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1 SUMMARY 
 

 Ground-based radiometric techniques were applied to measure the slant path attenuation 

cumulative distribution function to over 20 dB of attenuation and to less than 1% exceedance 

probability at the V and W band frequencies of 72.5 and 82.5 GHz.  These are the first such 

measurements in these frequency bands.  Brightness temperature measurements were collected at 

an elevation angle of 36° in Rome NY using a four-channel radiometer that included 23.8 and 

31.4 GHz receivers.  A model based approach was used to invert brightness temperature to 

attenuation.  An atmospheric model relevant to the geographic location and statistically 

representative of the attenuating conditions was developed for this purpose. The main 

assumption of the atmospheric model was that the sources of attenuation for exceedance 

probabilities of concern were dominated by stratiform rain.  Monte-Carlo solutions to the 

radiative transfer equation for the precipitating atmosphere were used to generate the attenuation 

retrieval algorithm.  Sensitivity analysis showed that the attenuation retrieval algorithm was 

robust to uncertainties in the model parameters.  Slant path attenuation was also measured with 

the radiometer using the sun as a source of radiation.  Over 30 dB of attenuation dynamic range 

was possible with this technique.  Sun-beacon measurements were used to test model 

predictions.  
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2 INTRODUCTION 
 

The V/W satellite communication bands of 71-76 GHz downlink and 81-86 GHz uplink are 

attractive due to the available spectrum and large bandwidth. Reliable attenuation prediction 

capabilities are needed in order to analyze the utility and design requirements of a V/W satellite 

communications system. Extrapolation of existing models based on low frequency attenuation 

statistics has significant uncertainty [Brost et al., 2011; Brost 2012]. There have not been any 

slant path attenuation statistics measurements made at the V and W bands with which to validate 

or develop attenuation prediction models. The type of data needed is attenuation measurements 

made on a continuous basis for time periods in one year increments and temporal resolution 

better than 10 s. Radiometers offer the possibility to obtain the much needed attenuation 

statistics, albeit with certain limitations.  Under the assumption of local thermodynamic 

equilibrium (LTE) the brightness temperature Tb measured by a radiometer can be related to the 

atmosphere it is sensing through radiative transfer theory [Chandrasekhar, 1960; Brussaard, 

1984].  A scalar form of the radiative transfer equation (RTE) is given by  [Ulaby et al., 1981],   

 

𝑇𝑇𝑏𝑏(𝑟𝑟) = 𝑇𝑇0𝑒𝑒−𝜏𝜏(0,𝑟𝑟) + ∫ 𝑘𝑘𝑒𝑒(𝑟𝑟′)𝑟𝑟
0 [(1 − 𝑎𝑎)𝑇𝑇(𝑟𝑟′) + 𝑎𝑎𝑇𝑇𝑆𝑆𝑆𝑆(𝑟𝑟′)]𝑒𝑒−𝜏𝜏(𝑟𝑟,𝑟𝑟′)𝑑𝑑𝑟𝑟′                 (1) 

where Tb(r) is the brightness temperature at the receiving antenna resulting from the contribution 

of the medium up to a distance r, T(r′) is the physical temperature at level r′, T0 is the brightness 

temperature at the boundary, TSC is the average scattered radiation temperature, ke is the 
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extinction coefficient, ks is the scattering coefficient, a is the scattering albedo ks/ke, and τ is the 

optical thickness defined as 

𝜏𝜏(𝑟𝑟, 𝑟𝑟′) = ∫ 𝑘𝑘𝑒𝑒(𝑠𝑠)𝑑𝑑𝑠𝑠𝑟𝑟′
𝑟𝑟  .                                                             (2) 

The terms in equations (1) and (2) pertain to propagation in the direction r. For an up-looking 

radiometer T0 is the cosmic background temperature (2.73 K), and 

               𝜏𝜏 = 𝜏𝜏(0,∞) = ∫ 𝑘𝑘𝑒𝑒(𝑟𝑟′)𝑑𝑑𝑟𝑟′∞
0                                                           (3) 

is the opacity, or total atmospheric attenuation. The formulation for scattering atmospheres is 

indeed more complicated than implied by equation (1).  This is because the scattered radiometric 

temperature TSC at every point is determined by an integral involving the radiation received in all 

directions over a 4π solid angle and the scattering phase function at that point. The task of 

applying radiometry is to relate Tb to τ.  By defining the effective medium temperature  

