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Abstract This paper examines the impact of ground-based glaciogenic seeding on a shallow, lightly
precipitating orographic cloud with rather large (~35μm) supercooled droplets. The storm was observed
on 22 February 2012 as part of the AgI (silver iodide) Seeding Cloud Impact Investigation experiment in
Wyoming. The cloud base (top) temperature was about�5°C (�12°C). Vertical velocity data from an airborne
Doppler W-band (3mm) profiling Wyoming Cloud Radar (WCR) indicate broad ascent due to the strong wind
(20m s-1) impinging on the terrain and small pockets of intense updrafts. The large droplets, low droplet and
ice particle concentrations, and strong updrafts lead to natural snow growth mainly by accretion (riming). The
treated (seeded) period is compared with the preceding untreated period. The main target site, located on a
mountain pass, was impacted by AgI seeding, according to a trace chemistry analysis of the falling snow. Data
from three radar systems were used in the analysis of the impact of seeding on snow growth: the WCR, two
Ka-band (1.2 cm) profiling Micro Rain Radars , and an X-band (3 cm) scanning polarization Doppler-on-Wheels
radar. This case is complicated somewhat by a natural increase in cloud liquid water and in snow growth by
riming, starting halfway during the seeding period, and continuing after seeding ended. Composite data from
the centimeter-wave radar systems indicate an increase in low-level reflectivity during seeding, even after
accounting for the natural trend observed in the upwind control region. A precipitation particle probe at the
main target site shows an increase in concentration of both small and large hydrometeors.

1. Introduction

Winter precipitation in most of the interior western U.S. falls as snow over the mountains. This snowfall is
responsible for most of the streamflow, including in the Colorado River. Although this region is rather arid,
a significant amount of snow falls from orographic clouds. This snow typically has a low density, especially
over the higher mountains, because the snow mainly grows by vapor deposition and aggregation [e.g.,
Steenburgh, 2014]. The cloud liquid water content (LWC) typically is quite low in mixed-phase clouds
observed over mountains in the continental western U.S., below 0.5 gm�3 [Cooper and Vali, 1981; Rogers
and Vali, 1987; Politovich and Vali, 1983]. On occasion the orographic clouds contain a larger amount of
supercooled liquid water, and this water may occur mainly in the form of large droplets, giving rise to
moderate to severe aircraft icing. Such icing can only be due to large droplets [Sand et al., 1984]. We have
encountered such icing conditions on flights through shallow orographic clouds in Colorado, Wyoming,
and Idaho. Here we report on one such event.

Supercooled water tends to be produced locally in persistent updraft upstream of terrain ridges. This has
been confirmed by several studies using aircraft, microwave radiometers, and tower measurements over
different mountain ranges in interior western U.S. [Hobbs, 1975; Sassen et al., 1986; Rauber and Grant, 1987;
Politovich and Vali, 1983; Long and Huggins, 1992]. The droplets typically were small in these studies, with a
mode diameter less than 15μm. Ice concentration, crystal habits, and precipitation growth depend not
just on available liquid water but also on droplet size [Rauber and Tokay, 1991]. The main snow growth
mechanism shifts from diffusional to accretional growth as droplet size increases. That is because riming
efficiency increases sharply from ~0 to ~1 as the droplet diameter increases from 5 to 20μm for most ice
crystal habits [Pruppacher and Klett, 1997; Wang and Ji, 2000]. Droplet size also affects ice crystal
concentration, through secondary ice crystal generation by riming [Hallett and Mossop, 1974], but only at
rather high temperatures: the Hallett-Mossop ice splintering mechanism rapidly ceases at temperatures
below �8°C [e.g., Griggs and Choularton, 1986].
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The working hypothesis of glaciogenic cloud seeding is that when abundant amount of supercooled droplets
are available with a limited amount of ice crystals, artificially injected ice nuclei produce more ice particles
and enhance snow growth, at least if it is cold enough. For silver iodide (AgI) nuclei, a temperature lower
than �5°C may be sufficient, but as temperature decreases to �12°C, the activation rate of AgI nuclei
increases exponentially [DeMott, 1997].

In arid regions such as the western U.S., cold-season orographic clouds have been seeded with glaciogenic
material such as AgI nuclei for more than a half century, with the intent to increase precipitation [Bruintjes,
1999]. But cloud seeding efficacy and optimal seeding conditions remain poorly understood [Garstang et al.,
2005]. A 2003 National Research Council report [National Research Council, 2003] laments the lack of progress
in cloud seeding research and recommends both statistically rigorous precipitation studies, as well as cloud
and precipitation process studies utilizing novel instruments and high-resolution numerical simulations.

The 2007–2014 Wyoming Weather Modification Pilot Project (WWMPP) [Breed et al., 2014] is the most recent
statistically rigorous precipitation impact study. The 2012 AgI Seeding Cloud Impact Investigation (ASCII-12)
was conducted in the context of theWWMPP to use novel instruments to explore how glaciogenic seeding of
orographic clouds affects cloud and precipitation processes. ASCII-12 was conducted over the Sierra Madre in
southern Wyoming during January–March 2012 [Geerts et al., 2013].

The present paper is the third ASCII-12 case study. The first case study [Pokharel et al., 2014a, hereafter referred
to as PGJ14] examines stratiform orographic precipitation under strong winds on 21 February 2012, while the
second study [Pokharel et al., 2014b, hereafter referred to as P14] examines precipitating shallow orographic
convection observed under weaker winds, on 13 February 2012. In these two cases smaller cloud droplets
were encountered. The modus droplet diameter was ~20μm in the PGJ14 case, while it was no larger than
25μm in the convective clouds described in P14. Data from several particle probes indicate that ice crystal
concentrations increased downwind of the AgI generators during seeding in these two cases (PGJ14 and
P14). Radar data reveal an increase in low-level reflectivity in the stratiform case (PGJ14) as well as in five
other stratiform cases in ASCII-12 [Jing et al., 2015]. The impact on low-level reflectivity in the convective case
(P14) is not obvious, possibly because the impact region is further downwind (X. Jing and B. Geerts,
Dual-polarization radar data analysis of the impact of ground-based glaciogenic seeding on winter
orographic clouds, Part II: Convective clouds, Journal of Applied Meteorology Climatology, in review, 2015),
although enhanced silver (Ag) concentrations were measured in falling snow at the target site.

