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ABSTRACT: Recent studies from the Seeded and Natural Orographic Wintertime Clouds: The Idaho Experiment
(SNOWIE) demonstrated definitive radar evidence of seeding signatures in winter orographic clouds during three inten-
sive operation periods (IOPs) where the background signal from natural precipitation was weak and a radar signal attribut-
able to seeding could be identified as traceable seeding lines. Except for the three IOPs where seeding was detected,
background natural snowfall was present during seeding operations and no clear seeding signatures were detected. This
paper provides a quantitative analysis to assess if orographic cloud seeding effects are detectable using radar when back-
ground precipitation is present. We show that a 5-dB change in equivalent reflectivity factor Z, is required to stand out
against background natural Z, variability. This analysis considers four radar wavelengths, a range of background ice water
contents (IWC) from 0.012 to 1.214 g m >, and additional IWC introduced by seeding ranging from 0.012 to 0.486 g m>.
The upper-limit values of seeded IWC are based on measurements of IWC from the Nevzorov probe employed on the
University of Wyoming King Air aircraft during SNOWIE. This analysis implies that seeding effects will be undetectable
using radar within background snowfall unless the background IWC is small, and the seeding effects are large. It therefore
remains uncertain whether seeding had no effect on cloud microstructure, and therefore produced no signature on radar,
or whether seeding did have an effect, but that effect was undetectable against the background reflectivity associated with
naturally produced precipitation.

SIGNIFICANCE STATEMENT: Operational glaciogenic seeding programs targeting wintertime orographic clouds
are funded by a range of stakeholders to increase snowpack. Glaciogenic seeding signatures have been observed by ra-
dar when natural background snowfall is weak but never when heavy background precipitation was present. This analysis
quantitatively shows that seeding effects will be undetectable using radar reflectivity under conditions of background
snowfall unless the background snowfall is weak, and the seeding effects are large. It therefore remains uncertain whether
seeding had no effect on cloud microstructure, and therefore produced no signature on radar, or whether seeding did
have an effect, but that effect was undetectable against the background reflectivity associated with naturally produced pre-
cipitation. Alternative assessment methods such as trace element analysis in snow, aircraft measurements, precipitation
measurements, and modeling should be used to determine the efficacy of orographic cloud seeding when heavy back-

27

ground precipitation is present.

KEYWORDS: Cloud microphysics; Radars/radar observations; Weather modification

1. Introduction

The hypothesis underlying cloud seeding to enhance pre-
cipitation from wintertime orographic cloud systems is that a
cloud’s natural precipitation efficiency can be enhanced by
converting supercooled water to ice upstream of a mountain
range so that newly created ice particles can grow and fall to
the surface as additional snow within a targeted area (Rauber
et al. 2019; Flossmann et al. 2019). Physical evaluations of this
hypothesis address four questions: 1) when and where does
supercooled liquid water occur in clouds? 2) What are the nat-
ural precipitation processes, and under what conditions can
the natural processes be enhanced by seeding? 3) Under what
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conditions will plumes of ground- or airborne-released seed-
ing material reach clouds upstream and within target river ba-
sins? 4) What is the microphysical chain of events following
seeding that leads to additional snow that contributes to
snowpack enhancement? Addressing the latter question re-
quires in situ measurements of seeding effects with aircraft
and/or with radar.

The first direct, unambiguous radar evidence of ice crystal
plumes created by cloud seeding with dry ice was reported by
Hobbs et al. (1981). In their experiment, dry ice was dropped
from an aircraft into a nonprecipitating, broken, supercooled
altocumulus cloud deck. A Ka-band (0.86 cm wavelength)
vertically pointing radar located downwind of the seeding line
then recorded a reflectivity plume passing over the radar that
extended from the seeding level to the ground. Extensive
seeding experiments were subsequently conducted over the
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American River basin of California during the Sierra Cooper-
ative Pilot Project (SCPP; Reynolds and Dennis 1986). SCPP
used a 5 cm wavelength scanning surveillance radar near
Sheridan, California, in the Sacramento Valley. During the
latter part of the SCPP between 1984 and 1986, a Ka-band
vertically pointing radar was also positioned in the target area
near the mountain crest in the Sierra Nevada. Seeding again
was carried out with dry ice, in this case in shallow orographic
clouds. Over several years, with the exception of one case,
seeding signatures were not detected by either radar. In the
one case, Deshler et al. (1990) reported that seeding effects
were detected by the Ka-band radar in nonechoing regions of
clouds in three seed lines, each line associated with radar echoes
of 10-15 dBZ in otherwise nonecho regions.

Orographic cloud seeding experiments employing radars
experienced over a two-decade hiatus in the United States fol-
lowing SCPP. The next experiment using radar, the Agl (sil-
ver iodide) Seeding Cloud Impact Investigation (ASCII;
Geerts et al. 2013), occurred in 2012/13. The campaign was as-
sociated with the Wyoming Weather Modification Pilot Pro-
ject (Rasmussen et al. 2018) and conducted ground-based
seeding using a target/control area approach over two ranges
in southern Wyoming. Pokharel et al. (2014) reported that
seeding signatures were not obvious in the reflectivity pat-
terns downwind of seeding generators in any intensive opera-
tion period (IOP) in their study. However, the composite
difference (seed-no seed) of radar reflectivity for all ASCII
cases in the target region in comparison with the control re-
gion showed an increase in reflectivity on both mountain
ranges for each of the three radar systems employed. These in-
cluded the W-band Wyoming Cloud Radar (WCR; Pazmany
et al. 1994; Wang et al. 2012) on the University of Wyoming
King Air (UWKA) aircraft (0.3-cm wavelength), a scanning
Doppler on Wheels (DOW; Wurman et al. 2021) radar (3-cm
wavelength), and a vertically pointing Micro Rain Radar
(MRR, 1.2-cm wavelength).

Definitive evidence of radar seeding signatures associated
with seeding in winter orographic clouds was reported in a se-
ries of recent papers (French et al. 2018; Friedrich et al. 2020,
2021) describing three IOPs from the 2017 Seeded and Natu-
ral Orographic Wintertime Clouds: The Idaho Experiment
(SNOWIE; Tessendorf et al. 2019). During each of the three
1OPs, light to no natural precipitation was present and seed-
ing resulted in well-defined, traceable seeding lines. These
were detected by both the airborne vertically pointing (nadir
and zenith) WCR and by DOW scanning radars positioned at
mountaintop locations upwind of the seeding plumes. Figure 1a,
for example, shows two lines of enhanced equivalent radar
reflectivity factor (Z,) that were observed during IOP 5 at
1729:41 UTC 19 January 2017 that are the result of seeding.
The University of Wyoming King Air flew repeated flight legs
perpendicular to the seeding aircraft in-cloud within 1 km of
cloud top at —11° < T'< —14°C to bisect the seeding signatures
(Fig. 1b). Clouds in this case were dominated by supercooled
liquid water (SLW), with leg-averaged, liquid water contents
(LWC) ranging from 0.1 to 0.2 g m >, and ice water contents
(IWC) ranging between 0.01 and 0.34 g m > associated with the
seeding signatures (Fig. 1c). Cloud droplet concentrations were
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< 30 em™? and supercooled drizzle with diameters > 100 wm
was observed in isolated pockets, similar to natural conditions
in other cases from SNOWIE (Friedrich et al. 2021, section 4a).
Natural background ice particle concentrations in this case were
< 1L7" and often < 0.1 L™! (Friedrich et al. 2021). The only
significant concentrations of ice observed at flight level were
within the seeding lines and over the highest terrain more than
40 km downstream where higher Z, was present. Background
Z, values were weak and ranged between —30 and —10 dBZ,
throughout the event and were comparable to other events where
seeding signatures were observed during SNOWIE. Seeding sig-
natures like those shown in Figs. 1a—c were not observed in any
cases with high background ice concentrations.

