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Abstract

A relative calibration technique has been developed for the U.S. Department of Energy’s (Deleted: is
(DOE) Atmospheric Radiation Measurement (ARM) user facility Ka-Band ARM Zenith Radars
(KAZRs). [Jhis method uses the signal attenuation gcaused by water menwphgggdqmgngsﬂgj;pgt@q (Deleted: The technique utilizes
reflectivity factor (Ze) pffsets. The wet-radome attenuation (WRA) is assumed to follow a *a_EDeleted: due to

. ( Deleted: collected
Joglinear relationship with rainfall rate during light and moderate rain, as measured by a collocated | . (Delete 4 for ostimates of the
surface disdrometer. The technique has an uncertainty of approximately 3 dB, due to factors such . (Deleted: offset
as disdrometer measurement error, rain variability between radar and disdrometer sample volumes k »(Del"'ted: logarithmic

Deleted: in
and the fitting function’s uncertainty for the WRA behavior. A practical advantage of this WRA- C =
(Deleted: conditions,

based approach to shorter-wavelength radar monitoring is that, while it requires a reference
disdrometer, it proves feasible for a wider range of collocated disdrometer measurements (Deleted: is shown viable
compared to traditional direct disdrometer comparison at the onset of light rain. This technique , (Deleted: than
thus offers a cost-effective monitoring tool for remote,or long-term radar deployments., o (Deleted: disdrometer

. ) ) . . . ) . L "(Deleted: comparisons in

This calibration technique was applied during the ARM TRacking Aerosol Convection | N (Delete a: Adding such techniques may provide an additional,
interactions ExpeRiment (TRACER) from October 2021 through September 2022. The estimated ‘(Deleted: /longer
Ze offsets were compared against traditional radar calibration and monitoring methods ysing ‘»(Deleted:
. . o Deleted: has been

available datasets from this campaign. Results show that the WRA-based offsets align closely with .. ( -

(Deleted: in Ze are evaluated
mean offsets found between cloud radars and from direct disdrometer comparison near the onset (Deleted: based on datasets
ofrain, while also reflecting similar offset and campaign-long trends when compared to collocated, (Deleted: during
independently calibrated radar wind profiler. Nevertheless, overall, the KAZR Ze offsets estimated
during TRACER remained stable, approximately 2 dBZ lower than the disdrometer estimates from
the campaign start until the end of June 2022, after which the offsets increased to around 7 dBZ
by the campaign’s end. This jncrease is linked to a drop of about 1 dB in transmitter power toward (Deleted: WRA

N AN ANAAAANA AN

the conclusion of the project.
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Short Summary

A relative calibration technique is developed for the cloud radar by monitoring the intercept

of the wet-radome attenuation (WRA) loglinear behavior as a function of rainfall rates in light and

moderate rain conditions. This WRA technique is applied to the measurements during the ARM

TRACER campaign and reports Ze offsets that compare favorably with the fraditional disdrometer

comparison near the time of rain onset, while also demonstrates similar offset and campaign-long

trends with respect to collocated and independently-calibrated reference radars.,_

v

1 Introduction

The U.S. Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) user

facility operates millimeter-wavelength cloud radars (35 and 94 GHz) at various global fixed and

"cloud' radars are often more sensitive than fraditional centimeter-wavelength, weather radars, ;/
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,(Deleted: for these radars is that they experience

(Deleted: to potential extinction in

Deleted: mean offsets found between the cloud radars and a
nearby...

Deleted: Overall, the KAZR Ze offsets estimated during
TRACER remains stable and at a level 2 dBZ lower than the
Ze estimated by disdrometer from the campaign start until
the end of June 2022. Thereafter, the radar offsets increase to
near 7 dBZ at the end of the campaign.
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allowing them to detect cloud droplets, more effectively. However, this sensitivity comes with a

trade-off, as shorter wavelengths are prone to partial or complete attenuation jn clouds and ; i

precipitation. Such attenuation introduces uncertainties in key radar-derived properties like ¢

Matrosov, 2005;
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reflectivity factor (Ze), affecting cloud and hydrological yetrieval accuracy (e.g., |
Deng et al., 2014; Zhu et al., 2019).
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Given the importance of accurate Ze measurements, the routine deployment and operation

of cloud radars pnecessitate frequent calibration and monitoring activities. In general, more rigorous -
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radar-based research has jncreasingly turned to 'relative!" calibration techniques, which rely on Ze
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2019). For finer-scale comparisons during ARM deployments, the Ka-Band ARM Zenith Radar [
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(KAZR) is often collocated with a Radar Wind Profiler (RWP, 915 or 1290 MHz) and, the Ka- and
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radars, the impact of WRA is potentially more significant. For example, at X-band, Bechini et al.

