Saavedra

Meteorological Institute, University of Bonn, 53121 Bonn,Germany

Thomas Rose

Radiometer Physics GmbH, Meckenheim, Germany

Clemens Simmer

Meteorological Institute, University of Bonn, 53121 Bonn,Germany

∗Corresponding author address: Auf dem Hugel, 20, 53121 Bonn, Germany.

E-mail: batta@uni-bonn.de



Abstract

A groundbreaking new-concept multi-wavelength dual-polarized ADMIRARI (AD-

vanced Microwave Radiometer for Rain Identification) radiometer has been built and con-

tinuously operated in two field campaigns (COPS and EUCAARI). The radiometer has 6

channels working in horizontal and vertical polarization at 10.6, 21.0 and36.5 GHz and

it is completely steerable both in azimuth and in elevation.Its main advantage is repre-

sented by its capability of being operated in rainy conditions and of retrieving simultane-

ously water vapor, rain and cloud liquid water paths via a Bayesian retrieval scheme. We

use many realizations of the Goddard Cumulus Ensemble modelto establish a prior prob-

ability density function of rainfall profiles. Detailed three-dimensional radiative transfer

calculations, which account for the presence of non-spherical particles in preferential ori-

entation, simulate the downwelling brightness temperatures and establish the similarity

of radiative signatures and thus the probability that a given profile is actually observed.

Particular attention is devoted to the sensitivity of the ADMIRARI signal to 3D effects,

raindrops size distribution and axial ratio parameterizations. The polarization and multi-

frequency signals represent key information in order to separate the effect introduced by

non-Rayleigh scatterers and to separate the rain from the cloud component.

Long-term observations demonstrate that observed brightness temperatures and po-

larization differences can be well interpreted and reproduced by simulated ones for all

three channel simultaneously. Rough estimates ofr − LWP derived from colocated ob-

servations with a micro rain radar confirm the rain/no rain separation and the variability

trend ofr − LWP provided by the radiometer-based retrieval algorithm. With this work

we demonstrate the potential of ADMIRARI to retrieve information about the rain/cloud

partitioning for Midlatitude precipitation systems; the future work on this instrument will

provide crucial feedbacks for cloud modelers towards a better characterization of rain
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processes.
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1. Introduction

Ground-basedMW radiometry is a fairly established technique to retrieve vertically-integrated

cloud liquid water path (c − LWP hereafter) with dual-channel radiometers (see Westwater (1978);

Liljegren et al. (2001); Crewell and Löhnert (2003); Westwater et al. (2004); Rose et al. (2005)), and

water vapour and temperature profiles with multi-frequencyradiometers (see Solheim et al. (1998);

Janssen (1996); Crewell et al. (2001); Löhnert et al. (2008, 2009)). Ground based observations

are known to be the most accurate method to observe total liquid water path (LWP ) of optically

thick cloud with an estimated accuracy of up to15 g/m2 (Crewell and Löhnert 2003). Above about

300 g/m2, however, clouds generally contain raindrops that

1. may wet the receiving antenna, thus producing absorptionlosses directly at the antenna window

or at the reflector plate used to redirect the radiation into the radiometer feed window. The

contamination affects the observed brightness temperatures (TBs) to an extend, which depends

on rain rate, design of the radiometer and frequency (Jacobson et al. (1986));

2. limit the applicability of the Rayleigh approximation, according to which the extinction coef-

ficient is proportional to the mass of the particles so that the total optical thickness is directly

proportional to theLWP . Cloud droplets produce a different mass extinction coefficient than

raindrops because in the Mie-resonance region (i.e. size parameter lower than 3 for the specific

application) the extinction cross sections remain above their Rayleigh counterpart. Therefore,

the sameLWP appears “brighter” (i.e. produces higherTBs) when the rain component is pre-

dominant. For instance, Czekala et al. (2001b) showed that a1 − km thick cloud containing

a totalLWP = 1 kg/m2 with different rain/cloud partitioning can produceTBs in the range

60−130K when observed by a ground based radiometer looking at30o elevation angle. Similar

results are presented in Sect. 3 of Sheppard (1996).
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As a direct implication, inLWP retrieval therms and bias errors strongly increase in presence of

rain and can easily be higher than100 g/m2 even for totalLWP less than1 kg/m2 (see sect. 5 in

Löhnert and Crewell (2003) and sect. 4 in Sheppard (1996)).

The first issue has been addressed either by using spinning reflectors (Jacobson and Nunnelee

(1997)), shutters connected to rain sensors (Crewell et al.(2001)) or by introducing hydrofobic coat-

ings on the antennas (Marzano et al. (2005a)) or by adopting acombination of slant viewing angle

configuration and fans (Liu et al. (2001)). In order to relieve the second limitation and to resolve the

ambiguity introduced by raindrops two main methodologies have been proposed.

a. Polarization studies

Czekala et al. (2001b) suggested to measure the polarization signalPD ≡ TBv − TBh which

is related to the raindrop size. Large raindrops have non-spherical shapes due to surface tension,

internal hydrostatic pressure and friction stress (e.g. Chuang and Beard (1990)) and can be modelled,

on average, as oblate spheroids with axial ratio lower than one (parameterisations provided by e.g.

Andsager et al. (1999)). Radiative transfer computations performed by Czekala and Simmer (1998)

have shown thatTBs are only marginally affected by raindrop shape while the polarization differences

(PDs) are strongly influenced by it. In particular for down-welling radiation [for up-welling radiation

(satellite view)the signal is less interpretable due to interferences by variable ice particle amount, e.g.