Similar signatures in SLW clouds have been observed else-
where. Most recently, Wang et al. (2021) used a 5.6-cm wave-
length radar in central China to document a reflectivity line
similar to that observed during SNOWIE. In their case, the
line developed following seeding near the northern edge of a
weak echo region within an orographic cloud system. A com-
mon feature of cases from the experiments discussed above is
that the background signal from natural precipitation was suf-
ficiently weak that the radar signal attributable to seeding
could be clearly identified. There are no published studies of
cases with heavy background precipitation where seeding
effects were observed with radar.

During the 2016/17 winter season, SNOWIE carried out
seeding operations during 18 IOPs. In only three was the sig-
nal on radar sufficiently clear that it could be attributed unam-
biguously to seeding. Except for these three cases, natural
precipitation was present during seeding operations and no
clear seeding signature was detected in the reflectivity field
from the radars. In these IOPs, and more generally in any ex-
periment where seeding occurs but the effects are not detected
with radar against a natural background, it remains uncertain
whether seeding had no effect on cloud microstructure, and
therefore produced no signature on radar, or whether seeding
did have an effect, but that effect was undetectable against the
background reflectivity associated with naturally produced pre-
cipitation. This paper provides a quantitative analysis examining
this conundrum to better understand when changes in cloud mi-
crostructure associated with seeding do or do not produce a de-
tectable change in the radar signal against a background of
natural precipitation.

2. SNOWIE and natural background variability

SNOWIE was carried out over the Payette River basin and
Salmon River Mountains of western Idaho from 7 January to
16 March 2017 (Tessendorf et al. 2019). During that time
23 research flights took place, with 18 flights occurring during
seeding operations. Previous work has addressed the impact
of airborne seeding with silver iodide aerosol (French et al.
2018; Friedrich et al. 2020, 2021). Heimes et al. (2022, their
Fig. 1) shows the location of the SNOWIE project domain
along with UWKA and seeding-aircraft flight tracks. Zaremba
et al. (2022, their Fig. 1) shows the SNOWIE domain in the
context of the Intermountain West.
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FI1G. 1. (a) The Z, from a 1° elevation scan of the X-band DOW radar on Packer John Moun-

tain valid at 1729:41 UTC 19 Jan 2017 during IOP 5. The solid black line is the UWKA flight
track. The red dashed line was the seeding-aircraft flight track. Discernable seeding lines are de-
noted. (b) The Z, from the WCR between 1725:30 and 1734:40 UTC 19 Jan 2017. Seeding signa-
tures are outlined. The black line is the UWKA flight track. (¢) Nevzorov IWC (black) and
LWC (red) in grams per meter cubed measured at flight level along the flight track. The black
vertical lines denote signatures of IWC enhancement due to seeding.

During SNOWIE, 35 flight legs were flown prior to the on-
set of seeding across all IOPs. These flight legs were used to
quantify the natural variability in Z, in orographic clouds
over the Payette River basin. First, linearly averaged Z, val-
ues (Z, then converted to WZ@) were calculated at each alti-
tude along each flight leg. The statistics for Z, are shown in
Fig. 2 as a contoured-frequency-by-altitude diagram (CFAD).
Heights were limited to < 5 km because seeding never oc-
curred above 4.5 km during the campaign. The median value
of Z, ranged from —5 to 0 dBZ, throughout the cloud depth

(Fig. 2a). Figure 2a also shows that the minimum Z was
~—10 dBZ, at altitudes < 3.3 km and ranged from —35 to
—10 dBZ, above 3.3 km. The maximum Z ranged from 5 to
10 dBZ, throughout the cloud depth. To quantify natural vari-
ability in Z, along the flight legs prior to the onset of seeding,
the mean of the difference in Z, at each altitude (expressed as
decibels) between the 75th and 25th and 95th and 5th quan-
tiles of each of the 35 flight legs was calculated (Fig. 2b). The
mean variability between the 25th and 75th quantiles in-
creased from 0 dB near the surface to ~10 dB above 2.5 km.
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FIG. 2. Statistics of WCR Z, along 35 flight legs during all SNO-
WIE IOPs prior to seeding. The seeding aircraft always seeded be-
low 5 km. (a) CFAD of leg-averaged WCR Z, binned every 5 dBZ,
and 100 m from the 35 legs. The solid line represents the median of
the 35 leg-averaged WCR Z,. The dotted lines represent minimum
and maximum leg-averaged Z, at a given height. (b) The average
difference between the 75th and 25th percentiles of Z, along the
flight legs (red line), and the average difference between the 95th
and 5th percentiles (blue line).

The mean variability between the 5th and 95th quantiles in-
creased from O dB near the surface to ~25 dB above 3 km.
Therefore, for a signal from orographic cloud seeding to stand
out from the natural background variability, a seeding signa-
ture would likely have to increase Z, by 5-10 dB or more to
clearly stand out against the background. A weaker signal
may be evident if it occurs in zig-zag lines downstream of the
seeding-aircraft path (e.g., French et al. 2018). However, for
distributed ground-based seeding, which occurs continuously,
patterns such as lines would not exist. In the subsequent anal-
ysis, we examine changes in cloud IWC that would result in
significant changes in Z, (>5-10 dB) so that the seeding sig-
nature could be observed against the natural background vari-
ability commonly observed during SNOWIE.

A Nevzorov liquid water and total water content probe
(Korolev et al. 1998) provided measurements of LWC and
IWC during SNOWIE. Deng et al. (2022) describes the use of
the Nevzorov probe during SNOWIE. Mean IWC from the
Nevzorov probe was calculated for all 238 flight legs flown
during SNOWIE. Three flight legs were flown entirely outside
of cloud and were not included in the statistical summary.
Also, any periods during which the aircraft was out of cloud
were not included in the mean for a given flight leg. Figure 3a
shows that almost all flight legs flown during SNOWIE had
mean IWC less than 0.30 ¢ m 2. The median value of the
mean IWC for all flight legs was 0.06 g m~>. Except for one
flight leg the mean IWC never exceeded 0.40 g m >, although
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FIG. 3. (a) Flight leg-averaged Nevzorov IWC from 235 UWKA
flight legs. This includes flight legs for which seeding occurred dur-
ing SNOWIE. (b) One-hertz samples of Nevzorov IWC within
seeding signatures. The time periods included are given in Table 1.

individual 5-Hz-averaged samples can have locally higher val-
ues (Deng et al. 2022).

The measurement of IWC by the Nevzorov probe has been
investigated in wind tunnel and in situ studies. Laboratory
and airborne studies employing image analysis have shown
that the Nevzorov probe causes shattering of ice particles
upon impact, leading to fragments that can be visibly carried
away from the conical cone inlet due to airflow around the
instrument (e.g., Korolev et al. 2013). Ice crystals can also
bounce off the instrument and be swept away by the sur-
rounding airflow (e.g., Strapp et al. 2005). Additionally, pools
of unevaporated water from ice crystals can accumulate in the
conical cone inlet, resulting in the expulsion of unevaporated
water from the sensor due to nonuniform heat distribution
during evaporation (Korolev et al. 2013).

Past in situ and laboratory research has determined that the
IWC measured by the Nevzorov probe with a shallow cone
design can be underestimated by a factor of 3.0 * 0.2 relative
to that obtained using alternative instruments (Strapp et al.
2005; Korolev et al. 2013). The UWKA Nevzorov has a
deeper cone design that may lead to smaller measurement
errors of IWC. However, quantitative estimates of the un-
certainties in the measurement of IWC with a deeper cone
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design are needed to determine the collection efficiency
(Faber 2017).

