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Abstract: Vertically pointing radars (VPRs) operating at millimeter wavelengths measure the power
return from raindrops enabling precipitation retrievals as a function of height. However, as the
rain rate increases, there are combinations of rain rate and rain path length that produce sufficient
attenuation to prevent the radar from detecting raindrops all the way through rain shafts. This
study explores the question: Which rain rate and path length combinations completely extinguish
radar return signals for VPRs operating between 3 and 200 GHz? An important step in these
simulations is converting attenuated radar reflectivity factor into radar received signal-to-noise ratio
(SNR) in order to determine the range where the SNR drops below the receiver detection threshold.
Configuring the simulations to mimic a U.S. Department of Energy Atmospheric Radiation Mission
(ARM) W-band (95 GHz) radar deployed in Brazil, the simulation results indicate that a W-band
radar could observe raindrops above 3.5 km only when the rain rate was less than approximately
4 mm h−1. The deployed W-band radar measurements confirm the simulation results with maximum
observed heights ranging between 3 and 4.5 km when a surface disdrometer measured 4 mm h−1

rain rate (based on 25-to-75 percentiles from over 25,000 W-band radar profiles). In summary, this
study contributes to our understanding of how rain and atmospheric gas attenuation impacts the
performance of millimeter-wave VPRs and will help with the design and configuration of multi-
frequency VPRs deployed in future field campaigns.

Keywords: T-matrix particle scattering; raindrop backscattering cross-section; extinction cross-
section; raindrop size distribution; attenuation; specific attenuation

1. Introduction

Vertically pointing radars (VPRs) provide detailed observations of precipitating cloud
systems as they pass directly over the radar site. VPR operating frequencies range from
less than 1 GHz to 95 GHz [1–5] with new radars being developed at 183 and 200 GHz [6,7].
One advantage of operating VPRs near 95 GHz is that the Doppler velocity power spectra
have bi-modal structures due to raindrop backscattering resonances providing signatures
used to estimate vertical air motion [8–12]. One disadvantage of operating at 95 GHz is that
rain attenuates the return signal preventing rain from being measured all the way through
high rain rate convective cores [13].

To advance the strengths and minimize the limitations of high frequency VPR obser-
vations, VPRs operating at different frequencies are often deployed side-by-side [14,15].
When two multi-frequency VPRs are positioned next to each other and are simultaneously
observing the same column of raindrops, their received power will be different due to the
operating wavelength dependent electromagnetic raindrop scattering properties and due
to the attenuation into the precipitation [16]. These differences in received power can be
used to estimate raindrop size distribution (DSD) and vertical air motion [17] as well as ice
particle riming fraction [18].

As the VPR operating frequency increases and enters the millimeter wave (mm-wave)
operating wavelength region (i.e., 24 GHz frequency and higher, or 12.5 mm wavelength
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and shorter), rain attenuation significantly increases. At some combination of rain rate and
path length, the return signal will be extinguished and the VPR will not detect raindrops
nor ice particles above the rain shaft. For example, Figs. 1a and 1b show measured radar
reflectivity factor [dBZ] profiles for a 6-h rain event collected by collocated 1.2 and 95 GHz
VPRs operating near Manaus, Brazil (details of these data are provided in Section 2). The
1.2 GHz VPR observes high reflectivity between 2 and 4 km for about 10 min near 14:30
UTC indicating a convective core passing over the radar site. The 1.2 GHz VPR also
observes a radar brightband at approximately 4.5 km height from hour 16 through 19 UTC
indicating stratiform rain with snow and ice particles melting into raindrops.

In contrast, the 95 GHz VPR does not observe more than 1.5 km above the ground as
the convective core passes overhead near 14:30 UTC. The 95 GHz VPR then observes rain
below the 1.2 GHz VPR brightband during hour 16 UTC, but does not observe precipitation
above 4 km. Then, after about mid-way through hour 17 UTC, the 95 GHz VPR begins to
observe snow and ice particles above the 1.2 GHz VPR brightband. Figure 1c shows Parsivel
disdrometer surface rain rate with values exceeding 20 mm h−1 as the convective core
passes, rain rates are between 1 and 20 mm h−1 during hour 16 UTC, and rain rates are less
than 1 mm h−1 after about mid-way through hour 17 UTC. Figure 1 illustrates that rainfall
is severely attenuating the 95 GHz VPR signal and limiting valid VPR measurements above
4 km to periods with low surface rain rate precipitation. This severe attenuation raises this
study’s main question: How far into a rain shaft can mm-wave VPRs detect raindrops?
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Figure 1. Measured radar reflectivity factor from vertically pointing radars (VPRs) deployed near
Manaus, Brazil, during the DOE GOAmazon field campaign from an event on 9 November 2014.
(a) Radar Wind Profiler (RWP) operating at 1.2 GHz and (b) W-band ARM Cloud Radar (WACR)
operating at 95 GHz. (c) Surface Parsivel disdrometer rain rate.