𝑇𝑇𝑚𝑚𝑟𝑟 = 𝑇𝑇𝑏𝑏−𝑇𝑇0𝑒𝑒−𝜏𝜏′
1−𝑒𝑒−𝜏𝜏

                                               (4) 

the path attenuation A in decibels can be expressed as 

                             𝐴𝐴 = 10 log10 �
𝑇𝑇𝑚𝑚𝑚𝑚−2.73
𝑇𝑇𝑚𝑚𝑚𝑚−𝑇𝑇𝑏𝑏

�  .                                                            (5)   

Tmr corresponds to the temperature of a uniform absorptive atmosphere with attenuation A that 

would produce a brightness temperature Tb.  For atmospheres with attenuation less than about 10 

dB an approximate value of Tmr is often sufficient to provide an acceptable estimate of the 

attenuation [Allnutt et al., 1994; Brussard, 1984; Shimabukuro et al. 1984].   This was confirmed 

experimentally as attenuation data derived from radiometer measurements at 20 and 30 GHz  
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were shown to match well with beacon attenuation measurements to over 10 dB [Allnutt et al., 

1994].  

   Estimates of Tmr can be determined from the surface meteorological data [Liljegren et al., 

2001; Liou, 2000]. At higher attenuation levels Tb becomes sensitive to the details of the 

attenuation and temperature profiles and the use of equation (1) requires accurate estimates of 

Tmr due to the nonlinear behavior of equation (5) when Tb is close to Tmr.  The usual estimates of 

Tmr based on radiosonde and climatic data are no longer reliable under these conditions.  The 

problem is that Tmr is a function of the unknown atmosphere that is being sensed and can be quite 

different than the climatic average. With brightness temperature resolution better than 0.2 K it is 

possible to differentiate atmospheric attenuation to levels greater than 20 dB.  However there is 

no generalized formulation for inverting equation (1) to retrieve these higher levels of 

attenuation, and consequently there has been little use of radiometers in this regime.  

 A variety of measurements of atmospheric emissions at V and W band frequencies have been 

made with ground-based radiometers [Wrixon, 1971; Davies, 1975; Westwater et al., 1990; 

Mätzler, 1992; Sheppard, 1996].  But none of these studies provided the needed statistics.  The 

measurements of Westwater et al. [1990];  Mätzler [1992]; and Davies et al. [1998] were limited 

to clear and cloudy conditions.  Sheppard [1996] examined the effect of liquid precipitation on 

the retrieval of integrated water vapor and liquid water path.  Wrixon [1971] and Davies [1975] 

used sun-tracking techniques to measure 90 GHz and 71 GHz attenuation respectively.  The 

measurements of Davies [1975] were limited in dynamic range and the measurements were for 

only a six month period.  The main difficulty with sun-tracking experiments is that it is 

problematic to determine the appropriate attenuation and meteorological statistics needed for 

prediction models.   
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       The downwelling brightness temperature measured in a rainy atmosphere is generally 

somewhat less than would be measured in a purely absorptive atmosphere with the same 

attenuation, due to scattering by the rain drops. This led some researchers to conclude that 

apparent attenuation determined by equation (5) would under-estimate the true attenuation 

[Zavody, 1974; Ishimaru and Cheung, 1980; Shimabukuro et al., 1984 ].  This conclusion was 

based on the assumption that the Tmr being used was correct for an absorbing atmosphere.  In 

practice the estimated Tmr is different than this. The apparent attenuation can be either greater or 

less than the true attenuation. In our case, we have found that using the climatic Tmr in equation 

(5) over-estimated attenuation at the higher attenuation levels.   

     A way to improve attenuation retrieval dynamic range and accuracy is with a model based 

approach in which the RTE is used to calculate radiometer brightness temperature for 

representative model atmospheres. The efficacy of this approach was demonstrated by Hornbostel 

et al. [1994] and  Marzano [2007]  who compared their predictions with beacon data. Hornbostel 

et al. [1994] extracted a relationship for Tmr as a function of brightness temperature from 

simulations for a plane parallel rain atmosphere and a vertical linear temperature profile.  The 

radiometer based attenuation statistics fitted the 20 GHz beacon attenuation statistics to 25 dB 

with a maximum relative error of 4%.    Marzano [2007] developed a model based method to 

predict brightness temperature due rainfall along slant paths.  The approach was based on 

multiple regression analysis trained by a 5000 cloud radiative data set derived from a cloud 

mesoscale model.  The atmospheric cloud model assumed planar stratified medium with seven 

homogeneous layers of hydrometeors. Comparison with beacon attenuation and radiometric data 

showed fairly good agreement.   
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In this in-house final report we discuss the use of radiometric techniques to determine V and 

W band slant-path attenuation cumulative distribution functions (CDFs) at 72.5 and 82.5 GHz.   