(2010) and Gorgucci et al. (2013) observed a loss of 5 dB in moderate rain by comparing

simultaneous X-band radar measurements at close range with a collocated video disdrometer. This

WRA has been shown to depend on the thickness of the water film (d) on the radome, which in
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(Deleted: through comparison of

(Formatted: Font: Not Italic

turn is a function of rain rate, as described by the Gibble formula (Gibble, 1964; Anderson, 1975):
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where i;is the kinematic viscosity of water (that also varies with temperature), » is the radome
radius, R is the rain rate, and g is the gravitational acceleration. Additional relations between WRA
and R have been developed based on the Gibble’s R1/3 formula by Frasier et al. (2013) and
Gorgucci et al. (2013) for X-band radar calibration studies.

Few studies have considered WRA for assessing cloud radar offsets at Ka-band (35 GHz).

As the water absorption coefficient is jnversely proportional to wavelength (Bertie et al. 1996,

Segelstein 1981), the WRA at Ka-band is approximately as three times as that at X-band for the

same depth of rainwater on the radome. It is understood that WRA will impact direct estimates of

the offset between cloud radar and disdrometer Ze estimates in rainy conditions, and faulty offset
assessment after rain ends may occur owing to extended radome drying delays. Therefore, direct
comparison concepts previously cited typically consider only the periphery cloud, drizzle or light
rain conditions (i.e., R < 1-2 mm hr') at the onset of a rainfall event to minimize various forms of
attenuation. This often is a very stringent and subjective employment of these conditions: First, it
limits the opportunities for direct disdrometer monitoring of cloud radar to a selected window of
rainfall rates and event timing. Identifying these light rain or drizzling conditions is also contingent
on the requirements for collecting high-quality disdrometer measurements (i.e., those that require
significant droplet number counts), wherein a separate rain rate cut-off may be required to avoid
significant WRA. Overall, it is potentially useful to establish other forms of cloud radar monitoring
that could benefit from a wider range of observations collected during precipitation window.

In this study, we first identify intervals of WRA for Ka-band radars by comparing

observations from ARM’s KAZR with a collocated suite of instruments, including a surface

u'(Deleted: and
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disdrometer, a calibrated RWP, and KaSACR/XSACR observations collected in vertical pointing
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then develop a new WRA,_fitting technique and apply it to calibrate the Ze offset for KAZR using -

TRACER measurements, The performance of this technique is evaluated against three traditional

relative calibration or monitoring methods for Ka-band radar: (i) direct disdrometer comparisons

of Ze in light rain at the onset of rain events, (ii) a cross-comparison with independently,calibrated

RWP measurements, and (iii) a cross-comparison with collocated scanning KaSACR

Jneasurements.

The paper is organized as follows. Section 2 introduces the radar datasets and supporting

TRACER datasets used in this study. In Section 3, a relative calibration technique is developed

(Deleted: is developed. This technique monitors

; (Deleted: daily

[ Deleted: collected during WRA conditions into moderate

.| to assess the KAZR long-term calibration offset trend

| Deleted: . Section 2 introduces the radar datasets and the

supporting TRACER datasets used in this study. In Section
3, by implementing a logarithmic relation between WRA and
rain rate in light to moderate rain, a relative calibration
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rainfall cases. In Section 4, the technique is applied to the
daily KAZR measurements during the TRACER campaign

(Deleted: the

with daily KAZR and KaSACR measurements collected during light and moderate rainfall

conditions. In Section 4, the technique is applied to the KAZR measurements during the TRACER

campaign to assess the long-term calibration offset trend for KAZR, and the result is evaluated

against other calibration methods. A summary of the performance of this WRA technique for
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Deleted: measurement. A summary of the performance for
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relative offset monitoring is provided in Section 5.