The present paper uses the same instruments to focus on a shallow, persistent, highly sheared and rather
well-mixed orographic cloud with large cloud droplets (modus ~35μm). The cloud top temperature was
no colder than �12°C. At this temperature natural ice nucleation is quite rare [e.g., Grant and Elliott, 1974;
DeMott et al., 2010]. The liquid water content was unusually high, which favors seeding efficacy [e.g., Li and
Pitter, 1997; Givati and Rosenfeld, 2005; Zipori et al., 2012; Xue et al., 2013a]. There was no cloud layer aloft
from which ice crystals could fall into the lower orographic cloud (the seeder-feeder mechanism).

The experimental design for this study is described in section 2. Cloud and atmospheric conditions for this
case are described in section 3. Data from three different radar systems and from a disdrometer are used
to explore the seeding impact, in sections 4 and 5, respectively. The findings are discussed and
summarized in sections 6 and 7, respectively.

2. Experimental Design and Instruments

The ASCII-12 project is described in Geerts et al. [2013]. The experimental design and instruments are detailed
in PGJ14 and P14. Here we highlight the measurements and instruments used for this study. ASCII-12 was
designed to measure clouds and precipitation both during natural conditions and while AgI nuclei were
injected into the boundary layer upstream of the Sierra Madre. Measurements were made both upstream
and downstream of the AgI generators. The upstream measurements are considered “control,” to evaluate
the natural variation, and downstream data are treated as “target,” affected both by natural trends and by
seeding. The measurement sites as well as the aircraft flight strategy are shown in Figure 1.

Several ground-based and airborne platforms were deployed on 22 February 2012. The University of Wyoming
King Air (UWKA) was equipped with the profiling 3mmwavelength (W-band) Wyoming Cloud Radar (WCR), the
355nm Wyoming Cloud Lidar (WCL), several cloud microphysical in situ probes, and state parameter probes
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[Wang et al., 2012]. Two particle probes are used here, the Cloud Imaging Probe (CIP), measuring particles in the
range 25–800μm, and the Cloud Droplet Probe (CDP), measuring droplets in the range 3–50μm. The CIP count
in the first two bins is less certain and may include large droplets, so it is ignored. The CDP with pointed
asymmetric tips is not impacted significantly by ice particle shattering [Lance et al., 2010].

The WCR’s great strength is that its vertical velocity and reflectivity profiles depict storm vertical structure
from echo top down to ~30m above ground level (agl) in the presence of cloud or precipitation particles.
The two main drawbacks of the WCR, at least for quantitative reflectivity analysis, are the attenuation by
liquid water absorption, and the scattering by large particles in the Mie regime. For droplets smaller than
100μm diameter, the power extinction coefficient at 94GHz is 4.8 dB km�1 g�1m�3 of cloud water
[Vali and Haimov, 1999]. The Rayleigh scattering model breaks down starting with particles of size D ~25%
of the wavelength. Reflectivity increases with D6 in the Rayleigh regime and asymptotically with just D2 in
the Mie regime. For W-band, that threshold size is 0.76mm, but for X-band (3 cm), it is 7.6mm.

The UWKA flight level was not constant on 22 February 2012. The design flight level was 13 kft (~3.9 kmmean
sea level (msl)), the lowest allowed in cloud over the Sierra Madre, but large droplets were encountered,
resulting in severe icing conditions at 13 kft. Thus, the flight level was increased to just above cloud.
Because the optical array and some other particle probes had become ice-covered, and because much of
the flight level was above clouds, little useful information from in situ cloud physics probes are available
later in the flight.

Several instruments operated on the ground on 22 February 2012. A scanning dual-polarization X-band
Doppler-on-Wheels (DOW) radar was located at Battle Pass, a continental divide pass (elevation 3034m
msl) (Figure 1), with excellent views toward the AgI generators on the SW (upwind) side, and toward the
east (lee) side. The DOW conducted full volume scans every 8min, alternating with a 1.5min series of
Range Height Indicator scans along the wind direction.

Instruments were located on top of a scaffold structure surrounded by trees, some 500m downwind of the
DOW. This site, referred to as Battle Town site, hosted a profiling 24GHz Micro Rain Radar (MRR), several
snow measuring instruments including a Parsivel disdrometer [Löffler-Mang and Joss, 2000; Yuter et al.,
2006] and a Cloud Particle Imager (CPI) [Lawson et al., 2006], and an Environmental Technology Inc. (ETI)
precipitation gauge. Manual snow photography was conducted at this site, and fresh snow samples were
collected to analyze concentrations of silver and other trace elements. A second MRR operated at Ladder
Livestock ranch (Figure 1) upstream of the AgI generators. It is treated as a control measurement.

The upstream environment was monitored by a second MRR, a ceilometer, a passive microwave radiometer,
an automated weather station, and rawinsondes. The radiometer, located at Savery (Figure 1) and pointed at

Figure 1. ASCII-12 experimental design map, showing UWKA flight tracks, and ground-based instruments. The terrain
elevation is shown in the background. The solid black lines show parts of the 22 February 2012 flight track, including
one of the ladder patterns, with track labels (#1–5), and an along-wind leg.
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low elevation angle to the NE over the Sierra Madre, mainly provides cloud liquid water path (LWP). Three
GPS rawinsondes were released from Dixon (Figure 1) on 22 February 2012.

A series of five geographically fixed aircraft tracks (a “ladder”) was flown four times. The ladder was flown in
an upstream direction (Figure 1) tominimize possible contamination by aircraft-induced ice particles [Rangno
and Hobbs, 1983]. Flight track #1 was upstream of the three AgI generators, thus serving as control
measurement. WCR data from the four tracks downstream of the generators (#2–5) are treated as target
measurement. Tracks #2–3 are located upstream of the Sierra Madre mountain crest, track #4 is close to
the mountain crest, and track #5 is in the lee. Two ladders were flown before AgI generators activation at
15:10 UTC; this period is referred as pre-SEED. Next, an along-wind leg (Figure 1) was flown, allowing time
for AgI nuclei to mix in the boundary layer and to reach the target region. Next, two more ladders were
flown, a period is referred as SEED. Legs #2 and #1 were not flown on the last ladder because airframe ice
accumulation had reduced the aircraft’s endurance.