Section 2 describes the experimental details of the slant path measurements.   We employed a 

model-based approach to retrieve attenuation to over 20 dB from the measured brightness 

temperatures.  The modeling methodology and sensitivity analysis to model assumptions and 

parameters are described in section 3.  Results and analysis of the data are given in section 4.    

We also directly measured the slant-path attenuation with the radiometer in a Sun-beacon mode 

which can directly measure attenuation with a dynamic range greater than 30 dB. 

3 METHODS, ASSUMPTIONS, AND PROCEDURES 

3.1 Slant-Path 
 

Radiometric data was collected in Rome, NY (43.2° N, 75.4°W).  The radiometer used in our 

experiments was a four channel liquid water profiler with receivers at 23.8, 31.4, 72.5 and 82.5 

GHz. The four channels of the RPG model LWP-U72-U82 radiometer share a common parabolic 

antenna of 30 cm diameter. The antenna is protected by a radome and has a heated blower to 

mitigate affects due to hydrometeors.  Brightness temperature resolution of the radiometer is 

better than 0.2 K at the 1 second integration time used in the data collection. The antenna gain 

characteristics were measured by scanning the radiometer across the sun. The measured 

brightness temperature is a convolution of the gain profile with the Sun.  For the beamwidths of 

this radiometer the convolution is nearly the same as the antenna gain profile. The gain profiles 

could be described as Gaussian shaped with FWHM beamwidths of 3.74, 2.97, 1.47 and 1.30 

degrees for the 23.8, 31.4, 72.5 and 82.5 GHz channels respectively.  
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Brightness temperatures were measured at an elevation angle of 36° on a continuous basis 

except for minor outages due to power failures and calibrations. The 36° elevation angle is 

representative of conditions that might be utilized for a V/W satellite communications system. 

We report on slant path measurements that were collected for the one year period of 1 Feb 2011 

to 31 Jan 2012.   The Ka-band receivers at frequencies of 23.8 and 31.4 GHz allow measurement 

of the cloud liquid water path (LWP) and the integrated water vapor (IWV).  The slant path 

statistics for this time period were close to the International Telecommunication Union (ITU) 

model predictions for this location [ITU-R, 2013; ITU-R, 2009].    

3.2 Sun-Beacon 
 

A radiometric technique that directly measures slant path attenuation uses the sun as a source 

of radiation [Hogg and Chu, 1975].  The sun can be modeled as a uniform disk of 32 minutes of 

arc for frequencies greater than 10 GHz [Croom, 1968]. A slowly varying component is 

maximum at frequencies of about 2-5 GHz, and is generally not detectable at frequencies above 

25 GHz [Croom, 1968].  The brightness temperature of a radiometer pointing at the sun is given 

by 

𝑇𝑇𝑏𝑏 = 𝑇𝑇𝐴𝐴 +  𝑇𝑇𝑆𝑆𝑒𝑒−τ   ,                                                               (6) 

where TA is the brightness temperature due to the atmosphere, τ is the opacity of the atmosphere, 

and TS is the contribution from the sun in the absence of any atmospheric attenuation. In this 

technique the knowledge of the solar strength is not required, only the magnitude of TS  is 

needed. TS depends on frequency and beamwidth and can be determined from measurements 

taken in clear weather where the opacity can be determined with good accuracy.  The magnitude 

of TS was 583.9 K at 72.5 GHz and 728.7 K at 82.5 GHz with a standard deviation less than 2%.  
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This is much less than the Sun temperature at these frequencies (6000 to 7000 K).  In the 

switching experiment two measurements are made; one measurement pointing at the center of 

the sun, the other pointing off the sun.  The difference is TSe-τ.  The pointing resolution of the 

radiometer was 0.1° in azimuth and elevation.  The error in pointing accuracy resulted in less 

than 0.1dB error in attenuation. Over 30 dB of dynamic range in path attenuation measurement 

was possible at V and W bands with this technique.  The major source of error in this technique 

is the assumption that the atmospheric conditions are the same along the sun and offset paths.  