2 TRACER Dataset Description and Comparisons -~

The TRACER campaign took place in the Houston, TX region from 1 October 2021 to 30
September 2022 (Jensen et al., 2019, 2022, and 2023) with a goal of studying the interactions of

aerosols and convective clouds. The main surface measurement site was located at La Porte, TX

housed the deployment of the first ARM Mobile Facility (AMF1; Miller et al., 2016). The AMF1 .-

consists of several ground-based remote-sensing and profiling instruments, and included the

deployment of the KAZR, KaSACR/XSACR, and radar wind profilor (RWP) units that serve as

the radars for this study. The surface instrumentation also included multiple laser and video

disdrometers as reference anchors.

2.1 TRACER Cloud Radars (KAZR and KaSACR/XSACR) <
The KAZR (Widener et al., 2012) is a successor to ARM’s highly successful millimeter- . -
wavelength cloud radar (MMCR). The KAZR has a flat radome, inclined at 4°, A complete Jist of ’
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KAZR specifications is provided in Table 1. The KAZR transmits and receives two types of pulses:

(i) the burst pulse, a simple narrow pulse of radio-frequency energy (referred to as “GE” mode),

and (ii) the chirp pulse, a longer, frequency-modulated pulse with higher transmitted energy and
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imposed by the longer pulse length (referred to as “MD” mode). Although the MD mode is more /.

sensitive to clouds (i.e., has a lower minimum detectable Ze), only the KAZR GE mode data are

used for disdrometer comparisons, as near-surface observations are yequired.
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The KaSACR and XSACR are co-mounted on a scanning pedestal, (Kollias et al., 2014a, ,’"\", '(Deleted: nominally repeated

2014b). During TRACER, the KaSACR/XSACR jy

hemispheric range height indicator, (HSRHI) scans at 30° azimuth intervals, and then (iii) 2 minutes

of vertical pointing (VPT), mode. This study utilizes the 2-minute VPT mode segment, from gach,

10-minute scanning sequence (i.e,, nominal scanning VPT mode). The specifications during VPT

Jnode, are listed in Table 1, For one event during the campaign (September 3-4, 2022), the (
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KaSACR/XSACR was temporarily operated gxclusively in VPT mode (i.e,, stationary VPT mode)

for radar cross-calibration purposes. The KaSACR has an inclined radome similar to the KAZR, \
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has a conical radome with a slant angle of 45° to the surface. Overall, the WRA effect js expected

to be smaller for the XSACR compared to either Ka-band yadar, due to wavelength-dependent

differences,as well as fhe improved radome design. The KaSACR calibration offsets between May
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calibration adjustment (RCA) techniques (Skolnik, 2000, Hunzinger et al., 2020) and are reported \
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To compare with Ze estimates from VDISQUANTS, radar measurements at 500 m ar |

selected and corrected for gaseous attenuation using nearby radiosonde measurements (e.g., Ulaby *

etal., 1981). Rain attenuation is also corrected using specific attenuation coefficient (K) estimates .
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an ARM radar engineer, the power associated with the highest voltage digitizable by the radar’s

Analog-to-Digital Converter (ADC) is 5.9 dBm. The corresponding KAZR saturation reflectivity

at 500 meters is approximately 45 dBZ. given its calibration constant of -12 dBm. Similarly, the

KaSACR saturation reflectivity at 500 m is about 31 dBZ, given its calibration constant of -26
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than 25 dBZ. well below the saturation threshold. Additional supporting evidence through radar

profile comparisons can be found in the supplementary material.
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2.2 Surface Disdrometer Measurements and Value-Added Products «

