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ABSTRACT

Correcting observed polarimetric radar variables for attenuation and differential attenuation effects in rain

is important for meteorological applications involving measurements at attenuating frequencies such as those

at X band. The results of estimating the coefficients in the correction-scheme relations from dual-wavelength

polarimetric radar measurements of rainfall involving attenuating and nonattenuating frequencies are de-

scribed. Such coefficients found directly from measurements are essentially free from different assumptions

about drop shapes, drop size distributions, and/or relations between different radar variables that are typically

used in many attenuation and differential attenuation correction schemes. Experimentally based estimates

derived using dual-wavelength radarmeasurements conducted during a project in northernColorado indicate

values of the coefficients in the attenuation–differential phase quasi-linear relations at X band in the

approximate range of 0.20–0.31 dBdeg21. The corresponding coefficients in the differential attenuation–

differential phase relations are in the range of 0.052–0.065dBdeg21.

1. Introduction and objectives

The active use of polarimetric meteorological X-band

(wavelength l ’ 3 cm) radars for quantitative pre-

cipitation estimation (QPE) started about 15 years ago

(e.g., Matrosov et al. 2002; Anagnostou et al. 2004) and

has been on the increase ever since. Particular interest in

measurements at this frequency band is dictated by

a relative compactness and low cost of X-band radar

systems compared to traditional meteorological radar

frequencies at S (l’ 10–11 cm) and C bands (l’ 5 cm),

and also by applicability of X-band specific differential

phase shift–based rainfall retrievals for lower rain rates

than can be done at longer radar wavelengths (e.g.,

Matrosov et al. 2006). Attenuation of X-band radar

signals in rain, however, is significant; thus, special tech-

niques need to be applied to correct observed reflectivity

factor Zehonhorizontal polarization (hereafter reflectivity)

and differential reflectivity ZDR (e.g., Gorgucci and

Chandrasekar 2005).

Attenuation correction schemes usually use either

a simple differential phase approach (e.g., Matrosov et al.

2002) or a range-profiling approach (e.g., Testud et al.

2000) and its differentmodifications (e.g., Bringi et al. 2001;

Ryzhkovet al. 2014).These approaches rely on the relation

between horizontal polarization specific attenuation Ah

and specific differential phase shift between horizontally

and vertically polarized radar returns KDP:

Ah5aK
b
DP . (1)

Theoretical modeling (e.g., Bringi and Chandrasekar

2001; Matrosov et al. 2002) indicates that at X band
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b’ 1. Specific differential attenuation (ADP) correction

to ZDR measurements assumes the relation

ADP 5 gKz
DP . (2)

Although modeling shows that relation (2) deviates from

linear (e.g., Jameson 1992), the corresponding deviation

usually is not very severe and many practical applications

for simplicity use z 5 1.

Values of the coefficients a and g are crucial for ap-

plications of correction schemes at attenuating radar

frequencies (note that the range-profiling attenuation

correction approach relates total attenuation and total

propagation phase shift by means of a). Often these

values are found through theoretical modeling assuming

an oblate spheroidal raindrop shape, some mean drop

aspect ratio (i.e., minor-to-major dimension ratio)–size

relation, and parameters of drop canting. Modeling is

performed either for theoretical drop size distributions

(DSDs), such as gamma functions, with widely varying

parameters (e.g., Gorgucci and Chandrasekar 2005), or

for experimental distributions measured in situ by dis-

drometers (e.g., Matrosov 2010). The self-consistent

correction techniques (e.g., Bringi et al. 2001; Park

et al. 2005) for estimating a and g from a theoretically

determined range of their variability assume constancy

of the a priori fixed exponent in the specific attenuation–

reflectivity (Ah–Zeh) power-law relations. This exponent

is usually between 0.6 and 0.9 (e.g., Ryzhkov et al. 2014),

and its relative variability is similar to the variability of

the exponent in R–Zeh relations, which are traditionally

used for radar QPE.