An example of attenuation measurements made during a rain event is shown in Figure 1.  These 

measurements were made at elevation angles between 30° and 36°. The surface temperature was 

approximately 12.5° C.   

3.3 Modeling the Radiometric Brightness Temperature 
 

The main goal of this effort was to provide an experimentally determined attenuation CDF at 

the V and W bands with a dynamic range greater than 20 dB.  The approach to retrieve 

attenuation was to relate the V and W band attenuation to the available measured observables of 

radiometer brightness temperature and surface temperature (TS), pressure (PS) and relative 

humidity (RHS). Attenuation derived from equation (5) with a Tmr that was a function of TS, PS, 

and RHS was assumed valid for A < 10 dB.  For higher levels of attenuation a model-based 

retrieval algorithm was applied.  The methodology was to apply a statistically representative 

model of the atmospheric conditions and calculate the vector A(Tb,TS,PS,RHS,R) that related the 

attenuation to the measured observables and an atmosphere that was parameterized by the rain 

rate R.   The main assumption guiding the radiometric modeling was that the 72.5 and 82.5 GHz 

slant-path attenuation statistics could be satisfactorily determined with an attenuation model that 

was descriptive of widespread stratiform rain corresponding to the rain with bright band model 



APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED 
9 

number 2 of Fabry and Zawadzki [1995]. With the high rain specific attenuation at these 

frequencies attenuation levels could exceed 20 dB with rainfall rates of only a few mm/hr at the 

36° elevation angle used.  The underlying assumption was that the attenuation statistics at these 

levels were dominated by stratiform rain and that retrieval errors associated with convective rain 

would have little impact on the statistics.   

3.4 Background Atmosphere 
 

A parametric atmospheric model was developed for this location that described the altitude 

dependence of temperature, pressure, and water vapor as a function of the surface temperature, 

pressure, and relative humidity, based on radiosonde data (Albany, NY) and numerical weather 

models.   The altitude dependence of pressure and water vapor concentration were modeled as  

𝑃𝑃(ℎ) =  𝑃𝑃𝑆𝑆𝑒𝑒
− ℎ
7.5                                                           (7) 

𝜌𝜌(ℎ) =  𝜌𝜌𝑆𝑆𝑒𝑒
− ℎ
2.5                                                            (8) 

where h is in km. The temperature profile and freezing level are important parameters for 

radiometric modeling of rainy atmospheres. We developed two models for temperature profiles. 

The first model determined the altitude dependence of atmospheric temperature from the surface 

meteorological conditions consistent with a model for the freezing level as a function of surface 

temperature.  The second model allowed the freezing level to be specified and the temperature 

profile was matched to this.  The average freezing level increased approximately linearly with 

surface temperature with an average height of about 3.3 km for the months of May to October. 

Freezing level variability is quite significant with a standard deviation of approximately 400 to 

800 m, depending on surface temperature. 
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3.5 Rain 
 

  The attenuating atmospheric model was comprised of a stratiform rain model that was 

imposed on the background atmosphere.  The model, which included a melting layer and clouds, 

was parameterized by the surface meteorological conditions and the rain rate.  The rain field was 

assumed to be uniform in the horizontal plane and the rain height determined by the freezing 

level.  Rain drop size distributions (DSD) were assumed to be described by the gamma 

distribution: 

𝑁𝑁(𝐷𝐷) =  𝑁𝑁0𝐷𝐷𝜈𝜈𝑒𝑒−Λ𝐷𝐷,                                                          (9) 

where N(D) is the differential number density and  D is the rain drop diameter. The coefficient 

N0 and slope parameter Λ may be functions of the rain rate.   The Marshall and Palmer (MP) 

