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Abstract

The use of millimeter wavelength radars for probing precipitation has recently gained
interest. However, estimation of precipitation variables is not straightforward due to
strong attenuation, radar receiver saturation, antenna wet radome effects and natural
microphysical variability. Here, an automated algorithm is developed for routinely re-
trieving rain rates from profiling Ka-band (35-GHz) ARM zenith radars (KAZR). A 1-D
simple, steady state microphysical model is used to estimate the impact of microphys-
ical processes and attenuation on the profiles of the radar observables at 35-GHz and
thus provide criteria for identifying when attenuation or microphysical processes domi-
nate KAZR observations. KAZR observations are also screened for saturation and wet
radome effects. The proposed algorithm is implemented in two steps: high rain rates
are retrieved by using the amount of attenuation in rain layers, while lower rain rates
by the Z,—R (reflectivity-rain rate) relation is implemented. Observations collected by
the KAZR, disdrometer and scanning weather radars during the DYNAMO/AMIE field
campaign at Gan Island of the tropical Indian Ocean are used to validate the proposed
approach. The results indicate that the proposed algorithm can be used to derive robust
statistics of rain rates in the tropics from KAZR observations.

1 Introduction

In the tropics, precipitation is produced from a wide range of cloud systems including
precipitating shallow cumuli, congestus, deep convective and mesoscale convective
systems (Houze, 2004). Observations of all clouds and associated precipitation are
needed to improve our understanding of the interaction between shallow and deep con-
vection and their roles in the tropical large-scale circulation (Yoneyama et al., 2013).
At the same time, macro- and micro-scale structures of cloud and precipitation sys-
tems span over a large range of spectrum. Holistic, continuous observations across the
scales of time, space and intensity are not easy to collect even at heavily instrumented
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sites (Mather and Voyles, 2012). More often than otherwise, only parts of the systems
are observed.

This is particularly true in the tropics where weather radar networks are extreme rare
and information of precipitation systems comes from active and passive space mea-
surements, ground-based at few long-term monitoring sites, and during special field
campaigns (Long et al., 2013). Tropical Rainfall Measurements Mission (TRMM, Kum-
merow et al., 1998) has collected observations of tropical rainfall that allow climatology
of tropical precipitation for more than 10 yr (Wang et al., 2013). NASA’s CloudSat Cloud
Profiling Radar (Lebsock and LEcuyer, 2011) provided unprecedented details of tropi-
cal cloud and precipitation. Multi-satellite based precipitation products yield information
at finer temporal scales (Huffman et al., 2007). However, shallow and light precipitation
remains a challenge for remote sensing measurement from space.

Since the 1990s, the US Department of Energy (DOE) Atmospheric Radiation Mea-
surements (ARM) program has established Tropical Western Pacific sites on Los Ne-
gros Island of Manus, Papua New Guinea (1996), on Nauru Island, Republic of Nauru
(1998), and at Darwin, Northern Territory, Australia (2002). At these sites, the ARM
program operates profiling Millimeter-wavelength Cloud Radars (MMCR) of 35-GHz
(Moran et al., 1998; Kollias et al., 2007a). The MMCR offers very high sensitivity and
high temporal and spatial resolutions for observations of low-level non-precipitating
(both shallow and stratus clouds) and high-level cirrus clouds because of its sensitivity
to probe small cloud droplets and ice particles (Clothiaux et al., 2000; Kollias et al.,
2007).

In heavy precipitation, MMCR observations are limited due to strong attenuation by
raindrops and radar receiver saturation in the lowest 1—2 km. Nevertheless, recent stud-
ies (e.g., Aydin and Daisley, 2002; Matrosov, 2005, 2007) have demonstrated the use
of millimeter wavelength cloud radars for retrieving rain rates during stratiform condi-
tions using attenuated information in the rain layer. Ka-band radars are able to monitor
transitions from shallow non-precipitating to precipitating clouds, which is impossible
for traditional precipitation radars (e.g., C-band).
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Extending and complementing the attenuation-based technique of estimating rain
rates using Ka-band radar observations can help in:

1. Probing cloud and precipitation from a single platform that allows observations of
cloud and precipitation as a continuous spectrum. Evolution in cloud population is
closely associated with many phenomena, especially in the tropics. Deployment of
multiple radars for separated retrieval of precipitation from different cloud systems
is feasible only in few special arrangements.