The aforementioned approaches for deriving coeffi-

cients a and g use various model assumptions about

raindrop characteristics and/or relations between dif-

ferent radar variables. However, the actual mean drop

shapes deviate from that of an oblate spheroid (e.g.,

Pruppacher and Klett 1978). Besides, drop oscillations,

which are usually neglected, can perturb an assumed

aspect ratio–size relation (e.g., Bringi et al. 2001). The

exponent in the Ah–Zeh relations also generally varies

because of natural DSD variability.

Although these approaches are widely used for cor-

recting attenuation and differential attenuation effects

in X-band radar measurements, it is desirable to obtain

direct estimates of the coefficients in relations (1) and

(2) solely from measurements, thus avoiding model as-

sumption uncertainties. Obtaining such estimates is the

main objective of this study. Comparing experimentally

found coefficients with those derived using different

assumptions is helpful in assessing different existing

approaches to correct for attenuation in radar mea-

surements. The estimation approach used in this study

takes advantage of simultaneous and collocated radar

measurements at two frequencies for one of which at-

tenuation effects in rain are negligible. Direct estimates

from experimental data also allow for independent

evaluation of the validity of the linear assumptions in

attenuation and differential attenuation relations.

2. Observations

The dual-wavelength (l1 5 3.2 cm and l2 5 11 cm)

observations of rainfall used in this study were collected

by the Colorado StateUniversity–University of Chicago–

Illinois State Water Survey (CSU–CHILL; http://

www.chill.colostate.edu/w/CSU_CHILL) radar during a

July–September 2013 project of observing rainfall in

the High Park wildfire burn area located west of Fort

Collins, Colorado. The X- and S-band channels of the

radar share the same antenna system, which ensures

collocation of beam centers, though the X-band beam is

about 3 times narrower than the 18-wide beam of the

S-band channel. The S-band observations are performed

in the alternate transmission mode, which implies fast

switching between horizontal and vertical polarizations.

At the X-band channel, which is a relatively new addition

to the CSU–CHILL radar (Junyent et al. 2013), a simul-

taneous transmission–simultaneous receiving (STSR)

measurement mode is used. Attenuation and differential

attenuation in rain at S band are typically more than one

order of magnitude smaller than at X band (e.g., Doviak

and Zrnic 1993) and can usually be neglected compared

to X-band attenuation effects in the collocated dual-

frequency measurements.

Figure 1 shows an example of original plan position

indicator (PPI) sector horizontal polarization reflectivity

measurements during one of the High Park events ob-

served by the CSU–CHILL radar on 18 July 2013. Re-

flectivity patterns at both wavelengths look similar,

though generally smaller X-band Ze values (compared to

S band) are obvious at farther ranges. Note that the

maximum range of CHILLX-bandmeasurements is only

90km, so no dual-wavelength data are available beyond

this range.

An example of collocated center beammeasurements

for one of the azimuths is shown in Fig. 2. At shorter

ranges, observed Zeh and ZDR at both frequencies have

similar magnitudes, but the X-band values of these radar

variables become progressively biased low compared to

the S-band values as range and the observed X-band

differential phase FDP increase (Fig. 2a). The copolar

correlation coefficient rhy is rather high (.0.93) at both

frequencies in the rain region for ranges closer than

about 53 km (Fig. 2b), though S-band rhy values are

closer to 1 than X-band values measured in the STSR
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mode. Beyond the range of 53 km, X-band rhy drops

mostly due to the low signal-to-noise ratio resulting from

strong attenuation.

Although most features (e.g., Zeh and ZDR maxima/

minima) in Fig. 2 look similar at both frequencies, their

exact positions sometimes differ slightly, which might

be a result of differing beamwidths and measurement

noise. To reduce the influence of these factors in en-

suing analyses, data averaging was performed. Such

averaging can be performed in different ways. One way

is to average the data in a regular X–Y coordinate grid.

Figure 3 shows an example of gridded measurements

when all data points with radar resolution volume

centers within a given 1 km3 1 km cell in the larger area

of interest were averaged. This was performed in linear

scale (e.g., in mm6m23 units for reflectivity data) when

all data from gates within each grid box were averaged

to obtain a gridded value. This gridding choice was

convenient because the High Park radar measurements

were further utilized to perform QPE retrievals for

future use in testing hydrological models, which also

required horizontal resolutions of QPE data of about

1 km.

