
 

 

 

 

 

 

 

 

EARLY ONLINE RELEASE 

This is a PDF of a manuscript that has been peer-reviewed 

and accepted for publication. As the article has not yet been 

formatted, copy edited or proofread, the final published 

version may be different from the early online release. 

 

This pre-publication manuscript may be downloaded, 

distributed and used under the provisions of the Creative 

Commons Attribution 4.0 International (CC BY 4.0) license. 

It may be cited using the DOI below. 

  

The DOI for this manuscript is  

DOI:10.2151/jmsj.2021-010 

J-STAGE Advance published date: November 19th, 2020 

The final manuscript after publication will replace the 

preliminary version at the above DOI once it is available. 



1 
 

Path Attenuation Estimates for the GPM Dual-Frequency Precipitation 1 

Radar (DPR) 2 

 3 

R. Meneghini1, H. Kim2, L. Liao2, J. Kwiatkowski3 and T. Iguchi4 4 

 5 

Abstract 6 

Estimation of path attenuation is a critical part of retrieving precipitation parameters using 7 

measurements from the Dual-Frequency Precipitation Radar (DPR) on board the Global 8 

Precipitation Measurement Mission (GPM) satellite.  In this paper, we describe the latest 9 

implementation of the Surface Reference Technique that uses surface scattering properties to 10 

infer path attenuation through the precipitation.  Both single- and dual-frequency versions of 11 

this method are available and while the dual-frequency version appears to be more accurate at 12 

moderate rain rates, the single-frequency approach at Ku-band is needed when the Ka-band 13 

data are not available.  Despite improvements afforded by the dual-frequency version of the 14 

method, other methods such as the Hitschfeld-Bordan and standard dual-frequency 15 

approaches offer advantages particularly at lighter rain rates and at near-nadir incidence angles 16 

over land.  Weighted averages of the results from these methods appear to offer the best 17 

estimate of path attenuation presently available. 18 
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1. Introduction 25 

At microwave frequencies, signals are attenuated by cloud, atmospheric gases, and 26 

precipitation.  The presence of attenuation implies that accurate estimates of the precipitation 27 

at any range depends on how well the radar return signal to and from that range can be 28 

corrected for this effect.  The surface reference technique (SRT) has been one of the ways of 29 

providing information about the path integrated attenuation (PIA), using the difference in 30 

surface returns outside and within the rain (Meneghini et al., 1983, 2000, 2004; Durden et al., 31 

1998, 2003; Li et al., 2002, 2004).  The reliability of the method depends on the inherent 32 

variability of the surface cross section which changes as a function of the radar frequency, 33 

incidence angle, and surface type.  With dual-frequency data, the technique can be extended to 34 

two frequencies where the differential cross section, the difference between the normalized 35 

radar cross section (NRCS) at Ku-band and Ka-band, 0=0(Ka)- 0(Ku), can be measured inside 36 

and outside the rain to yield an estimate of the differential path attenuation, A=A(Ka)-A(Ku).  37 

The high correlation between 0(Ku) and 0(Ka) over most surface types and incidence angles 38 

implies that the variance of 0 is typically smaller than the variance of 0(Ku) or 0(Ka) alone.  39 

This greater stability in the reference data yields more accurate estimates of the differential 40 

attenuation than the single-frequency estimates of A(Ku) or A(Ka). 41 

    Despite improvements in accuracy in moving from single- to dual-frequency data, the SRT 42 

remains subject to large relative errors at light rain rates.  Moreover, in heavy rain, the Ka-band 43 

surface return can be lost so that only the single-frequency Ku-band SRT is available.  Another 44 

limitation of dual-frequency retrievals stems from the fact that at very light rain rates, only the 45 
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DPR Ku-band channel detects rain; i.e., the Ku-band channel is more sensitive than the Ka-band.  46 

In an effort to improve accuracy, we combine the SRT estimates with the well-known 47 

Hitschfeld-Bordan (HB) method (Hitschfeld and Bordan, 1954).  For dual-frequency operation, we 48 

also consider the use of the standard dual-frequency attenuation method where a difference in 49 

the measured radar reflectivity factors near the surface can be related to the differential path 50 

attenuation.  The goal is to construct an estimate of path attenuation that uses the best 51 

features of the single- and dual-frequency estimates, using both SRT and non-SRT approaches, 52 

to provide the most accurate constraint to characterize the precipitation. 53 

    As the Ka-band scan pattern on the Japanese Aerospace Exploration Agency’s (JAXA) Dual-54 

Frequency Precipitation Radar (DPR) was changed in May 2018 so that dual-frequency coverage 55 

became available over the full swath, the focus in this paper will be on dual-frequency results.  56 

Nevertheless, the single-frequency Ku-band estimates play an important supporting role in 57 

cases where the Ka-band data are not available either because of detection limitations at light 58 

rain rates or because of signal loss from attenuation at heavier rain rates.  59 

    In section 2 we review the basic equations that describe the operational implementation of 60 

the single- and dual-frequency SRT.  The same formalism can be used for the single- and dual-61 

frequency hybrid estimates.  In section 3, examples are shown that illustrate strengths and 62 

weaknesses of the methods followed by statistical comparisons among the approaches in 63 

section 4.  A discussion and summary are given in section 5.   64 

2. Basic Equations for the SRT and Hybrid Estimates of Path Attenuation 65 

2a. Single-Frequency Estimates 66 
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The Hitschfeld-Bordan (1954) equation provides the attenuation-corrected radar reflectivity 67 

factor, Z (mm6/m3),  along the radar column in terms of the measured radar reflectivity factor, 68 

Zm, and the parameters α, β of a power law k-Z relationship, k=αZβ, where k is the specific 69 

attenuation in dB/km.  For simplicity, Z and Zm will be referred to as the true and measured 70 

reflectivities, respectively.  As an aside, we note that the term ‘measured’ is appropriate in the 71 

sense that this quantity can be obtained directly from the radar return power using the 72 

standard meteorological radar equation.  Letting r be the range from the radar to the center of 73 

an arbitrary volume element along the radar beam, the HB solution can be written in the 74 

following form (Iguchi and Meneghini, 1994): 75 

1/

0

( ) ( ) / [1 ( )] (1)

( ) 0.2 ln(10) ( ) ( ) (2)

m

r

m

Z r Z r r

r s Z s ds



  

 

 

  76 

The two-way path attenuation (dB), or what is often termed the path-integrated attenuation, 77 

PIA, to range r is defined by  78 

 
0

( ) 2 ( ) (3)
r

A r k s ds    79 

Where Z, Zm and A are related by the equation 80 

10 10
10log ( ) 10log ( ) ( ) (4)

m
Z r Z r A r                     81 

Taking 10 log10 of (1) and using (4) yields the HB estimate of the PIA to range r: 82 