A Parsivel2 laser disdrometer (LDIS) and a two-dimensional video disdrometer (VDIS)
unit were deployed at the main site during TRACER in very close proximity to the cloud radars.
For disdrometer geophysical quantities and data quality control, procedures follow the standard
drop size distribution (DSD) filtering in Giangrande et al. (2019) implemented by ARM in their
precipitation value-added products (Video Disdrometer Quantities--VDISQUANTS and Laser
Disdrometer Quantities--LDISQUANTS, Hardin et al., 2020). These products employ several fall
speed checks, temperature, drop shape/canting assumptions, larger drop restrictions (no drop sizes
> 5 mm) and drop count thresholds (> 20 drops per minute for a valid DSD) that impact estimates

of hydrometeor Ze and K for radar frequencies using a T-matrix scattering algorithm (Mishchenko

et al., 1996). As further discussed within the disdrometer literature (Tokay et al., 2001, 2013;
Giangrande et al., 2019; Wang et al., 2021), the VDIS is considered the more reliable and sensitive
disdrometer to a wider range of drop sizes under nominal light rain operating conditions.
Therefore, the estimated Ze at Ka-band in VDISQUANTS is used within this study as our ground
truth for KAZR calibration and surface rain rate, while the LDIS products have been used as an
independent reference for monitoring RWP Ze estimates (e.g., Williams et al., 2023), which is

required for additional direct radar comparisons in Section 4.

2.3 Radar Wind Profiler (RWP) -

Deleted: There is a concern that the radar might be saturated,
especially for the KaSACR near at its minimum range,

which could cause low bias in the measured Ze compared to
disdrometer Ze. Based on a communication with ARM radar
engineer, the power associated with the highest voltage
digitizable by the radar’s Analogue-to-Digital Converter
(ADC) is 5.9 dBm. The corresponding KAZR saturation
reflectivity at 500 meters is about ~45 dB with its calibration
constant of -12 dBm. Similarly, the saturation reflectivity at
500 m is about ~31 dB for KaSACR, with its calibration
constant of -26 dBm. While the measured radar reflectivities
from both KAZR and KaSACR at 500 m are generally less
than 25 dBZ, well below saturation. Further supporting proof
through the comparison of radar profiles can be found in
Supplement material.
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The RWP deployed during TRACER was operated using an adaptive scanning mode,
switching between a traditional boundary layer horizontal wind mode and a vertically-pointing
precipitation mode adopted by ARM for its recent deep convective cloud campaigns (e.g., Tridon
et al., 2013; Giangrande et al., 2013, 2016). When the signal-to-noise ratio in the vertical beam
exceeded a predefined threshold, the RWP switched into this precipitation mode and employs a
single vertically-pointing beam operation. This mode transmitted short- and long-pulses to observe
echoes close to the radar with fine resolution, or further from the radar with coarser
resolution. Important to this study, the TRACER RWP mode switching sometimes prevented the
RWP from immediately observing the periphery lightly precipitating clouds as they passed over
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the AMF1 site. However, this mode-switching sampling issue does not impact the bulk KAZR-
RWP Ze cross-comparisons because we primarily consider daily average behaviors. As before, the
RWP Ze measurements in precipitation mode were calibrated independently using collocated
LDIS observations (i.e., Williams et al., 2023), who found a standard deviation of 2 - 4 dBZ
between the RWP at 500 m and LDIS.

3 Cloud Radar Ze Calibration and Monitoring: Development of a New WRA Technique

3.1 Identification of WRA: KaSACR/XSACR, in Stationary VPT Modes

Figure 1a-c show the measured reflectivity (Ze) from the KaSACR/XSACR and the KAZR //e“i

f

1

GE mode on 03-04 September 2022, when the KaSACR/XSACR was operated exclusively in a /

ointing (VPT), mode. Two jntervals of widespread rainfall were captured: the

first around 17-19 UTC, and the second from 20-02 UTC. A radar !'bright band,' signature,

stationary vertica

indicative of the melting level, appears around 5 km AGL, during this event

frer 02 UTC, (20 |
LT), light rain gave way to high, scattered, clouds through, the night, until thick anvil clouds from /i
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The differing KaSACR patterns between the events jin Figures 2 and 4 are associated with

rainwater accumulation and the KaSACR/XSACR radar’s cycling between scanning and

stationary VPT modes. At the start of each scanning VPT period, the radome is covered by a

relatively thin film of rainwater, having shed water during the RHI and PPI scans. In VPT mode

excess rainwater yapidly accumulates on the radome, causing increased attenuation. Consequently