2. Retrieving precipitation from ka-band radars would be useful for many scientific
applications to shallow clouds such as, their cloud microphysical parameters, ra-
diation variables, and phase transitions, which have significant impact on diabatic
heating profiles of shallow clouds.

3. Deriving long-term precipitation climatology at the DOE ARM Manus site where
more than 10 yr of MMCR observations have been collected. This would be a valu-
able independent data set for comparison to space-borne precipitation products.

Recent enhancements of radar technology (Mather and Voyles, 2012) have sub-
stantially improved the quality of the Ka-band ARM Zenith Radar (KAZR, replaces the
old acronym MMCR) measurements. In the context of precipitation measurements, the
KAZR offers higher receiver dynamic range that limits receiver saturation. Here, we
extend the application of KAZR to routine precipitation retrieval. The rest of the paper
is organized as follows. Section 2 describes details of the instruments and dataset.
Section 3 introduces the automated algorithm to retrieve rain rates from the KAZR.
Section 4 discusses the uncertainties and comparison of KAZR rain rate estimates
with other ground-based observing tools. Section 5 gives a summary and conclusions.
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2 Instruments and datasets
2.1 Observational setting

The DYNAMO (Dynamics of the Madden—Julian Oscillation)/AMIE (ARM MJO Inves-
tigation Experiment) field campaign took place in the tropical Indian Ocean and sur-
rounding regions between 1 October 2011 and 31 March 2012. (Yoneyama et al.,
2013). By deploying multiple radars of different frequencies along with surface observa-
tions of the ARM Mobile Facility (AMF) at Addu Atoll of the Maldives (Fig. 1), it offered
a unique opportunity to study tropical cloud population. The instruments and their spec-
ifications are listed in Table 1. The radar triad consisted of the S-Polka, SMART-R and
KAZR. The KAZR is a profiling Doppler radar operates at Ka-Band (8.66 mm wave-
length), which was located at Gan Island airport as part of the AMF. The S-PolKa is
an advanced dual polarimetric and dual wavelength (10 cm for S-Band, and 0.8 cm for
Ka Band; Keeler et al., 2000) radar located on Hithadhoo Island (0.63°S, 73.10°E),
8.66 km from the KAZR. lts dual-polarimetric capabilities enables improved precipita-
tion estimates as well as hydrometeor identification, and its dual wavelength capabil-
ities allows retrieval of boundary layer humidity profiles and estimates of cloud liquid
water content (Ellis and Vivekanandan, 2010, 2011). The SMART-R is a C-Band (5cm
wavelength; Biggerstaff et al., 2005) scanning Doppler radar located also on Hithadhoo
Island (0.61°S, 73.09° E), 9.28 km from the KAZR. The SMART-R observation yields
quantitative precipitation estimates over range larger than that of the S-PolKa. Vertical
scans over the KAZR, were performed by both S-PolKa (every 15min) and SMART-R
(every 10 min), allowing a direct comparison between the three radars and their com-
bined data (Feng et al., 2013).

2.2 Ka-band ARM Zenith Radar (KAZR)

The new Ka-band ARM Zenith pointing Radars (KAZRs) offers vertical profiles of three
Doppler moments (reflectivity, Doppler velocity and spectrum width) at a resolution
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of 30m from near-ground up to 20 km and temporal resolution of 4s. The specifica-
tions of the KAZRs are listed in Table 1. The KAZR systems have higher dynamic
range than the MMCRs (~85dB compared to ~65dB), which enables to avoid early
receiver saturation during precipitation. (KAZR data used in this study were taken
from the KAZR ARSCL (Active Remote Sensing of Clouds) product from the ARM
data archive (www.arm.gov/instruments/kazr). KAZR-ARSCL provides cloud bound-
aries and best estimate of time-height fields of radar moments. In ARSCL, the KAZR
radar observations are corrected for gaseous attenuation and velocity folding and
non-significant (non-hydrometeors) are removed. The corrected KAZR measurements
along with the observations from the micropulse lidar (MPL), ceilometer, soundings,
rain gauge, and microwave radiometer (MWR) are combined to make KAZR-ARSCL
in two data streams: one with cloud base and cloud layer boundaries, and the other
including additional best-estimate of time-height fields of radar moments, and other
fields. Figure 2 shows an example of KAZR moments during a stratiform rain event.
The sharp gradients of reflectivity and Doppler velocity at ~5 km indicate the presence
of the melting layer. The KAZR is heavily attenuated for high rain rate episodes are
seen in the reflectivity field between 01:00-02:00 UTC and 04:00—05:00 UTC. The true
cloud top heights corresponding to these high rainfall periods are underestimated due
to heavy attenuation.