10
( ) (10 / ) log [1 ( )] (5)

HB
A r r      83 
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    The SRT was originally introduced as a way to constrain solutions to the HB equation, 84 

particularly for cases where the PIA is large and (1) tends to become unstable, i.e., 1.  For a 85 

single frequency radar, the SRT-PIA is given simply by the difference between the surface cross 86 

sections, 0, in dB, at a rain-free area, 0
NR, or an average of such measurements, and the 87 

surface cross section in the rainy area, 0
R, where the PIA is wanted:  88 

0 0
( ) (6)

SRT s NR R
A r     89 

where rs is the radar range to the surface and where both measurements are taken over the 90 

same surface type, frequency and incidence angle.  Since the objective is to extract information 91 

about the precipitation, the rain-free reference should be taken either close to the raining area 92 

or, at a different time, under rain-free conditions, at the same location to minimize the change 93 

in the intrinsic surface cross section.  The choice of rain-free reference is discussed below. 94 

    Comparison of (5) and (6) shows that the two PIA estimates can be directly compared if, in 95 

(5), r is set to rs.  This, however, is not possible since Zm is measurable only up to the last surface 96 

clutter-free range gate.  In practice, extrapolation is needed to extend Zm from range r to rs. The 97 

extent of the surface clutter depends on the incidence angle and the relative strengths of the 98 

returns from the surface and precipitation.  These issues will be discussed later in the paper. 99 

    In practice, there are a number of different ways to estimate the rain-free reference NRCS.  100 

An obvious choice is to average the rain-free data at each incidence angle just before rain is 101 

encountered.  An alternative is to fit the cross-track variations of the rain-free cross sections to 102 

a fitting function such as a quadratic.  These forward along-track (FA) and forward cross-track 103 

(FX) estimates can be repeated by processing the orbit backwards (BA, BX) so that the rain-free 104 
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data are taken after rather than before rain is detected.  A fifth type of reference is obtained 105 

from the sample mean and standard deviation of the rain-free NRCS at each incidence angle 106 

and at each cell within a latitude-longitude grid.   As the cross-track fitting approach works well 107 

over ocean but not over land because of the high variability of the surface cross section at near-108 

nadir angles, there are 5 estimates of the SRT-PIA over ocean and 3 over land.  To combine 109 

these estimates into a single PIA estimate, we make use of the fact that if the resultant 110 

estimate is written as a weighted combination of the individual estimates, then the minimum 111 

variance of the combined estimate is obtained by taking the weights to be proportional to the 112 

inverse variance of the estimate.  In equation form, this can be written 113 

1

1

(7)

/ ; 1 / var( ) (8)

n

SRT i i

i

n

i i i i i

i

A w A

w u u u A







 




   114 

where n is either 3 or 5.  Versions of (7) occur frequently in the literature and can be derived by 115 

the method of Lagrange multipliers (e.g., Daley, 1991). Since the individual PIA estimates are 116 

independent, the variance of ASRT is the sum of the variances of (wiAi) which can be simplified 117 

to:   118 

1 1

1

var( ) [ (var( )) ] (9)
n

SRT i

i

A A
 



   119 

where A1, A2 are associated with the forward and backward along-track estimates, A3, A4 with 120 

the forward/backward cross-track estimates and A5 with the temporal, e.g.,  121 
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0 0

1

0 0

2
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( , ) ( ) (11)

SRT s NR R

SRT s NR R

A A FA r FA

A A BA r BA

 

 

  

  
  122 

    Similar definitions apply to the cross-track (FX/BX) and temporal estimates.  To explore in 123 

more detail how the temporal estimate is formed, consider a measurement of the normalized 124 

surface cross section in rain, 0
R, at incidence angle i that falls within a particular latitude-125 

longitude cell (lat(j), lon(k)).  The temporal estimate of the PIA is obtained by subtracting 0
R 126 

from the mean rain-free NRCS taken from the look-up table, derived from prior measurements 127 

at the (i, j, k) cell with a weighting factor inversely proportional to the sample variance of rain-128 

free data stored at this (i, j, k) entry.  The reference data are considered valid only if the number 129 

of data samples that comprise the sample statistics at this cell exceed some threshold (typically 130 

20).  Similar remarks apply to the forward along-track reference data where the sample mean 131 

and variance at angle i are obtained from the 8 rain-free NRCS data points at angle i taken 132 

before the field of view containing rain at the same incidence angle.  The cross-track estimates 133 

of mean and variance are done somewhat differently.  For this case, two quadratic fits are 134 

done, one over data from the inner swath (inner 25 angle bins, 13-37) and a second on data in 135 

the outer swath (angle bins 1-12 and 38-49) where the value of 0
NR at each angle bin is taken 136 

to be the average of the last 8 rain-free NRCS values.  The separate fits over the inner and outer 137 

swaths are done to mitigate the deviations of the actual data from quadratic behavior over the 138 

full swath (Seto and Iguchi, 2007).  Quadratic fits through these data yield an estimate of 139 

0
NR(FX) for the forward processed data at each incidence angle with a variance taken to be the 140 

chi-squared error of the fit. Similar remarks apply to the backward cross-track reference data, 141 

0
NR(BX).   142 
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    Finally, it is important to note in (9), that the variance of the ith estimate is given by the sum 143 

of the variances of the rain-free reference data and the variance of the NRCS in rain.  For the 144 

first term, we use the sample variance of the rain-free reference data as described above.  For 145 

the variance of the NRCS in rain, the standard expression for the variance of a Rayleigh target is 146 

used, where, for a logarithmic receiver, the variance is given by (5.572/N) dB where N is the 147 

number of independent samples (N100) at each field of view.  For the dual-frequency SRT, the 148 

sampling error variance is twice this value.  For the results given in this paper, we neglect the 149 

error variances arising from the finite number of samples.  This issue is discussed further in 150 

section 4. 151 

2b. Dual-Frequency Estimates 152 

    The equations above apply to either the Ku-band or the Ka-band data.  The dual-frequency 153 

analog of the SRT can be obtained by using (6) and simply subtracting the Ku-band estimate 154 

from the Ka-band estimate (Tanelli et al., 2006; Meneghini et al., 2012, 2015).  Using the 155 

notation x to indicate the difference in x between its value at Ka-band and Ku-band, i.e., x = 156 

x(Ka)-x(Ku), yields: 157 

 158 

0 0
(12)

( ) ( ) (13)

NR R
A

A A Ka A Ku

  



 

 