WRA for the KaSACR is modulated by the 10-minute scanning cycle. By contrast, during the |

continuous stationary VPT observations of KAZR and KaSACR pn 03-04 September, rainwater

resultin

accumulated steadily on their radome in similar WRA patterns, and the measured Ze

and Dze were parallel with a consistent offset of approximately 7 dB,
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In this section, we examine the WRA behavior toward developing a relative calibration

technique for cloud radar monitoring. Figure 5a shows the estimated Ze by KaSACR at 500ym

(black cross) after gaseous and rain attenuation corrections and the corresponding VDISQUANTS-

estimated Ze (red cross) as a function of R for the 03-04 September case. A very well-correlated /

monotonic relationship between the VDISQUANT-estimated Ze and R in logarithmic space is
observed. However, the KaSACR-measured Ze is biased low relative to the estimated Ze, and the
offset (D, = Zegis
R<0.1mmhr-!

— Zepeas shown in Fig. 5b) with increasing R, The Dze approaches 0 dB at

/

Dze increases up to 15 dB at R ~ 5 mm hr~',_which,is potentially a disadvantage when considering /

cloud radar observations in precipitation. However, this characteristic range of WRA relative to R

provides an opportunity for exploring relative radar calibration techniques,,

Given a quasi-linear correlation between Dze and R in logarithmic space in Fig. S5b, a

weighted linear least-squares fit of the Dze with R in logarithm can be applied, as described in

Equation 2,

D,e = a + blog(R) 2
For the cases shown in Fig. 5b, the fitted slope 4 js estimated to be 8.6. The intercept “a” captures+.
I, Given the KaSACR calibration

the radar calibration offset and the WRA when R is 1 mm hr

offset is close to 0, the intercept primarily reflects WRA at this rain rate, yielding an intercept of

approximately 11.1 dB,
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To further explore the intrinsic WRA dependence on R, we applied the WRA log-linear

fitting calibration technique to KaSACR jn its scanning-VPT modes. Due to water shedding during,

May 25, August 5, 11, 19, and 29.—and combined data from these events, The data collected from

those five days are plotted along with the corresponding VDISQUANTS-estimated Ze (red cross)

as a function of rain rates in Fig. 5g. For these events, Dze r-0.05) is -0.9 dB, with slope “b” fitted |
to 8.6. The corrected Ze using this log-linear fitted Dze is compared with the VDISQUANTS Ze //

/

in Fig. 7i, emonstrating a strong correlation with the reference Ze, along with a smaller standard /

deviation (1rr=0.91; mean bias, 0 dB: and gtandard deviation, 2.0 dB).

Recall the Dze (z-0.05) of -0.1 dB for stationary VPT mode in 03-04 September case, the
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Equation 2 can be a useful metric for radar offset monitoring., / R, and is close to...ligns closely with the 1 dB offset from
the direct disdrometer comparison at light rain onset in Fig.
The time and height plots of Ze from KaSACR, XSACR, and KAZR GE and MD modes 2. This suggests that the R dependence of WRA is a valid
assumption, therefore the interceptor or Dze (z-0.05) in the
on 03-04 September 2022 (after the WRA correction is applied) are shown in Figure 7. For the fitting Eq....f Equation 2 can be a useful metric for radar
L . . . . . offset monitoring. ... [182]
precipitating period, KaSACR is adjusted with Eq. 2 with a slope of 8.6 and constant of 11.1 (Table Deleted: appying...ith a slope of 8.6 and constant of 111
: : : : : : (Table 2 or Fig. 5b). XSACR is modified with the offset of 3
2 or Fig. 5b). XSACR is modified with the offset of 3 dB from VDISOUANTS (black cross in Fig dB from VDISQUANTS. . DISQUANTS (black cross in Fig
/ 2d), and KAZR GE mode is corrected using Eq. 2 with a