DSD [Marshall and Palmer, 1948] is commonly considered appropriate for stratiform rain [Olsen 

et al., 1980; Sauvageot, 1992].  We used this DSD for our rain and melting layer models.  Given 

the variability in rain drop size distributions, we also examined the Laws and Parsons (LP) [Laws 

and Parsons 1943] and the Joss-Thunderstorm (JT) [Joss et al., 1968] DSDs to determine the 

sensitivity to this parameter.  As polarization effects were not considered the extinction and 

scattering parameters for the rain were determined from Mie scattering theory.  Scattering 

albedos for rain at V and W band frequencies are approximately 0.3 to 0.5 for the rain DSDs and 

rain rates considered.  The temperature of rain was taken to be the wet bulb temperature. We 

assumed the atmospheric relative humidity to be 90%, which resulted in a rain temperature about 

1K below the atmospheric temperature. 
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3.6 Melting Layer 
 

A melting layer radiative model was derived from analysis based on commonly used melting 

layer model formulations which assumed spherical melting particles with no coalescence or 

breakup [Yokomata and Tanaka, 1984; Szyrmer and Zawadzki, 1999; Bataglia et al., 2003].  The 

microphysical and electromagnetic properties of the melting layer can be determined from the 

rainfall rate and rain DSD subject to the parameterizations of snow density, particle velocities, 

ventilation coefficient, dielectric model, and dielectric mixing rule.  Model parameters have 

typically been selected by matching the model to reflectivity data.  A variety of 

parameterizations have been possible.  Therefore, a definitive melting layer model has not been 

established with which to determine V and W band radiative properties.   Furthermore, extinction 

and scattering characteristics are not assured from parameterizations derived from matching to 

reflectivity data.   Indeed, we have observed that some parameterizations that gave similar 

reflectivity characteristics produced significantly different radiative characteristics.  The melting 

layer model implemented in this study reflected the general behavior observed from the melting 

layer analysis, but with some uncertainty in magnitude.  The melting layer was assumed to be a 

uniform layer extending to 400 m below the 0° isotherm.  The averaged extinction coefficient 

increased with rain rate relative to the rain extinction coefficient with a magnitude that depended 

on rain DSD, as shown in Figure 2.    The predicted scattering albedo either increased or 

decreased, depending on the dielectric model. We set the melting layer scattering albedo to that 

of the rain.  The asymmetry parameter did not have a significant dependence on the dielectric 

model. The average change in asymmetry parameter was an increase by about a factor of 3. 
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3.7 Cloud Snow 
 

 The snow region above the melting layer is a potential source of attenuation for the V and W 

bands and was included in the rain attenuation model.  This a region of about 1 to 2 km in which 

the ice particles aggregate to form large irregularly shaped snowflakes.  The melting layer model 

assumption of constant mass flux means that the liquid equivalent snow fall rate at the top of the 

melting layer should be the same as the rainfall rate.  To model the radiative characteristics of the 

snow cloud we have assumed that the average snow extinction was related to the rain rate by a 

power law relation 

𝑘𝑘𝑠𝑠𝑒𝑒 = 𝛼𝛼𝑅𝑅𝛽𝛽  (km-1),                                                   (10) 

where β ≈ 1 and α is  a frequency dependent parameter. Determination of α is uncertain as there 

is little experimental data and theoretical values depend on model assumptions.  The 

measurements of snow cloud attenuation by Li et al. [2001] and the analysis by Heymsfield et al. 

[2007] both indicated a specific attenuation of about 0.2 dB/km at 94 GHz for a rain rate of about 

4 mm/hr.  We took α = 0.012 (hr/m2) and β = 1 at 94 GHz and scaled to other frequencies 

resulting in a value for α of  0.007 at 72.5 GHz and .009 at 82.5 GHz. Terrestrial measurements 

of snow attenuation [Wallace, 1984; Nemarich, 1982] suggest a somewhat greater attenuation. 

The scattering albedo was taken to be 0.92 and the asymmetry parameter was taken to be 0.6.  

The snow layer depth was set at 1.5 km.   
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3.8 Cloud Water 
 

The zenith cloud liquid water path was determined from rain height and rain rate through the 

relation proposed by Wentz and Spencer [1998].  

𝐿𝐿𝐿𝐿𝑃𝑃 = .18�1 + �𝐻𝐻𝑅𝑅𝑅𝑅�                                                   (11) 

Here LWP is in kg/m2 when HR is in km and R is in mm/hr. A uniform cloud extending 1.5 km 

below the zero degree isotherm was assumed.  This model resulted cloud liquid water content 

generally less than 1 gm-3 and in attenuations up to a few dB.  The LWP  determined by equation 

(11) was mapped onto the measured rain rate cumulative distribution function (CDF) with an 

average rain height of 3.3 km and compared with the cloud LWP CDF predicted by the  ITU-R. 