  159 
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Note that (13) is simply the definition of A whereas (12) provides an estimate of this quantity 160 

using measurements of the NRCS at both frequencies inside and outside the raining area.  The 161 

analogs to (7)-(9) are: 162 

1

1

1 1

1

(14)

/ ; 1 / var( ) (15)

var( ) [ (var( )) ] (16)

n
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A A

 



 





 





 









 163 

The interpretation of (14)-(16) is similar to the previous equations with 0 replacing 0 and 164 

with the requirement that 0 be measured at approximately the same location, time and 165 

incidence angle.   166 

    To compare estimates from (7) and (14), it is necessary to convert A to A(Ku) or A(Ka) or 167 

conversely.  One way to do this is simply to assume that the ratio A(Ka)/A(Ku) is constant.  This 168 

ratio can be computed by the use of raindrop size distributions taken along a simulated radar 169 

path from which A(Ku), A(Ka) and A can be computed for each realization.  These numerical 170 

experiments suggest that a value of 6 for the A(Ka)/A(Ku) ratio is a reasonable assumption 171 

(Meneghini et al., 2012).  Nevertheless, the fluctuations about the A(Ku) versus A(Ka)  linear 172 

regression line show that errors will arise in any conversion between A and A(Ku) or A(Ka).  In 173 

this paper we will ignore these conversion errors because in the solver module (Seto et al, 174 

2013, 2016, 2020; Seto and Iguchi, 2015) A is used as a constraint for the dual-frequency rain 175 

retrieval whereas A(Ku) (or A(Ka)) is used as a constraint in the single-frequency retrieval.  This 176 
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implies that we can assess the errors in A and A(Ku) or A(Ka) without converting from one to 177 

the other.  However, for dual-frequency retrieval algorithms that require both A(Ku) and A(Ka), 178 

rather than simply A, the conversion error made in going from A to A(Ku) and A(Ka) becomes 179 

relevant and must be included in the error modelling (Meneghini et al., 2012).        180 

    As noted earlier, the advantage of the dual-frequency formulation is that the variance of 0 181 

tends to be smaller and more uniform, both spatially and with incidence angle, than the 182 

variance of either 0(Ku) or 0(Ka).  These features can be seen in Fig. 1 that show the standard 183 

deviation of 0(Ku), 0(Ka), and 0 over ocean and land using DPR data from Sep-Nov 2018.  As 184 

noted earlier, the Ka-band scan pattern was changed on 21 May 2018 so that nearly 185 

simultaneous, matched-beam data are available for both frequencies for incidence angles from 186 

00 to 180.   187 

    The results of Fig. 1 show that the standard deviation, SD, in dB, of 0(Ku) and 0(Ka) over 188 

ocean changes significantly with incidence angle, with minima near 50 and attaining maximum 189 

values at 180, where SD(0(Ku, 180))3.4 dB and SD(0(Ka, 180))3.7 dB.  In contrast, 0 is 190 

approximately constant with angle with an SD near 1 dB.  Over land, the SD of 0 decreases 191 

rapidly over the first 3 angle bins (00 to 1.50), followed by a slower decrease at higher angles 192 

and finally becoming asymptotic to a value of about 1 dB at 180.  The SDs of 0(Ku) and 0(Ka) 193 

over land show similar rapid and slower decreases with increasing angle from nadir; the SDs, 194 

however, especially at near-nadir angles, are significantly larger than that of 0.  Differences in 195 

SD between 0(Ku) and 0 and between 0(Ka) and  as a function of angle are shown in the 196 

top and bottom, right-hand panels. This reduction in the SD in going from single- to dual-197 



11 
 

frequency results is critical in determining the efficacy of the SRT, particularly at light rain rates 198 

where the SD can be comparable to or greater than the path attenuation itself.  It is worth 199 

noting here that, unlike errors in the non-SRT methods discussed below, the errors in the SRT 200 

are independent of the magnitude of the path attenuation as long as the surface return(s) are 201 

detectable. 202 

    Using the same Sep-Nov 2018 data set, the spatial distributions of SD for 0(Ku) (top), 0(Ka) 203 

(center) and 0 (bottom) are shown in Fig. 2 for an incidence angle of 90.  Note the lower 204 

values and greater spatial homogeneity in the SD of 0 compared with those of 0(Ku) and 205 

0(Ka).  At incidence angles greater than 90, the difference between the SDs of 0 and 0 206 

increases over ocean but lessens over land.  At near-nadir angles, the effects are reversed, 207 

where greater differences in the SD between 0 and 0 occur over land and smaller 208 

differences over ocean. 209 

 2c. Hybrid Estimates 210 

 As the SRT, HB, and standard dual-wavelength methods (DW) (Durden, 2018; Meneghini 211 

et al., 1992; Eccles and Mueller, 1971) are mutually independent, the same formalism can be 212 

used to combine them.  For single-frequency applications, the DW is unavailable so we are left 213 

with only the HB and SRT to generate a hybrid path attenuation, AHY, for either Ku- or Ka-band 214 

data: 215 

 HY SRT SRT HB HB
A w A w A       (17) 216 
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As before, the weighting factors are inversely proportional to the variance of the estimate so 217 

that wHB1/var(AHB) and where ASRT and wSRT are given by (7) and (9) respectively.   218 

    It is worth noting that single- and dual-frequency hybrid methods are analyzed separately in 219 

this paper and not combined into a generic hybrid estimate that covers all cases.  One of the 220 

reasons for this separation is that in the operational system, the Ku-band and Ka-band data are 221 

processed individually before the data are combined for dual-frequency processing.  As a 222 

consequence, dual-frequency information is unavailable for single-frequency analysis.  In 223 

section 5 we briefly discuss the possibility of combining single- and dual-frequency hybrid 224 

estimates. 225 

    For the differential path attenuation, the DW, ADW, can be added so that 226 

HY SRT SRT HB HB DW DW
A v A v A v A                                           (18) 227 

1/ ( var( )); 1 / ( var( )) ; 1 / ( var( ))

1 / var( ) 1 / var( ) 1 / var( )

SRT SRT HB HB DW DW

SRT HB DW

v k A v k A v k A

k A A A

  

  

  

  

       (19) 228 

    An estimate for ADW can be obtained from the relationship A=DFRm-DFR, where 229 

DFRm=10log10[Zm(Ku, rns)/Zm(Ka, rns)], DFR=10log10[Z(Ku, rns)/Z(Ka, rns)], where rns indicates the 230 

radar range to the near-surface gate where the precipitation return is much larger than the 231 

surface return .  As the PIA is combined with that from the SRT, which gives the path 232 

attenuation to the surface, the goal is to evaluate the DFRm as close to the surface as possible 233 

or to extrapolate the Zm values to the surface.  A shortcoming of this expression for A is that 234 

while DFRm is measurable, DFR is not.  One approximation is simply to ignore DFR by noting that 235 
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for raindrop particle size distributions with a mass-weighted drop diameter, Dm, of less than 236 

about 1.5 mm the error typically will be less than about 1 dB.  Another approximation is to use 237 