2d), and KAZR GE mode is corrected using Eq. 2 with a slope of 8.6 and an intercept of 18.5 /
(Table 2, or Fig. 5b). For non-precipitating periods, the calibration offsets for KaSACR and
XSACR are assumed to be 0 dB based on the previous discussion, while the KAZR GE mode is

calibrated with an offset of 7 dB. Jn contrast to the apparent difference of more than 5 dB between
KAZR and KaSACR gshown in Figure 1, the corrected Ze values from KAZR and KaSACR are

gcomparable to those from XSACR in cloud and light rain conditions. Under the relatively heavy
SACR Ze along the fall streaks

rain conditions aintains magnitudes pear 30

dBZ from the surface up to the melting layer, while Ze estimates from KAZR and KaSACR

gradually decrease from the surface to the melting layer, likely due to jncreasing attenuation in

Ka-band observations. This comparison in Figure 7 further supports the applicability of the WRA
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those from XSACR in clouds...loud and light rain
conditions. Under the relatively heavy rain conditions (see,
e.g., 2330 UTC), Ze in ...SACR Ze along the fall streaks
retains. ..aintains magnitudes ~...ear 30 dBZ from the
surface up to the melting layer, while Ze estimates from
KAZR and KaSACR gradually decrease from the surface to
the melting layer, presumably...ikely due to

accumulating. ..ncreasing attenuation in rain in ...a-band
observations. This comparison in Figure 7 further supports
the idea that ... [183]
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WRA technique, drifts larger than the 3 dB in the Jong-term calibration trend would be meaningful
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and identifiable.
The calculated KAZR calibration offsets during the entire TRACER campaign are shown
in Fig. 8a (black asterisk for the daily value, thin dash line yepresenting the mean campaign-wide

trend). The calibration offsets yemain relatively stable around 2 dB ,with a standard deviation of 3
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dB until 1 July 2022 (273 days since 1 Oct. 2021 in Fig. 12). After this date, the calibration offset

increases to around 7 dB in September. This shift is larger than the uncertainty of the fitting method ‘k

and the standard deviation of the fitting data, which is found to be linked to a drop of about 1 dB

in transmitter power toward the end of the project in TRACER radar bl data processing (Chen et
al., 2024)
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rate over the 5-minute sampling period and the minimum sensitivity, of VDISQUANTS. The

former jntroduces large uncertainty, while the latter Jimits the number of data samples, as shown

in Fig. 8a,,

4.2.2 WRA Fitting Technique Against the Calibrated RWP Ze .

As an independent cross-comparison, we alsoapply the WRA fitting technique with respect+,

to calibrated RWP Ze at RWP time resolution (less than 8 seconds), using interpolated disdrometer

rain rates over the entirce TRACER campaign. Here, Dze is replaced py the difference between

KAZR and RWP measurements.,. The WRA calibration offsets using RWP measurements are

shown with black asterisks jn Fig. 8b. First, we observe fewer available RWP data points, due to

RWP mode switching during transient rain events, For days with available RWP measurements,

the calibration offsets closely align with those derived using disdrometer-estimated Ze in Fig. 8a

and direct disdrometer comparisons. The offset frend drift from garly July fo September is

smoother and more clearly defined than the trend observed with disdrometer jneasurements, likely

due to better temporal resolution. Overall, the consistency in temporal trend and magnitude of

calibration offsets between disdrometer and RWP measurements jndicates strong performance of ||

the new WRA fitting technique,,

4.2.3 Cross-Comparison Between KaSACR and KAZR -

As previously mentioned, KaSACR calibration offsets remained stable between May and«

September 2022. Furthermore, its calibration offsets, calculated from the WRA fitting technique

with scanning VPT and stationary VPT measurements in Fig. 6, are approximately -0.9 to -0.1 dB,

respectively, and around | dB from, direct disdrometer comparison at light rain onset. We

tentatively assign a calibration offset of 0 dB for KaSACR observations. Cross-comparison

between KaSACR VPT mode and KAZR observations can then be used to quantify the KAZR

calibration offset trend. Since KaSACR and KAZR operate at the same frequency, this cross- /

comparison uses full-profile samples rather than measurements at a specific height level, as

cumulative gaseous and rain attenuation should be consistent across range gates.