3. Approach

Seeding signatures were observed to locally increase Nev-
zorov IWC during two SNOWIE research flights (19 January
2017 and 20 January 2017). Seeding signatures were too low
to be observed in situ by the UWKA on a third flight because
of strong shear but were observed by the vertically pointing
WCR (Friedrich et al. 2021; 31 January 2017). Periods during
which the UWKA was passing through seeding signatures are
noted in Table 1. Figure 3b shows 1-Hz measurements of
IWC within the observed seeding signatures. IWC typically
ranged from 0.01 to 0.30 g m~> within seeding signatures with
a median IWC of 0.08 g m~* and a 95th-percentile value of
0.18 g m . These values provide a useful range from which to
explore the sensitivity of radar to changes in cloud microstruc-
ture associated with seeding. These measurements of IWC
would suggest that in a heavy precipitation event where natu-
ral mean IWC approached 0.45 g m >, seeding could result in
a 1%-40% increase in IWC over that already in the heavily
precipitating cloud.

Radiometer data and aircraft measurements show that
supercooled water occurs more frequently in shallow, warmer-
topped orographic clouds with low background cloud IWC
(e.g., Rauber and Grant 1986; Heggli and Rauber 1988), which
has led to recommendations that shallow orographic clouds
with little natural background ice particle concentrations are
more “seedable.” Although this is likely true in many storms,
the question addressed here is not whether certain cloud sys-
tems are more seedable than others because of their cloud mi-
crostructure, but rather whether a seeding signature can be
detected with radar when significant background precipitation
is present. For the purposes of this study, we therefore assume
the following:

1) SLW is available in all clouds, its concentration indepen-
dent of background ice water content, and its magnitude
sufficient to increase the IWC through seeding by a per-
centage that can range from 1% to 40% of that observed
in a natural heavily precipitating cloud.

2) The additional ice mass created by converting SLW to ice
by seeding is independent of the background IWC (i.e., a
cloud with low or high values of IWC will have its IWC
increased by the same amount by seeding). This is equiva-
lent to assuming that the SLW available for conversion to
ice at a given percentage level is sufficient in any cloud
and independent of background IWC.

3) The particle size distributions (PSDs) used in this analysis
are made up of spherical ice particles whose densities are
based on the parameterization of Brown and Francis
(1995) and indices of refraction corresponding to those
for dry snow (Sadiku 1985), so that Mie scattering theory
can be applied to calculate backscattered power. These as-
sumptions will be discussed more thoroughly in sections 3b
and 3d.
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TABLE 1. Time periods during which seeding signatures were
sampled by the UWKA. IWC from these time periods is shown

in Fig. 3b.

Start time End time 10P
1657:53 UTC 19 Jan 2017 1658:05 UTC 19 Jan 2017 5
1718:18 UTC 19 Jan 2017 1718:51 UTC 19 Jan 2017 5
1717:32 UTC 19 Jan 2017 1717:39 UTC 19 Jan 2017 5
1729:02 UTC 19 Jan 2017 1729:26 UTC 19 Jan 2017 5
1729:51 UTC 19 Jan 2017 1730:16 UTC 19 Jan 2017 5
1740:51 UTC 19 Jan 2017 1741:14 UTC 19 Jan 2017 5
1741:43 UTC 19 Jan 2017 1742:14 UTC 19 Jan 2017 5
0048:44 UTC 20 Jan 2017 0048:49 UTC 20 Jan 2017 6
0127:44 UTC 20 Jan 2017 0129:09 UTC 20 Jan 2017 6
0126:54 UTC 20 Jan 2017 0127:00 UTC 20 Jan 2017 6
0146:02 UTC 20 Jan 2017 0147:13 UTC 20 Jan 2017 6
0148:13 UTC 20 Jan 2017 0148:38 UTC 20 Jan 2017 6
0144:46 UTC 20 Jan 2017 0145:06 UTC 20 Jan 2017 6

4) The radars observing the clouds use wavelengths similar
to those in past airborne and ground-based studies (W band,
3 mm; Ka band, 0.86 cm; X band, 3 cm; C band, 5 cm).

5) The radar’s software derives the radar reflectivity factor
using the standard weather radar equation obtained from
Rayleigh-scattering theory (see Rauber and Nesbitt 2018).

6) Background ice PSDs can be represented as gamma dis-
tribution functions, where the number distribution func-
tion for a gamma distribution is given by

n(D) = n,D*e ", 1)

where D is the particle diameter, n, is the intercept pa-
rameter, A is the slope parameter, and w is the shape
parameter.

These assumptions represent a “best case” scenario in that
sufficient supercooled water will be present in heavy back-
ground precipitation. If it is not, radar detection of a seeding
signature will be more difficult to ascertain. The following pro-
cedure is then used to determine whether a seeding signature
can be detected with radar in the presence of background ice.

a. PSDs in heavily precipitating orographic clouds

Representative heavy background precipitation PSDs from
flight legs of the UWKA during SNOWIE were constructed by
merging data from two optical array probes: a two-dimensional
stereo probe (2DS; Lawson et al. 2006) and a two-dimensional
precipitation probe (2DP; Knollenberg 1981; Baumgardner et al.
2017). Data from the 2DS were used for particles between 100
and 1200 um and the 2DP for particles greater than 1200 um.
The size ranges used for the 2DS and 2DP probes were deter-
mined as follows: a lower threshold (100 wm) for the 2DS was
chosen to minimize uncertainty in the depth of field (e.g., Lawson
et al. 2006) and to remove potentially shattered artifacts (e.g.,
Jackson et al. 2014). An upper threshold (1200 um) was selected
as the 2DS-2DP cutoff point where the 2DS and 2DP most con-
sistently overlapped during SNOWIE. The 2DP array width was
6.4 mm. 2DS and 2DP data were processed using the University
of Illinois/Oklahoma Optical Array Probe Processing Software



32

-1

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 63

10
mmmm 8-9 dBZ,
10'3 E — 9-10 dBZ
E m— 10-11 dBZ
-5 7 11-12 dBZ,
10~ 1 — 12-13 dBZ,
~ 77 m—_|\lean PSD
£ 10 E
o -9 ]
E 1001
@10—11 ;
Z 3]
10 E
10-15 3
10_175..2 T T L
10 10 10 10
B Diameter (um)
10 1
,M mmmm= \ean PSD
10_3‘ mmm Gamma Fitted
Baseline PSD
53 N, -1.93105
- --0.84402
10 3 A 000103
E 103
== 3
? -97
g 10 7
SR
zZ E
10—131
103
177
10 T — T —— 7 ——
0’ 10° 10* 10°

Diameter (um)

FIG. 4. (a) Mean PSD measured by the 2DS/2DP probes for all flight legs with Z, > 8 dBZ,.
The Z, ranges are denoted by colors. The mean PSD used for the abbreviated time period
(2240:00-2242:00 UTC 18 Jan 2017; see Fig. 6) is shown in red. (b) The gamma-fitted baseline
PSD with IWCp = 1.214 g m > is shown in black.

(UIOOPS; McFarquhar et al. 2018). The size of each particle was
determined using the diameter of the minimum enclosing circle
and PSDs were calculated at 1-Hz intervals and then averaged
across the flight leg. Flight legs were typically 820 min long and
occurred at altitudes ranging from 3.2 to 5.2 km. Flight leg lengths
ranged from 19.5 to 135.6 km with a median leg length of 77.0 km.
UWKA true air speeds ranged from 802 to 131.5 m s~ ! with a
median true airspeed of 102 m s~ ' The flight legs were then
sorted based on the average W-band Z, near flight level (Z, & )
along each flight leg. Flight legs with Z, ;; > 8 dBZ, were isolated
for further consideration.