Zm(Ku) (in dB) near the surface to estimate DFR.  In this case, ADW, can be written: 238 

( ( ))
DW m m

A DFR DFR Z Ku                   (20) 239 

    To compute the mean and variance of the second term of (20), we use measured raindrop 240 

size distributions, RSDs, obtained from several NASA field campaigns [Liao and Meneghini, 241 

2019].  Sequences of these are used to simulate the variability along a column of rain; for 242 

example, for a 4 km path with a range gate spacing of 0.125 km, 32 RSDs are used to construct 243 

the path.  It should be noted that the correlation in rain rate and the median mass diameter 244 

along the column, generated from the RSDs, generally conforms to the results from a combined 245 

study of Micro Rain Radar (MRR) and RSD measurements reported by Adriosi et al. (2016).  246 

From these data, beginning from the top down, Z(f, r) and Zm(f, r), for f=13.6 GHz, and f=35.5 247 

GHz, are computed at each range, r, along the column so that DFR and Zm(Ku) are available at 248 

bottom-most range of the column. Repeating this procedure for 28,000 such simulated rain 249 

columns provides 2D histograms of DFR versus Zm(Ku) as shown in the top panels of Fig. 3 for 250 

rain path lengths of 4 km and 5 km.  The plots just below these (center) summarize the data by 251 

plotting the mean (blue lines) along with third-order polynomial fits of the mean given by the 252 

red lines.   The vertical blue lines extend one standard deviation above and below the mean 253 

curve.  These standard deviations are displayed in the bottom plots (blue lines) along with 254 

third-order polynomial fits (red lines).     255 
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    The results on the bottom panels of Fig. 3 represent the standard deviation of the second 256 

term in (20).  The error variance in the first term in (20) arises from the sampling errors, caused 257 

by the finite number of independent samples, used in computing DFRm. As the Zm are derived 258 

from N independent samples from a logarithmic receiver (where N 100) the variance is given 259 

by 2*(5.57)2/N, where the factor of 2 arises from the fact that the Ku- and Ka-band statistics are 260 

identical and independent.  Since the variance from RSD fluctuations and from finite sampling 261 

are independent, the variances add so that the modified SD is given by the square root of the 262 

sum of the two variances.  As noted earlier, similar considerations apply to the SRT.                                                                                                           263 

    These simulated rain columns can also be used to characterize the standard deviation, SD, in 264 

the HB estimates.  In Fig. 4, top, plots of SD for Ku, Ka and (Ka-Ku) path attenuations are shown 265 

as a function of  for a path length of 4 km along with best-fit cubic polynomials.   It should be 266 

noted that for the SD plot of Ku, the quantity plotted along the x-axis is (Ku) whereas for the 267 

SD of Ka and Ka-Ku, the x-axis variable should be interpreted as (Ka).  268 

    Note that the best-fit α, β values for Ku, Ka and Ka-Ku were obtained from the full set of RSDs 269 

using a linear regression in log space (log k = log α + β log Z, log k = log α’ + β’ log Z).  Shown 270 

in Fig. 4 (bottom) is a scatter plot of (Ka) versus (Ku) illustrating that the (Ku) values tend to 271 

be concentrated at small values (low attenuation) where the standard deviation of the estimate 272 

is small.  In contrast, the (Ka) values are significantly higher with slightly over 8% of the profiles 273 

yielding (Ka)>1 where the HB equation fails to produce a meaningful estimate.  It should be 274 

noted that the AHB estimate is simply obtained by forming the difference AHB(Ka)-AHB(Ku).  As 275 

such, it is not a differential attenuation estimate in the same sense as ASRT or ADW which are 276 
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derived directly from measured data without first computing the path attenuations at Ku and 277 

Ka-band.  Moreover, as shown in Fig. 4 (top), the error in AHB is dominated by the error in 278 

AHB(Ka).  In contrast, the SRT error variance generally decreases in going from single to dual-279 

frequency implementation as shown by the standard deviations in Fig. 1.  These characteristics 280 

imply that in the hybrid estimate of A, the SRT is expected to dominate for moderate-heavy 281 

rain rates as the error variance will tend to be smaller than those of either HB or DW.  In 282 

contrast, for a single-frequency Ku-band estimate, where the error variance for SRT can be 283 

substantial, particularly over ocean at off-nadir incidence and near-nadir incidence over land 284 

(Fig. 1), we expect a reversal where the HB will tend to be more highly weighted than the SRT, 285 

particularly at light rain rates (low attenuations) where the HB standard deviation at Ku-band 286 

tends to be small.   287 

    A qualitative idea of the weightings of the different methods as a function of background 288 

type, frequency and rain rate is given in Table 1.  Categories 1-3 over ocean are defined as low, 289 

moderate and heavy rain rates, respectively.  Categories over land are defined as follows: 290 

category 1’ consists of cases of either low rain rate or near-nadir incidence, category 2’ is 291 

comprised of cases of moderate rain rate and off-nadir incidence, category 3’ is comprised of 292 

cases of high rain rate and off-nadir incidence.  It is important to note that the actual weights of 293 

the methods are proportional to the inverse of the variance, which, as discussed above, vary 294 

continuously with rain rate and, for the SRT, with incidence angle. 295 

    Before moving to the experimental results, two further remarks should be made.  Unlike the 296 

DW or SRT methods, where sampling errors can be significant, for the HB, the sampling errors 297 

in Zm, enter into the estimate via (2) and (5).  Since these errors are independent and identically 298 
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distributed from gate to gate, the fluctuations decrease when they are summed over the path.  299 