To address this question, this study simulates rain shafts with a constant rain rate
above a VPR and estimates how far into this rain shaft the VPR would produce valid
observations. This calculation involves three main steps. The first step is to estimate the
effective radar reflectivity factors and specific attenuations as a function of rain rate for
different radar frequency bands. Next, attenuated radar reflectivity factor profiles are
constructed for rain shafts with constant rain rate. The last step is to estimate the radar
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signal-to-noise ratio profiles for each rain shaft and estimate the range where the return
signal is too weak to be detected by the VPR. Even though rain shafts in Nature do not
have uniform rain rates, this simulation methodology enables a systematic approach to
evaluate the performance of mm-wave VPRs used in precipitation and cloud studies.

This study has the following structure: Section 2 describes the VPR and surface
disdrometer observations used in this study. Section 3 presents T-matrix raindrop scattering
calculations needed to estimate radar effective reflectivity factor and specific attenuation.
Section 3 also calculates power-law relationships between surface rain rate and both radar
effective reflectivity factor and specific attenuation at eight radar bands (i.e., S-, C-, X-, Ku-,
K-, Ka-, W-, and G-bands). Section 4 presents simulation results showing how far VPRs can
observe into rain shafts. General conclusions are presented in Section 5.

2. Observations

This study uses observations collected during the US Department of Energy (DOE)
Atmospheric Radiation Mission (ARM) Observations and Modeling of the Green Ocean
Amazon (GOAmazon) field campaign from the Manaus, Brazil, field site [19]. Figure 1a
shows reflectivity factor measurements from the 1.2 GHz Radar Wind Profiler (RWP)
vertically pointing radar beam during a rain event on 9 November 2014 [20]. The RWP
alternated beam pointing directions between vertical and two 15◦ off-vertical oblique
beams pointed toward the North and East. The vertical beam observations are used for
studying precipitation and the oblique beams are used to measure horizontal winds when
it is not raining. Figure 1b shows measured reflectivity factor from the vertically pointing
95 GHz W-band ARM Cloud Radar (WACR) [21]. The WACR is sensitive enough to observe
raindrops, ice particles, drizzle particles, and non-precipitating clouds [22]. A few pertinent
RWP and WACR operating parameters during GOAmazon are listed in Table 1.

Table 1. Pertinent Radar Wind Profiler (RWP) and W-band ARM Cloud Radar (WACR) operating
parameters during the GOAmazon field campaign.

Parameter RWP WACR

Operating Frequency 1.2 GHz 95 GHz
Operating Wavelength 250 mm 3.2 mm

Distance between Range Gates 225 m 30 m
Range to First Range Gate 510 m 300 m
Range to Last Range Gate 17 km 18 km

Dwell Time 2 s 2 s
Time between Samples 12 s 2 s

A surface Parsivel disdrometer measured the number and size of particles falling
through a laser beam at 1-min resolution [23]. Observations were filtered to retain samples
with Rayleigh reflectivity factor greater than 10 dBZ using raindrops from 24 diameter bins
between 0.06 and 8.5 mm. There were 20,299 1-min samples meeting these criteria collected
between September 2014 and November 2015. The surface rain rate for the 9 November
2014 rain event is shown in Figure 1c and is calculated using

R = 6π
(

10−4
) 24

∑
i=1

N(Di)v f all(Di)D3
i ∆Di (1)

where N(Di) is the number concentration [number of raindrops with diameter Di m−3],
Di is one of 24 Parsivel disdrometer diameter bins between 0.06 and 8.5 mm with ∆Di
resolution, and v f all(Di) is the near surface terminal fall speed of a raindrop with diameter
Di [24].
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3. Methods

This section presents calculations needed for simulating VPR observations. Specifically,
this section describes calculating raindrop backscattering and extinction cross-sections
from T-matrix single raindrop scattering calculations which are used with the observed
Parsivel disdrometer raindrop size distributions to estimate radar effective reflectivity factor
and attenuation for radar operating frequencies ranging from 3 to 200 GHz. Power-law
relationships are then derived representing mean characteristics between rain rate, radar
reflectivity factor, and specific attenuation at each operating frequency. The atmospheric
gaseous specific attenuation is approximated from oxygen and water vapor absorption
calculated in global reference atmospheric models.

3.1. Raindrop Backscattering and Extinction Cross-Sections

The PyTmatrix Python module [25,26] was used to perform electromagnetic scattering
calculations to estimate raindrop backscattering and extinction cross-sections at eight radar
operating frequencies from 3 to 200 GHz. The PyTmatrix module calculates backscattering
and extinction cross-sections for asymmetric raindrops at vertical and horizontal polariza-
tions. However, when viewing raindrops at vertical incidence, as with VPRs, vertical and
horizontal polarizations yield the same results due to symmetry.

For each numerical iteration, the PyTmatrix module was configured with a new set of
input parameters, specifically: define the equivolumetric spherical raindrop diameter Deq
from 0.02 to 9.02 mm in 0.02 mm increments; define vertical incident wave propagation
direction; define the radar operating frequency (see Table 2); define the complex dielectric
constants of water at 0 ◦C and 20 ◦C (see Table 2); and define the approximate oblate
spheroid shape with minor b to major a axis ratio [27]

Deq < 0.7 mm :
b
a
= 1 (2a)

0.7 ≤ Deq ≤ 1.5 mm : b
a = 1.173− 0.5165

(
Deq
)
+ 0.4698

(
D2

eq

)
−0.1317

(
D3

eq

)
− 8.5× 10−3

(
D4

eq

) (2b)

Deq > 1.5 mm : b
a = 1.065− 6.25× 10−2(Deq

)
− 3.99× 10−3

(
D2

eq

)
+7.66× 10−4

(
D3

eq

)
− 4.095× 10−5

(
D4

eq

) (2c)

Table 2. Wavelength dependent complex dielectric constant m and squared water dielectric constant
|K|2 at 0◦ and 20 ◦C that are needed as inputs to the PyTmatrix module. Additional non-wavelength
dependent input parameters needed for the PyTmatrix module include: raindrop spherical diameters
from 0.02 to 9.02 mm in 0.02 increments, raindrop obliqueness relationship of Equation (2), and
simulations performed at vertical incidence.