3. Atmospheric Conditions and Cloud Characteristics
3.1. Upstream Conditions

Synoptically, the ASCII-12 intensive operations period #12 (IOP12) on 22 February 2012 occurred in the wake
of a deep upper level trough that had moved through the previous day. A northwesterly upper level jet was
located over northeast Wyoming. At low levels cold air had spread over the northern and central Plains.
Orographic precipitation occurred over mountain ranges from the Cascades to the Sierra Madre. Steady,
light snowfall occurred over the Sierra Madre during this case.

The cloud top temperature was no colder than �12°C (Figure 2), and subsidence above the cloud layer
implied no natural seeding from aloft, as confirmed by WCR reflectivity profiles. The lowest saturated level
in the sounding was about �5°C. The sounding-based lifting condensation level (LCL) temperature is 1–2 K
higher (Figure 3b), because the lowest ~250m of atmosphere above Dixon appears to be trapped in the
valley, in which Dixon lies (Figure 2d), making a surface-based LCL unrealistically low. The sounding-based
LCL is estimated from the average specific humidity and potential temperature between 100 and 500m agl.

Figure 2. Skew-T log-p display of rawinsonde data from Dixon (a) during the pre-SEED period and (b and c) during the SEED period, in IOP12. The red lines show the
temperature, and the blue lines show the dewpoint. A full barb equals 5m s�1 (~10 kts). (d) Vertical profiles of potential temperature θ and equivalent potential
temperature θe for these three soundings.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022693

POKHAREL ET AL. THE IMPACT OF GROUND-BASED SEEDING 6059

 21698996, 2015, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014JD

022693, W
iley O

nline L
ibrary on [10/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



If the cloud layer is well-mixed, then the �5 to �12°C temperature range is quite suitable for AgI-based seeding,
because the probability of AgI-mediated ice nucleation rapidly increases in that temperature range [DeMott, 1997].
The LWPwas higher than any other ASCII-12 case (0.3–0.7mm; Figure 3e). The low-level wind direction (Figure 3a)
was suitable to examine seeding impact because the AgI generators were upwind of the main target site at Battle
Pass. The surface wind was rather strong, ~20ms�1 at 10m above the DOW at Battle Pass (Figure 3a).

The soundings reveal a very shallow (~0.25 km) stable layer near the surface, then a ~0.8 km deep well-mixed
boundary layer, and a nearly moist-neutral, saturated layer above that, up to ~4 km (~620mb) (Figure 2d). The
three AgI generators were located ~0.5 km above the valley floor in Dixon, i.e., above the shallow stable layer.
This cloud layer was capped by an inversion. Significant veering occurred from the surface to cloud top, with
strong winds. Conditions were rather steady for the three soundings (Figure 2), except that the cloud base
and top, and the inversion above cloud top, lifted a little from the first to the third sounding.

3.2. Storm Evolution During the IOP

We now examine several atmospheric variables measured at different locations from different instruments
(Figure 3). The reasons for this analysis are to describe ambient and cloud conditions and to examine
storm steadiness during a 4 h period, in which the treated period (SEED) is compared to the untreated

Figure 3. Evolution of several atmospheric parameters during the course of IOP12, as measured by rawinsondes, weather
stations in the upwind valley and on the mountain, and WCR. The surface station data at Dixon and Battle Pass (DOW) have
a 1min resolution, with wind measurement at 10m and temperature and humidity at 2m. The vertical dashed line and
vertical dash-dotted line in all panels show the AgI generators start time and the estimated arrival time of the AgI plume at
Battle Pass, respectively.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022693
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period (pre-SEED). The pre-SEED and SEED periods for the UWKA, the DOW, and the Battle Town site
instruments are given in Table 1. These periods vary for the different platforms, depending on flight
operations and advection time from the AgI generators to the target site.

The surface wind speed at Battle Pass (~20m s�1) matches the wind speed measured by rawinsondes at the
same level (700mb) just upwind of the Sierra Madre (Figure 3a). The wind direction is more southerly at Battle
Pass (compared to that from the soundings), because of terrain channeling (Figure 1). Since the observed
wind speed and direction are rather constant, the atmospheric stability and flow condition also remain
steady during the IOP (Figure 3d). The bulk Brunt-Vaisala frequency N is calculated from the surface to
mountain top level, as a weighted mean of the dry value from the surface to the LCL and the moist value
above the LCL, the latter using the equation in Kirschbaum and Durran [2004]. Its value (N~0.3 10�2 s�1)
would be lower still if there was no shallow stable layer in the Dixon valley. This N and the surface to
mountaintop mean wind speed U are used to compute the bulk Froude number Fr (Fr=U/(NH), where H is
the height of the mountain above the upwind plains). For each of the three soundings, Fr~2 (Fr~6 if the
shallow stable layer is ignored), suggesting that the low-level flow above the valley inversion was
unblocked and the AgI nuclei were readily advected over the mountain.

Slight warming (~1 K/4 h) occurred during the IOP (Figure 3b) due to warm air advection and/or daytime
heating. The precipitable water (integrated water vapor, calculated from soundings) remains steady (Figure
3c). Consistent with these changes, the LCL height increased a little, as calculated both from the soundings
and from the Dixon surface weather station data (Figure 3e). (The latter is less representative because of
the shallow valley inversion.) The LCL is about 2.9 km msl, i.e., ~0.4 km above the height of the AgI
generators. This corresponds well with the mean ceilometer cloud base height at Ladder Livestock ranch
(Figure 1).

Overall, ambient conditions were quite steady during this IOP.

3.3. Cloud and Precipitation Properties

Clouds and precipitation were not as steady, confirming that these are more structured, “noisy” fields. The
radiometer LWP was rather steady until 16:30 UTC, and then nearly doubled (Figure 3e). The WCR mean
echo top and mean near-surface reflectivity along track #1 (upwind of the AgI generators) reveal a positive
trend (Figure 3f), but a single track of data may not be very representative, and track #1 was flown only
once during SEED, before the jump in LWP.