During SNOWIE, 19 flight legs had W-band Z, ., > 8 dBZ,
near the flight level. Two of these flight legs were from IOP 20
where the 2DS was not operational, and two flight legs had prob-
lems with the 2DP probe (RF02 FL7 and RF04 FL10). For the
remaining 15 flight legs, mean PSDs for each flight leg were

calculated to examine the variability between the legs (Fig. 4a).
These PSDs had mean volume diameters ranging from 1639 to
6657 wm, with a mean of 4515 wm. The distributions fell into two
categories. In the first category, which included nine flight legs,
the 2DS and 2DP showed poor agreement in their overlap region,
with errors approaching two orders of magnitude (cm™> pm ™).
This was believed to result from a problem with the 2DP probe
during some SNOWIE research flights. In the second category,
which included 6 flight legs, there was good agreement in their
overlap region. The flight legs with smooth overlap were retained
for further consideration. From these flight legs, the flight leg cor-
responding to the highest W-band Z, was chosen.

A CFAD for the flight leg was constructed from WCR data
between 2233:30 and 2243:35 UTC 18 January 2017 and shows
that the median W-band Z, remained approximately constant at
10 dBZ, between the surface and 4 km, and then decreased to
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FIG. 5. (a) The Z, from the WCR between 2233:30 and 2243:35 UTC 18 Jan 2017. The black line at 5-5.3-km altitude is the UWKA flight
track; (b) CFAD of Z, binned every 100 m in altitude and every 1 dBZ,; (c) Nevzorov IWC (black) and LWC (red). The vertical black lines
on (a) and (c) represent the time period from which the PSD in Fig. 4b was constructed. (d) The Z, from a 1° elevation scan of the DOW ra-
dar on Packer John Mountain valid at 2335:42 UTC 18 Jan 2017. The black line is the UWKA flight track.

—20 dBZ, near cloud echo top (Fig. 5b). The spread in Z, val-
ues at any altitude was approximately 10 dBZ,. The cloud sys-
tem was also sampled by an X-band DOW radar, located on
Packer John Mountain, a ridge upstream of the mountain
range targeted by Idaho Power Company’s seeding operations
(Fig. 5). The DOW 1° elevation scan in the lower part of the
cloud east of Packer John showed lower values, ~—5 dBZ,
(Fig. 5d).

A subset of the leg with the highest Z, between 2240:00 and
2242:00 UTC 18 January 2017 was chosen to create a represen-
tative PSD in heavy precipitation, and to ensure that concen-
trations of the larger particles were captured. This PSD had
Z,p = 136 dBZ, near flight level. The mean IWC observed
with the Nevzorov probe during the time period where this
size distribution was averaged was 0.455 g m>. The mean vol-
ume diameter of the particle size distribution from this flight
leg subset was 3277 um.

The ice crystal population associated with this segment, and
indeed all clouds sampled during SNOWIE, had a range of
habits that were poorly documented given that the best obser-
vations of habit were 2D particle images at the flight level. To
correctly calculate the reflectivity from the particle size distri-
bution would require assumptions about the habit distribu-
tions and then very complicated scattering calculations across
a range of habits that in the end would have large uncertainty.
The approach we took instead was to assume that the PSD is

made up of spherical particles with a consistency of dry snow,
whose diameters were estimated by using the minimum en-
closing diameter of the 2D images, and densities were based
on the parameterization of Brown and Francis (1995).

A gamma distribution function was then fit to this natural
ice particle size distribution (Fig. 4b) following McFarquhar
et al. (2015) using the zeroth, second, and third moments. The
IWC from the fitted gamma distribution was then calculated
using

!
IWC = X M,(D) n(D)AD, ()
i=1

where [ is the number of size bins, n,(D) is the number distri-
bution function calculated for the ith bin, AD is the bin width,
and M;(D) is the mass of a spherical ice particle with diameter
D at the center of the ith bin. The IWC was then calculated
using a variable density for ice based on Brown and Francis
(1995; see their Fig. 3, solid line), which can be expressed as

ps(D) = 140D, 3)

In this equation, p is the bulk density of an ice particle (g cm ™)
and D is the maximum diameter of an ice crystal (in micrometers
for D > 100 pm) (Atlas et al. 1995). This size distribution of
spherical particles, where the density varies as a function of dia-
meter, led to an overestimation of IWC by a factor of 2.6 relative
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FIG. 6. A comparison of all 113 560 one-hertz Nevzorov IWC measurements during SNOWIE
with WCR Z,. Shading corresponds to percentage of overlapping data points. Lines and their re-
spective colors correspond to different IWC/Z, relationships found in stratiform and winter
storms. The yellow dot is the observed Z, and IWC at flight level (13.6 dBZ and 0.455 g m>).
The large orange dot corresponds to the baseline distribution (13.6 dBZ and 1.214 g m ™). The
small orange dots correspond to the 297 “background” PSDs that were created by reducing

IWCp systematically to IWC = 0.99 X IWCg, 0.98 X IWCp,

..., 0.01 X IWCpg in 1% incre-

ments. The reduction was accomplished using three methods: 1) reducing n,, while holding A and
w constant, 2) reducing u while holding 7, and A constant, and 3) reducing A while holding 7,

and u constant. These are noted in the figure.

to the IWC observed by the Nevzorov probe during the heavy pre-
cipitation subset, but was within the uncertainty window of IWC
underestimation by the Nevzorov probe based on past laboratory
and in situ studies.

To exactly match the observed Z, along the leg segment, the
spherical particles were assumed to have an index of refraction
appropriate for dry snow. The calculated real part of the index of
refraction that exactly matched the measured reflectivity at W
band along the leg was 1.0316, very close to the values reported
by Sadiku (1985, their Table 4) for dry snow at 0°C. In the calcu-
lations that follow, we assumed that the imaginary component of
the index of refraction was zero so that the ice crystals sampled
did not absorb any transmitted power. This same index of refrac-
tion was also used for Mie scattering calculations for other wave-
lengths, based on Sadiku (1985), who reported virtually identical
indices of refraction for the wavelengths used in this paper. The
final gamma distribution was

n(D) =-1.931 OSD*0.844026*0.001 ()?:D7 (4)

and will herein be referred to as the “baseline cloud IWC,”
IWCp = 1.214 g m >, and will remain fixed throughout the re-
mainder of this paper (Fig. 7 below; blue box).

Figure 6 shows the position of the baseline distribution in
IWC/Z, space relative to all simultaneous 113560 one-hertz
measurements of IWC/Z, by the Nevzorov probe and the
WCR. Z, values from the aircraft were determined by inter-
polating between the first valid range gates above and below
the aircraft flight level to the level of the aircraft. Most aircraft
measurements fell beneath IWC/Z, relationships reported in
Hong et al. (2008), which used data from several field cam-
paigns to build IWC/Z, relationships for all observed ice crys-
tals and droxtals and Protat et al. (2016) who analyzed
stratiform clouds over the tropics. The position of the baseline
distribution point is slightly above the cloud of points in Fig. 6.
However, if the Nevzorov IWC is an underestimate of the true
IWC, the cloud of data for a true measure of IWC would
move upward on the figure. In this case, the baseline distribu-
tion would be near the peak of the cloud of data and would
therefore represent a very heavily precipitating background
ice cloud.

b. Background cloud PSDs with reduced IWC

To create PSDs for “background” clouds with reduced
IWC, the IWC was then systematically reduced from IWCp by
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modifying the baseline gamma distribution. The goal was to
determine the reduction in IWC needed to detect a seeding
effect with radar that exceeds background variability. Addi-
tional “background” PSDs were created by reducing IWCpg
systematically to IWC = 0.99 X IWCpg, 0.98 X IWCg, etc., to
0.01 X IWCp in 1% increments. The reduction was accom-
plished using three methods: 1) reducing n, while holding A
and p constant, 2) reducing p while holding n,, and A constant,
and 3) reducing A while holding n, and p constant. In this
manner, 297 additional ice particle size distributions were cre-
ated. The reason for reducing n,, w, and A in this manner is to
create background cloud ice particle size distributions with
lower IWC by systematically reducing the number of particles
in IWCg. The goal is to simulate lighter precipitation events to
determine when seeding would be detectable using radar.