3 KAZR algorithm of rain rate retrieval
3.1 Physical basis

The development of a automated Ka-band algorithm for the rain rate R (mm h’1) de-
pends on the proper identification of the dominant mechanisms that control the profile
of radar reflectivity ZedBZ (decibels of mm® m‘3) and its gradient % (dB km‘1), where
h is height. In light rain the evolution of the drop size distribution (DSD) via different
microphysical processes (accretion above the cloud base, evaporation below the cloud
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base) has a non-negligible impact on the profile of the radar reflectivity Z, . Conse-
quently, the DSD parameters, in particular the concentration parameter. In this case,
specific attenuation A (dB km'1) cannot be used and the rain rate R can be calcu-
lated from attenuation-corrected reflectivity values using a proper Z,—R relationship.
In moderate rain, measured vertical gradient of reflectivity (i.e attenuation A) is not
very sensitive to the details of DSD for a given rain rate, because R and A are ap-
proximately proportional to the same moment of the DSD. The fact that # and A are
approximately proportional to the same moment of the DSD is explained in detail by
Matrosov et al. (2006).

The vertical gradient of the radar reflectivity of the rain DSD is provided by the fol-
lowing expression:

AZedBZ AZede
—an = A+ AN+ — ke (1)

where A, and A are the one-way specific attenuation by cloud and rain liquid water

AZ,
respectively, and — £ |op. is the induced vertical gradient of the reflectivity of the
rain DSD due to two microphysical processes: accretion above the cloud base and
evaporation below the cloud base. Here, a simple 1-D steady state microphysical model

that accounts for accretion of cloud droplets and raindrops/evaporation below the cloud

base is used to investigate the sensitivity of % to either microphysical processes or
radar signal attenuation by clouds and raindrops. The details of the parameterization
of accretion and evaporation in the model are described in Kollias et al. (2011).

Figure 3 shows the vertical gradient of reflectivity due to accretion, evaporation and
attenuation as a function of the Doppler velocity (normalized to the ground level). Above
the cloud base, a cloud liquid water content amount of 0.2 gm'3 is assumed constant
with height to estimate the change in the vertical gradient of the radar reflectivity due to
accretion. Below the cloud base, a relative humidity of 80 % is assumed to investigate
the impact of evaporation on the observed vertical gradient of the radar reflectivity.
Finally, the impact of cloud and liquid attenuation is show in Fig. 3. The rain DSD
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is assumed to follow the normalized gamma distribution (lllingworth and Blackman,
2002) and several runs for different shape parameter u and normalized intercept N,,
are shown. The appropriate distribution function is given by

N,,0.033(3.67 + u)*** u
N(D) = ¥ F((u+4)+#) (Dﬂ) -exp[—(3.67+u)D£] @)

Equation (2) reduces to the simple exponential with N, = N, when u =0. D, is the
median volume diameter. From the literature, the reported range of values of N, is very
large (e.g. Anagnostou et al., 2013) and the values of 8 x 10° and 2.5 x 10’ m™ are
taken here as the values representatives for the two bounds (or perhaps extremes).
The estimated values of the shape parameter y are mainly between -1 and 5 (e.qg.
Gorgucci et al., 2002).