High amounts of cloud liquid water were measured also by in situ probes (Figure 4a), before the flight level
was lifted to just above cloud top. The average (maximum) flight-level in-cloud liquid water content (LWC)
during the first pass along track #3 was 0.52 (1.03) gm�3 (Figure 4a). This was not due to a high droplet
concentration, which was just ~31 cm�3 (Figure 4b). This is lower than typical values observed in other
ASCII cases (B. Pokharel and B. Geerts, manuscript in preparation, 2015) and over mountains in southern
Wyoming (100–500 cm�3) [Politovich and Vali, 1983]). Rather, the high LWC is due to unusually large
droplets, with mode diameter of ~35μm, according to the CDP (Figure 4c). The typical droplet mode
diameter is 10–15μm in this continental region [Politovich and Vali, 1983]. The large cloud droplets

Table 1. Definition of Pre-SEED, SEED, and Post-SEED Periods for the 22 February 2012 IOPa

Instrument

Pre-SEED SEED Post-SEED

Start Stop Start Stop Start Stop

WCR/UWKA 14:05:50 15:18:35 15:38:00 16:36:43 N/A N/A
UWKA cross-wind tracks L1: T5-T1 L3: T5-T1 N/A N/A

L2: T5-T1 L4: T5-T3
MRR, Parsivel 13:27:00 15:27;00 15:28:00 17:28:00 17:29:00 19:29:00
DOW 13:07:54 15:31:45 15:31:46 17:53:15 N/A N/A

aThree AgI generators were operating from 15:10 to 17:10 UTC ± a few minutes. The times are in UTC (HH:MM:SS).
L refers to a ladder pattern, consisting of 5 tracks (T), as shown in Figure 1. The UWKA flew an along-wind leg after
completing two ladder patterns, thereby creating a buffer period between pre-SEED and SEED (15:19–15:38 UTC). No
such period is assumed for the instruments at Battle (MRR, Parsivel, and DOW), but a ~20min advection time between
the AgI generators and Battle is applied.
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produced rimed snow crystals, many
of them round, some cone-shaped,
according to imagery from the
airborne cloud imaging particle (CIP)
(not shown). Particle concentrations
>62μm in size were about 30 L�1.
Track #3 was flown again partly in-
cloud at 16:35 UTC (ladder #4). The
CDP was not compromised by icing
and measured a similar LWC and drop
size distribution as it did earlier
(Figure 4b). Thus, these unusual cloud
conditions likely persisted throughout
the IOP. Conditions suitable for large-
drop formation are a warm cloud top
temperature, a low droplet concentra-
tion [Politovich, 1989], and significant
wind shear in the cloud layer, causing
turbulence and fine-scale inhomoge-
neous mixing [Pobanz et al., 1994].
These three conditions applied in this
case (Figures 2–4).

Heavily rimed ice crystals were seen
also on the ground at Battle Town site,
by the CPI and in crystal photography
(Figure 5). The habits of some of the
crystals imaged by the CPI are difficult
to characterize due to riming. The CPI
imagery reveals large needles or col-
umns, plates, rosettes, and irregularly
shaped crystals. All these habits can
form at the observed temperatures

(�5 to �12°C) [Korolev and Issac, 1999; Lundqvist et al., 2012]. The CPI imaged many aggregates, and some
nearly spherical graupel particles. Two snow photographs included in Figure 5 show graupel ~2mm in
diameter. Heavily rimed particles were observed during both pre-SEED (photo at 14:26 UTC in Figure 5)
and SEED (photo at 17:07 UTC) periods. Such particles have a higher density and have a higher fallspeed
[Locatelli and Hobbs, 1974]; thus, they yield a higher precipitation rate for a given radar reflectivity [Rauber
and Tokay, 1991; Rasmussen et al., 2003]. This should be considered when converting observed reflectivity
values, shown below, to precipitation rates.

3.4. WCR Along-Wind Transect

A flight track along the low-level wind was flown between the pre-SEED and SEED flight patterns (Figure 1). The
vertical profile of WCR reflectivity and Doppler velocity, and WCL backscatter power and depolarization ratio
along this track are shown in Figure 6. The orographic cloud upwind and over the Sierra Madre on 22
February 2012 was quite shallow and contained some ice crystals upwind of the AgI generators (Figure 6a).
Reflectivity values above about �10dBZ can only be due to ice particles [Wang and Geerts, 2003], as drizzle-
size droplets, >100μm diameter, were not observed at flight level (before the particle probes became
covered with ice). The ice particle concentration was quite small: concentrations around 20–25 L�1 were
encountered on the most upwind track with cloud penetration (track #2) on the second and third passes,
according to the CIP in the bins starting at 62μm. No liquid-only clouds were encountered at flight level.

The WCR (hydrometeor) vertical velocity is shown in Figure 6b. Note that the color key bar is centered at
�1m s�1 to account for the typical fall speed of (unrimed) snow. Given the observed significant riming,
the fallspeed probably was larger, and upward air motion may not be limited to the blue regions alone.

Figure 4. (a) Liquid water content, (b) droplet concentration, and (c)
droplet size distribution measured by the CDP early in the flight (ladder #1)
on track #3 (Figure 1) at a flight level of 4.4 km msl. Average values are also
shown in Figures 4a and 4b.
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The air vertical velocity measured by a gust probe is shown as well, at the flight level. It is centered at 0m s�1,
but otherwise uses the same color scale as that for WCR velocities.

Two scales of vertical motion are evident in Figure 6b. Most important are the larger-scale terrain-driven
eddies, with updrafts (downdrafts) penetrating to cloud top in areas of ascending (descending) terrain, on
account of the strong wind blowing from the left. An example can be found around “hill A,” at x= 35 km in
Figure 6b. In upslope regions the WCR vertical velocity is 1–2m s�1 near cloud top. This corresponds with

Figure 5. A sampling of snow crystal and water droplet images taken by the Cloud Particle Imager (CPI—blue background) and manually by a camera (two images
with a black velvet background on the right) at Battle Town site (Figure 1) during IOP12. The scale is shown at the top for the CPI images and inside the image for
camera photos. The time (UTC) is shown in the upper left corner of each sample. The number in lower left corner shows the maximum dimension of the measured
particles, in microns.
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an updraft of (at least) 2–3m s�1, which is consistent with the wind speed (~20m s�1) and the terrain slope
(~1:10, locally steeper). Such terrain-driven layer ascent is quite possible given the near-neutral lapse rate and
lack of θe increase in the cloud layer above the valley inversion (Figure 2d). The terrain-driven vertical pattern
persists at flight level, 4.5 km msl (Figure 6b), but is suppressed and more wave-like on account of the
overlying stable layer.

Second, fine-scale updraft and downdraft near the surface are due to shear-driven turbulence in the planetary
boundary layer (PBL), as evident from near-surface WCR vertical velocity power spectra (not shown) [Geerts
et al., 2011]. Remarkably, these small eddies are found not just near the surface, but all the way to cloud top,
presumably because of the strong wind and near-neutral lapse rate (Figure 2). In essence, this orographic
cloud is a boundary layer cloud.