Band Wavelength [mm] m (0 ◦C) |K|2 (0 ◦C) m (20 ◦C) |K|2 (20 ◦C)

S (2.7 GHz) 111.0 9.092 + 1.266i 0.934 8.875 + 0.675i 0.928
C (5.6 GHz) 53.6 8.340 + 2.226i 0.933 8.615 + 1.315i 0.928
X (9 GHz) 33.3 7.364 + 2.805i 0.930 8.176 + 1.910i 0.927
Ku (13.6 GHz) 22.1 6.329 + 2.977i 0.925 7.502 + 2.392i 0.924
K (24 GHz) 12.5 4.876 + 2.803i 0.908 6.201 + 2.807i 0.918
Ka (35.6 GHz) 8.4 4.033 + 2.438i 0.879 5.192 + 2.779i 0.908
W (94 GHz) 3.1 2.819 + 1.387i 0.688 3.372 + 1.935i 0.815
G (200 GHz) 1.5 2.448 + 0.749i 0.482 2.668 + 1.174i 0.622

Given a particular input parameter set, the PyTmatrix module produces the backscat-
tering cross-section γλ

b
(

Deq
)

for each spherical raindrop in units mm2. To convert the
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backscattering cross-section to units of mm6 for radar reflectivity factor estimates, γλ
b
(

Deq
)

is normalization using

σλ
b
(

Deq
)
=

λ4

π5|K|2
γλ

b
(

Deq
)

(3)

where |K| is the water dielectric constant defined as |K| = m2−1
m2+2 .

Figure 2 shows the backscattering cross-section in decibel units 10log
[
σλ

b
(

Deq
)]

and as a

function of spherical diameter Deq for the Rayleigh scattering approximation σ
Rayleigh
b

(
Deq
)
= D6

eq
and the eight radar bands listed in Table 2. Note that backscattering resonance minima
occur at spherical raindrop diameters of approximately 1.7 and 3 mm at W-band and at
approximately 0.8, 1.34, and 1.9 mm at G-band.
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In addition to backscattering cross-section, the PyTmatrix module also estimates an
extinction cross-section σλ

e
(

Deq
)

[mm2] for each raindrop. Figure 3 shows 10log
[
σλ

e
(

Deq
)]

for eight radar bands as a function of equivolumetric spherical raindrop diameter Deq.
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The high diameter resolution PyTmatrix raindrop backscattering and extinction cross-
sections were reduced to match the low resolution Parsivel disdrometer diameter bins
so that radar effective reflectivity factor zλ

e [mm6 m−3] and rain specific attenuation kλ
rain

[dB km−1] can be estimated for each 1-min Parsivel number concentration N(Di) and at
each radar band using

zλ
e =

24

∑
i=1

N(Di)σ
λ
b (Di)∆Di (4)

and

kλ
rain =

0.01
ln(10)

24

∑
i=1

N(Di)σ
λ
e (Di)∆Di. (5)

Figure 4a shows Parsivel disdrometer radar effective reflectivity factor Zλ
e = 10log

(
zλ

e
)

[dBZ] estimates assuming Rayleigh scattering and radar K-, Ka-, W-, and G-bands. In
general, estimated radar effective reflectivity factors increase, approaching the Rayleigh
scattering value, as the operating frequency decreases. Figure 4b shows Parsivel disdrome-
ter derived rain specific attenuation [dB km−1] for radar K-, Ka-, W-, and G-bands. Note
that W- and G-band rain specific attenuations are very similar, which is due to similar
extinction cross-sections for raindrops larger than 0.8 mm diameter (see Figure 3). Though,
as will be shown later, the addition of atmospheric gas attenuation causes different total
attenuation profiles for these two frequency bands.

Remote Sens. 2022, 14, x FOR PEER REVIEW 7 of 18 
 

 

 

Figure 4. Surface Parsivel disdrometer derived radar effective reflectivity factor and rain specific 

attenuation. (a) Radar effective reflectivity factor assuming Rayleigh scattering and scattering at K-

, Ka-, W-, and G-bands; (b) rain specific attenuation at radar K-, Ka-, W-, and G-bands. 