P840 model.  The calculated LWP was about one half of that predicted by the ITU cloud model 

for the same time percentages.  This indicates that the cloud model is statistically representative, 

although the correlation with rain is an assumption. 

3.9 Radiative Transfer Model  
 

The radiometer brightness temperature was calculated for different conditions within the 

framework of this atmospheric model. The rain and ice scattering albedos at 72.5 and 82.5 GHz 

are significant and it was necessary to use a radiative transfer model that accounted for 

scattering.   A Monte Carlo simulation which allowed three dimensional photon trajectories was 

used to solve the radiative transfer for scattering atmospheres. The approach was similar to that 

described by Mayer [2009] and Roberti et al., [1994].  Photons were launched from the 

radiometer and traced backwards to their source of emission. The scattering phase function was 
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determined from the asymmetry parameter g.  If g was greater or equal to 0.2 the phase function 

was approximated by the Henyey–Greenstein phase function [Henyey and Greenstein, 1941].  

Here the cosine of the scattering angle was given by 

𝜇𝜇 =  1
2𝑔𝑔
�1 + 𝑔𝑔2 − � 𝑔𝑔2−1

2𝑔𝑔𝑟𝑟−𝑔𝑔−1
�
2
�     ,                                            (12) 

where r is a random number between 0 and 1.  For smaller asymmetry parameters the Henyey – 

Greenstein phase function under-estimates scattering in the backwards direction.  If g was less 

than 0.2 a combined Henyey-Greenstein and Rayleigh phase function proposed by Liu and Weng 

[2006] was used.   Here the phase function is given by 

𝑃𝑃(𝜇𝜇,𝐺𝐺(𝑔𝑔)) = 𝐶𝐶 3
8

(1 + 𝜇𝜇2) 1
2

1−𝐺𝐺2

[1+𝐺𝐺2−2𝐺𝐺𝐺𝐺]3 2⁄                                       (13) 

where C is a normalization constant and G is function of g and is approximately equal to g.  Its 

expression is given in Liu and Weng [2006].   The scattering angle was determined by a random 

draw from the phase function CDF.   The ground was assumed to be at the same temperature as 

the surface temperature with an emissivity of 0.95 and Lambertian phase function. 

3.10 Sensitivity Analysis 
 

A sensitivity analysis examined the impact of various parameters on the relationship between 

attenuation and brightness temperature.  Figure 3 shows some representative results for 72.5 

GHz.  With the predominant forward scattering, brightness temperature is generally less than a 

purely absorbing atmosphere with the same attenuation coefficient. This is seen in Figure 3a 

which compares the calculated radiometric response at 72.5 GHz for different rain DSDs; the 

Marshall-Palmer (MP), Laws-Parsons (LP), and Joss Thunderstorm (JT).  Also shown is the 
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calculated brightness temperature for MP DSD with the scattering albedo set to zero.  Although 

attenuation and brightness temperature depended on rain height for a given rain rate, the rain 

height only weakly affected the attenuation-brightness temperature curves (Figure 3b).  This can 

be understood by considering that the rain rate and temperature profile both change such that the 

temperature of the mean photon path length is approximately constant. Similarly, the 

attenuation–brightness temperature characteristics were not changed much by modest variations 

(factors of up to 2 or 3) in the relevant parameters for the melting layer and cloud.   The greatest 

sensitivity was found to be the dependence on surface temperature. Figure 4 shows the 72.5 GHz 

attenuation as a function of brightness temperature for different surface temperatures.  

3.11 Attenuation Retrieval Algorithm. 

The results of the sensitivity analysis showed that the attenuation-brightness temperature 

characteristics were quite robust to most of the model parameters. Consequently an attenuation 

retrieval algorithm could be achieved by relating the attenuation to brightness temperature and 

surface temperature for the modeled rain and cloud parameterizations.  The measured surface 

relative humidity was not used as an input parameter as the model assumed atmospheric relative 

humidity of 90%, which was also the average relative humidity measured for rain times. The 

algorithm was implemented by calculating the three-dimensional matrix of A, Tb and TS.  The 

attenuation was retrieved by linear interpolation with the measured values of Tb and TS.   
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4 RESULTS AND DISCUSSION 

4.1 Slant Path Statistics 

The attenuation retrieval algorithm was applied to the measured slant path data for the four 

radiometer frequencies. The slant path attenuation statistics are shown in Figure 5.  For the Ka 

band frequencies only attenuation determined from equation (5) are shown.  