Especially at smaller-scale upwind of the crest, the WCR vertical velocity whydro often exceeds the typical
fallspeed of unrimed snow; in other words, ice crystals initially are carried upward (whydro> 0m s�1). This
allows for growth by accretion (riming) in the presence of large droplets [e.g., Houze, 1993]. The apparent
increase in whydro with height upwind of the crest (Figure 6b) may be less a flow feature and more a
fallspeed signature due to an increasing riming fraction at low levels above cloud base. This will be
revisited later.

The WCR vertical velocity field (Figure 6b) suggests rather effective vertical turbulent mixing of air from near
the surface into the cloud layer (from ~2.9 km msl to echo top). This is important for seeding impact because
of the rather high cloud base temperature. Since AgI nuclei have no significant fallspeed, an average updraft
of 1.0–1.5m s�1 suffices to bring AgI nuclei from the generators (shown as an asterisk in Figure 6a) to cloud
top above the crest, about 18 km to the east, assuming the observed wind profile (Figure 2).

Figure 6. WCR and WCL transect for the along-wind flight leg over the Sierra Madre shown in Figure 1. The wind direc-
tion is from left (260°, west) to right (80°, east). (a) WCR reflectivity and (b) WCR hydrometeor vertical velocity plus air
vertical velocity measured at flight level; (c) WCL backscatter power and (d) WCL depolarization ratio. The dashed white
line in Figures 6a, 6c, and 6d is the UWKA flight level, and the white line below is the terrain profile. The measured
cloud is shallow and located below flight level only. The white arrow on the left side of Figure 6a is the sounding-
estimated cloud base (LCL), and the asterisk below the terrain in Figure 6a shows the approximate projection of the
three AgI generators in this transect.
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The thin layer of high lidar backscatter power (Figure 6c), with a low depolarization ratio (Figure 6d) and
complete signal attenuation below, clearly indicates a liquid water cloud top. This cloud top is best
defined upwind of the mountain crest. The cloud top backscatter power gradually decreases in the lee,
and the lidar signal penetrates deeper, suggesting that the cloud gradually becomes devoid of liquid
water near the east end of the transect. In cases with lower upwind LWP, this leeward transition occurs
over a shorter distance (e.g., PGJ14).

The vertical motions are likely fine-scale shear-driven turbulence in the lowest 0.5–1.0 km and embedded
weak convection above the boundary layer. This interpretation is consistent with the soundings (Figure 2).
The patches of higher reflectivity aloft (Figure 6a) probably are due to convective updrafts. Forward
camera footage aboard the UWKA suggests somewhat cumuliform, solid cloud tops. In the lee of the main
crest, subsidence prevails, and higher reflectivity occurs near the ground.

In short, the vertical velocity pattern is supportive of efficient mixing of ground-released AgI nuclei into cloud,
up to levels cold enough for effective AgI-mediated ice nucleation (around �8°C), but cloud ice was present
before and upwind of the AgI seeding.

3.5. Orographic Flow and Precipitation

The fourWCR reflectivity transects collected along flight track #4 are shown in Figure 7. This track approximately
aligns with the crest of the Sierra Madre (Figure 1), and is about 15 km downstream of the AgI generators. The
upper (lower) two panels in Figure 7 are measured during pre-SEED (SEED). The star symbols in lower two
panels show the projected locations of the AgI generators, assuming the direction of the mean low-level
wind. Light snowfall fell across the entire transect during all four passes. (Note that the flight level varies
between passes.) Echoes were tilted to the right (SE) by the prevailing NW shear (Figure 2). Higher reflectivity
repeatedly is observed on the right (SE) side, where the terrain rises more steeply to the crest (Figure 1).
Reflectivity generally decreases toward the ground, even though the LCL was below ground level along
most of track #4. The echo depth (~1.5 km) and average reflectivity did not change much during the 2.3 h
period. No well-defined plumes of enhanced reflectivity can be seen along the projected AgI plume
locations in the third and fourth transects (Figures 7c and 7d), consistent with other case studies (PGJ14 and
P14). Since a seeding impact is not obvious in WCR reflectivity transects, the reflectivity data are composited
for all flight sections downwind of AgI generators in frequency by altitude diagrams (FADs) [Yuter and Houze,
1995]. The FADs for the two periods (SEED and pre-SEED) are shown in Figure 8. These diagrams show the
frequency of a reflectivity value at certain height agl, normalized by the total frequency in all bins.
Orographic snow growth is quite obvious with higher mean low-level reflectivity values over the mountain
(target) than the foothills (control) (Figures 8a and 8d).

Reflectivity tends to decrease toward the ground in the lowest 1 km in both regions. In the control region this
may be due to sublimating snow because the cloud base is ~600m agl. An explanation is less obvious in the
target region, whose elevation is largely above the LCL. There the low-level reflectivity may be affected
significantly by absorption by liquid water. At flight level, an average of 0.53gm�3 of cloud water was
encountered in cloud along track #3 on the first and last ladder patterns (Figure 4). At lower levels the LWC
probably was lower, vanishing altogether at cloud base. An average LWC of 0.25gm�3 implies 2.4 dBkm�1

in two-way attenuation. So the attenuation-corrected near-surface reflectivity in the target region (Figure 8d)
probably is 2–3dB higher.

The hydrometeor vertical velocitywhydro (Figures 8b and 8e) shows significant spread associated with terrain-
forced eddies and turbulence (section 3.4). The average whydro in the target region (orange line in Figure 8e)
decreases from 0m s�1 near cloud top (suggesting an average updraft of at least 1m s�1) to�2.5m s�1 in the
lowest 800m. In all likelihood this indicates an increase in particle terminal velocity toward the ground due to
riming. This decrease in whydro from cloud top toward the ground is only about half as large in the control
region, and the mean whydro is larger (less negative) in the control region, suggesting less riming there.
This suggests that fewer large supercooled droplets occurred in the foothills region and that droplets grew
in the orographic cloud, likely because a low concentration of cloud condensation nuclei (not measured)
and a dearth of ice particles (section 3.4). This implies a rather inefficient Bergeron diffusional growth
process. The slight decrease in whydro from pre-SEED to SEED in the control and target regions (Figures 8b
and 8e) may indicate more riming during SEED, consistent with the observed increase in LWP (Figure 3e).
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4. Seeding Impact Detection

The hydrometeor size distributions are characterized in terms of a single, integral parameter, radar
reflectivity, using three different radar systems, complementary in their wavelength, viewing perspective,
spatial coverage, and thus definition of the control and target regions. The SEED versus pre-SEED
conditions are compared in both regions for the three radar systems.