The justification for testing each of the three parameters
(n,, A, and p) independently is that microphysical processes
can have effects on any or all of the three parameters of the
gamma distribution. For example, accretion of cloud drops
(riming) will not change n, but can change p or A because the
collection efficiencies of ice particles for water droplets vary
as a function of particle size and habit. Aggregation of par-
ticles has an effect on 7, but also changes w and A. The rate of
ice particle growth by diffusion is a function of particle diame-
ter. Although this will not affect n,, it will likely have an effect
on u or A. Sublimation effectively reduces the small particles
relative to the large particles, changing n,,, w, and A.

Results discussed herein are for 75%, 50%, 25%, 10%, 5%,
and 1% reductions of IWCjy [Fig. 7 (green boxes); Fig. 8]. Re-
ducing n, had the effect of reducing the concentration in each
size bin by the same amount regardless of size, effectively
translating the distribution to lower concentrations, resulting
in a reduction relative to IWCp (Fig. 8a). Reducing u resulted
in a larger fractional reduction in large particles relative to small
particles (Fig. 8b). Reducing A changed the slope of the distribu-
tion, resulting in a larger reduction in the concentration of larg-
est particles relative to the smaller particles (Fig. 8c).

c. Seeded distributions

Seeding was simulated by adjusting the baseline size distri-
bution to increase the IWC systematically to 1.01 X IWCpg
through 1.40 X IWCp in varying increments (1%, 5%, 10%,
15%, 20%, 30%, and 40%), again using three methods: 1) in-
creasing n, while holding A and p constant, 2) increasing p
while holding 7, and A constant, and 3) increasing A while holding
n, and p constant (Fig. 9). Increasing n,, w, and A in this manner
again had the primary effect of systematically increasing differ-
ent parts of the baseline size distribution, respectively. These
45 “seeded” size distributions are noted on Fig. 7 (yellow box).

For clouds with reduced background IWC (e.g., those in
the green boxes in Fig. 7), regardless of the IWC of the back-
ground cloud, the increment in IWC due to seeding was a A%
of IWCp. In other words, the amount of new ice introduced
into the cloud was independent of the background IWC but
was a fractionally greater amount for instances with lower
background IWC. The resulting IWC for these clouds are shown
on Fig. 7 (pink boxes). Figures 10-12 show the modifications to
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the background cloud particle size distributions as a result of
seeding for three values of background IWC, 50%, 10% and
1%, of IWCp.

d. Calculated change in reflectivity resulting from seeding

There is substantial variability in the backscattering effi-
ciency of ice particles when the index of refraction is taken as
a function of ice density, which itself depends on other factors,
such as ice crystal habit and temperature. Habits are variable
and unknown when collecting radar observations. In this
study, spherical particles were chosen for the ease of employ-
ing Mie scattering theory. We follow the procedure used by
Eriksson et al. (2018) and the database they created for the
single scattering properties at microwave frequencies. This is
a widely used and comprehensive database of single scattering
properties for a wide range of ice habits, including the spheres
we have used here. Based on figures in Eriksson et al. (2018),
we can appreciate that there exist orders of magnitude differ-
ences in backscattering efficiencies at certain frequencies and
size parameters across ice crystal habits. When taking ratios
of backscattering efficiency between populations sizes [see
Eq. (13)], the variability across habit is mitigated for frequen-
cies and sizes used in this study based on figures in Eriksson
et al. (2018), but not completely removed. Therefore, the use
of spherical snow particles with an index of refraction consis-
tent with dry snow (Sadiku 1985) is a limiting assumption, as
would be the use of any other assumed habit. As will be dis-
cussed below, we are not focused on the backscattered power
from a particular baseline PSD, but rather the ratio of back-
scattered power between seeded and unseeded PSDs.

For a given size distribution function n(D) of spherical
snow particles, the volume scattering coefficient B, for the dis-
tribution is

B.= [ n0)0,0) 7D aD. )

where Q (D) is the scattering efficiency factor. The scattering
phase function p is the scattering cross-section weighted aver-
age of the phase function:

p(cos®) = lan(D)Q (D)Esz(cosG); D) dD, (6)
BsJo 4

s

where O is the scattering angle. For radar backscatter,
cos® = —1. In general, the backscattered power P received
by the radar antenna illuminating a volume of spherical
snow particles at distance R from the radar is equal to

P =CB,p(-1), 0

where the value of C; depends on R and the characteristics of
the radar employed and the scattering phase function is evalu-
ated in the backscatter direction, where propagation effects
are neglected.

For a given size distribution n(D),, the backscattered power
received by the radar antenna is equivalent to

P[n(D)o] = C] Bsop()(_l)~ (8)
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FIG. 7. The blue box is the baseline ice water content IWCp. The green boxes denote (IWC, p), where IWC is the
reduced background IWC created to simulate weaker background precipitation events and p is the parameter (n,, A, or )
changed to achieve the reduction (see Fig. 8). The yellow boxes denote (IWC, p), where IWC is the increase in IWC as a
result of seeding and p is the parameter (1, A, ) changed to achieve the increase. The pink boxes show (IWC, p), where
IWC is the total IWC (background plus seeded) after seeding and p is the parameter (n,, A, or n) changed for both the
reduction (background IWC) and the additional IWC associated with seeding.
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FIG. 8. Modified background PSDs (corresponding to the green
boxes in Fig. 7) with IWC that is a percentage of IWCg. The PSDs
were obtained by (a) modifying n, while holding w and A constant,
(b) modifying p while holding 7, and A constant, and (c) modifying
A while holding 7, and u constant.

For a new size distribution n(D),, where we will use x to rep-
resent the percent increase in IWC of the size distribution due
to seeding, the backscattered power received by the radar an-
tenna is equivalent to

Pln(D),] = C, B p.(-1). ©)

Radar processing software used in research and operations calcu-
lates the reflectivity in terms of Rayleigh scatterers composed of
liquid water. The radar equation for Rayleigh scattering for a ra-
dar illuminating a distributed target of spherical snow particles
with a given size distribution n(D), at distance R is given by
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FIG. 9. (a) Baseline size distribution (blue box in Fig. 7) and
(b)—(d) incremental increase in particle concentrations due to seeding
to be added to IWCp (yellow box in Fig. 7). The seeding increments
to the IWCg PSDs were obtained by modifying n, while holding w
and A constant [in (b)], modifying u while holding #, and A constant
[in ()], and modifying A while holding 7, and u constant [in (d)].
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FIG. 10. Change in PSDs as a result of seeding three background
PSDs having IWC = (a) 0.50 X IWCg, (b) 0.10 X IWCp, and
(c) 0.01 X IWCp. The seeded PSDs were created by modifying
n, while holding n and A constant.

Pn(D),] = C,Z[n(D),. (10)
where C, depends on R and radar characteristics and the com-
plex index of refraction for liquid water, where Z is the sixth
moment of the size distribution and is called the radar reflec-
tivity factor. For a given size distribution n(D),, where x rep-
resents the percent increase in IWC of the size distribution
due to seeding, the radar equation for Rayleigh scattering is
given by

P[n(D),] = C,Z[n(D),]. (11)
For Mie scattering, the ratio of the power received from a vol-
ume of particles with a size distribution n(D),, IWC,, and an
index of refraction of dry snow, to that of the original back-
ground size distribution n(D), will therefore result in a change
in the observed equivalent reflectivity factor of
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Fi1G. 11. As in Fig. 10, but the seeded PSDs were created by modify-
ing w while holding 7, and A constant.