4.2 Algorithm–Sun Beacon Comparison 

A test of the attenuation retrieval algorithm was possible by comparing the attenuation 

predictions with the sun-beacon data.  This is shown in Figure 10 for the 72.5 GHz data for the 

MP and LP rain DSDs.  The mean deviation was slightly less with the LP and JT DSDs 

compared to the MP DSD.  Since the sun-beacon data is a dynamic measurement and the 

attenuation algorithm is a statistical model, a more appropriate test would be to average data and 

model deviations over many data sets.    We have not collected a sufficient amount of sun-

beacon data with which to make that comparison at this time.  

4.3 Finite Cell Size 

The attenuation retrieval model assumed that neglecting the occurrence of finite rain cells had 

little impact on the retrieved attenuation statistics for the relevant time percentages. To 

quantitatively test the validity of this assumption we compared the A-TB calculated for a slant 

path (36° elevation angle) between a model of wide-spread rain and a rain cell model that 

included rain cell size characteristics. The concept was to estimate the statistical occurrence of 

convective rain cells in the radiometric data by relating their occurrence to the measured rain rate 

statistics.  For this analysis it was convenient to assume uniform cylindrical (or square) rain cells 
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imbedded in large area of stratiform rain.  The top-hat model was adopted from that of Misme 

and Waldtuffle [1980] in which the rain rate in the plateau region was related to the cell rain rate 

by  

𝑅𝑅𝑝𝑝 = 10[1 − 𝑒𝑒−0.0105𝑅𝑅] (mm/hr)                  (14) 

The utility of using a uniform rain cell model is that it provided an analytical expression for the 

spatial kernel associated with a given rain attenuation and rain rate, and the spatial probability of 

rain was easily determined from the rain rate CDF.  The measured rain rate statistics were used 

to calculate the rain rate CDF for a specified exceedance attenuation A, rain height HR, and rain 

cell diameter D(R).  This CDF represented the distribution of rain rates that could produce an 

attenuation that exceeded A.  The brightness temperature and attenuation for rain rates drawn 

from the CDF were calculated with the three-dimensional Monte Carlo radiative transfer 

simulation. Attenuation from clouds and melting layer were not included in this analysis. The 

spatial location of the rain cell center was determined by random draw from the corresponding 

spatial area determined by A, HR, D(R). Different models that related rain cell size to rain rate 

were examined. An example calculation is shown in Figure 6 for a rain cell model given by 

𝐷𝐷𝐷𝐷𝑎𝑎(𝑅𝑅) = 27𝑅𝑅−.54   (km)                    (15) 

and 12° C surface temperature.   Scatter in the data points increased with surface temperature and 

depended also on the particular rain cell size model.  The main conclusion of this analysis was 

that the uniform/ widespread rain model was most likely to under-estimate the attenuation by up 

to a few percent. 
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4.4 Cloud Attenuation 

The attenuation retrieval algorithm used above was based on the assumption that attenuation 

above 10 dB modeled as widespread rain could provide acceptable attenuation statistics.  This 

neglected the other category of attenuation that could be significant, that being non-precipitating 

clouds. We did not have a robust means to distinguish between slant-path attenuation due to 

clouds only and that due to a rain event.  To examine the impact of cloud attenuation we 

calculated the attenuation-brightness temperature relationship for different cloud models that 

varied in altitude and size.   Some results are shown in Figure 12 for two different surface 

temperatures.  Cloud model-1 has the cloud 1km in thickness and centered at the zero degree 

isotherm.  Model-2 has the cloud 1 km thick and the top at the zero degree isotherm. Model-3 

has the cloud 2 km thick and located below the zero degree isotherm.  The rain attenuation model 

is also shown.  The result of the analysis indicated that the rain model attenuation retrieval 

worked well to about 15 dB, and to about 20 dB for temperatures below 12 C.  The error 

associated with significant cloud attenuation would be to underestimate the attenuation.   