Figure 7. Example UWKA radar reflectivity transects, collected along flight track #4 (Figure 1) on 22 February 2012. All
transects are from (left column) NW to (right column) SE, the direction of the low-level shear (Figure 2). The upper
two transects were flown during pre-SEED; the lower two transects were flown during SEED. The asterisks in lower
two panels show the location and actual elevation of the three AgI generators (~21 km into the page) projected on
this transect, following the mean low-level wind. The actual terrain, shown by the white line in all panels, is not
aligned with the WCR ground level at the left and right corners in Figures 7b and 7c due to aircraft roll.
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4.1. WCR Perspective

The temporal difference (SEED�pre-SEED) in the control region (Figure 8c) may not be representative
because it is based on just two passes in pre-SEED, and one pass in SEED. The WCR sampling is quite
limited, in a narrow beam along the flight track, and thus some aliasing may occur when the reflectivity
field is patchy (as in this case) and few flight legs are composited. The temporal difference is more
representative in the target region (Figure 8f), with 7–8 passes in each period. In both regions the echo
top height increases from pre-SEED to SEED, consistent with changes in the upwind soundings (Figure 2).
The mean near-surface reflectivity (Z) is slightly higher during SEED than pre-SEED in the target region
(solid versus dashed lines in Figure 8f), but the same applies in the control region. To accommodate the
concern that the control region may not representative, one can increase the control region to include track
#2, which is just 3 km downwind of the AgI generators and unlikely to witness any seeding impact, with this
strong wind. The Z difference FADs in the enlarged control region (tracks #1 and 2) and a shrunk target

Figure 8. Normalized frequency by altitude diagrams (FADs) of (top row) WCR reflectivity and (middle row) vertical velocity for the 22 February 2012 flight. The left
column applies to track #1 (control), the right column to the four tracks downwind of the AgI generators (target). The mean reflectivity profile (orange lines) and the
“data presence” profile, i.e., the percentage of WCR range gates with radar echo as a function of height (white line), are also shown in the top row. The average vertical
velocity profile (orange line) and average profiles during the pre-SEED (dashed line) and SEED (solid line) periods are also shown in the middle row. (c and f) The
reflectivity difference FAD (SEED� pre-SEED), with the average reflectivity profiles for the two periods (black lines).
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region (tracks #3–5) are very similar to those shown in Figures 8c and 8f (not shown). The same similarity applies
for a lateral control region (northern parts of tracks #2–5) compared to a core target region (southern parts of
tracks #2–5).

In short, there is no evidence of any significant impact of seeding on W-band reflectivity.

4.2. MRR Perspective

TwoMRRs were deployed, one upwind of the AgI generators, and one downwind, at Battle Town site (Figure 1).
Measurements at Battle Town site can be used to analyze seeding impact only if the site is impacted by seeding.
Silver (Ag) and other trace elements in freshly fallen snowwere measured at Battle Town site. One snow sample
was collected during pre-SEED, and two during SEED. The Ag concentration was less than 2ppt (parts per
trillion) in first two samples but exceeded 6ppt in the last sample (Figure 9). This enhancement was not
found in other trace elements such as Cesium and Rubidium (which naturally correlate well with Ag and vary
due to varying atmospheric mineral aerosol loads); thus, it is likely that the extra Ag in snow is due to AgI
seeding. Further evidence for this comes from an analysis of expected plume advection patterns (Figure 10,
insert). If we define an AgI plume as a 20° cone aligned with the mean low-level wind and spreading from
any of the three AgI generators, then at least one plume (the northernmost one) intercepts Battle Town site,
for all three soundings (Figure 2). Thus, it is likely that snow falling at Battle Town site was impacted by
AgI seeding.

The MRR data were reprocessed to remove any noise followingMaahn and Kollias [2012]. Effectively, the first
two range gates had to be discarded; thus, theminimum data level is 450m agl for the MRR at Battle Pass and
700m for the upwind valley MRR, with a larger gate spacing. Low-level snow growth is evident at Battle Pass,
yet low-level sublimation is likely in the upstream valley, with much lighter snowfall on the ground (mean
profiles in Figure 10), consistent with WCR data. The mean low-level MRR reflectivity at Battle Pass also is
much (15–20 dB) higher than that of the WCR in the target region (Figure 8d), on account of both the
larger fraction of Mie scatterers and the larger signal absorption by liquid water at W-band. The reflectivity
difference FADs indicate an ~6dBZ reflectivity increase at Battle Pass in the lowest 1 km during SEED,
compared to pre-SEED, but no significant change in low-level reflectivity in the valley MRR, located upwind

Figure 9. Time series of (a) accumulated precipitation measured by an ETI snow gauge and (b) silver (Ag) concentration in
parts per trillion (ppt) from three fresh snow samples collected during IOP12 at Battle Town site. The width of the histogram
shows the duration of snowfall collected. The vertical dashed lines in both panels show the AgI generators start/end times.
The dash-dotted lines are the estimated times of the AgI plume presence over Battle Pass; they separate the three periods,
pre-SEED, SEED, and post-SEED.
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of the AgI generators. This apparently positive seeding impact Ka-band Z disagrees with findings from the
WCR transects.

Interestingly, this increase in Battle Pass MRR reflectivity persists into the post-SEED period, i.e., the 2 h period
following SEED (Figure 10c). The low-level Z change in the control region is much smaller (Figures 10b and
10d). Starting around 1.5 h after the end of SEED, the Battle Pass MRR reflectivity decreases to values close
to those observed during pre-SEED. It is possible that notwithstanding the strong wind, the AgI nuclei
remain airborne in the target area for up to 2 h after seeding. Note that no other radar data were available
during post-SEED (Table 1).