3.2. Power-Law Relationships for VPR Simulations 

The previous section showed how disdrometer raindrop size distribution (DSD) 

measurements can be used to estimate specific attenuation 𝑘𝑟𝑎𝑖𝑛
𝜆  [dB km−1], rain rate 𝑅 

[mm h−1], and radar effective reflectivity factor 𝑍𝑒
𝜆 [dBZ]. Minute-to-minute variation in 

measured DSD are helpful in studying the vertical structure and microphysical processes 

of individual rain events. Changes in DSD in the vertical are due to many processes, in-

cluding evaporation, raindrop breakup/coalescence, and advection. In contrast, simula-

tions of constant rain rate precipitation shifts (as presented in the next section) need just 

mean relationships between 𝑘𝑟𝑎𝑖𝑛
𝜆  and 𝑅 as well as between 𝑍𝑒

𝜆 and 𝑅 because minute-

to-minute variations average to zero in the constant rain rate simulations. Thus, it is nec-

essary to parameterize the mean radar reflectivity factor and mean rain specific attenua-

tion at each radar frequency band as a function of rain rate. Parameterizations are devel-

oped using the GOAmazon field campaign Parsivel surface disdrometer measured rain 

rates 𝑅, simulated radar effective reflectivity factors 𝑧𝑒
𝜆 , and rain specific attenuations 

𝑘𝑟𝑎𝑖𝑛
𝜆  with power-law expressions of the form 

𝑧𝑒
𝜆 = 𝑎𝜆𝑅𝑏𝜆

 (6) 

and 

𝑘𝑟𝑎𝑖𝑛
𝜆 = 𝑐𝜆𝑅𝑑𝜆

 (7) 

where coefficients 𝑎𝜆, 𝑏𝜆, 𝑐𝜆, and 𝑑𝜆 are determined using a squared difference re-

gression for each wavelength 𝜆. Figure 5 shows the Parsivel estimated Ka-band effective 

reflectivity factor 𝑍𝑒
𝐾𝑎 = 10𝑙𝑜𝑔(𝑧𝑒

𝐾𝑎) (Figure 5a) and rain specific attenuation 𝑘𝑟𝑎𝑖𝑛
𝜆  (Fig-

ure 5b) versus the Parsivel rain rate 𝑅 with the color representing mass-weighted mean 

raindrop diameter (𝐷𝑚 =
𝑀4

𝑀3
 [mm], where 𝑀𝑖 is the 𝑖𝑡ℎ DSD moment). Note that for a 

constant rain rate, 𝐷𝑚  decreases as both reflectivity factor and specific attenuation in-

crease. The solid lines in each panel are the power-law regressions. Figure 6 shows the 𝑅-

to-𝑍𝑒
𝜆 (Figure 6a) and 𝑅-to-𝑘𝑟𝑎𝑖𝑛

𝜆  (Figure 6b) power-law regression lines for the eight ra-

dar frequency bands. Table 3 lists the coefficients for each power-law regression. 

Figure 4. Surface Parsivel disdrometer derived radar effective reflectivity factor and rain specific
attenuation. (a) Radar effective reflectivity factor assuming Rayleigh scattering and scattering at K-,
Ka-, W-, and G-bands; (b) rain specific attenuation at radar K-, Ka-, W-, and G-bands.

3.2. Power-Law Relationships for VPR Simulations

The previous section showed how disdrometer raindrop size distribution (DSD) mea-
surements can be used to estimate specific attenuation kλ

rain [dB km−1], rain rate R [mm
h−1], and radar effective reflectivity factor Zλ

e [dBZ]. Minute-to-minute variation in mea-
sured DSD are helpful in studying the vertical structure and microphysical processes of
individual rain events. Changes in DSD in the vertical are due to many processes, including
evaporation, raindrop breakup/coalescence, and advection. In contrast, simulations of
constant rain rate precipitation shifts (as presented in the next section) need just mean
relationships between kλ

rain and R as well as between Zλ
e and R because minute-to-minute

variations average to zero in the constant rain rate simulations. Thus, it is necessary to
parameterize the mean radar reflectivity factor and mean rain specific attenuation at each
radar frequency band as a function of rain rate. Parameterizations are developed using the
GOAmazon field campaign Parsivel surface disdrometer measured rain rates R, simulated
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radar effective reflectivity factors zλ
e , and rain specific attenuations kλ

rain with power-law
expressions of the form

zλ
e = aλRbλ

(6)

and
kλ

rain = cλRdλ
(7)

where coefficients aλ, bλ, cλ, and dλ are determined using a squared difference regression
for each wavelength λ. Figure 5 shows the Parsivel estimated Ka-band effective reflectivity
factor ZKa

e = 10log
(
zKa

e
)

(Figure 5a) and rain specific attenuation kλ
rain (Figure 5b) versus

the Parsivel rain rate R with the color representing mass-weighted mean raindrop diameter
(Dm = M4

M3
[mm], where Mi is the ith DSD moment). Note that for a constant rain rate, Dm

decreases as both reflectivity factor and specific attenuation increase. The solid lines in each
panel are the power-law regressions. Figure 6 shows the R-to-Zλ

e (Figure 6a) and R-to-kλ
rain

(Figure 6b) power-law regression lines for the eight radar frequency bands. Table 3 lists the
coefficients for each power-law regression.
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Figure 5. Relationships between surface Parsivel disdrometer derived rain rate, radar effective
reflectivity factor, and rain specific attenuation. (a) Radar Ka-band effective reflectivity factor [dBZ]
versus rain rate [mm h−1] with colors indicating Dm [mm]. (b) Radar Ka-band rain specific attenuation
[dB km−1] versus rain rate [mm h−1] with colors indicating Dm [mm]. The regression lines are power-
law fits of the form (6) and (7) with coefficients listed in Table 3.
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Figure 6. Power-law relationships of the form (6) and (7) derived from Parsivel measured raindrop
size distributions for radar S-, C-, X-, Ku-, K-, Ka-, W-, and G-bands. (a) Radar effective reflectivity
factor [dBZ] versus rain rate [mm h−1]; (b) rain specific attenuation [dB km−1] versus rain rate
[mm h−1]. Power law coefficients are listed in Table 3.