While such Cartesian gridding reduces noisiness of the

data, it is not expected to significantly bias estimations of

the relations between attenuation (differential attenu-

ation) and differential phase shift because these re-

lations are quasi linear, as will be shown later. This

gridding, however, results in averaging more points at

close radar ranges than at far ranges. Averaging in the

two-dimensional azimuth–range space avoids this issue

(the corresponding gridding results are shown in Fig. 4)

though data gridded in this space are not conveniently

visualized as the Cartesian maps in Fig. 3. To assess the

sensitivity of the results to the data averaging pro-

cedure, both types of gridding were performed here.

Corresponding comparisons are shown in the next

section.

Overall, six experimental events with significant at-

tenuation of X-band radar signals in rain were observed

during the High Park project. The significance of at-

tenuation was judged by the magnitude of X-band

FIG. 1. An example of dual-wavelength [(top) S band, (bottom)

X band] CHILL PPI reflectivity measurements (2202 UTC 18 Jul

2013, 1.78 elevation). Range rings are at 25-km increments. A white

rectangle shows the High Park burn interest area.

FIG. 2. An example of (a) S- and X-band reflectivity and

(b) differential reflectivity measurements along the radar beam (ele-

vation 1.78, azimuth 2948) observed during the High Park project

(2202 UTC 18 Jul 2013). X- and S-band copolar correlation co-

efficients rhy and X-band differential phase FDP(X) data are also

shown.
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differential phase accumulation exceeding a threshold

of 308. A justification for this threshold value is given in

the next section. Dual-wavelength reflectivity, differ-

ential reflectivity, and differential phase data gridding

were performed for each of the events. Measurements

from the lowest elevation beam tilt (;1.78) that are es-

sentially free of ground clutter were further used in this

study. A typical interval between two consecutive

sweeps at this elevation over the High Park area was

about 2min.

3. Estimation approaches and a case study of 18
July 2013

The rain event on 18 July 2013 lasted for about 5 h,

that is, 164 gridded sector scans of the same type were

constructed. Depending on the location, this event

produced from approximately 15 to 50mm of total

rainfall in the High Park area and its vicinity. Figure 5

shows scatterplots of 1 km 3 1 km gridded X-band dif-

ferential phase DFDP(X) and differences in both re-

flectivity and differential reflectivity (DZ and DZDR,

respectively), which were defined as follows:

DFDP(X)5FDP(X)2 1368 , (3)

DZ5Zeh(S)2Zeh(X), and (4)

DZDR 5ZDR(S)2ZDR(X). (5)

In (3) FDP(X) 21368 is the gridded measured X-band

differential phase and 1368 is the estimated initial system

phase due to the radar hardware. At each particular grid

cell, FDP(X) consists of the propagation phase shift uDP

and the backscatter phase shift dhy at the end of the

propagation path to this grid cell:

FDP(X)5uDP(X)1 dhy(X). (6)

Since uDP 5
Ð ro
0 KDP(r) dr, where the integration is

performed over the entire propagation path ro, it is the

uDP(X) contribution to the total phase FDP(X) that is

related to the total path attenuation and differential

attenuation.

The S-band values of Zeh(S) and ZDR(S) were con-

sidered as estimates of nonattenuated reflectivity and

differential reflectivity quantities at X band. Such an

assumption for rain reflectivity is at least justified for

FIG. 3. Cartesian gridded measurements of (a) S-band and (b) X-band reflectivity (at an

elevation of 1.78) for a sector scan performed on 2202 UTC 18 Jul 2013. The location of the

radar is at the bottom-right corner and the black line indicates the direction of beam shown in

Fig. 2.
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Zeh(S) , 40 dBZ. Below this threshold non-Rayleigh

scattering effects at X band are rather small, so that

typical differences between S- and X-band nonattenuated

reflectivities are generally less than approximately 1dB

(Matrosov et al. 2006).Differences betweenS- andX-band

nonattenuated differential reflectivities usually do not ex-

ceed 0.3dB as long asmeanmass-weighted drop diameters

are smaller than approximately 2–2.5mm (Matrosov et al.