4.3. DOW Perspective

A dual-polarization DOW conducted volume scans from Battle Pass at 10min intervals during the pre-SEED and
SEED periods (Table 1). The additional dimension (3-D, compared to the 2-D WCR transects and 2-D MRR time-
height transects) provides a richer, more representative data set. Also, at X-band all hydrometeors fall in the
Rayleigh regime, and power loss due to liquid water absorption is insignificant. Therefore, the DOW is
superior to the MRR and especially the WCR in detecting AgI-mediated snow growth. The main drawback of
the DOW data is the lack of data near the ground in complex terrain, although from Battle Pass the DOW
had excellent low-elevation coverage to the west and east (Figure 11). The discontinuities in height of the
lowest unblocked beam in Figure 11 are due to shifts in the lowest beam not blocked by the terrain near the
DOW. The lowest elevation angle of the DOW volume coverage pattern is �1° (unblocked only in two
sectors, to the WSW and E to NE) incrementing by 1° initially. The higher terrain to the NW and S of the
DOW at Battle Pass is cleared only at 3° and 6°, respectively (Figure 11). Details of the DOW data processing,
ground clutter removal, and noise removal can be found in Jing et al. [2015].

Three regions of DOW volume data are defined for the purpose of examining the seeding impact (Figure 11).
The upwind control area is defined as a region upstream of the three AgI generators where lowest unblocked
DOW beam is not higher than 1.0 km above the terrain. Its lateral boundaries are aligned with the low-level
mean wind and intersect the northern and southern generator locations. The upwind (lee) target area is

Figure 10. The left column shows the normalized reflectivity difference FAD for (SEED� pre-SEED) for (a) the downstream MRR (target) and (b) the upstream MRR
(control). The right column shows the same but for the difference (post-SEED� pre-SEED). A schematic map with 20° wide cones representing AgI plumes with the
target location and a flight track is inserted in Figure 10a. The solid and dashed lines show the average values during SEED and pre-SEED (post-SEED and pre-SEED) in
the left (right) column, respectively. The pre-SEED, SEED, and post-SEED periods are given in Table 1.
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downstream of the three generators and
upstream (downstream) of the mountain
crest. These two target regions are sepa-
rated to assess seeding impact as a func-
tion of fetch and to examine the seeding
impact on opposite sides of themountain
crest. The northern boundary of the tar-
get area is defined by the wind direction
plus 10° to represent plume dispersion
from the northernmost generator. Other
parts of the target area boundaries are
based on the elevation of the lowest
unblocked DOW beam (not higher than
1.0 km above the terrain) and the distance
from the generators (nomore than 36km).

The DOW reflectivity Z and differential
reflectivity (ZDR) data are composited
for two periods (pre-SEED and SEED)
and three regions (control, upwind
target, and lee target) and the resulting
reflectivity and ZDR difference FADs
(SEED minus pre-SEED) are shown in
Figure 12). Almost no data remain below
~500m agl after ground clutter removal
in the control region (Figure 12a). The
mean DOW Z over the target region

near the ground is about the same as the mean MRR Z at Battle Town site (Figure 10c), but the latter
decreases more rapidly with height. Examining the mean reflectivity profiles, we again see basic orographic
changes, i.e., a dramatic increase in low-level Z from the foothills (control) to the mountain (upwind target)
and a rapid Z decrease from upwind to lee target areas at low levels (~0.5–1.5 km agl) (Figures 12a–12c). In
this layer the WCR vertical velocity FAD along track #5 (Figure 1) shows strong subsidence (not shown).

The reflectivity tends to increase between pre-SEED and SEED in all regions below ~2km. However, the increase
in mean Z during SEED in the control area is small compared to that in the upwind target area. The low-level Z
increment (SEED versus pre-SEED) becomes smaller in the lee target area. Wemap out DOW average Z and ZDR
below 1.5 km agl in Figure 13. The data density is highest near the DOW and lowest at great range, especially at
places where the lowest unblocked DOW beam is high agl. Precipitation (or its surrogate, low-level Z) is patchy
in the control area but widespread over the mountain during pre-SEED (Figure 13a). The rapid precipitation
decrease in the lee is obvious in both periods. Precipitation becomes widespread and more intense in the
control area during SEED (Figure 13b), consistent with the FAD (Figure 12a). But stronger enhancement is
found starting near the AgI generators and dropping off rapidly a few kilometer downwind of the crest
(Figure 13c). In short, the DOW data indicate a positive impact, consistent with the MRR. We define this
“positive impact” as a low-level precipitation rate increase (SEED�pre-SEED) in the target area, relative to
any change in the control area over the same period.

The ZDR values are distributed around 0.0 dB in the target regions (Figures 12e and 12f). These values are lower
than in most stratiform cloud cases in ASCII, where the low-level ZDR averages around 0.4–0.7 dB [Jing et al.,
2015]. This suggests that particles are more spherical and randomly oriented than in the typical ASCII
stratiform cases, where unrimed dendrites and aggregates are dominant [Jing et al., 2015]. This is consistent
with the rimed particles observed on the ground (Figure 5). The ZDR values are about 0.3 dB higher over the
mountain than the foothills or the lee (Figure 13d). This difference is small but above the DOW’s ZDR
accuracy. It indicates that particles are more horizontally oriented over the mountain, such as by aggregation.

ZDR does not change significantly in the control region during the IOP (Figure 12d). Yet in both target
regions, ZDR decreases by ~0.2 dB in the lowest 1 km agl during SEED (Figures 12e and 12f). This decrease

Figure 11. Height (km agl) of the lowest unblocked beam agl from the
DOW radar, located at Battle Pass (Figure 1). Three vertically hatched
regions used in the analysis of the seeding impact are also shown: the
upstream control region (red hatching), the “upwind target” region (black)
upwind of themountain crest, and the “lee target” region (green) in the lee.
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is concentrated over the mountain (Figure 13e). This indicates that the larger particles, which dominate Z and
ZDR, are more spherical during SEED. This suggests more riming during SEED, which is consistent with the
increase in LWP in the second half of SEED (Figure 3e).

To examine the variation of ZDR for a given value of Z (which is a measure of hydrometeor size at the high end
of the size distribution), the ZDR frequency distribution is plotted as function of Z in Figure 14, specifically
for the target region. The bin resolutions of Z and ZDR are 1 and 0.05 dB, respectively. ZDR is narrowly
distributed and does not increase with Z (Figures 14a and 14b), unlike the typical ASCII stratiform cases
[Jing et al., 2015]. ZDR actually becomes lower for Z values above ~10dBZ, which likely is due to graupel.