The second point that should be made is on the similarities between the hybrid estimate given 300 

by (17) and those obtained by Iguchi et al. (2000, 2009).  It can be shown that the maximum 301 

likelihood approach in these papers and the minimum variance approach here are identical if 302 

the components, i.e., the various PIA’s, can be modeled as independent, Gaussian random 303 

variables.  Despite this equivalence, it is important to note that in Iguchi et al. (2000, 2009), a 304 

critical factor is the behavior of .  Following Iguchi et al. (2000) and using the notation given 305 

here, the following equation is minimized: 306 

2 2 2 2

ln
( ) / 2 {ln( ) ln[1 exp( 0.1 ln(10))]} / 2

SRT SRT
D A A A            (21) 307 

where 2

ln  is the variance associated with ln(), where  is defined by (2).  Taking the derivative 308 

of D with respect to the Hitschfeld-Bordan PIA estimate, A,  and setting the result to zero yields 309 

a transcendental equation for A as a function of the mean and variance of ASRT and the mean 310 

and variance of ln().  Using the single-frequency SRT/HB combination, comparisons of the 311 

hybrid pia obtained from the maximum likelihood methodology, given by minimizing (21), and 312 

the minimum variance approach (17), show the results to be quite similar.  Nevertheless, 313 

specification of the statistics of  in the maximum likelihood approach and the need to 314 

numerically solve the equation for AHB, instead of directly specifying the statistics of AHB in the 315 

minimum variance approach, imply that the two methodologies, at least computationally, are 316 

not identical.   317 

3. Examples 318 
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Before discussing examples of path attenuation estimates, it is worth recalling that the Ku-319 

band channel of the DPR provides 49 fields of view (FOV) in the cross-track direction with a 320 

nadir FOV of about 5 km and a swath of 245 km.  As the original 24 interleaved Ka-band fields-321 

of-view were redirected on 21 May 2018 to the outer edges of the Ka-band inner swath (25 322 

FOVs), the Ku- and Ka-band data are now approximately matched in space and time over the 323 

full swath.  This was an important change in several respects; for the SRT and path attenuation 324 

estimates generally, the new data should provide insight into how the single- and dual-325 

frequency methods compare at off-nadir angles and whether the use of dual-frequencies offer 326 

better constraints for the rain retrievals. 327 

    The data shown in Fig. 5 were derived from DPR measurements off Western Australia during 328 

orbit 24626 on 30 June 2018.  Note that these are dual-frequency estimates over the full swath.  329 

To facilitate later comparisons to the Ku-band only data, we have plotted not A but the Ku-330 

band path attenuation,  A(Ku), where A(Ku) is derived from A by assuming that the ratio of 331 

Ka-band to Ku-band path attenuation is 6, i.e., A(Ku)=0.2*A.  This translation to Ku-band is 332 

useful when comparing the dual- and single-frequency results, as will be done later.  The 333 

notation A(Ku) will be used to distinguish the dual-frequency estimate from the single-334 

frequency estimate of Ku-band path attenuation which will be denoted simply by A(Ku).  The 335 

labeling in each panel of Fig. 5 identifies the different products used to obtain the weighted 336 

mean shown in the bottom-right panel.  Since this example is taken over ocean, five such 337 

estimates exist where each has an associated field of weights (not shown) that are used to 338 

compute the weighted mean shown in the bottom right-most plot.  For the temporal estimate, 339 

the rain-free reference data were taken from a lookup table that contains the means, standard 340 
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deviations and counts for 0(Ku), 0(Ka) and 0 over a fixed (latitude, longitude) grid of 0.50 for 341 

angles from 00 to 180.  As the angle bin increment is about 0.750, the total number of angle bins 342 

is 25.  Currently, the signed angle of incidence is not used, and only the magnitude of the 343 

incidence angle with respect to nadir is needed in the look-up table.   344 

    To form the dual-frequency hybrid estimate, we begin with the weighted SRT result in the 345 

bottom-right panel of Fig. 5 along with the associated error variance given by (16), where 346 

var(A(Ku))=0.22var(A).  This gives the first term of (18).  The second and third terms 347 

correspond to the dual-frequency HB and standard dual-frequency (DW) results multiplied by 348 

their respective weights.  As noted earlier, these weights are inversely proportional to the 349 

variance of their respective estimates where the variances for HB and DW were described in 350 

the previous section.  The results for the SRT, HB, DW and the resultant hybrid path attenuation 351 

estimates are shown in Fig. 6.  As in Fig. 5, we have converted all A values to A(Ku). 352 

    To obtain some measure of the goodness of the estimate, a ‘reliability factor’, RF is defined as 353 

the ratio of the mean to the standard deviation of the estimate, RF=E(A)/(A).  To further 354 

simplify the comparison, we define a reliability flag, RFlag, such that when RF>3, we set RFlag to 355 

1 (reliable, blue), when 1RF<3, RFlag = 2 (marginally reliable, green) and when RF<1, RFlag=3 356 

(unreliable, red).  A comparison of RFlag for the SRT and the hybrid estimates is shown in Fig. 7. 357 

     Comparisons of the reliability flags for SRT and hybrid show that the hybrid provides more 358 

robust estimates, particularly in the light to moderate rain rate/path attenuation areas by 359 

supplementing the SRT with the HB and DW estimates.  As indicated on the color scale, a small 360 

fraction (less than 1%) of the pixels have the reliability flag set to 4; in fact, there is only a single 361 
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pixel in the far top left of each plot where the flag has been set to 4.  (As in Fig. 9 below, this is 362 

represented by a deep red color and should be distinguished from the red-orange regions 363 

where the estimates are judged to be unreliable where the flag is set to 3.)  This value is used to 364 

indicate a situation where the surface return at Ka-band is less than 2 dB greater than the 365 

receiver noise level.  In these areas, SRT(Ka) and DSRT are not strictly applicable since the 366 

estimates will generally give a negatively biased estimate of path attenuation.  In particular, the 367 

estimated 0(Ka) in rain will be larger than the true value as the surface cross section will be 368 

determined by the noise power rather than by the smaller surface return power.  In fact, if the 369 

surface return is close to the noise level, it follows in almost all cases that the Ka-band rain 370 

return near the surface will also be at or below the receiver noise level so that all dual-371 

frequency estimates are suspect.  In these cases, the precipitation characteristics, particularly 372 

those estimates related to the full path or near the surface, should be estimated solely with the 373 

Ku-band data.   374 

    Before discussing this problem in more detail, it is worth showing an example of results 375 

before and after the change in processing the outer-swath Ka-band data.  Shown on the left 376 

panel of Fig. 8 are the SRT results before the coding changes where dual-frequency data are 377 

processed only in the inner swath, with Ku-band results shown in the outer swath.  On the 378 

right, the dual-frequency data are processed over the full swath.  The image on the right tends 379 

to be smoother and less noisy in the outer segments of the swath than the image of the left.  380 

Moreover, the result on the left shows some discontinuities in crossing from the inner to outer 381 

swath, although it should be noted that this problem can also arise from the conversion of A 382 

to A(Ku) where we have assumed A(Ku)=0.2*A whereas the true conversion depends on the 383 
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raindrop size distributions along the column.  Other comparisons between single- and dual-384 

frequency SRT results suggest that use of the dual-frequency data often eliminates large 385 

overestimates in the PIA caused by anomalously low wind speeds in the outer swath.  These 386 

low wind speeds result in a decrease in 0
R that is attributed by the single-frequency algorithm 387 

to an increase in the PIA.  With dual-frequency data, the decrease in the NRCS tends to occur at 388 

both frequencies so that the changes in 0
R are generally sensitive only to the differential path 389 

attenuation and relatively independent of variations in 0
R with wind speed.    390 