2006). This range of drop sizes approximately typically

corresponds to ZDR values that are less than about 2dB.

Additionally, ZDR values less than 2 dB are expected

to be associated with X-band backscatter differential

phase dhy, which is less than approximately 38. As a jus-

tification of this threshold, theoretical estimates of dhy
obtained using DSDs collected in Colorado Front Range

rainfall (Matrosov et al. 2006) similar to one observed

during theHigh Park project are shown in Fig. 6. The dhy
values results were calculated as described by Matrosov

et al. (1999) but using experimental rather than theoret-

ical DSDs. The 2-dBZDR threshold is also consistent with

the results of Schneebeli and Berne (2012) and Trömel
et al. (2013), which were based on different datasets.

Figure 5 shows the best-fit linear (solid lines) and power-

law (dashed lines) fits for the relationsDZ2DFDP(X) and

DZDR 2 DFDP(X), respectively. To minimize the non-

attenuated reflectivity differences at X and S bands and

also to minimize the influence of backscatter phase shift,

these relations were drawn for the subset of data points,

which satisfy the threshold conditions Zeh(S) , 40dBZ,

ZDR(S) , 2dB, DFDP(X) . 308, rhy(X) . 0.9 (even

though all rain data points are shown in Fig. 5). The

condition rhy(X) . 0.9 ensures that data points with a

low signal-to-noise ratio (SNR), resulting in unreliable

reflectivity estimates (e.g., X-band reflectivity near the

end of the radar beam in Fig. 2), are not used. Because

attenuation in melting hydrometeors is quite different

from that in rain (e.g., Matrosov 2008), excluded from the

analysis were also data at longer ranges, where upper

edges of the radar beams were expected to be within

or above the melting layer.

The thresholding condition DFDP(X) . 308 was used
to minimize possible effects of dhy and the noise in dif-

ferential phase measurements, which is typically around

1.58– 28 (Matrosov et al. 2002). The hydrometeor iden-

tification (HID) analysis was performed for the data

used in this study. The HID membership functions were

adopted from Dolan and Rutledge (2009). The HID

analysis confirmed that the precipitation data points in

FIG. 4. Azimuth–range gridded measurements of (a) S-band and (b) X-band reflectivity (at an

elevation of 1.78) for a sector scan performed on 2202UTC18 Jul 2013. The location of the radar is

at the bottom-left corner and the black line indicates the direction of beam shown in Fig. 2.
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the Fig. 5 scatterplot overwhelmingly (.96%) corre-

spond to rain. Although these authors provide mem-

bership functions for both S- andX-bandmeasurements,

only the ‘‘nonattenuated’’ S-band data were used in this

study for the HID purpose.

As seen in Fig. 5 the differences in the best linear and

power-law fits are rather small compared to overall data

scatter. This scatter relative to the best-fit approxima-

tion data expressed in the standard deviation amounts to

approximately 3.1 and 0.6 dB for DZ and DZDR, re-

spectively. Given the high level of agreement between

the linear and power-law approximations, the linear fits

were used hereafter. Based on the linear assumption and

neglecting dhy, as it is expected to be at least an order of

magnitude smaller than the propagation phase shift for

DFDP(X) . 308, the following expressions for re-

flectivity and differential reflectivity differences can be

written as

DZ5aDFDP(X)1DZ0 , (7)

DZDR 5 gDFDP(X)1DZDR0 . (8)

The quantities DZ0 and DZDR0 can be regarded as off-

sets due to calibration and/or differing radome in-

fluences. The values of the coefficients in the linear

relations between specific attenuation (differential at-

tenuation) and specific differential phase shift for the 18

July 2013 rain event (Fig. 5) are a’ 0.288 dBdeg21 and

g ’ 0.06 dBdeg21, respectively.