Czekala and Simmer (2002)], thePDs change from small positive values (when spherical raindrops

are considered) to large negative values in case of non-spherical particles. The polarization signal

can therefore be adopted as a strong signatures of the presence of raindrops and can help in the

discrimination ofc − LWP and rain liquid water path (r − LWP ).

Few ground-based polarized measurements atMW frequencies have been documented in liter-

ature, like those performed with a19.2 GHz dual polarization radiometer at30◦ elevation angle in

Southern Germany during 5 months in 1996 and continuously from November 1998 to December
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1999 (see Czekala et al. (2001a) for details). The meanPD observations (with corresponding stan-

dard deviation) sorted according to theTB values show a typical signal:PD decreases to negative

values with increasingTB; then thePD saturates at largest negative values around200 K, and finally

increases back towards zero forTB > 220 K. The same authors showed that, in order to explain

these signatures, it is necessary to introduce non-spherical partially oriented raindrops. Although the

acquired dataset is quite large (513 observation days), thelack of other remote sensing instruments at

the measurement site was a major obstacle for the conclusiveinterpretation of the results.

Similar measurements but of much smaller extent have been presented already by Kutuza et al.

(1998), which also confirmed the presence of negative polarization in rain. Troitsky et al. (2003)

have analyzed data acquired by a two frequency (85 GHz and37 GHz) dual polarized ground based

radiometer looking at a zenith angle of65◦ during the Alliance Icing Research Project held in Ottawa

in the winter 1999/2000. Their observations refer, however, to snowy condition and are more suited

for mixed-phase hydrometeor studies. In their study, the polarization signatures are related to the ice

water path and to the microphysics of crystal particles and not to the differential emission/absorption

typical of raindrops.

b. Multispectral studies

Other authors (Sheppard (1996); Liu et al. (2001); Marzano et al. (2002, 2005b, 2006); Mätzler

and Morland (2008)) have focused on the potential of multi-wavelength ground-based radiometer

observations in retrieving integrated rain contents of precipitating clouds. Sheppard (1996) showed

agreement between radiometric measurements at 20, 31 and52 GHz and model computations with a

standard error around4 − 7 K. Liu et al. (2001) used a dual-frequency system (19 − 22 GHz) with

a very poor angular resolution (25◦) and showed that for this setup one hour is the optimal averaging

period when comparing radiometric-derived and gauge-measured rain rates. Marzano et al. (2002,

2005b, 2006) developed different physically-based retrieval algorithms (based on multiple regres-
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sion, on a statistical inversion driven by a principal component analyses and on a neural network

approach, respectively), applied them to different combinations of multi-frequency ground-based

measurements and compared these with rain gauges data (theyused typically30 − min accumu-

lated values). Such comparisons are, however, plagued by the internal weakness that the atmospheric

opacity structure coupled with the non-linearity of the radiation signal has a vastly different temporal

and spatial scale than the point-like and time-integrated gauge data. Marzano et al. (2006) there-

fore presented a more favorable comparison between rain path-attenuations directly derived from the

18.7, 39.6 and49.5 GHz ITALSAT satellite beacons and the rain amounts retrieved from ground

based radiometric measurements at 13.0, 23.8 and31.6 GHz.

Mätzler and Morland (2008) exploited the31 GHz channel of the TROWARA radiometer to

derive rain rates directly from the retrieved optical thickness at this frequency, by using constraints

on the rain column derived from radiosonde measurements andthe opacity of the atmosphere without

rain with the help of other radiometric channels.

The Advanced Microwave Radiometer for Rain Identification (ADMIRARI) has been developed

to bridge between the multi-spectral and the polarimetric approach, and to evaluate the additional

information content of polarization differences and to assess the accuracy requirements needed for

such measurements. The central goal of ADMIRARI observations is a better characterization of the

state of the atmosphere in rainy condition, with a particular emphasis on the cloud-rain partitioning.

To improve quantitative monitoring of the raining atmosphere has important repercussions in many

fields, e.g. in validating the assumed efficiency of cloud to rain conversion in cloud modeling (see

introduction in Battaglia et al. (2009)) or in better estimating the effect of the cloud attenuation for

high-frequency radars (Pujol et al. (2007)).

After describing the ADMIRARI radiometer design (Sect. 2) and presenting an example of its

measurements performed during field campaigns in Sect. 3, the modeling of the ADMIRARI signal

via detailed 3D polarized radiative transfer simulations is presented in Sect. 4. The Bayesian retrieval

6



algorithm is discussed and exemplified in Sect. 5. Conclusions and future works are drawn in Sect. 6.

2. Description of the ADMIRARI radiometer

ADMIRARI (see picture in Fig. 1), manufactured by Radiometrics Physics GmbH, has been de-

signed to investigate rain-processes. The main instrumentcharacteristics are summarized in Tab. 1.

Additional information can also be found at the ADMIRARI home pagehttp://www.meteo.uni-bonn.de/

forschung/gruppen/admirari/admirari.html.

The standard atmospheric parameters which can be derived from ADMIRARI observations are

the cloud liquid water path (c − LWP ), the rain liquid water path (r − LWP ) and the integrated

water vapor path (IWV ). For this purpose the radiometer comprises in total six channels covering

three frequencies (10.65 GHz, 21.0 GHz and36.5 GHz) and both linear polarizations (H andV ).