    The final example shown here was measured on 13 Sep 2018 (orbit 25808) over typhoon 391 

Florence situated to the east of the Philippine Islands.  Because of the strong attenuation at Ka-392 

band, the surface return (and near-surface rain return) is lost over several of the intense rain 393 

bands.  Shown in Fig. 9 is the dual-frequency hybrid estimate of the Ku-band PIA on the left 394 

along with the reliability flags associated with the dual-frequency SRT and hybrid estimates.  395 

Although the hybrid estimate yields enhanced path attenuations in the inner eye wall and rain 396 

bands, the reliability flag images shown on the center and right indicate that for those regions 397 

in red, where RFlag =4, the hybrid (and SRT) values underestimate the true PIA.  Outside these 398 

regions, the dominant blue color shows that the estimates are considered generally accurate 399 

despite small areas of red-orange and green where the estimates are considered, respectively, 400 

unreliable or marginally reliable.   401 

    To compare these dual-frequency results to the Ku-band only estimates, we show in Fig. 10 402 

the same set of plots except for a replacement of the dual-frequency estimates of Ku-band path 403 

attenuation by the single-frequency Ku-band estimates.  Comparisons between the hybrid 404 

single- and dual-frequency Ku-band data (left-hand plots in Figs. 9 and 10) show a significant 405 
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increase in A(Ku) in the eye wall and rain bands when only the Ku-band data are used.  This 406 

enhancement is not surprising in that the loss of Ka-band surface signal implies that the dual-407 

frequency estimates are negatively biased.  On the other hand, the SRT reliability flag plot in 408 

Fig. 10 (center) shows a significant degradation in quality relative to the dual-frequency result 409 

(center, Fig. 9).  Nevertheless, the corresponding reliability flag image shows that the estimates 410 

are generally considered good in the areas of high path attenuation.  Indeed, the Ku-band 411 

surface signal shows the data to be above the noise level throughout the area.  Finally, a 412 

comparison of the reliability flag for SRT(Ku) in Fig. 10, center, with that for hybrid (Ku) (right) 413 

indicates a significant improvement in going from SRT(Ku) to hybrid(Ku).  The reason for this 414 

improvement is that the HB at Ku-band is often more accurate than the SRT, particularly in light 415 

to moderate rain rates, so that the weighted mean of the SRT and HB yields generally good 416 

estimates, although not as good as the dual-frequency hybrid (right, Fig. 9) outside the areas of 417 

high rain rate. 418 

 419 

4. Statistics of the Estimates 420 

The examples in the previous section reveal some general characteristics of the hybrid and 421 

SRT estimates.  First, the dual-frequency SRT estimates are generally more accurate than their 422 

single-frequency counterparts.  An important exception to this rule occurs in high rain rate 423 

cases where the Ka-band surface signal is lost, i.e., the surface return is near or below the 424 

receiver noise.   425 
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    When dual-frequency data exist, the SRT is fairly accurate so in going from the SRT to the 426 

hybrid, the improvement occurs primarily in the light rain rate areas where the HB and DW 427 

methods may be comparable to or more accurate than the SRT.  As the variance of 0 is 428 

relatively independent of incidence angle, apart from near-nadir incidence over land, the 429 

weightings also should be relatively independent of incidence angle.  At near-nadir incidence 430 

over land, the increase in the standard deviation of 0 will decrease the weight of the SRT and 431 

increase the weights of HB and DW in the hybrid estimate.     432 

    For single-frequency Ku-band operation, the situation changes.  Most importantly, SRT(Ku) 433 

often has large relative errors because the standard deviation of 0(Ku) is generally large at 434 

high incidence angles over ocean and at near-nadir incidence over land.   This implies that the 435 

HB, which is more accurate at Ku-band than at Ka-band, will tend to be weighted more highly 436 

than the SRT(Ku), particularly at light to moderate rain rates where (Ku) is small.  For the single 437 

frequency Ka-band, the relative weights change because the mean Ka-band path attenuation 438 

increases by about a factor of 6 while the standard deviation of 0(Ka) is nearly the same as 439 

that at Ku-band.  For the HB, the mean and variance of (Ka) are significantly larger than those 440 

of (Ku) so that the error variance of HB(Ka) increases relative to that of HB(Ku).  These changes 441 

imply that at Ka-band, the SRT weight will increase and the HB weight will decrease relative to 442 

the weights at Ku-band.  Indeed, since the weights must sum to 1, and as only two single-443 

frequency methods are considered (SRT and HB), an increase in the weight of one is directly 444 

linked to a decrease in the weight of the other. 445 
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    Scatterplots (2D histograms) of path attenuations derived from single-frequency Ku-band 446 

data are shown in Fig. 11 using data from the entire month of Sep 2018.  In these plots, only 447 

those data are plotted for which the SRT is considered reliable or marginally reliable.  Data 448 

shown in the top set panels are taken from an incidence angle at the scan edge, -180, while the 449 

bottom set of panels are taken from an incidence angle at -3.750.  Comparisons between SRT 450 

and hybrid (HY) generally show good agreement; however, there are a number of cases where 451 

SRT shows high overestimates whereas the hybrid estimates are small.  The SRT overestimates 452 

are more common at the high incidence angle where low wind speed in the presence of rain 453 

serve to decrease 0(Ku) and lead to positive biases in the SRT PIA.  These overestimates tend 454 

to be eliminated in the hybrid which relies on the HB in these cases.  Comparisons between HB 455 

and hybrid and HB and SRT show good correlations at low values of path attenuation; at higher 456 

path attenuations, however, the HB underestimates relative to SRT and hybrid.  These basic 457 

trends are repeated in the results from single-frequency Ka-band data (Fig. 12) except that the 458 

weighting of the SRT, relative to the HB, is stronger for Ka-band as the variance of SRT remains 459 

approximately the same as at Ku-band while the variance of HB becomes higher because of the 460 

higher values of (Ka).   461 

    These trends tend to remain the same when the ocean background is replaced by a land 462 

background.  One interesting difference, however, is that a larger number of SRT overestimates 463 

occur at near-nadir angles and fewer overestimates at off-nadir angles.  For the land cases, 464 

assuming that we accept only positive values of path attenuation, the large positive biases in 465 

the SRT occur because of the much larger SD of 0 at near-nadir angles. 466 
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    Comparisons of the dual-frequency derived Ku-band PIA over ocean are shown in Fig. 13.  467 