Figure 7 shows the scatterplot for 18 July 2013 data

when the azimuth–range averaging procedure instead of

the 1 km3 1 km cell gridding schemewas performed. To

implement this procedure, data were gridded in 18 azi-
muth and 1-km range intervals. Since 18 azimuth aver-

aging approximately corresponds to the S-band beamwidth,

three X-band beams were typically averaged to match

one beam of S-band data. Azimuthal gridding also

allowed for convenient removal of data points with

propagation paths where rain attenuation estimates could

have been contaminated by the presence of graupel. The

data pointswere removed from the analysis if the range to

FIG. 5. Scatterplots of measured S band–X band of reflectivity

(blue) and differential reflectivity (green) differences vs measured

X-band differential phase for the event of 18 Jul 2013 data gridded

in 1 km 3 1 km cells. Solid (dashed) lines show best linear (power

law) fit relations for conditions Ze(S) , 40 dBZ, ZDR(S) , 2 dB,

DFDP(X) . 308, and rhy(X) . 0.9.

FIG. 6. Estimates of the backscatter phase shift at X band as

a function of differential reflectivity. Symbols show modeling re-

sults and the solid line corresponds to the best power-law fit.

FIG. 7. As in Fig. 5, but for the azimuth–range averaged data.
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those points contained precipitation identified by the

HID algorithm as graupel, and the path-integrated re-

flectivity of suspected graupel intervals was at least 10%

of the total path-integrated reflectivity. The best-fit lin-

ear relation coefficients in (7) and (8) for the scatterplot

in Fig. 7 are a’ 0.281 dBdeg21, and g’ 0.058 dBdeg21,

respectively, which is not much different from the values

for those coefficients obtained with the 1 km 3 1 km

gridding scheme. The data scatter in Figs. 5 and 7 is also

very similar. These results indicate that the values of the

retrieved coefficients were not very sensitive to the

gridding technique.

4. Statistics of experimental attenuation phase
relations

All experimental events observed by the CHILL ra-

dar during the High Park project, which resulted in

significant X-band signal attenuation effects, were pro-

cessed in a manner described for the 18 July 2013 case

study. The estimated values of the coefficients a and g

for all events assuming linear relations between specific

attenuation (differential attenuation) and specific differ-

ential phase shift are listed in Table 1 and the corre-

sponding linear fits are shown in Fig. 8, which is a graphical

representation of these table data. Even though this

figure shows Ah–KDP and ADP–KDP relations, the deri-

vation of the coefficients in this relation did not involve

KDP calculations, which generally contain additional

uncertainties.

The coefficient values described above were derived

using the rhy, reflectivity, ZDR, and FDP threshold

conditions mentioned in section 3. The use of all data

points having high rhy [without thresholding on Zeh(S),

ZDR(S), and DFDP(X)] can result in about 10% vari-

ability of the coefficients from values shown in Table 1.

A similar variability in the coefficients is present when

the spatial scale of measurement averaging varied

by 650%.

While there are differences between the attenuation

and differential attenuation corrections obtained with

coefficients derived for different experimental events,

these differences, at least for moderate values of accu-

mulated differential phase (,608), are comparable with

the stated above-mentioned typical magnitudes of the

individual point data scatter as shown in Figs. 5 and 7.

The values of the coefficient a for Ah–KDP relations

derived in this study solely from measurements agree

relatively well with results from theoretical modeling

(e.g., Matrosov 2010), which yielded values between

about 0.23 and 0.28 dBdeg21 obtained using different

drop mean axis ratio models and DSD datasets. These

results also agree in a mean sense with estimates from

the self-consistency technique used for X-band radar

measurements by Park et al. (2005), who report a mean

value of 0.254 dBdeg21 for a. Found in this study are

values of the coefficient a that are generally somewhat

smaller than the theoretical value of 0.313 dBdeg21

from Snyder et al. (2010).

Values of the coefficient g (see Table 1) estimated

here directly from measurements are somewhat higher

than the theoretical results for this coefficient (;0.04–

0.05 dBdeg21) from Matrosov (2010) and Snyder et al.

(2010). It cannot be ruled out, however, that part of the

differences between the theoretical results and those

found directly from dual-wavelength data may be due to

cross-polarization coupling effects (e.g., Hubbert et al.

2010), which could affect X-band ZDR measurements,

which are conducted in the STSR measurement mode.