These frequencies have been selected based on different consideration:

• The use of a multi-frequency approach allows a better discrimination of different rain rates. The

sensitivity to small amounts ofr − LWP is, e.g. significantly better at the higher frequency

(see Figs.2-3 in Czekala et al. (2001b)) while high amounts are better monitored at the lower

frequency.

• The radiometer should produce the usual dual-channelIWV − LWP product for non-rainy

conditions. Therefore one frequency (21.0 GHz with weighting function almost independent

of height) has been selected within the weak22 GHz water vaopor absorption line and the

other (36.5 GHz) in the window region beetween this line and the oxygen line complex around

60 GHz.

• The three ADMIRARI frequencies mirror those which are/willbe present in many space-borne

radiometers (e.g. TMI, SSM/I, and GMI). Thus this setup offers an important contribution to

the ground-based observations which can be used to validatepassive microwave space-borne
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rain-rate retrieval algorithms.

The general radiometer configuration is illustrated in Fig.2. For each frequency module the

receiver optics consists of a corrugated feed horn with an aperture lens (only at10.65 GHz the beam is

formed by a combination of a corrugated feed horn and an off-axis parabola antenna) which achieves

an antenna beam-width of approximately5◦. The aperture lens (and the10 GHz parabola antenna)

are coated by a water repellent film to avoid the sticking of raindrops on them; they are also equipped

with a shield which is effective in protecting the lens from rain when the radiometer is measuring at

low elevation angles. The corrugated feed horns offer a low cross polarization level and a rotationally

symmetric beam pattern. The Ortho Mode Transducer splits the signal into theV andH polarization

component. The ADMIRARI receivers are designed to achieve ahigh thermal and electrical stability,

a compact layout with a minimum of connectors and thermally drifting components, an integrated

radiofrequency design, low power consumption and weight. The receivers are based on the direct

detection technique (thus no mixers and local oscillators are needed, leading to reduced sensitivity

to interfering external signals at down-converted frequencies): as illustrated in the bottom panel of

Fig. 2 a Dicke Switch periodically switches the receiver inputs to an internal black body with fixed

TB. This setup continuously determines the system noise temperature of the radiometer. The Dicke

Switch is followed by a directional coupler which allows forthe injection of a precision noise signal

generated by an on/off switching calibrated noise source. This noise signal is used to determine

system nonlinearities and system gain drifts during measurements by the “four point” method. A

40 dB low noise amplifier (LNA) boosts the input signal before it isfiltered by a waveguide bandpass

filter with bandwidth ???? and again boosted by another20 dB amplifier. Each of the six channels

has its own detector diode, which allows for a parallel detection and integration of all channels. The

detector outputs are finally amplified by an ultra-low drift operational amplifier chain, AD converted

and transmitted to the internal radiometer PC for each of thethree frequency modules.

In order to fulfil the requirement of low maintenance regarding absolute calibrations, the receivers

8



are integrated together with their feeds and lenses and are thermally insulated to achieve a high ther-

mal stability with an accuracy of< 0.05 K over the whole operating temperature range (−30◦C

to +40◦C). The system achieves a full internal calibration by using the internal Dicke Switch cali-

bration targets (absolute standards) in combination with the built-in noise injection systems (one for

each frequency module) which is used to calibrate the gain drifts. Noise diodes are secondary stan-

dards that are calibrated by sky tipping procedures, which can be manually performed during clear

sky conditions. A radiometer resolution lower than0.4◦C RMS @1.0 s integration time is achieved

with an absolute system stability of1.0 K. The system is fully steerable both in azimuth (0 to360◦)

and in zenith (−90◦ to 90◦) with azimuthal speed and elevation speed approximately equal to5◦/sec

and3◦/sec, respectively. In order to allow easy transportation to campaign sites the whole system is

mounted on a trailer.

3. COPS and EUCAARI campaign

During its first life year ADMIRARI participated in the COPS (Wulfmeyer et al. (2008)) and in

the EUCAARI campaign (www.knmi.nl/samenw/eucaari/). Measurements obtained during the COPS

campaign were already reported in Battaglia et al. (2009). After this first campaign the radiometer

design was improved by adding the rain shields and a24 GHz micro rain radar (MRR) pointing at

the same direction as the radiometer (see the black antenna on the right side of Fig. 1).

In the frame of the EUCAARI campaign, ADMIRARI was deployed at the CESAR observatory

in Cabauw and has been continuously measuring from the6th of May to the1st December 2008. A

constant30◦-elevation observation mode was adopted during the whole campaign. This observation

mode will be the focus of the following sections.

The1st of October 2008 (Fig. 3) can be considered a golden day with a variety of rain events both

of stratiform and convective nature. TheMRR reflectivity provides an immediate indication about
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the presence of rain along the slant path observed by the radiometer (the in-buildZ − R relationship

is ??????). Situations with quite different slant profiles have been present during the day. TheTBs

(TB = 1

2
(T V

B + TH
B )) show a strong correlation with the reflectivity pattern andthus the rain rate (as

expected) but with a frequency dependent dynamic range: the10 GHz channel never exceeds110 K

with a clear-sky baseline around18 K while 21 GHz (36.5 GHz) TBs range between 45 and273 K

(40 and277 K). This is obviously due to the larger opacity of the atmosphere at higher frequencies.

Exceptionally highTBs are reached around9 UTC.