Table 3. Power-law coefficients for R-to-zλ
e and R-to-kλ

rain relationships with the form zλ
e = aλRbλ

and
kλ

rain = cλRdλ
. Radar effective reflectivity factor zλ

e has units [mm6 m−3], rain specific attenuation
kλ

rain has units [dB km−1], and rain rate R has units [mm h−1].

Band Wavelength [mm] aλ bλ cλ dλ

S (2.7 GHz) 111.0 150 1.610 2.28 × 10−04 1.038
C (5.6 GHz) 53.6 144 1.599 7.88 × 10−04 1.349
X (9 GHz) 33.3 64.5 1.884 4.18 × 10−03 1.380
Ku (13.6 GHz) 22.1 139 1.749 2.35 × 10−02 1.203
K (24 GHz) 12.5 489 1.340 0.110 1.075
Ka (35.6 GHz) 8.4 781 0.988 0.320 0.946
W (94 GHz) 3.1 37.5 0.716 1.26 0.732
G (200 GHz) 1.5 1.06 0.756 1.32 0.723

3.3. Specific Attenuation Due to Atmospheric Gases

The three main factors contributing to electromagnetic wave attenuation are scattering
from precipitation particles (including raindrops and frozen particles), atmospheric gases,
and non-precipitating cloud particles [28,29]. Gas attenuation magnitude increases with
increasing operating frequency with significant losses at W- and G-bands. Thus, gas attenu-
ation must be included in estimating the range where radar signals will be extinguished
in rain shafts. Since clouds occur either near the top of rain shafts or isolated from falling
particles, their attenuation contribution will be after the wave has already been affected by
rain and gas attenuation. Thus, cloud particle attenuation is not addressed in this study,
but will be a focus of future work.

Using the International Telecommunication Union (ITU) sea-level mean annual global
reference atmosphere [30], approximate atmospheric gas specific attenuation due to oxygen
and water vapor has been estimated to be from 1 GHz to 1 THz [31]. Table 4 lists near
surface one-way atmospheric gas specific attenuation kλ

gas [dB km−1] at eight radar bands
approximated by visually examining Figure 1 contained in [31].
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Table 4. Near surface one-way atmospheric gas specific attenuation kλ
gas [dB km−1] at each radar

band approximated by visually examining Figure 1 contained in [31]. Estimates in [31] assume ITU
reference atmosphere [30] of 1013.25 hPa pressure, 15 ◦C temperature, and 7.5 g m−3 water vapor
density.

S- C- X- Ku- K- Ka- W- G-

0.008 0.009 0.01 0.03 0.15 0.1 0.4 3

4. Results

This section estimates how far a VPR can measure into a constant rain rate precipitation
shaft following this three-step sequence: estimate attenuated radar reflectivity factor profile
for a constant rain rate; convert an attenuated reflectivity factor profile into a radar signal-
to-noise ratio profile; determine the range where the signal-to-noise ratio drops below the
VPR’s detection limit.

4.1. Estimated Attenuated Radar Reflectivity Factor Profiles

The attenuated radar reflectivity factor, also known as the measured radar reflectivity
factor Zλ

m(r) [dBZ], at each range r [m] from the radar is estimated from the non-attenuated
effective reflectivity factor Zλ

e (r) [dBZ] corrected for the 2-way path attenuation Aλ(r) [dB]
and can be expressed as [29]

Zλ
m(r) = Zλ

e (r)− Aλ(r). (8)

The 2-way attenuation incorporates losses along the path from both rain and atmospheric
gas specific attenuations and can be expressed as

Aλ(r) = 2

(
n

∑
i=1

kλ
rain(si)∆s +

n

∑
i=1

kλ
gas(si)∆s

)
(9)

where the factor 2 accounts for 2-way propagation, si is the range to the ith range gate, the
summations span from the first to the nth range gate with sn = r, and kλ

rain(si) and kλ
gas(si)

are the rain and atmospheric gas specific attenuations at range si. For the simulations used
in this study, the rain columns have constant rain rate at all ranges and atmospheric gasses
are assumed constant, which simplifies the path attenuation to

Aλ(r) = 2kλ
rainr + 2kλ

gasr. (10)

Furthermore, constant rain rate precipitation columns enable the measured reflectivity
factor to be estimated from the surface rain rate using the previously derived R-to-zλ

e and
R-to-kλ

rain power-law relationships, yielding the expression

Zλ
m(r) = 10log

(
aλRbλ

)
− 2
(

cλRdλ
)

r− 2
(

kλ
gas

)
r (11)

where coefficients aλ, bλ, cλ, and dλ were derived for each wavelength λ and are listed in
Table 3. Note that for a constant rain rate column, the effective reflectivity factor Zλ

e (r) is
constant with range. Figure 7a shows profiles of estimated measured reflectivity at W-band
ZW

m (r) for six surface rain rates of 0.5, 1, 2, 5, 10, and 20 mm h−1. The constant rain and
gas specific attenuations with range causes constant slope ZW

m (r) profiles for each rain rate.
Interestingly, due to attenuation between the surface and 500 m, the largest ZW

m at 500 m
occurred for the 5 mm h−1 rain rate.
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4.2. Estimated Radar Signal-to-Noise Ratio Profiles