 The overall impact on attenuation statistics may not be very significant.    At 72.5 GHz a 

LWP of about 4 kg/m2 would be needed to exceed 15 dB of attenuation.  Extension of the cloud 

statistics in line with the ITU model would imply that such high cloud attenuation should occur 

less than 0.1% of the time, especially when considering that the ITU model is for both 

precipitating and non-precipitating clouds.  We conclude that the attenuation statistics are only 

negligibly affected by inaccuracies associated with non-precipitating clouds 
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4.5 Rain DSD 

The choice of rain drop size distribution was found to have little impact on the slant path 

statistics as shown in Figure 9. 

4.6 Surface Temperature 

The attenuation retrieval algorithm was most sensitive to surface temperature.  This sensitivity 

is shown in Figure 10 where we the attenuation exceedances for 72.5 GHz with the surface 

temperature adjusted by +/- 1K.  This is an uncertainty in attenuation retrieval of about 1dB/K at 

20 dB of attenuation.  An uncertainty in the surface temperature can arise, not from the 

temperature sensor, but rather due to variations in temperature on the slant path.  Our retrieval 

relied on a point temperature measurement, not a path averaged measurement.    

4.7 K-band Frequencies 

We considered the use of the K-band frequencies in the attenuation retrieval.  It was found it to 

be of limited value.  Although the V and W band attenuation-brightness temperature 

characteristics did not depend strongly on the model parameters, the V and W band attenuation 

relationships to the K-band brightness temperatures and attenuations were much more sensitive 

to model assumptions.  This is because there is no unique scaling from K-band attenuation to V 

or W band attenuation.  It very much depends on the source of attenuation and rain DSD. 

Another application of the K-band measurements that we considered was the identification of 

erroneous V/W band attenuation retrievals, such as might result from finite rain cell size or non-

precipitating clouds as discussed above. If the K-band attenuation were high, then it could be 

assumed that the V and W band attenuations should also be high with some minimum scaling 
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ratio.   We examined a range of K-band attenuation thresholds and scaling ratios.  While we 

could identify some questionable V/W band attenuation  retrievals, the impact on the attenuation 

statistics was negligible. 

5 CONCLUSION 

Ground-based radiometric techniques were applied to measure the slant path attenuation 

cumulative distribution function at the V and W band frequencies of 72.5 and 82.5 GHz.  These 

are the first slant-path measurements in these frequency bands.  A model based approach was 

used to invert brightness temperature to over 20 dB of attenuation.     An atmospheric model 

relevant to the geographic location and statistically representative of the attenuating conditions 

was developed for this purpose. The main assumption of the atmospheric model was that the 

sources of attenuation for exceedance probabilities of concern were dominated by stratiform rain.  

Monte-Carlo solutions to the radiative transfer equation for the precipitating atmosphere were 

used to generate the attenuation retrieval algorithm. Sensitivity analysis showed that within the 

context of this atmospheric model, attenuation retrieval was robust to uncertainties in the 

parameterizations of the rain height, melting layer, cloud content, and rain drop size distribution. 

This allowed for an attenuation retrieval that depended only on surface temperature and 

brightness temperature.  Consequently, the use of a single point measurement of surface 

temperature introduced some uncertainty in the attenuation retrieval.   Slant path attenuation was 

also measured with the radiometer using the sun as a source of radiation.  Over 30 dB of 

attenuation dynamic range was possible with this technique.  Sun-beacon measurements were 

used to test model predictions.   
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Figure 1.  Sun-beacon attenuation measurements during a rain event. 
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Figure 2. Relative attenuation of melting layer to rain attenuation as a function of rain rate for 72.5 
GHz. 
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Figure 3.  Attenuation versus brightness temperature at 72.5 GHz for (a) different rain DSDs, 
(b) different rain heights, (c) melting layer, and (d) clouds. 
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Figure 4.  Attenuation versus brightness temperature for 72.5 GHz, and different surface 
temperatures. 
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Figure 5.  Attenuation statistics for Rome, NY. 
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Figure 6.  Comparison of Sun-beacon data with attenuation retrieval algorithm at 72.5 GHz for 
two different rain DSDs. 
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Figure 7. Comparison of the uniform widespread rain model with a finite size rain cell model. 
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Figure 8.  Attenuation versus brightness temperature for different cloud models at (a) 
12°C and (b) 20°C. 
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Figure 9.  Attenuation statistics for different rain DSDs. 
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Figure 10.  72.5 GHz attenuation statistics for different surface temperatures. 
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