The polarization differences are negative in presence of rain in agreement with expectations. Ex-

traordinary negativePD values correspond toTBs peak at10 GHz while the two upper frequencies

display positivePDs up to3.5 K.

4. Model calculations: spectral and polarization signatures of rain-

fall

The interaction ofMW radiation with clouds and precipitation can be described bythe vec-

tor radiative transfer equation VRTE (e.g. Haferman (2000)), which can be solved with a range of

methodologies (a review is provided by Mätzler (2006)). Large atmospheric hydrometeors tend to

have non-spherical shapes (e.g. falling raindrops, snow and other ice crystals) and preferential hori-

zontal orientation. Therefore, hydrometeors represent dichroic media and polarization effects provide

specific signatures. Moreover, the combination of scattering effects, the large spatial variation of pre-

cipitating hydrometeors in the atmosphere, and the finite beam-width of the radiometers require the

consideration of three dimensional effects. Different techniques have been developed to numerically

treat the radiative transfer equation for the full Stokes vector in a 3-D environment in the presence

of dichroic media (Haferman et al. 1993; Battaglia and Mantovani 2005; Davis et al. 2005). A re-

cent comparison study (Battaglia et al. 2007) has demonstrated that because of its lower computa-
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tional cost the backward-forward Monte Carlo technique based on importance sampling (Davis et al.

2005) represents the most efficient way to face passive microwave radiative transfer problems related

to optically thick 3-D structured clouds including non-spherical preferentially oriented hydromete-

ors. Therefore, the VRTE has been solved by a backward-forward Monte Carlo scheme, which can

also easily account for a finite antenna beam-width. This method represents a major step forward

compared to former radiative transfer simulations of rain observations by ground-based radiometers,

which always assumed plane parallel atmospheres with spherical hydrometeors and horizontal homo-

geneity [Sheppard (1996); Marzano et al. (2002, 2005b, 2006)].

a. Box type cloud model

In order to quantify the effects of the 3-D structure of a raining cloud on the radiation field sensed

by a polarimetric ground-based radiometer, the backward-forward method is applied to a box-type

cloud model, as illustrated in Fig. 4.Lx andLy are the horizontal dimensions of the rain shaft.The

cloud box profile is extracted from Cloud Resolving Model (CRM) simulations available from the

Goddard Cumulus Ensemble (Tao and Simpson (1993), an example is shown in Fig. 5). Five hydrom-

eteor types are included: rain, cloud water, cloud ice, graupel, and snow. Spherical raindrops are,

however, replaced by mass-equivalent horizontally oriented oblate spheroids with axial ratios (lower

than 1) parameterized according to Matrosov et al. (2002):

A = 1.0 + 0.05 b − b De[cm] De > 0.05 cm (1)

as a function of equivalent spherical raindrop diameterDe. The shape factorb is equal to 0.6 for

equilibrium drop shape. The single scattering properties (i.e. the extinction and the phase matrix,

and the emission vector) are computed with aT−matrix method according to Mishchenko (2000).

The surface is assumed to be Lambertian with emissivity equal to 1.0. Cosmic radiation impinges at

Tc = 2.7 K at the top of the atmosphere.

In order to include3D effects each precipitating profile, characterized by different horizontal
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extents (varied from250 m to 8 km) is embedded in a clear sky atmosphere (not-shaded region in

Fig. 4). The radiances are then simulated as sensed by a radiometer with an antenna beam-width of

5◦ located at different positions either underneath the cloudor at the side of the cloud (the second

option is depicted in Fig. 4). The radiative transfer equation is solved according to the backward

Monte Carlo technique (Battaglia et al. (2007)). The observation point is indicated by its coordinates

(Px, Py). SimulatedTBs andPDs are depicted in Fig. 6 based on the profile of Fig. 5 for a cloud-box

with Lx = Ly = 4 km, keepingPx fixed at0.75 km. Since the radiometer is sensitive to bulk

scattering properties within the whole beam, the rain effect can be sensed by the radiometer even

from outside the rain shaft provided that it is operated at sufficiently slanted viewing angles. From

pure geometric consideration systems with altitudeH are expected to affect the radiometric signal at

distancesH/ tan θel, θel being the elevation angle (see Fig. 4). In theTB plots shown in the right

panels of Fig. 6 the homogeneous left upper parts represent regions which are still unaffected by the

rain shaft (where also thePDs are zero). On the other hand, even at6 km distance the10.6 GHz

(36.5 GHz) is affected by the rain cell for elevation angles below30◦ (40◦), which translates to an

altitude of3.5 km (5.0 km). This agrees with the structure of the hydrometeor vertical profile shown

in Fig. 5 (with the liquid phase confined below3.5 km) and with the different sensitivity of the10.6

and36.5 GHz to the ice part of the cloud. Note that strongly negativePDs (e.g. left panels of Fig. 6)

can be found for all three frequencies (but at different observing positions and elevation angles); on

the other hand slightly positivePDs are obtained only at the higher frequencies.

b. Relevance of 3-D effects

The relevance and role played by 3-D effects in ground-basedpolarized radiometer observations

were discussed in Battaglia et al. (2006). In the present study much more realistic profiles are in-

cluded with vertical variability of hydrometeor profiles, and with the presence of liquid water and ice

particles. 3-D effects are caused by geometrical and by scattering factors (Battaglia et al. 2005, and
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references therein). For scenarios with weak scattering,3D effects are purely geometrical and the

leakages from the radiatively warm side of the cloud can be accounted for by 1-D slant-path (SP) ap-

proximation (Liu et al. 1996). As in Sect. 5 of Battaglia et al. (2006) the relevance of “3D scattering

effects” is evaluated by using as a reference 1-D SP approximation-based calculations based on the

fast RT4 code (Evans and Stephens 1991).