The results are presented as a function of the mean Doppler velocity since this is an
observable variable and can be used to classify the precipitation profiles. As expected,
at low rain rates (mean Doppler velocity less than 4—5ms_1), the microphysical pro-
cesses that can affect the evolution of the rain DSD with height are the main contribu-
tors to the observed vertical gradient of the radar reflectivity. At mean Doppler velocities
higher than 5m s~ attenuation is the primary contributor to the observed Z, profile and
can be used to extract the rain rate. In Fig. 3, all calculations are done using the Mie
theory (and only attenuation). The attenuation by cloud is not shown in this figure. The
attenuation by liquid water cloud is proportional to the cloud liquid water content with
the proportionality factor slightly temperature-dependent (Matrosov et al., 2004).

Matrosov (2005) demonstrated that at 35 GHz there is a nearly linear relation be-
tween specific attenuation (A) and R. Matrosov used this relation to retrieve layered—
average rain rates from a Ka-Band vertically pointing radar. The important advantage
of this method is that the retrieval of the rain rate is independent of radar calibration, as
it does not depend on the absolute reflectivity values. The rain rate estimated in a uni-
form layer of rain is proportional to the height derivative of the reflectivity expressed in
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logarithmic units:

1y = k(o) (BZe
R(mmh™") = k(2c) (Ah) (3)

where Z, is reflectivity in logarithmic units, AZ, the difference of reflectivity between
the top and bottom of the layer considered, and Ah the depth of the rain layer. The
coefficient ¢ is 0.28dBkm™"h~'mm™". The coefficient k (dimensionless) accounts for
changes in the raindrop fall velocity due to changes in air density, o, such that k (h)
~ 1.1 p(h)’°'45. Equation (2) assumes that the two-way attenuation effect of the rain
layer is dominant compared to reflectivity changes within the layer due to microphysics.

In addition to liquid attenuation (discussed in the next section), at 35 GHz, the attenu-
ation from water vapor, especially in the Tropics, is significant. In the tropical boundary
layer the specific humidity can be as high as 20—259kg'1 and the signal attenuation
can reach 0.35dBkm™" (10_0'035, or 92 % km_1) at 35 GHz.

3.2 Retrieval algorithm

Figure 4 shows the flow chart that explains the steps taken in retrieving the rain rate
R using KAZR observations. First, the presence of rain in the profile is identified if the
maximum reflectivity is greater than —10dBZ. The rain aloft is considered to reach the
ground if the average radar reflectivity and mean Doppler velocity in the layer between
200-400ma.g.l. exceed 10dBZ and 3 ms™', respectively.

The next step is to identify the portion of the Z, profile that saturates the KAZR
receiver. KAZR saturation occurs at high rain rates where attenuation is the main con-
tributor to the observed Z, profile. Thus, we anticipate that the maximum reflectivity will
be observed at the lowest KAZR range gate and subsequently, Z, will decrease with
height due to liquid attenuation. If the maximum Z, is not located at the lowest gate,
the maximum radar reflectivity in the lowest 2km is detected. The rain layers below
the first maximum in reflectivity are not taken into account to avoid the KAZR receiver
saturation effects.

1815

AMTD
7,1807-1833, 2014

Automated rain rate

estimates using the

Ka-band ARM Zenith
Radar (KAZR)

A. Chandra et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/1807/2014/amtd-7-1807-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/1807/2014/amtd-7-1807-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

From Fig. 3, if evaporation effects are dominant, the theoretical maximum limit for
droplet’s Doppler velocities is ~ 5ms™'. Above this, the attenuation effects are dom-
inant. The mean Doppler velocity threshold for separating regimes where attenuation
effects are dominant is identified from plotting KAZR rain reflectivity values (averaged
between 200-400 ma.g.l.) against rain rates from disdrometer (collocated with few me-
ters apart from the KAZR) for different KAZR Doppler velocities as shown in Fig. 6a.
For Doppler velocities < 5 ms™', the drops are considerably small that the attenuation
effects can be neglected and the Z,—R relationship can be reasonably implemented
with some caution. Previous studies have also implemented Z,—R relationships at Ka-
band after correcting the reflectivities from profilers and S-band radars (e.g., Tokay
et al., 2009). Using mean Doppler velocity threshold (5 ms_1), the total rain events are
classified into two main regimes: rain events with dominant attenuation effects, and
rain events with negligible attenuation effects. Based on these two approaches, the
automated rain rate estimation algorithm is implemented.