Pln(D),] _ B P.(=D) _ Z[n(D),]
Pln(D))] B, po(=1)  Z[n(D)y]’

(12)

From this, the change in equivalent reflectivity factor in loga-
rithmic units as a result of seeding can be obtained:

B, p.(—1)

AdB = dB - dB =10log,, ——.
n(D), n(D) 10 _
: 0 B po(=1)

(13)

To calculate the volume backscatter coefficient [B;p(—1)] of
the particle size distributions we assume that all particles are
spherical dry snow (Sadiku 1985). We neglect the contribution
to the volume backscatter coefficient from supercooled cloud
droplets, which are small and scatter weakly in the micro-
wave. The volume backscatter coefficient of individual par-
ticles was computed using Mie scattering calculations from
the code distributed with the Spherical Harmonic Discrete
Ordinate Method for 3D Atmospheric Radiative Transfer
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FIG. 12. As in Fig. 10, but the seeded PSDs were created by modi-
fying A while holding n,, and w constant.

5

(SHDOM,; Evans 1998). The index of refraction of four radar
wavelengths (W, Ka, X, and C band) was calculated by choos-
ing the real component of the index of refraction that allowed
us to retrieve the observed W-band reflectivity while also pre-
serving the original size distribution as discussed in section 3a.
The real part of the index of refraction used in this analysis
was 1.0316. This was near the reported real index of refraction
for dry snow at 0°C at microwave frequencies (1.016; Sadiku
1985). Integration of the backscatter coefficient over the parti-
cle size distribution was performed to obtain the backscatter
coefficient for the distribution of particles.

4. Results

As noted above, the IWCg was reduced as a percentage by
modifying n,, w, and A to create modified background size dis-
tributions with lower IWCs to simulate lighter precipitation
events. These reduced size distributions then had their IWC
increased by a percent of IWCg, where the percent ranged
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from 1% to 40%, independent of the background IWC. This
was done to determine when seeding would be detectable
using radar. The 1%-40% increase in IWC is based on
Nevzorov-measured IWC within seeding signatures, as dis-
cussed in section 3. Figure 13 shows the change in Z, due to
seeding as a function of the percentage of IWCy for four
radar wavelengths (W, Ka, X, and C) and seeding impacts of
1%,5%, 10%, 15%,20%, 30%, and 40%.

a. Changes in Z, as a result of seeding by modifying the
intercept parameter n,,

Simulating seeding by changing 7, increased the concentra-
tion of particles in all size bins in the PSD by the same
amount regardless of size. Figure 9b shows the additional ice
particles added to the distribution to simulate seeding that re-
sult in a percentage increase in IWCg. Figure 10 shows how
distributions that have 0.5, 0.1, and 0.01 IWCjp (0.607, 0.121,
and 0.012 g m~?) were modified as a result of seeding with
1%-40% increases in IWCp (from +0.012 to +0.486 g m ™)
independent of the original background.

Figures 13a—d and Table 2 summarize the effects of seeding
by modifying n,,.. Table 2 columns 1 and 2 show the IWC (and
the percentage of IWCp) added as a result of seeding to a
background IWC (columns 3-9) needed to produce a 1-, 2-,
3-, 5-, 10-, 15-, and 20-dB increase in Z, above background.
Total IWC in a seeded volume on Table 2 is the sum of the
IWC introduced by seeding (column 2) and that of the back-
ground cloud (columns 3-9). For example, looking at the bold-
face values on Table 2 at W band, if 1% of IWCg (0.012 g m )
was added to a cloud by seeding, a radar observation of that
cloud, if it originally had background IWC equal to 3% of IWCp
(0.036 g m™3), would result in a 1-dB increase in Z,. The total
IWC after seeding in this case would be the sum of the cells in
columns 2 and 3, which is 0.048 g m >,

From Table 2, for all wavelengths, an increase of 5 dB
above background cannot be achieved by seeding unless
background IWC is less than 0.18 IWCjy (0.219 g m~>) and
the seeding effect large (40% IWCp). The background IWC
would have to be even lower for a smaller seeding effect to
produce a 5-dB difference in Z,. For example, to achieve a
change in Z, of 5 dB above background, the background IWC
would have to be less than 0.02 TWCg (0.024 g m™~>) with a 5%
seeding effect (+0.061 g m ™), less than 0.06 IWCj (0.073 gm ™)
with a 15% seeding effect (+0.182 g m™>), and less than
0.18 TWCp (0.219 g m ) with a 40% seeding effect (+0.486 gm ).
A background TWC less than 0.04 IWCjg (0.049 g m ™) is re-
quired for a 10-dB increase above background for all radar
wavelengths given a 40% seeding effect (+0.486 g m™~) and
less than 0.01 IWCjp (0.012 g m ) with a 10% seeding effect
(+0.121 gm ™). To get a 15-dB seeding effect, the background
IWC would have to be less than 0.01 IWCj (0.012 g m™>) given
a40% seeding effect (+0.486 g m ™). In short, adding the same
concentration to all particle size bins to the background con-
centration in those size bins by modifying »n, would only pro-
duce a detectable signal if background IWC was small and the
seeding effect was large. Table 2 shows similar results for other
wavelengths.
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FI1G. 13. Change in observed Z, (dB) as a result of seeding as a function of background IWC for W-, Ka-, X-, and C-band radars. The
bottom x axis for each panel is the percent of IWCg, and the top axis is the actual background IWC. The y axis is the change in Z, due to
seeding. Different color lines represent the different values of IWC added to the background distributions as a result of seeding.

b. Changes in Z, as a result of seeding by modifying the
shape parameter

Simulating seeding by changing the shape parameter w
increased all size bins in the PSD, but there was a larger

fractional increase in large particles relative to small particles.

Figure 9c shows the additional ice particles added to the dis-

tribution to simulate seeding to produce a percentage increase
in IWCp. Figure 11 shows how distributions that have 0.5, 0.1,
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TABLE 2. Columns 3-9 represent the minimum background IWC [expressed as IWC (g m™°) and (following the comma) a
percentage of IWCg] required to achieve a specified 1-20-dB increase in reflectivity (AZ,), after varying amounts of IWC are
introduced through seeding (as specified in columns 1-2). The total IWC is the sum of the IWC (second column) introduced by
seeding for +1%-40% of IWCjp, as indicated in the first column, and the background IWC (columns 3-9). The boldface data are
used in the text as an explanatory example of this calculation. Data in the table correspond to Figs. 13a—d. Background IWC was

reduced by modifying #,,.

% of IWCg Background IWC (g m ), % of IWCjy (for different AZ,)