Differences between MonteCarlo and SP RT4 computations become noticeable at21 GHz and

even more at36.5 GHz as demonstrated in Fig. 7. Two striking features (see pointsbounded by

ellipses) are evident: MonteCarlo produces more negativePDs in the region where the slant optical

thickness is roughly around one (see discussion of Fig. 4 in Battaglia et al. (2006)) and slightly

positivePDs (up to3.5 K at 36.5 GHz) when theTB signal is fully saturated (i.e. at large optical

thicknesses). The SP RT4 cannot reproduce such large positivePDs at all. These discrepancies are

attributable to the deficiencies of the 1-D SP model in computing terms with orders of scattering≥1.

Viceversa at the lowest frequency, absorption represents the dominant process so that the predominant

term affecting the total signal is the zeroth order of scattering, which is perfectly accounted for by the

SP approximation (not shown).

c. Sensitivity to axial ratio parameterizations and DSD assumptions

Two factors are expected to play a crucial role in modifying the polarimetric radiometric signal:

the axial ratio parameterizations and theDSD assumptions. Drop size distributions are usually mod-

eled according to the exponential Marshall and Palmer distribution N(D) = N0e
−ΛD with N0 =

8 × 103m−3 mm−1. In order to account for the departure from this shape we consider hereafter two

otherDSDs withN0 = 4×103m−3 mm−1 (so called “thunderstorm”) andN0 = 32×103m−3 mm−1

(“drizzle”). The parametrization of the axial ratio given in Eq. (1) is also modified by allowing vari-

ations of the shape factorb from 0.5 to 0.7, which accounts for the observed variabilityfrom the

equilibrium value [Matrosov et al. (2002)].
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Modifications in theDSD assumptions affect the extinction properties of the mediumand hence

the TBs. This can be better understood by looking at the single particle extinction cross section

of oblate raindrops (at30◦ elevation) per unit volume (top panel of Fig. 8). This quantity ex-

hibits a “super-Rayleigh behavior”, i.e. it remains alwayshigher than the corresponding diameter-

independent Rayleigh value (which is identical to the valueachieved at small diameters). In fact

in the Rayleigh approximation (e.g. for the cloud component) this quantity is expected to be equal

to 6π
λ

Im(K) (about 0.018, 0.070 and0.205 mm−1 for the three frequencies at10◦C), λ being the

wavelength andK ≡ m2−1

m2+2
the dielectric factor. From a direct inspection of the the top panel of

Fig. 8 it is obvious that such an approximation is valid only for very small droplets with a decreasing

range of applicability towards the higher frequencies. Moving out of the Rayleigh region on the left

the three frequencies behave differently: while at10.6 GHz the extinction per unit volume almost

always increases with size, it reaches a maximum value around a diameter of 4 and2.3 mm, at 21

and36.5 GHz respectively. When considering differentDSDs (the amount of rain water being the

same) we can conclude that at10.6 GHz DSDs containing large particles produce larger absorption

and scattering coefficients (already noticed by Viltard et al. (2000) in their Fig. 2). But this is not

always true at the other two frequencies (because of the non-monotonic behavior of the extinction

per unit volume curves in Fig. 8). This is highlighted in the bottom panel of Fig. 8 which depicts the

H−pol extinction coefficients as a function of ther − LWC: the thunderstormDSDs, which favor

large raindrops, produce the largest optical thicknesses (hence the highestTBs), except at36.5 GHz

at r − LWCs larger than2.5g/m3 where theM&P is actually the most efficient of the threeDSDs

in extinguishing radiation. Due to the large relative spread between the threeDSDs visible in the

bottom panel of Fig. 8,TBs at10.6 GHz will be more heavily affected than at36.5 GHz. Viceversa

the axial ratios parametrization variability (in Fig. 8 indicated by the thickness of the line) is not ex-

pected to produce any appreciable variability inTBs. But it will play a key role in affecting thePDs

(see below).
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When consideringPD effects the larger the raindrops, the higher the dichroism of the medium, the

more negative the values attainable by thePDs will be. The same signal will be produced by more

prolate raindrops (largerb values). WhileTBs are directly related to the extinction profiles,PDs

are driven by other combinations of the scattering properties. Battaglia and Simmer (2007) showed

that the following combination of scattering properties (kext and̟ are the angular and polarization-

dependent extinction coefficient and single scattering albedo, respectively):

∆ξ(θel) ≡
kext

V (θel)[1 − ̟V (θel)] − kext
H (θel)[1 − ̟H(θel)]

0.5[kext
V (θel) + kext

H (θel)]
(2)

is relevant when dealing with polarization differences driven by emission/absorption processes (as

mainly happening at the ADMIRARI frequencies). As a rule of thumb, at small optical thicknesses,

PDs are obtained by multiplying the parameter∆ξ by theTBs. The parameter∆ξ is plotted for

θel = 30◦ in Fig. 9 as a function ofr − LWC for the lowest and highest ADMIRARI frequency.