3.2.1 A-R based estimation

Above saturated layers, rain layers are discretized up to 1.5km with varying depth
starting from 500 m for the first layer. For each layer, the reflectivity difference between
the top and bottom of the layer and the bulk reflectivity gradients are calculated. The
rain layers suitable for the attenuation technique are identified when both the reflectivity
difference between the top and bottom of the rain layer and bulk reflectivity gradients in
each rain layer are negative in order to minimize the effect of clouds (where the increase
in reflectivity due to condensation results in a reflectivity increase with height).

For the attenuation technique to work, it is necessary that the changes in reflectivity
in the rain layer due to attenuation are larger compared to changes due to microphysics
(non-attenuation). To quantify these relative magnitudes, the reflectivity changes in the
rain layer are calculated from both KAZR and collocated S-Pol reflectivity profiles. For
the cases where the attenuated effects are larger than the non-attenuated effects, the
non-attenuated magnitudes are subtracted from the attenuated reflectivity differences,
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there by accounting for the microphysics. For cases where non-attenuated effects are of
comparable magnitudes to the attenuated magnitudes are not considered for retrieval.
For most cases, if the rain-rate is about or greater than 5mm h™", the attenuated magni-
tudes are larger than the non-attenuated magnitudes by a factor of 3—4. Figure 5 shows
an example that illustrates reflectivity profiles for applying the A—R based technique to
estimate the rain rate. Compared to the S-polka, heavily attenuated KAZR beams (seen
as sudden dips in the cloud top heights) for higher rain rate episodes are shown in Fig.
5a and b; this results in underestimation of the cloud-top heights from the KAZR for
higher rain rates. Figure 5¢c and d demonstrates the KAZRs skill to retrieve rain rates
from attenuation information (gradient of reflectivity) over non-attenuated profiles from
the S-polka. For higher rain rates (R > 5mm h‘1), a near-linear relationship between
the gradient of reflectivity due to attenuation and the rain rate is clearly seen in Fig. 5d.

3.2.2 Z.—R based estimation of the rain rate

The increased dynamic range of the KAZR systems (~85dB) compared to the MM-
CRs (~60dB) makes KAZR systems not saturate under light rain conditions. As a re-
sult, a Z,—A relation can be implemented to retrieve low rain rates. Figure 6a shows
KAZR reflectivity values (averaged between 200-400 ma.g.l.) and rain rates from the
disdrometer as a function of Doppler velocities. Reflectivity values exhibit skill in im-
plementing the Z,—R relationship; but there is considerable scatter. The increase in
Doppler velocities with rain rates provides an additional constraint to eliminate outliers
in the reflectivity values and to further refine the Z,—R relationship. To do this, for dif-
ferent reflectivity bins, the mean and standard deviation of top 25 % of the Doppler
velocities are used as a threshold to eliminate the outliers. The reflectivity values are
removed if their corresponding Doppler velocities in each bin exceed the threshold.
Figure 6b shows the refined Z,—R relationship after using Doppler velocities as a con-
straint. The refined Z,—R relation can be implemented for rain rates up to ~4-5 mm h ;
above that the contribution of large drops starts to dominate (the Mie effect). In the
above Z,—R implementation, it is assumed that the attenuation effects are negligible
1817
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for low rain rates. In order to assess the effect of attenuation and to verify the valid-
ity of the obtained Z,—R relationship, the reflectivity values (at Ka-band; A = 8.66 mm)
are computed from DSDs obtained from a video disdrometer using Mie calculations
(Bohren and Hufman, 1983) as

Zap = 14075\(m2 +2)/(m2 = DE S (04D (D) @
/

where m,, is the refractive index of water, o, (Dg;) the Mie backscatter cross section, n;

(Dg;) the droplet concentration in jth diameter bin form disdrometer, and the summation

is performed over the disdrometer size bins. The computed reflectivity values from

DSDs are compared with the KAZR reflectivity values and corrections are applied to

the Z,—A relationship.