Results from a near-nadir angle (-3.750) are shown on the left and at the scan edge (-180) on the 468 

right.  As the SRT tends to dominate in these cases, the SRT versus hybrid results tend to be 469 

highly correlated but with some scatter at small values of the path attenuation where the HB 470 

and DW become more important.  Generally good correlations are evident between HB and 471 

hybrid but with a fair amount of scatter about the 1:1 line.  The DW results, which have a 472 

relatively small effect on the hybrid because of their fairly high variances, show positive bias 473 

relative to the hybrid for both incidence angles.  The reason for this behavior appears to be the 474 

high variability in this estimate at light rain rates.  In fact, the positive bias in the plots is 475 

misleading as the relatively large number of negative DW estimates are not shown in the plot.  476 

It should be noted that, with the exception of a scaling factor, the path attenuation results at 477 

Ka-band, KaDF, are similar to those at Ku-band, KuDF, as a consequence of the fact that both 478 

are derived from the differential path attenuation estimate. 479 

5. Discussion and Summary 480 

This paper has presented a summary of the current (V06X) path attenuation algorithm in 481 

the DPR operational system.  Both single- and dual-frequency versions of the SRT have been 482 

implemented as have the single- and dual-frequency versions of a hybrid estimate that 483 

combines SRT with HB and, in the case of dual-frequencies, with the DW method.  The current 484 

code is able to operate on DPR data taken after May 2018 where dual-frequency data exist over 485 

the full swath.  486 
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    The results indicate, with respect to the accuracy of the estimates, that the hybrid is to be 487 

preferred over the SRT and dual-frequency results over single-frequency.  The dual-frequency 488 

estimates, however, normally require both Ku- and Ka-band precipitation and surface returns to 489 

be present and above the noise level.  These conditions are not met at very light rain rates, 490 

where only the Ku-band precipitation signal is present, and at high rain rates where the surface 491 

and near-surface rain returns at Ka-band can be lost through attenuation.  (As an aside we note 492 

that while the dual-frequency HB and DW methods cannot be applied in light rain conditions 493 

where the Ka-band rain return is absent, the dual-frequency SRT can be employed since the Ka-494 

band surface signal in these cases will almost always be measureable.  Of course, this 495 

information can only be used in correcting or constraining the Ku-band rain profile.)  It is worth 496 

noting that the surface loss at Ka-band depends on incidence angle and surface type as the 497 

surface cross sections decrease with incidence angle which decreases the dynamic range of 498 

measurable path attenuations.   499 

    In comparing the hybrid and SRT estimates, it should be noted that the former is sensitive to 500 

the weighting of the component path attenuations: a change in any of the error models will 501 

modify the result.  In particular, for the results presented, errors caused by sampling 502 

fluctuations have not been included.  Their inclusion will increase the weight of the HB method 503 

and lessen the weights of the SRT and DW as the influence of sampling errors on the HB is 504 

relatively minor whereas their impact on SRT and DW is more substantial.    505 

    Other errors in the methods are difficult to model because they depend on how well the 506 

predominant hydrometeor type can be distinguished as a function of radar range.  The HB 507 

method, in particular, requires a knowledge of the dominant phase state as a function of radar 508 
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range so that the appropriate α values can be inserted into (2).  (It should be noted that α is 509 

allowed to vary with range; that is, (1) and (2) provide solutions to the HB differential equation 510 

when α is range-dependent.  A range-dependent β, however, does not satisfy the HB 511 

differential equation so that an error will be introduced if this parameter is allowed to vary with 512 

range.) This problem is fairly straightforward when a bright-band is detected where the mixed 513 

phase region can be used to separate snow above from rain below.  The task is much more 514 

difficult in convective rain where the mixed phase region is not easily identifiable.  In the 515 

present code, the parameter ‘binNode’ from the DSD module, derived from the GANAL data 516 

(Iguchi et al., 2018), is used in convective rain to estimate the top and bottom of the mixed 517 

phase region.  In stratiform cases, the classification algorithm (Le and Chandrasekhar, 2013; 518 

Awaka et al., 2009) provides the top and bottom of the mixed phase region.  Of course, even 519 

when this region is accurately identified, the scattering properties in general and the k-Z 520 

relationship in particular, exhibit large variability.  In the present code, results from the melting 521 

layer model described by Liao and Meneghini (2005) and Liao et al. (2009) have been used.  522 

Knowledge of the particle phase state with location along the radar column also affects the DW 523 

method.  In particular, if snow is present in the near-surface gate at which the DW method is 524 

applied, then the estimate of DFR from Zm, and the error model itself, will be incorrect as these 525 

results apply only to liquid hydrometeors.  In the present code, the DW estimate is set to 526 

missing if the range gate just above the surface is judged to contain snow or mixed phase 527 

particles.   528 

    Another type of error arises from the need to compare PIA estimates down to the surface; 529 

this requires an assumption in the HB and DW techniques regarding the behavior of Zm 530 
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between the last clutter-free range gate and the surface.  Clearly, this task becomes more 531 

prone to error as the incidence angle increases where the distance between the surface and the 532 

lowest clutter-free gate becomes larger.  The errors can be severe for the DW method as the 533 

estimate of DFRm (20) depends entirely on the Zm(Ku), Zm(Ka) values at the near-surface gate.  534 

Because of the sensitivity of the method to the extrapolation that is used, the DW results in this 535 

paper are derived from the last clutter-free gate rather than the extrapolated values to the 536 

surface.   For the HB, a simple linear interpolation is used based on the five clutter-free values 537 

of Zm closest to the surface; however, if the slope of this line is positive (increasing toward the 538 

surface) and greater than some threshold value, Zm is assumed to be constant in this lowest 539 

segment of the profile. 540 

    The non-uniform beamfilling (NUBF) problem has not been mentioned in the paper but can 541 

result in severe underestimates of the PIA by the SRT (Nakamura, 1991, Durden et al., 1998; 542 

Kozu and Iguchi, 1999; Takahashi et al., 2005, Durden and Tanelli, 2008, Short et al., 2015).  As 543 

the HB and the DW are less affected by NUBF, relating differences among the PIA estimates to 544 

the non-uniformity of rain might prove useful.  Another scattering mechanism that has not 545 

been considered is multiple scattering (Battaglia et al., 2015).  This occurs much more 546 

frequently at Ka-band than at Ku-band and will render any Ka-band or dual-frequency based 547 

estimate of the rain profile unreliable.  On the other hand, if the surface is detected and the 548 

magnitude of the return is much larger than the nearby returns, then it is hypothesized that the 549 

surface return is indicative of the single-scattering path attenuation and can be used to 550 

estimate a path-integrated rain rate.  This hypothesis, however, requires testing.  One other 551 

long-standing problem with the SRT over ocean is the influence of the raindrop splash effect on 552 
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the normalized surface cross section.  This is a formidable problem as the influence of the 553 

splash effect on the NRCS depends on wind speed and direction, radar frequency, incidence 554 

angle and rainfall rate (Contreras and Plant, 2006).   Over land, surface wetting and changes in 555 

soil moisture can lead to differences in the NRCS outside and within the rain (Seto and Iguchi, 556 