introduced IWC introduced by

by seeding seeding (g m ) 1dB 2 dB 3dB 5dB 10 dB 15 dB 20 dB
W band

1% 0.012 0.036, 3 0.012, 1 0.012, 1

5% 0.061 0.231, 19 0.097, 8 0.061, 5 0.024, 2

10% 0.121 0.461, 38 0.206, 17 0.121, 10 0.049, 4 0.012, 1

15% 0.182 0.692, 57 0.304, 25 0.182, 15 0.073, 6 0.012, 1

20% 0.243 0.935, 77 0.413, 34 0.243, 20 0.109, 9 0.024, 2

30% 0.364 1.214, 100 0.619, 51 0.364, 30 0.158, 13 0.036, 3

40% 0.486 1.214, 100 0.826, 68 0.486, 40 0.219, 18 0.049, 4 0.012, 1
Ka band

1% 0.012 0.036, 3 0.012, 1 0.012, 1

5% 0.061 0.231, 19 0.097, 8 0.061, 5 0.024, 2

10% 0.121 0.461, 38 0.206, 17 0.121, 10 0.049, 4 0.012, 1

15% 0.182 0.692, 57 0.304, 25 0.182, 15 0.073, 6 0.012, 1

20% 0.243 0.935, 77 0.413, 34 0.243, 20 0.109, 9 0.024, 2

30% 0.364 1.214, 100 0.619, 51 0.364, 30 0.158, 13 0.036, 3

40% 0.486 1.214, 100 0.826, 68 0.486, 40 0.219, 18 0.049, 4 0.012, 1
X band

1% 0.012 0.036, 3 0.012, 1 0.012, 1

5% 0.061 0.231, 19 0.097, 8 0.061, 5 0.024, 2

10% 0.121 0.461, 38 0.206, 17 0.121, 10 0.049, 4 0.012, 1

15% 0.182 0.692, 57 0.304, 25 0.182, 15 0.073, 6 0.012, 1

20% 0.243 0.935, 77 0.413, 34 0.243, 20 0.109, 9 0.024, 2

30% 0.364 1.214, 100 0.619, 51 0.364, 30 0.158, 13 0.036, 3

40% 0.486 1.214, 100 0.826, 68 0.486, 40 0.219, 18 0.049, 4 0.012, 1
C band

1% 0.012 0.036, 3 0.012, 1 0.012, 1

5% 0.061 0.231, 19 0.097, 8 0.061, 5 0.024, 2

10% 0.121 0.461, 38 0.206, 17 0.121, 10 0.049, 4 0.012, 1

15% 0.182 0.692, 57 0.304, 25 0.182, 15 0.073, 6 0.012, 1

20% 0.243 0.935, 77 0.413, 34 0.243, 20 0.109, 9 0.024, 2

30% 0.364 1.214, 100 0.619, 51 0.364, 30 0.158, 13 0.036, 3

40% 0.486 1.214, 100 0.826, 68 0.486, 40 0.219, 18 0.049, 4 0.012, 1

and 0.01 IWCj (0.607, 0.121, and 0.012 g m™~?) were modified
as a result of seeding by adding 1%—40% increases in IWCpg
(from +0.012 to +0.486 g¢ m~?) independent of the original
background IWC.

Figures 13e-h and Table 3 summarize the effects of seeding
by modifying w. From Table 3, for W- and Ka-band wave-
lengths, an increase of 5 dB above background cannot be
achieved by seeding if seeding produced an increase in IWCpg
less than 5% (0.061 g m ). To achieve a change in Z, of 5 dB
above background, the background IWC would have to be
less than 0.02 TWCjp (0.024 g m™>) with a 5% seeding effect
(+0.061 g m™>), less than 0.07 IWCp (0.085 g m™>) with a
15% seeding effect (+0.182 g m™>) and less than 0.31 IWCy
(0.255 g m™?) with a 40% seeding effect (+0.486 g m >) at W
band. Wavelength differences appeared when u was used to
modify the distributions. A background IWC of 0.01 IWCpg
(0.012 g m™?) would result in a 15-dB increase above background

for a 20%-30% (+0.243-0.486 g m~>) seeding effect for a
W- and Ka-band radar, and a 15%-20% (+0.182-0.243 g m )
seeding effect for a X- or C-band radar. Again, adding medium-
sized particles to the background particle size distributions by
modifying u produced a limited increase in Z, as a result of
seeding, requiring a weak background IWC for a seeding effect
to be discernable at any radar wavelength, given the natural
variability of Z, within orographic clouds (Fig. 2b).

¢. Changes in Z, as a result of seeding by modifying the
slope parameter A

Simulating seeding by changing the slope parameter A has
the primary effect of adding large particles to the size distribu-
tion. Figure 9d shows the additional ice particles added to the
distribution to simulate seeding to produce a percentage in-
crease in IWCp. Figure 12 shows how distributions that have
0.5, 0.1, and 0.01 IWCjp (0.607, 0.121, and 0.012 g m~>) were
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TABLE 3. As in Table 2, but background IWC was reduced by modifying .

% of IWCpg Background IWC (g m ™), % of IWCj (for different AZ,)

introduced IWC introduced by

by seeding seeding (g m ™) 1dB 2 dB 3 dB 5dB 10 dB 15 dB 20 dB
W band

1% 0.012 0.049, 4 0.012, 1 0.012, 1

5% 0.061 0.243, 20 0.109, 9 0.061, 5 0.024, 2

10% 0.121 0.473, 39 0.206, 17 0.121, 10 0.061, 5 0.012, 1

15% 0.182 0.704, 58 0.316, 26 0.182, 15 0.085, 7 0.012, 1

20% 0.243 0.947, 78 0.449, 37 0.279, 23 0.134, 11 0.036, 3 0.012, 1

30% 0.364 1.214, 100 0.656, 54 0.401, 33 0.194, 16 0.049, 4 0.012, 1

40% 0.486 1.214, 100 0.850, 70 0.522, 43 0.255, 31 0.061, 5 0.012, 1
Ka band

1% 0.012 0.061, 5 0.024, 2 0.012, 1

5% 0.061 0.267, 22 0.121, 10 0.073, 6 0.036, 3

10% 0.121 0.498, 41 0.231, 19 0.146, 12 0.073, 6 0.012, 1

15% 0.182 0.728, 60 0.340, 28 0.206, 17 0.097, 8 0.024, 2

20% 0.243 0.947, 78 0.449, 37 0.279, 23 0.134, 11 0.036, 3 0.012, 1

30% 0.364 1.214, 100 0.656, 54 0.401, 33 0.194, 16 0.049, 4 0.012, 1

40% 0.486 1.214, 100 0.85, 70 0.522, 43 0.255, 31 0.061, 5 0.012, 1
X band

1% 0.012 0.073, 6 0.036, 3 0.024, 2 0.012, 1

5% 0.061 0.291, 24 0.146, 12 0.085, 7 0.049, 4 0.012, 1

10% 0.121 0.534, 44 0.267, 22 0.170, 14 0.085, 7 0.024, 2

15% 0.182 0.753, 62 0.376, 31 0.231, 19 0.121, 10 0.036, 3 0.012, 1

20% 0.243 0.971, 80 0.473, 39 0.304, 25 0.158, 13 0.036, 3 0.012, 1

30% 0.364 1.214, 100 0.680, 56 0.425, 35 0.219, 18 0.061, 5 0.012, 1

40% 0.486 1.214, 100 0.874, 72 0.546, 45 0.279, 23 0.085, 7 0.024, 2
C band

1% 0.012 0.073, 6 0.036, 3 0.024, 2 0.012, 1

5% 0.061 0.291, 24 0.146, 12 0.085, 7 0.049, 4 0.012, 1

10% 0.121 0.534, 44 0.267, 22 0.170, 14 0.085, 7 0.024, 2

15% 0.182 0.753, 62 0.376, 31 0.231, 19 0.121, 10 0.036, 3 0.012, 1

20% 0.243 0.917, 80 0.473, 39 0.304, 25 0.158, 13 0.049, 4 0.012, 1

30% 0.364 1.214, 100 0.680, 56 0.425, 35 0.219, 18 0.061, 5 0.024, 2

40% 0.486 1.214, 100 0.874, 72 0.546, 45 0.279, 23 0.085, 7 0.024, 2

modified as a result of seeding by adding 1%—40% increases
in IWCg (from +0.012 to +0.486 g m ) independent of the
original background.

Figures 13i-1 and Table 4 summarize the effects of seeding
by modifying A. From Table 4, for all wavelengths, an increase
of 5 dB above background can be achieved if seeding pro-
duced an increase in IWCp of at least 1% and background
IWC was sufficiently low. The background IWC at W band to
achieve a change in Z, of 5 dB above background would have
to be less than 0.02 IWCy (0.024 ¢ m %) with a 1% seeding
effect (+0.012 g m ™), less than 0.11 IWCj (0.134 g m™>) with a
15% seeding effect (+0.182 g m~>), and less than 0.23 TWCjp
(0279 g m™?) with a 40% seeding effect (+0.486 g m ). Notable
wavelength differences appeared when A was used to modify the
distributions. The same change of 5 dB at Ka band with a 15%
seeding effect (+0.182 g m™>) required an IWC < 024 TWCj
(0291 g m™?), an IWC < 038 IWCjp (0.461 g m ™) at X band,
and an IWC < 0.38 IWCj (0461 g m™~>) at C band. In summary,
adding large particles to the background particle size distribu-
tions by modifying A resulted in larger increases in Z, as a result
of seeding, with a weaker constraint on background IWC in com-
parison with modifying #, and pu.