TABLE 1. Estimated coefficients in the linearized Ah 5 aKDP and ADP 5 gKDP relations for different events.

Event date 12 Jul 2013 18 Jul 2013 25 Jul 2013 28 Jul 2013 3 Aug 2013 12 Sep 2013

Event duration (h) 2.5 3.0 6.0 1.7 3.7 9.0

a (dBdeg21) 0.252 0.281 0.202 0.270 0.308 0.240

g (dBdeg21) 0.063 0.058 0.056 0.065 0.057 0.052

FIG. 8. X-band (l 5 3.2 cm) attenuation (black lines) and dif-

ferential attenuation (gray lines) corrections obtained experimen-

tally using data from different events assuming linearity of the

correction coefficients relative to specific differential phase shift.
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For most of the July–August events, precipitation was

predominately convective in nature, although relatively

short periods of moderate rainfall with a reflectivity

bright band, which is characteristic of stratiform-type

rain, were present during some of these events as re-

vealed by occasional range–height indicator scans (not

shown). The brightband features occurred frequently

during the event of 12 September 2013. No special at-

tempt of separating the results based on the precipitation

types was performed because of uncertainties in dis-

criminating local convective–stratiform features on short

time scales. All the analyzed events were relatively warm

with similar ground air temperatures of around 158C.
Thus, no temperature dependencies of the coefficients a

and g were analyzed.

5. Conclusions

The use of radars operating at attenuating frequencies

(e.g., X band) for meteorological applications including

QPE is now common. Such radars are utilized for re-

search purposes and for filling gaps in operational radar

coverage. Networks of inexpensive X-band radars are

also used for high-resolution precipitation mapping

(e.g., McLaughlin et al. 2009). X-band radar measure-

ments, however, require corrections of reflectivity and

differential reflectivity data for attenuation and differ-

ential attenuation in rain. The most common approach

for such corrections is based on relations between at-

tenuation (and differential attenuation) and differential

phase between horizontally and vertically polarized ra-

dar signals. Usually such relations are assumed to be

linear and their coefficients are found through theoret-

ical modeling for idealized drop shapes and a set of as-

sumptions about drop mean aspect ratios and DSDs

and/or through range-profiling schemes that use as-

sumptions about relations between specific attenuation

and reflectivity.

The experimentally based approach to estimate co-

efficients in such relations uses S- and X-band dual-

wavelength polarimetric radar measurements of rainfall

during a field project in northern Colorado. The main

advantage of the approach is that it is essentially free of

modeling assumptions about drop shapes, their oscilla-

tion modes, size distributions, and relations between

attenuation characteristics and reflectivity. The attenu-

ation effects at S band are neglected compared to those

at X band, so lower-frequency measurements provide

‘‘nonattenuated’’ references for higher-frequency data.

To minimize the effects of non-Rayleigh scattering and

backscatter differential phase shift at X band, the data-

set used for deriving coefficients was limited to the

values of nonattenuated reflectivities below 40 dBZ and

differential reflectivities below 2 dB. The measurements

with higher X-band differential phase accumulations

(.308) were used for deriving coefficients in the sought

relations to further reduce influences of backscatter

phase shift.

As a result of the application of this approach to

a number of events, it is shown that the linear approxi-

mations for the horizontal polarization specific attenu-

ation Ah and specific differential attenuation ADP as

functions of specific differential phaseKDP are generally

adequate given data scatter/noise, which, in terms of the

standard deviation, is on the order of approximately 3.1

and 0.6 dB for the S–X-band reflectivity and differential

reflectivity differences (for a given value of the differ-

ential phase), respectively. The values of the coefficient

a in the attenuation–differential phase relation and the

coefficient g in differential attenuation–differential

phase relations were found to vary in a range approxi-

mately between 0.20 and 0.31 dBdeg21 for a and about

0.051 and 0.065 dBdeg21 for g. This range of a values

found solely frommeasurements is in general agreement

with results found in other studies using different as-

sumptions, although the estimated values of g derived in

this study are somewhat higher than those derived with

modeling assumptions.
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