For this cross-comparison, we first match the closest KaSACR profiles to KAZR profiles

and interpolate KaSACR height ranges to align with KAZR height yanges. We then select data
samples using a signal-to-noise ratio threshold of 5 dB for both KaSACR and KAZR. In
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precipitating events, KaSACR in scanning VPT mode is expected to exhibit a sawtooth or

modulated WRA cycling behavior, while KAZR VPT pperates under consistent/continuous WRA

using collocated surface rain yates from disdrometer measurements. Finally, the daily mean offsets {

between KaSACR and KAZR observations in non-precipitating clouds are calculated and shown i

in Fig. 8b (red diamonds). These calculated offsets display a trend similar to that observed from

the WRA fitting technique against RWP measurements in Fig. 8b, further supporting the validity
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at the end of the campaign,,

To extend the method to different disdrometer setups, we applied the WRA fitting

technique to LDISQUANTS estimates. Additionally, we tested sensitivity to fitting functions of k

log-linear and R1A3 dependencies to account for potential discrepancies. Figure 9 presents the

results with a 2-day running average. The daily calibration offsets show slight variation between

LDISQUANTS and VDISQUANTS, indicating minor differences in disdrometer measurements.

While the calibration offsets from the log-linear and R13 fittings can differ by up to 2 dB for
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(Deleted: supports

(Deleted: measurement
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certain day, the overall trends remain similar, with a mean offset of approximately 2 dB before

July 2022, increasing to around 7 dB afterward.

S Summary -

In this study, we have demonstrated the wet radome influence on Ka-band radar
observations through comparisons that included KaSACR VPT observations under scanning (that
may shed water buildup) and stationary (non-shedding) conditions. The WRA is attributed to both
wet film and cumulative rainwater collecting on the radar radome. This attenuation influence
increases, as the rain rate increases. In campaign settings, it was found this attenuation may exceed
10 dB under a modest rain rate of 5 mm hr -!. Taking advantage of the intrinsic WRA dependence

on rain rates as obtained in moderate rain events from the AMF1 deployment in Houston, TX

during the TRACER field campaign, a new relative calibration monitoring technique was

developed for use with the ARM KAZR (or similar cloud radar systems) observations,

The well-correlated relation between Dze and R (in logarithmic space) on precipitating

days is fitted with a log-linear equation, This rain dependence of WRA serves as the basis for this -~
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relative WRA calibration technique. The corrected KAZR Ze with fitted Dze, which includes the
WRA and Ze offset, agrees very well with both disdrometer-estimated and RWP-measured Ze.
The radar calibration offset is calculated from the fitted Dze -R relation when R equals 0.05 mm
hr !, assuming WRA is negligible at this light rain rate. The daily fitted slopes over the course of
the TRACER campaign vary between 6 and 10 due to different data sampling in different rain
types. A slope sensitivity study suggests that the calibration offset deviations due to slope variation
are likely within the standard deviation of the estimated Ze as function of R, as well as those typical
of underlying/collocated disdrometer measurement uncertainty (i.e. ~2-3 dB). The KAZR
calibration offsets calculated with a constant slope of 8 during the TRACER campaign are stable
near 2 dB compared to the disdrometer estimate with a standard deviation of 3 dB through June
2022. After that time, the calibration offsets increase to more than 7 dB.

The performance of the WRA fitting calibration technique is evaluated by comparing it
with direct disdrometer measurements at the onset of rain events. The wet-radome technique
consistently identifies a sound calibration offset over the entire project and arguably outperforms
the direct disdrometer and radar comparison at the onset of light rain by reducing noise and
increasing temporal consistency. The WRA fitting calibration technique is also applied to the
KAZR observation against the calibrated RWP Ze reference. This test reveals sound performance
and a clear and smooth matching trend in the July to September change in TRACER KAZR offsets,
indicating that the new technique can be applicable to other calibrated reference radars with
collocated surface rain rate measurements. The KAZR offset assessed from the cross-comparison
between the stable and calibrated KaSACR VPT mode and KAZR observations in non-
precipitating clouds also agree with the calibration offset trend from the WRA fitting technique.,,

The dialy calibration offsets varies due to the uncertainty of disdrometer measurements and the

fitting function of WRA. However the generally long-term trend from the WRA fitting technique

seens robust.