In order to simulate radar observations, the measured radar reflectivity factors shown
in Figure 7a need to be converted to radar signal-to-noise ratios snr [unitless] to determine
whether the return signals can be detected by the radar system. A simple monostatic pulse
radar snr equation for volume scattering can be expressed as the received power Pr over
the noise power Pn [16,32]

snr(r) =
Pr(r)

Pn
=

(
1
Pn

)(
PtG2λ2cτθ2

HPBW
512π2

)(
π5|K|2

λ4

)(
zλ

m(r)
r2

)
(12)

where Pt is the transmitted power [W], G is the antenna gain [unitless], c is the electro-
magnetic wave propagation speed in air [m s−1], τ is the transmitted pulse length [s], and
θHPBW [radians] is the half-power antenna beamwidth that is squared under the assump-
tion of a symmetric antenna pattern. Assuming a stable radar system with non-varying
noise power, all of the parameters on the right-hand-side of Equation (12) are constant
except for zλ

m(r) and r. Thus, snr can be written as

snr(r) = cλ
radar

(
zλ

m(r)
r2

)
(13)

where cλ
radar includes all constants in Equation (12). Expressing snr in decibels using

SNR = 10log(snr), Equation (13) can be written as

SNR(r) = Cλ
radar + Zλ

m(r)− 20log(r) (14)

where Zλ
m(r) = 10log

[
zλ

m(r)
]

and Cλ
radar = 10log

(
cλ

radar
)

is a radar calibration constant
determined for each radar operating mode so that measured SNR(r) can be directly con-
verted into Zλ

m(r) [33]. In addition, Cλ
radar scales the largest expected Zλ

m value to a SNR
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value that will not saturate the radar receiver at some minimum range. Based on the WACR
sensitivity analysis performed in the next sub-section, CW

radar was determined to produce a
maximum pre-saturation SNR of 40 dB at a minimum range of 500 m. Figure 7b shows the
corresponding SNR(r) profiles for the ZW

m (r) profiles shown in Figure 7a. Notice that SNR
decreases with range for all rain rates due to return power decreasing as 1/r2 for volume
scattering (see Equations (12)–(14)). Specifically, SNR decreases by 18 dB from 0.5 to 4 km
due to this 1/r2 factor.

4.3. Maximum Range Based on Radar Receiver Dynamic Range

The radar receiver dynamic range is dependent on the radar design with radars
operating in different modes to increase the overall radar dynamic range [4]. However,
signal attenuation often prohibits the detection of thin clouds above highly attenuating
rain columns even when using the more sensitive operating modes. The following anal-
ysis determines the simulation parameters needed to mimic the WACR performance as
deployed for GOAmazon. To highlight the impact of wavelength dependent attenuation,
all simulations used the same WACR parameterization.

The WACR dynamic range during the GOAmazon field campaign can be estimated
by examining Doppler velocity power spectra and SNR profiles when attenuation is
completely extinguishing the return signal. For example, a WACR profile is shown in
Figure 8 from 9 November 2014 at 16:00:00 UTC as the surface Parsivel disdrometer
measured 2.4 mm h−1 rain rate. Figure 8a shows the Doppler velocity power spectra
profile, Figure 8b shows the SNR at each range gate, and Figure 8c shows individual power
spectra at ranges 1, 2, and 3 km. The SNR at 0.5 km is approximately 40 dB (Figure 8b),
SNR drops to about 0 dB at 3.0 km, then abruptly drops to less than −10 dB. Figure 1a
shows that the RWP 1.2 GHz VPR is observing a radar brightband at 4.7 km at 16:00 UTC.
Combining information from Figures 1 and 8 suggests that the WACR 95 GHz return signal
is being completely extinguished by rain attenuation.
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Figure 8. WACR measured Doppler velocity power spectra profile from 9 November 2014 at 16:00:00
UTC with surface rain rate of 2.4 mm h−1. (a) Power spectra from 0.3 to 4 km with color representing
power intensity [dB] (downward motion has positive velocity), (b) signal-to-noise ratio SNR [dB],
and (c) individual power spectra from 1, 2, and 3 km heights [dB].
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The individual power spectra at 1 and 2 km (Figure 8c) show well defined bi-modal
peaks due to the backscattering resonance minimum near 1.7 mm diameter raindrops (see
Figure 2b). Yet, the bi-modality is not as well defined in the spectrum from 3 km because of
the lower SNR. Visual inspection of the spectra profile (Figure 8a) suggest that bi-modal
spectra can be visually identified at ranges below 3 km. Thus, from this analysis, the lowest
usable SNR for this radar deployment is about 0 dB. Using the SNR at 0.5 km range as a
reference, the receiver dynamic range for this radar deployment is about 40 dB.