2007).  557 

    As a final comment, we note that the hybrid estimates presented here have been separated 558 

into single- and dual-frequency types.  What may be needed in version 7 of the algorithm, apart 559 

from a review of the error variance models and the inclusion of sampling errors, is a Ku-band 560 

hybrid estimate which combines the two and which reduces to the single-frequency Ku-band 561 

result when the Ka-band signal is unavailable either because of limited detection in light rain or 562 

signal loss in heavy rain.  The Ka-band PIA estimate in these cases would take the form of a 563 

simple scaling of the Ku-band estimate, e.g., A(Ka)=6*A(Ku). 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 
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Table 1. Approximate relative weights of methods used in the hybrid estimates 697 

 Ocean (cat 1) Ocean (cat 2) Ocean (cat 3) Land (cat 1’) Land (cat 2’) Land (cat 3’) 

HB(Ku) high moderate moderate high moderate moderate 

HB(Ka) moderate moderate low moderate moderate low 

HB moderate moderate low moderate moderate low 

SRT(Ku) moderate moderate high low moderate high 

SRT(Ka) high high moderate moderate high moderate 

SRT high high moderate moderate high moderate 

DW moderate moderate low moderate moderate low 

 698 

 699 
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 702 

 703 

 704 
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 705 

 706 

Fig. 1.  Top left: Standard deviations of 0(Ku), 0(Ka), and 0 versus incidence angle over ocean; Top 707 

right: differences in standard deviations between 0(Ku) and 0 and between 0(Ka) and 0.  Bottom 708 

left: Standard deviations of 0(Ku), 0(Ka), and 0 versus incidence angle over land; Bottom right: 709 

differences in standard deviations between single-frequency NRCS and 0.  Data were measured during 710 

Sep-Nov, 2018. 711 

 712 
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 713 

Fig. 2. Maps of the sample standard deviation of the NRCS at an incidence angle of 90, computed over a 714 

latitude/longitude grid of 0.50 for 0(Ku) (top), 0(Ka) (center) and 0 (bottom) from DPR data acquired 715 

during Sep-Nov 2018.  716 
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 717 

Fig. 3.  Top: Simulated 2D histograms of DFR versus Zm(Ku) at the surface for rain path lengths of 4 km 718 

and 5 km.  Center: Mean DFR versus Zm(Ku) (blue line) along with a cubic polynomial fit (red line) as 719 

derived from the data in the top panels.  The vertical blue lines extend one standard deviation above 720 

and below the mean.  Bottom: Standard deviation of DFR(Zm(Ku)) versus Zm(Ku) for path lengths of 4 km 721 

(left) and 5 km (right) are shown by the blue lines; cubic polynomial fits are given by the red lines.    722 

 723 
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 724 

Fig. 4.  Top: Standard deviations of AHB, relative to the true path attenuation, as a function of  for Ku, 725 

Ka, and (Ka-Ku).  Note that for the Ku-band results, the x-axis represents (Ku) while for the Ka-band and 726 

differential results, the x-axis represents (Ka).  Cubic fits for the SD versus  for AHB(Ku), AHB(Ka), and 727 

AHB are shown in the inset.  Bottom: Scatter plot of (Ka) versus (Ku) for the profiles used in the 728 

simulation.  729 
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 746 

 747 

 748 

Fig. 5. Ku-band path attenuation estimates in dB derived from the dual-frequency SRT from 749 

a section of orbit 24642 measured over ocean, west of Australia, on 30 June 2018.  750 
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 765 
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 767 

 768 

 769 

Fig. 6. Ku-band path attenuation estimates in dB derived from the dual-frequency data where the hybrid 770 

(far-right panel) PIA is computed as a weighted sum of the PIAs shown in the first three panels.  As in Fig. 771 

5, the data were obtained from a segment of orbit 24642 measured over ocean, off Western Australia, 772 

on 30 June 2018. 773 
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 791 

Fig. 7.  Reliability flags for SRT (left) and hybrid (right) for the case shown in Fig. 6.  Regions of blue 792 

define areas where the estimate of path attenuation is considered reliable while regions in red-orange 793 

define locations where the estimate is judged to be unreliable.  Areas in green indicate locations where 794 

the estimate is judged to be marginally reliable. 795 
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 816 

 817 

Fig. 8.  Path attenuations (dB) from orbit 24636 (30 June 2018) in the Southwestern Pacific showing the 818 

dual-frequency SRT estimate of Ku-band path attenuation.  Left: Version V6A where dual-frequency data 819 

are used only in the inner swath; Right: Version V6X where dual-frequency data are used over the full 820 

swath.   821 
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 839 

 840 

Fig. 9.  Left: Path attenuation at Ku-band (dB) as estimated by the dual-frequency hybrid method; 841 

Center: Reliability flag for the SRT dual-frequency estimate of Ku-band path attenuation; Right: same as 842 

center plot but for the hybrid dual-frequency estimate of A(Ku).   In both center and right plots, areas in 843 

red give the locations where the Ka-band surface signal is lost. 844 
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 862 

Fig. 10.  Same as Fig. 9 but for the single-frequency Ku-band Hybrid and SRT methods.   863 
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 881 

 882 

Fig. 11. Scatterplots of path attenuations in dB over ocean using SRT, HB and hybrid (HY) at Ku-band 883 

using single-frequency data from measurements of the DPR taken during Sep 2018.  The set of 3 panels 884 

on the top are taken at incidence angle -180 while those on the bottom are taken at -3.750.  Note that 885 

negative angles are taken from the left side of the swath as viewed by an observer looking in the 886 

direction of the satellite motion.   887 
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 893 

Fig. 12.  Same as Fig. 11 except for the use of Ka-band single-frequency data rather than Ku-band data. 894 
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 905 

Fig. 13.  Scatterplots of path attenuations at Ku-band in dB over ocean using dual-frequency data (KuDF) 906 

from measurements of the DPR taken during Sep 2018.  Set of 4 panels on the left are taken at incidence 907 

angle -3.750 while those on right are taken at -180. 908 
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