In conclusion, regardless of how the size distributions were
modified (i.e., decrease of n,, u, or A), and regardless of the in-
crease in IWC due to seeding (1%-40%; 0.012-0.486 g m ),
the change in Z, for IWCs between 0.5 and 1.0 IWCy (0.607
and 1.214 ¢ m™?) was less than 5 dB.

5. Summary

This paper provides a quantitative analysis to assess if oro-
graphic cloud seeding effects are detectable using radar re-
mote sensing when background precipitation is present. A
gamma size distribution function was fit to a natural ice PSD
representative of a heavily precipitating orographic cloud sys-
tem from the SNOWIE field campaign. The value of the real
part of the index of refraction (1.0316), appropriate for dry
snow, was used so that the calculated Z, assuming spherical
particle shapes matched the measured Z, from the Wyoming
Cloud Radar on the University of Wyoming King Air,
allowing us to retrieve the observed W-band reflectivity while
also preserving the original size distribution. This gamma
distribution was considered as the “baseline cloud IWC,”
IWCp = 1.214 g m . This distribution was then modified to



JANUARY 2024

ZAREMBA ET AL.

43

TABLE 4. As in Table 2, but background IWC was reduced by modifying A.

% of IWCpg Background IWC (g m ™), % of IWCjy (for different AZ,)

introduced IWC introduced by

by seeding seeding (g m ™) 1dB 2 dB 3 dB 5dB 10 dB 15 dB 20 dB
W band

1% 0.012 0.097, 8 0.061, 5 0.036, 3 0.024, 2 0.012, 1

5% 0.061 0.291, 24 0.158, 13 0.109, 9 0.073, 6 0.024, 2 0.012, 1

10% 0.121 0.510, 42 0.267, 22 0.182, 15 0.109, 9 0.049, 4 0.024, 2 0.012, 1

15% 0.182 0.728, 60 0.364, 30 0.243, 20 0.134, 11 0.061, 5 0.024, 2 0.012, 1

20% 0.243 0.947, 78 0.461, 38 0.304, 25 0.170, 14 0.073, 6 0.036, 3 0.012, 1

30% 0.364 1.214, 100 0.656, 54 0.413, 34 0.231, 19 0.085, 7 0.036, 3 0.024, 2

40% 0.486 1.214, 100 0.850, 70 0.534, 44 0.279, 23 0.097, 8 0.049, 4 0.024, 2
Ka band

1% 0.012 0.219, 18 0.158, 13 0.121, 10 0.085, 7 0.049, 4 0.024, 2 0.012, 1

5% 0.061 0.473, 39 0.316, 26 0.255, 21 0.182, 15 0.097, 8 0.061, 5 0.036, 3

10% 0.121 0.680, 56 0.449, 37 0.340, 28 0.243, 20 0.134, 11 0.073, 6 0.049, 4

15% 0.182 0.862, 71 0.546, 45 0.413, 34 0.291, 24 0.158, 13 0.097, 8 0.061, 5

20% 0.243 1.032, 85 0.643, 53 0.486, 40 0.328, 27 0.170, 14 0.109, 9 0.061, 5

30% 0.364 1.214, 100 0.801, 66 0.595, 49 0.401, 33 0.206, 17 0.121, 10 0.073, 6

40% 0.486 1.214, 100 0.947, 78 0.704, 58 0.461, 38 0.231, 19 0.134, 11 0.085, 7
X band

1% 0.012 0.376, 31 0.279, 23 0.231, 19 0.170, 14 0.109, 9 0.061, 5 0.036, 3

5% 0.061 0.668, 55 0.498, 41 0.413, 34 0.316, 26 0.182, 15 0.121, 10 0.073, 6

10% 0.121 0.850, 70 0.631, 52 0.522, 43 0.401, 33 0.243, 20 0.158, 13 0.097, 8

15% 0.182 0.983, 81 0.741, 61 0.607, 50 0.461, 38 0.279, 23 0.182, 15 0.121, 10

20% 0.243 1.093, 90 0.813, 67 0.668, 55 0.510, 42 0.304, 25 0.194, 16 0.134, 11

30% 0.364 1.214, 100 0.947, 78 0.777, 64 0.595, 49 0.352, 29 0.231, 19 0.146, 12

40% 0.486 1.214, 100 1.044, 86 0.862, 71 0.656, 54 0.388, 32 0.255, 21 0.170, 14
C band

1% 0.012 0.388, 32 0.291, 24 0.243, 20 0.182, 15 0.109, 9 0.073, 6 0.049, 4

5% 0.061 0.608, 56 0.510, 42 0.425, 35 0.328, 27 0.194, 16 0.121, 10 0.085, 7

10% 0.121 0.862, 71 0.656, 54 0.546, 45 0.413, 34 0.255, 21 0.158, 13 0.109, 9

15% 0.182 0.983, 81 0.741, 61 0.607, 50 0.461, 38 0.279, 23 0.182, 15 0.121, 10

20% 0.243 1.105, 91 0.826, 68 0.692, 57 0.522, 43 0.316, 26 0.206, 17 0.134, 11

30% 0.364 1.214, 100 0.959, 79 0.801, 66 0.607, 50 0.364, 30 0.243, 20 0.158, 13

40% 0.486 1.214, 100 1.056, 87 0.874, 72 0.668, 55 0.413, 34 0.267, 22 0.182, 15

create 297 artificial background size distributions with lower IWC
to simulate lighter precipitation events to determine when seed-
ing would be detectable in these events using radar. The effects
of seeding were carried out by adding to these distributions a
A% of IWCpg ranging from 1% to 40%. Changes in Z, due to
seeding relative to the background distributions prior to seeding
were then calculated for all 297 background and seeded distribu-
tions for three cases: modifying #, while holding A and p cons-
tant, modifying u while holding n,, and A constant, and modifying
A while holding 7, and p constant.

Figure 13 showed that each seeded IWC curve has an in-
flection point in which the background IWC is sufficiently
small that the change in Z, as a result of seeding begins to in-
crease to the point of detectability (e.g., =5 dB). The results,
taken in sum, show that to have an increase in Z, that is dis-
tinguishable from the background, the seeding effect must be
large and the background IWC must be very small relative to
the IWC measured during the heavy background precipitating
event during SNOWIE.

The implication of these results is that when background
precipitation is present seeding effects cannot be detected, so

it remains uncertain whether seeding had no effect on cloud
microstructure and therefore produced no signature on radar,
or whether seeding did have an effect but that effect was un-
detectable against the background reflectivity associated with
naturally produced precipitation.

We note that, to make the calculations tractable, our ap-
proach to calculate the radar reflectivity used the assumption
that the particles had spherical shapes, an index of refraction
consistent with dry snow, and with density following the
Brown and Francis (1995). A more sophisticated approach
would be to assume a habit distribution and perform more
complex scattering calculations that would refine these re-
sults. However, we believe that the fundamental conclusions
would remain the same. That is, it will be difficult to directly
observe changes in cloud reflectivity structure associated with
seeding in heavily precipitating orographic clouds using
ground-based and airborne radars.

In future field campaigns, efforts should therefore be made
to include alternate methodologies to determine the efficacy
of orographic cloud seeding when heavy background precipi-
tation is present. Examples include analysis of anomalous
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concentrations of silver in snow (e.g., Fisher et al. 2016, 2018)
or the ratio of silver to a nonnucleating, naturally covarying
aerosol tracer such as indium oxide (Warburton et al. 1995;
Manton and Warren 2011), as well as airborne observations of
the microphysical chain of events associated with seeding from
initiation to the growth of ice crystals to precipitation. Models
also provide yet another approach to evaluate the physical
chain of events associated with seeding and the impact on oro-
graphic precipitation (e.g., Xue et al. 2022).
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