Turning back to Figure 7b which shows simulated SNR profiles for constant rain
rate precipitation shafts, the calibration constant CW

radar was selected to match the WACR
determined maximum pre-saturation SNR of 40 dB at 500 m. A 40 dB SNR dynamic range
implies this VPR can detect raindrops at all ranges until the SNR drops below 0 dB. In
Figure 7b, the SNR drops to 0 dB at approximately 1.7, 2.3, and 3.2 km for rain rates of 20,
10, and 5 mm h−1, respectively.

Figure 9a,b show the observed WACR SNR and the simulated SNR profiles for the
09 November 2014 rain event. The simulated W-band SNR profiles are derived from
the surface rain rate by first estimating measured reflectivity factor ZW

m (r) profiles using
Equation (11) and then converting to SNR(r) profiles using Equation (14). The minimum
SNR values plotted in Figure 9a,b are limited to −7 dB. The Parsivel disdrometer surface
rain rates used to construct the simulated SNR profiles are shown in Figure 9c. The red
circles in Figure 9a,b correspond to the range when the simulated SNR drops to 0 dB.
During hours 14–17, when the rain rates exceed 1 mm h−1, the red circles, in general, track
the minimum observed SNR shown in Figure 9a. Though, during hour 15, the red circles
are higher in height indicating that there is more attenuation, or a decrease in ZW

m , in the
observations (Figure 9a) compared to the simulated constant rain rate profiles (Figure 9b).
However, overall, the agreement is good enough to estimate how far WACR would measure
into rain during the GOAmazon field campaign.
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Figure 9. Time-height cross-section of W-band SNR. (a) Measured WACR SNR [dB] on 9 November
2014, (b) simulated SNR [dB] derived from surface rain rate (see Equations (11) and (14)). The two
black dashed lines at 4 and 2 km are visual aids to facilitate comparing panels. Red circles correspond
to the height where the simulated SNR in (b) is 0 dB. (c) Surface disdrometer rain rate used to
construct simulated SNR profiles in (b).
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4.4. Simulated Maximum Range into Constant Rain Rate Shafts at Multiple Radar Bands

To highlight how attenuation depends on radar operating frequency, the simulation
parameters derived to mimic the WACR as deployed in GoAmazon are used in the sim-
ulations for the other seven operating frequencies. Specifically, it is assumed that the
radar receiver has 40 dB dynamic range and the maximum SNR of 40 dB occurs at 500 m.
Figure 10 shows the maximum height coverage versus rain rate for the K-, Ka-, W-, and
G-bands for calculations including both rain and atmospheric gas attenuation. Focusing
first on the simulated WACR sensitivity, the W-band curve in Figure 10 indicates that in
order for WACR to observe above a 2.0 km column of rain, the rain rate in that column
must be less than 14 mm h−1. Assuming the WACR simulation parameters are applied to
K-, Ka-, and G-band radars, those radars would observe above 2.0 km for rain rates less
than approximately 60, 33, and 9 mm h−1, respectively.
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Figure 10. Estimated maximum VPR path length as a function of constant rain rate and for radar K-,
Ka-, W-, and G-bands. Maximum height is defined when the SNR drops 40 dB from the maximum
pre-saturation SNR observed at 500 m. Simulation parameters mimic W-band WACR as deployed in
GoAmazon.

To help compare how far mm-wave VPRs can measure rain into constant rain rate
precipitation columns, Table 5 lists the rain rates needed to extinguish the return signal
as a function of path length and radar band. Thus, this table indicates that in order to
measure rain beyond a rain column 3.5 km deep, the rain rate must be less than 138, 67,
26, 14, and 4 mm h−1 for radar X-, Ku-, K-, Ka-, and W-bands. Due solely to atmospheric
gas attenuation, the radar G-band return signal will be completely extinguished by 3.5 km.
Therefore, a G-band VPR will not detect any rain above 3.5 km, independent of rain shaft
rain rate.

Table 5. Rain rates [mm h−1] of constant rain rate precipitation shafts that extinguish the return signal
for different path lengths and for radar X-, Ku-, K-, Ka-, W-, and G-bands. Calculations based on
40 dB radar receiver dynamic range with maximum SNR observed at 500 m. Simulation parameters
mimic W-band WACR as deployed in GoAmazon and include atmospheric gas attenuation in the
ITU reference atmosphere.

Path Length X-Band Ku-Band K-Band Ka-Band W-Band G-Band

4.0 km 116 55 21 11 3 -1.

3.5 km 138 67 26 14 4 -1.