∆ξ is always negative (hence negativePDs) and goes to zero at smallr − LWC values (which

produceDSDs with mainly spherical particles). The dynamic range attained at10 GHz is much

larger than at36.5 GHz, which suggests the potential for reaching more negativePDs. A strong

dependence on theb value is visible (curves with the same symbol are well separated): for instance a

thunderstorm rain with a uniformr − LWC = 2.5 g/m3 producing a10.6 GHz TB equal to100 K

will roughly producePD equal to -9.5, -11.5 and−14 K (see the three black points in the top panel of

Fig. 9). The same situation at36.5 GHz will producePDs less than half of these. While at10 GHz

DSDs with larger particles (given the same total amount of rain)always produce more negative

PDs due to resonance effects, this is not valid any more at36.5 GHz. At this frequency the most

efficientDSDs are the thunderstorm, theM&P and the drizzle roughly forr − LWC < 0.5 g/m3,

0.5 < r−LWC < 1.5 g/m3 andr−LWC > 0.5 g/m3 respectively (see arrows in the bottom panel

of Fig. 9).

These preliminary considerations have been tested with simulations performed following the

methodology described in Sect. 4.a. Profiles with the same total hydrometeor content are hereafter
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considered; single scattering properties have been computed by assigning the rain content to the three

differentDSDs and theb parameter to the three value (0.5, 0.6, 0.7). Results of the corresponding

radiative transfer computations are shown in Fig. 10. Brightness temperatures (top panels, theM&P

DSD with b = 0.6 is taken as a reference) are unchanged by a change in theb value (the simula-

tions withb = 0.5 andb = 0.7 with theM&P DSD coincide with the diagonal line) while they are

significantly modified by theDSD assumption. The spread is more marked at10 GHz than at the

two highest frequencies and it can be as large as70 K (see the double arrow in the top left panel of

Fig. 10). Note that while at10 GHz the thunderstormDSD is always brighter than the other two, at

36.5 GHz when largeTBs (> 260 K) are encountered (and then, plausibly, larger − LWC as well)

the drizzle-type of rain becomes the brightest, which is expected from the previous discussion of the

bottom panel of Fig. 8.

Polarization differences (center panels, theM&P DSD with beq = 0.6 is taken again as a refer-

ence) are sensitive both toDSD and to theb parameters. Theb dependence is roughly linear (compare

the curves labeled withb = 0.5 M&P andb = 0.7 M&P with the diagonal line). A change of±0.1

in b produces a decrease/increase inPDs which scales linearly withPDs:

PD[beq ± 0.1] = PD[beq](1 ∓ ηf ) (3)

with the correction factorηf equal to about18.5%, 17.5% and14.5% respectively for the three fre-

quencies. For instance at10.6 GHz a PD = −10 K produced by assumingb = 0.6 will convert to

−8.2 and−11.8 K when adoptingb = 0.5 or b = 0.7 respectively. On the other hand the effect of

changingDSD is more subtle because the related change inTBs will alter thePDs themselves. This

can be better understood by considering theTB − PD space (bottom panels in Fig. 10). A change

in theb factor in the range[0.5 − 0.7] will basically produce a pure up and down movement, whose

intensity is indicated by the double arrows and will depend on the the givenPD level and on the

frequency (see different length of the arrows). On the otherhand a change inDSD will also produce

a right-left shift, e.g. a movement toward right when considering larger raindrops. If the absolute
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minimum of theTB − PD curve is already reached, such a movement will push the solution towards

a region wherePDs actually decrease and therefore will not produce more negative values in the

PDs. The bottom panels of Fig. 10 provide a clear picture about the uncertainties we have to contend

with in the retrieval problem.

d. Relevance of melting layer effects

Melting hydrometeors are known to be brighter in terms of reflectivities and emissivities, i.e. they

have higher backscattering and extinction cross sections than equi-volume raindrops. Battaglia et al.

(2003) showed that the description of hydrometeor profiles without explicit use of mixed phased hy-

drometeors generally underestimate the total optical thickness and theTBs. The effect is particularly

strong when precipitating systems with low freezing levelsare examined, and it is likely to affect

more the lower frequencies (see Fig. 8 in Battaglia et al. (2003)), the10.6 GHz in our specific appli-

cation. The shape of melting snowflakes has been parameterized e.g. by Russchenberg and Lighthart

(1996); Raynaud et al. (2000) in terms of oblate spheroids. These parameterisations were, however,

never verified in laboratory experiments so far. This represents a major obstacle for the current study

since the axis ratio of melting ice particles drives thePD signal. Developing a model to assess the

effect of the melting layer on the ADMIRARI signals is beyondthe scope of this work and is left to

future investigations.

5. Bayesian retrieval algorithm

Different techniques have been proposed to retrieve rain from ground based radiometry. Marzano

et al. (2002, 2005b, 2006) proposed, respectively, a variance-constrained regression, a principal

component-based statistical and a neural network retrieval algorithm for rain. Löhnert et al. (2004)

presented a more physical direct retrieval for deriving physically consistent profiles of temperature,
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humidity, and cloud liquid water content by combining a suite of multi-instrument ground-based

observations. All measurements were integrated within theframework of optimal estimation to guar-

antee a retrieved profile with maximum information content.