Determining the calibration offset and monitoring the long-term trend of ARM KAZR is
the first step towards studying cloud seasonal and inter-seasonal variation. Having an easily
adjustable cloud radar calibration method with collocated disdrometer or RWP data available will
also facilitate cloud microphysical property retrieval, cloud process studies, and cloud variation

associated with climate change using ARM KAZR measurements. This technique has the
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advantage of utilizing data from a broader range of light and moderate rain cases, avoiding the

stringent requirements of other shorter-wavelength radar monitoring methods, which often rely on

disdrometers or other radars and require observations of cloud, drizzle, or light rain at the onset of

precipitation. Future plans include testing this newly developed WRA technique at other ARM

fixed sites (e.g., in more humid, marine, or oceanic environments) to assess the extent of any

necessary site-specific refinements for different radar and sampling conditions. Recently, this

WRA monitoring technique has been applied to data from other ARM field campaigns, such as

the Surface Atmosphere Integrated Field Laboratory (SAIL) and the Eastern Pacific Cloud Aerosol
Precipitation Experiment (EPCAPE). Alongside TRACER, the offset trends derived from these

three campaigns have shown favorable agreement with results from other independent KAZR

calibration techniques documented in ARM radar bl data processing reports (Feng et al., 2024:

Matthew et al., 2024; Rocque et al., 2024).

| Deleted: Since the technique may consider data samples

collected during a wider range of light or moderate rain
cases, it has a far less stringent requirement that other
shorter-wavelength radar monitoring concepts using
disdrometers or other radars that necessitate cloud, drizzle or
light rain observations at rain onset. One plan is to test
whether this newly developed WRA technique may be
applicable to other cloud radars at ARM fixed sites (i.e.,
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environments), or to what extent further site-specific
refinement is needed for different radar and sampling
parameters. Recently, this WRA monitoring techinque has
been applied to measurements during other ARM field
campaigns such as surface atmosphere integrated field
laboratory (SAIL) and eastern pacific cloud aerosol
precipitation experiment (EPCAPE). Along with TRACER,
the resulted offset trends from those three campaigns are
evaluated favarably with the results from other KAZR
calibration technique done independently in ARM radar bl
data processing reports (Feng et al 2024, Matthew et al.
2024, Rocque et al 2024).9
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Table 1. List of parameters for KAZR GE mode, KaSACR/XSACR in vertical pointing (VPT)

mode, and RWP in precipitation mode.

(m)

KAZR KaSACR XSACR RWP
(GE (VPT mode) (VPT mode) (Precipitation
mode) mode)
Frequency (GHz 34.0 353 9.71 1.2
Wavelength 8.57mm 8.50mm 3.09cm 23.3cm
Beam width 0.3 0.3 1.0 >3
(degree)
Time resolution 2 4 3 5-8
(s)
Range resolution 30 25 25 225
(m)
Minimum range 160 Others: 428 288 335
tm) 0903/04: 453
Radome diameter 1.82 1.82 1.82 N/A
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Table 2. Sensitivity study of the slope value in the log-linear fitting for KAZR and KaSACR

calibration on 03-04 September 2022 case in Figure 1. b and a are the slope and constant

respectively, in the log-linear fitting in Eq. 2. Dz(R=0.05) is the radar calibration offset when rain

rate (R) equals 0.05 mm hr "!. More details can be found in Section 3.3.

KAZR KaSACR
b a Dz Correlation | Standard a Dz Correlation | Standard
(R=0.05) | coefficient | deviation (R=0.05) | coefficient | deviation
(rr) (dB) (1r) (dB)
6 | 171 9.3 0.88 3.8 9.8 2.0 0.89 34
8 | 18.1 7.7 0.90 39 10.9 0.5 091 3.4
8.6 | 185 7.3 0.91 4.1 11.1 -0.1 0.92 3.5
10 | 19.1 6.3 0.92 44 12.0 -1.0 0.93 3.7

| Deleted: Table 2. Temperature measurements at different

locations highlighted in Figure 1 from different resources,
which includes ARM TRACER AMF1 MET, ozonesonde
and boat measurements from TRACER — Air Quality 2
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radars. a) the timeseries of VDISQUANTS rain rate (black line) and rain droplet specific

attenuation coefficients (K, blue line) at Ka band. b) the time series of measured Ze from KAZR

2. Measurements and comparison on 03-04 September 2022 between VDISQUANTS and .
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