4 Rain rate comparison

Rain rates from the KAZR are continuously retrieved in two steps. For low rain
rate cases (DV < 5ms‘1), the Z,—R relationship is applied. For high rain rates
(DV>5m s ), attenuation technique is applied.

Figure 7 shows a scatter plot of 1 min averaged rainfall rates from a video disdrome-
ter and the KAZR with their correlation coefficient of 0.632. The comparison is shown
for R >5mmh™" where the A-R relationship is applied. Figure 8 shows the compar-
ison of 1 min averaged rain rates from the KAZR retrieval vs. a rain gauge. The total
rain events sampled during the DYNAMO period cover both stratiform and convective
rain events. The observed differences can be attributed to the factors such as sampling
volume differences between the rain gauge and KAZR, and also uncertainties in ap-
plying the A-R and Z,—R relationships. Nevertheless, the comparison in terms of the
time series and scatter plot agrees reasonably well.

Figure 9 shows the comparison of rain rate histograms from the KAZR, S-Polka
and Smart-R for three rain cases (stratiform, convective and total) respectively. The
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stratiform vs. convective rain rates are based on the bright band signatures near the
melting layer from the KAZR. The detection of the bright band is done following the
methodology explained in Geerts (2004). Qualitatively, the shape of the histograms
matches well with the peak in the convective rain rates, which is relatively higher com-
pared to the peak in the stratiform rain rates. This behavior of convective rain rate peak
being higher is due to strong updrafts, which makes rain droplets to grow bigger by
riming and results in higher rain rates as also shown in other studies (Steiner, 1995;
Deng et al., 2014). The difference in the shape of the histograms is mainly due to the
sampling volume differences and the distance between the radars (Table 1).

5 Summary and conclusions

An automated algorithm is developed to retrieve rain rates from profiling Ka-band ob-
servations. To the best knowledge of the authors, this is first attempt to extend KAZR
observations for routine rain rate retrieval. The algorithm is applicable to the KAZRs of
the ARM program and the MIRA-36 Ka-band radars deployed at several research insti-
tutions in Europe. The proposed algorithm uses two different method for estimating the
rainfall rate: (i) for high rain rates (DV > 5 ms'1), the A—R relationship is applied. (ii) For
lower rain rates (DV < 5 ms_1), the Z,—R relationship is applied. A 1-D microphysical
model that accounts for the microphysical processes of accretion and evaporation, and
radar attenuation due to liquid is used to infer the criteria for determining if microphysics
or attenuation controls the observed KAZR profiles of radar reflectivity.

The proposed algorithm is applied to 4 months of KAZR observations collected dur-
ing the deployment of the ARM Mobile Facility in the context of the DYNAMO/AMIE
field campaign. The KAZR retrieved rain rates are compared with the nearby surface
rain gauge and disdrometer measurements. The comparison shows a good agreement
with correlation coefficient of 0.63.

The statistics of the Ka-band retrieved rain rates are comparing to those derived from
the S-PolKa and SMART-R data. First the observations are decomposed to stratiform
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and convective rain events. The shape of the histograms between different radars is
consistent with each other and with the previous studies.

The present study sets a framework for retrieving rainfall rates from Ka-band radars
using an algorithm with a physical basis. This algorithm will be applied to retrieve rain
rates at the other ARM sites to study shallow to deep convection transitions and related
microphysical processes.
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Table 1. Specifications of radars used in this study.

Radar wavelength/frequency

Range, Resolution

Beamwidth, & sensitivity

Remarks

KAZR (8.66 mm/35GHz)

S-PolKa (10 cm for S-band,
0.8 cm for Ka-band)

SMART-R (5cm)

15km, 30m

150 km, 150 m

150/300 km, 100 m

0.3deg, —-45dBZ at 1 km

0.91deg, —30dBZ at 8.5km

1.5deg, —21dBZ at 10 km

Vertically pointing

Scanning: 8 PPIs (0.5 —11deg)
55 RHIs (0-45 deg) 8.62 km apart from KAZR

25 PPIs (0.5-33 deg)
RHI over KAZR 9.28 km from KAZR
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Fig. 7. Scatter plot of observed rain rates from a video disdrometer vs. rain rates retrieved from
the KAZR.
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