Our retrieval technique of integrated water vaporIWV , cloud and rain liquid water path is based

upon a Bayesian approach. The three-dimensional vectorx = [IWV, c−LWP, r−LWP ] includes

all the physical quantities to be retrieved in the inversionmethod while the vectoryobs represents the

set of available sensor observations (i.e. a 6-dimensionalvector with the down-wellingTBs andPDs

at the three ADMIRARI frequencies). We use many realizations of the Goddard Cumulus Ensemble

model to establish a prior probability density function of rainfall profiles (and of associatedxj , j =

1, . . . Nprof , Nprof ≈ 106) . Detailed three-dimensional radiative transfer calculations (as described

in Sect. 4) are performed to determine the ADMIRARI simulated observationsysim(xj) relative to

the cloud model profiles. For each CRM profile many different positions and cloud thicknesses are

considered. It is assumed that the “best” estimate ofx, given the set of observationsyobs, is the

expected value

E(x) =

∫ ∫

. . .

∫

x pdf(x) dx (4)

where the probability density functionpdf(x) is proportional to the conditional probability thatx

represents the true atmosphere state,xtrue, given thaty is equal to the observedyobs. When using the

large atmospheric profile/radiative database, an estimateof the expected value of Eq. (4) follows as

(e.g. Kummerow et al. (1996)):

Ê(x) =

Nprof
∑

j=1

xj wj (5)

wj ≡
exp

{

−0.5 [yobs − ysim(xj)]
T (O + S)−1 [yobs − ysim(xj)]

}

∑Nprof

j=1 exp
{

−0.5 [yobs − ysim(xj)]
T (O + S)−1 [yobs − ysim(xj)]

}

where the summation is carried over all model simulated profiles (xj) in the atmosphere/radiative

model database. In Eq. (5)O andS are the observation and model error covariance matrices, re-

spectively, which are assumed to be diagonal withσO[TB] = 1 K andσO[PD] = 0.5 K and with
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σS [TB] = 2 K andσS [PD] =
ηf

3
|PD| K following the uncertainties related to the shape factor,

see Eq. (3). We introduce also a quality index (QI) for assessing the quality of the matching between

simulations and observations defined as:

QI ≡ min
{

[yobs − ysim(xj)]
T (O + S)−1 [yobs − ysim(xj)]

}

(6)

where the minimum is searched over the whole database of simulated profiles. Values ofQI lower

than6 indicates that we are fitting all six measurements on averagewithin the model/measurement

standard deviation. Values larger than 15/20 indicate a badagreement between measurements and

simulations.

Parallel to the ADMIRARI retrieval we performed a completely independent retrieval for the

r−LWP based only on theMRR measurements. Assuming the validity of Rayleigh approximation

for the reflectivity and an exponentialDSD the relationship between radar reflectivity andr−LWC

is provided by:

r − LWC[g/m3] = 7.32e − 05 × (N0[1/(m3 mm)]))0.4286 × (Z[mm6/m3]).0.5714 (7)

which can be integrated over the wholeMRR slant path located below the freezing level to get the

slantr − LWP . In the following we use the Marshall& Palmer valueN0 = 8 × 103 m−3 mm−1

in Eq. (7). The variability ofN0 as introduced in Sect. 4c already accounts for a variation of−25%

and+80% with respect to this selected value. Underestimation of ther − LWP is also introduced

by attenuation, which in strong rain damp the measured reflectivity compared to the effective one. A

rough estimate of such attenuation at24.1 GHz is given by:

Att[dB/km] = 5.01 × 10−4 Z[mm6/m3]0.85.

An example of the retrieval results is provided in Fig. 11, for observations collected in the after-

noon of30th September 2008. Humidity and temperature conditions can bedescribed by anIWP

around25 kg/m2, a surface temperature around10◦C and a freezing level located close to2 km
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height. A continuous rain event starting just before18.0 UTC is here considered. The event is high-

lighted by negativePDs at all frequencies (center top panel) and by highMRR reflectivities (bottom

left panel). TheQI (right top panel) shows values almost always lower than 15, indicating that the

simulations generally fit the observations. This is also demonstrated in the top left and center panels

of Fig. 11 where the measured (continuous line) and closest-to-measured simulated (diamonds)TBs

andPDs are shown. When reverting to the retrieval products (bottom right panel) there is a quite

reasonable agreement between the ADMIRARI Bayesian retrieved slantr − LWP (continuous blue

line) and theMRR Z−based slantr − LWP (dotted black line). This is obviously not always the

case.

The panels in Fig. 12 depict a short (≈ 10min) strong convective event. In this case slantr−LWP

andc−LWP higher than 4 and2.5kg/m2 are retrieved by the algorithm. Note how the onset and the

end of the precipitation period (clearly evident in the radar image) is well captured by the radiometer

as well. Close to the peak ofr − LWP theQI becomes extremely poor. We have to remark that we

found a downward misalignment of the10.6 GHz compared to the other two by 7 degrees. Although

this has been accounted for in the retrieval scheme, the mismatch between the slant volume observed

by the three channel adds additional uncertainty in the retrieval scheme. Note that this problem

explains also the mismatch between the simulated and observed TBs during the COPS campaign

mentioned in Battaglia et al. (2009).

6. Conclusions and future work

The new-concept multi-wavelength dual-polarized ADMIRARI radiometer has been presented.