3.0 km 166 84 33 18 6 1
2.5 km >200 107 44 24 9 4
2.0 km >200 142 60 33 14 9

1. Return signal completely extinguished due to atmospheric gas attenuation.

4.5. Observed Maximum WACR Range versus Observed Surface Rain Rate

One way to check the WACR simulated maximum height through rain shafts is to
analyze the observed maximum WACR heights partitioned by the observed surface rain
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rate. Between September 2014 and November 2015, the Parsivel disdrometer measured
over 16,700 min of rain rate larger than 0.5 mm h−1. For each minute, the WACR SNR
profiles were analyzed to determine the height where the SNR dropped below the detection
limit. With approximately 30 WACR profiles per minute, there were over 370,000 WACR
profiles associated with observed surface rain rates. Figure 11a shows box whisker plots
of the maximum observed WACR height as a function of the surface rain rate. The 25-to-
75 percentiles are shown with the black boxes, the 50% median is represented with the
horizontal line within the box, and the 10 and 90 percentiles are indicated as the whisker
tips. Figure 11b indicates the number of WACR profiles for each rain rate.
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Figure 11. Observed WACR maximum height as a function of simultaneous surface rain rate. (a) Box
whisker plot of observed WACR maximum height, center line is median, box edges are 25 and
75 percentiles, and whisker tips are 10 and 90 percentiles. The blue line is the simulated W-band
WACR maximum height shown in Figure 10. (b) Number of WACR profiles for each surface Parsivel
disdrometer rain rate. Over 370,000 WACR profiles were observed when Parsivel disdrometer rain
rates were greater than 0.5 mm h−1 between September 2014 and November 2015.

The blue solid line in Figure 11a is the simulated W-band WACR maximum height
also shown in Figure 10. The simulated maximum heights fall between the observed 25 and
50 percentiles for all simulated rain rates. The higher observed maximum heights are prob-
ably due to the assumed constant rain rate in the simulations as well as variations in DSD
with height due to microphysical processes including raindrop breakup and coalescence.

5. Conclusions

This study explored the question: How far into a rain shaft can a mm-wave vertically
pointing radar (VPR) detect raindrops before the attenuation is so severe that the return
signal is extinguished? Since attenuation is the product of path length and specific atten-
uation, the experimental design systematically varied the rain rate to produce constant
specific attenuation rain shafts and then estimated the path length that attenuated the re-
turn signal so much that the signal-to-noise ratio SNR dropped below the VPR’s detection
limit. This study used surface disdrometer observations and publicly available T-matrix
scattering code to produce realistic radar reflectivity factor profiles at different radar oper-
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ating bands from 3 to 200 GHz. These simulated profiles were converted into VPR SNR
profiles and then used to determine when the return signal was no longer detectable by the
VPR. By varying the rain rate of the simulated rain shafts, the maximum path length that
extinguished the return signal was estimated as a function of rain rate for each operating
frequency.

The simulation parameters were derived to mimic the U.S. Department of Energy
Atmospheric Radiation Mission (ARM) W-band radar (WACR) as it was deployed in
the GoAmazon field campaign. To highlight how attenuation is dependent on radar
operating frequency, the simulations for the other radar bands used the same WACR
derived simulation parameters. Specifically, the simulations assumed a radar receiver with
40 dB dynamic range and the maximum SNR of 40 dB at 500 m. Details are provided
herein for determining these simulation parameters for other radar systems.

The W-band simulated maximum heights were collaborated with observed W-band
WACR heights partitioned by surface Parsivel disdrometer rain rates. The simulated
maximum height was between the 25 and 50 percentiles of the observed maximum heights.
The observed heights are postulated to be higher because the simulations assumed constant
rain rate while natural rain varied with height.

This study found that the primary factors limiting mm-wave VPRs from observing into
rain shafts include: (1) rain and atmospheric gas attenuation, (2) return power decreasing
as 1/r2 for volume scattering, and (3) radar receiver dynamic range.

Concerning rain and atmospheric gas attenuation, this study isolated the two atten-
uation factors so that they can be adjusted independently, as needed, to account for VPR
deployments in other field campaigns. The simulations indicate that for a radar to observe
above 3.5 km, the rain rate of rain shafts must be less than 26, 14, and 4 mm h−1 for K-, Ka,
and W-bands, respectively (see Table 5). Compared to observations, the W-band WACR
maximum heights ranged between 3 and 4.5 km when the surface disdrometer measured
4 mm hr−1 rain rate, which are based on 25-to-75 percentiles from over 25,000 W-band
radar profiles. The severe attenuation at low rain rates limits W-band observations to low
altitudes in convective cloud studies [13].

While the rain attenuation is not location dependent, gas attenuation is dependent
on water vapor amount. To produce general and repeatable results, this study used
International Telecommunication Union (ITU) reference atmosphere and near-surface
gas attenuation calculations [30,31]. These gas attenuations will need to be adjusted for
different deployment locations. In particular, the reference ITU gas attenuation at G-band is
so severe that a rain-free path length of 3.5 km will completely extinguish the return signal.
Rain attenuation will contribute to reducing this path length, further limiting G-band
ground-based VPR measurements to close range.

The decrease in return power due to the range squared factor (i.e., 1/r2) for volume
scattering is important for near radar observations. This 1/r2 factor causes an 18 dB
decrease in SNR as range changes from 0.5 to 4 km. Whereas a 3.5 km change in range
from 6.5 to 10 km only causes a 3.7 dB SNR decease. This decrease in radar sensitivity is
independent of rain rate.

The radar receiver dynamic range is an important factor in balancing the tradeoff
between not saturating at close range and making low SNR measurements at far ranges.
This study found that the WACR system deployed during GOAmazon had a 40 dB dynamic
range. Increasing the dynamic range in future radar hardware will increase the path length
mm-wave VPRs will be able to measure through rain shafts.

In summary, this study contributes to our understanding of how rain and atmospheric
gas attenuation impacts the performance of mm-wave VPRs and will help with the design
and configuration of multi-frequency VPRs deployed in future field campaigns.
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