Its main advantage is represented by its capability of beingoperated in rainy conditions and of retriev-

ing simultaneously water vapor, rain and cloud liquid waterpaths. Specifics and characteristics of the

sensor together with the Bayesian retrieval scheme and the inherent3D radiative transfer simulations
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have been described in detail. Extensive observations showthat observed brightness temperatures

and polarization differences can be well interpreted and reproduced by simulated ones for all three

channel simultaneously. Rough estimates ofr − LWP derived from colocated observations with a

micro rain radar seem to confirm the rain/no rain separation and the variability trend ofr − LWP

provided by the radiometer-based retrieval algorithm.

Future work envisages to apply the retrieval scheme to all our measurement database in order

to produce climatological information about the rain/cloud partitioning for Midlatitude precipitation

systems; this will provide ground-breaking feedbacks for cloud modelers towards a better characteri-

zation of rain processes. An improved synergy between our radiometer and theMRR is also foreseen

via the integration of the range-resolved radar information directly in the retrieval procedure. Finally

dedicated studies to well-defined stratiform cases should better characterize the bright band extinction

enhancements at the ADMIRARI frequencies, with immediate repercussions in space-borne radiom-

etry application.
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26 Case study 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

27 Case study 6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .57

28 Case study 7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .58
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FIG. 1. The ADMIRARI radiometer at the CESAR observatory. On theright side (black antenna) a

Micro Rain Radar system is installed.

31



FIG. 2. Picture of the inner radiometer components (top) and a schematic of the receiver layout

(bottom). The orthomode transducer is splitting theH andV signals, which are directly detected in

two different receiving chains.
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FIG. 3. ADMIRARI measurements during 1/10/2008. From top to bottom: MRR radar reflectivity in

dBZ (vertical axis represents range along the slant path), ADMIRARI brightness temperatures (TB =

1

2
(T V

B + TH
B )) and36.5, 21 and10.65 GHz polarization differences (PD = T V

B − TH
B ), respectively

at 30◦ elevation. Grey intervals indicate rainy periods as sensedby the rain sensor installed on the

ADMIRARI trailer.
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FIG. 4. Schematic for the rain cloud simulation. Radiances havebeen computed at observation points

located at the location(Px, Py) . The blue-shaded area contains the rain system with one vertical

hydrometeor and atmospheric profile extracted from a Cloud Resolving Model (like that shown in

the Fig. 5). Non shaded areas contain only atmospheric gases; temperature, pressure and humidity

profiles are the same as in the blue-shaded area.
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FIG. 11. Case study 30/9/2008 from 17.8 to 19.4.
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FIG. 12. Case study 01/10/2008 from 7.7 to 7.8.
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FIG. 13. Case study 3/9/2008 from 14.8 to 15.3.
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FIG. 14. Case study 30/9/2008 from 11.4 to 11.9.
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FIG. 15. Case study 30/9/2008 from 14.0 to 15.
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FIG. 16. Case study 30/9/2008 from 15.0 to 16.0.
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FIG. 17. Case study 30/9/2008 from 20.6 to 21.1.
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FIG. 18. Case study 30/9/2008 from 22.1 to 22.6.
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FIG. 19. Case study 01/10/2008 from 3.6 to 4.3.
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FIG. 20. Case study 01/10/2008 from 8.5 to 9.6.
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FIG. 21. Case study 01/10/2008 from 3.6 to 4.3.

51



20.2 20.22 20.24 20.26 20.28 20.3 20.32 20.34 20.36 20.38 20.4

20

40

60

80

100

120

140

160

180

200

Time [h]

T
B
 [K

]

 

 
10.6 GHz
21.0 GHz
36.5 GHz

20.2 20.22 20.24 20.26 20.28 20.3 20.32 20.34 20.36 20.38 20.4
−10

−9

−8

−7

−6

−5

−4

−3

−2

−1

0

1

Time [h]

P
D

 [K
]

 

 

10.6 GHz

21.0 GHz

36.5 GHz

20.2 20.25 20.3 20.35 20.4 20.45
0

1

2

3

4

5

6

7

8

9

10

Time [UTC]

Q
ua

lit
y 

in
de

x

Time [h]

H
ei

gh
t [

m
]

MRR reflectivity

 

 

20.2220.2420.2620.28 20.3 20.3220.3420.3620.38

1000

2000

3000

4000

5000

6000

7000

8000

9000

−5

0

5

10

15

20

25

30

35

20.2 20.22 20.24 20.26 20.28 20.3 20.32 20.34 20.36 20.38 20.4
0

200

400

600

800

1000

1200

1400

1600

1800

2000

Time [UTC]

S
la

nt
 In

te
gr

at
ed

 v
ar

ia
bl

e

 

 
rain LWP [g/m2]

cloud LWP [g/m2]

10*IWV [kg/m2]

FIG. 22. Case study 1.
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FIG. 23. Case study 2.
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FIG. 24. Case study 3.
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FIG. 25. Case study 4.
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FIG. 26. Case study 5.
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FIG. 27. Case study 6.
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FIG. 28. Case study 7.
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TABLE 1. Main characteristics of the ADMIRARI radiometer.

Feature Specification

Center frequencies [GHz] 10.65 − 21.0 − 36.5

Bandwidth [MHz] 400

Minimum integration time [s] 1

System noise temperature < 900 K for all receivers

Absolute system stability 1.0 K

Receiver and antenna thermal stabilization Accuracy < 0.05 K

Antenna beamwidth 5◦ − 6.5◦ − 6.5◦

Side lobes < −35dBc < −40dBc < −40dBc

Cross polarization

Dicke switching

Pointing speed elevation:3◦/sec; azimuth:5◦/sec;
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