Significantly lower ZDR values are encountered for any Z value during SEED, resulting in a clear dipole in
the frequency difference plot (Figure 14c). This ZDR analysis is more meaningful because it is
independent of any change in Z from pre-SEED to SEED (Figures 12b and 12c). The decrease in ZDR
during SEED probably is associated with heavier riming due to the higher LWC observed during that
period (mainly after 16:30 UTC; Figure 3e).

4.4. Multiradar Changes in Reflectivity Profiles

As mentioned before, the changes in WCR reflectivity profiles (SEED�pre-SEED in the target region) do not
match those from the centimeter-wave radars (MRR and DOW), which is quite plausible since they have

Figure 12. The top row shows the DOW radar reflectivity difference FADs (SEED� pre-SEED) measured in the (a) control region, (b) upwind target region, and (c) lee
target region. The bottom row shows the DOW differential reflectivity (ZDR) difference FADs (SEED� pre-SEED) measured in the (d) control region, (e) upwind target
region, and (f) lee target region.
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Figure 13. The left plots show the averageDOW reflectivity below 1.5 km agl during (a) pre-SEED, (b) SEED periods, and (c) the
mean reflectivity difference. The two upper right plots show the average ZDR below 1.5 km agl during (d) pre-SEED and (e) the
mean ZDR difference (SEED – pre-SEED). The lower right plot (Figure 13f) shows the terrain map. In all these maps, the white
circles are the AgI generators and the asterisk is the DOW location. The black lines are as in Figure 11.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022693

POKHAREL ET AL. THE IMPACT OF GROUND-BASED SEEDING 6072

 21698996, 2015, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014JD

022693, W
iley O

nline L
ibrary on [10/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



different sensitivities to cloud LW and large-particle scattering properties, different target/control areas, and
slightly different SEED/pre-SEED periods (Table 1).

To summarize, we compare the average reflectivity profiles from the three radar systems in Figure 15. Both
the simple temporal difference (SEED�pre-SEED) in the target region and a double difference are plotted.
The double difference, called reflectivity impact parameter (ZIP) in PGJ14, is defined as the difference
between the downstream (target) average reflectivity change (SEED�pre-SEED) and that upwind of the
AgI generators (control), i.e.,

ZIP ¼ ΔdBZT � ΔdBZU (1)

where ΔdBZ =ΔdBZS�ΔdBZN and subscript S (N) refers to SEED (pre-SEED), while subscript T (U) refers to
treated or target (untreated or control).

This ZIP can be expressed as a relative change in precipitation rate (R, mmh�1), if we assume a relationship
between R and Z (mm6m�3). First we define the precipitation impact factor (PIF) as a relative change in R
(SEED versus pre-SEED) in the target area compared to the same relative change in the untreated area. PIF is
calculated as

PIF ¼
RS;T
RN;T
RS;U
RN;U

(2)

Assuming the standard Z-R relationship of the form R= aZb, where a and b are constants, PIF is related to ZIP,
as shown in PGJ14:

PIF ¼ 10
b�ZIP
10ð Þ (3)

A range of values of b have been found observationally for centimeter-wave radars [e.g., Austin, 1987] and
millimeter-wave radars [e.g., Matrosov, 2007]. We use a single value (b=0.7) for the three radars in Figure 15, for
the simple reason that the emphasis is not on the magnitude of the precipitation change, but rather on its
sign. Values of ZIP> 0 (and thus PIF> 1) imply a positive reflectivity (snowfall) trend in the target region,
relative to the control region, from pre-SEED to SEED. ZIP profiles may yield an insight into attribution: changes
near the surface may be attributable to ground-based seeding, while those aloft are more likely to be natural.

5. Surface Snow Measurement

As discussed in section 4.2, snow samples collected at Battle Town site indicate that the main target site likely
was impacted by AgI seeding. Snowfall was measured by a Parsivel disdrometer and an ETI gauge at this site.
The Parsivel provides snow concentrations in 32 size bins ranging from 0.062 to 24.5mm in diameter.

The time series of Parsivel snow particle concentration reveals a positive trend during the IOP (Figure 16b).
The concentration only tapers off in the post-SEED period. The number of small snow particles increases

Figure 14. Normalized frequency of reflectivity (Z) by ZDR for the target (upwind plus lee) region, during (a) the SEED
period and (b) the pre-SEED period in IOP12. (c) The frequency difference (SEED� pre-SEED) is also shown. Only points
within 1.5 km agl are included in the count. The white lines in Figures 14a and 14b represent the average ZDR for any Z
value. They are repeated as black lines in Figure 14c.
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steadily during SEED (Figure 16a) and remains high in the post-SEED period, and only then decreases. Such
persistence, after AgI seeding ceases, is consistent with MRR reflectivity time series (section 4.2) and has been
observed in other ASCII case studies (PGJ14 and P14) and in at least one previous study, over the Sierra
Nevada [Deshler and Reynolds, 1990]. Seeding plume analysis using both observations and modeling by
Boe et al. [2014] and Xue et al. [2014], respectively, over a mountain in southeast Wyoming also shows that
the seeding material may take up to 2 h to dissipate from the target region after ground-based seeding
ceases. A delayed impact may be due to the slow mixing of the AgI nuclei into the cloud layer, a mean
transport speed less than the mean wind (which we calculated from the sounding, between the surface
and mountain top level), or a slow nucleation rate, as the AgI nuclei were released ~300m below cloud
base. The mean particle diameter shows a slight negative trend during SEED (Figure 16b).

The Parsivel particle size distribution data are grouped into three parts corresponding with the pre-SEED,
SEED, and post-SEED periods and then composited as frequency by diameter displays (FDDs) (Figure 17).
Particle concentration tends to drop off exponentially with size, as expected. The frequency of especially
smaller particles was more diverse during pre-SEED, consistent with Figure 16a. Particle concentrations,
mainly in the smaller size bins, generally are higher during SEED (Figure 17d) and into the post-SEED
period (Figure 17e). Particles <1mm in diameter are about twice as common during SEED and post-SEED,

Figure 15. Vertical profiles of reflectivity difference parameters for three radar systems each with their own control and
target regions. The upwind and lee target regions are combined for the DOW. (a) Double-difference parameters ZIP and
PIF (defined in the text). (b) Single difference parameters in the target region. The vertical dotted line in both panels
separates a positive effect to the right from a negative effect to the left. The horizontal solid line is theWCR-derived average
PBL depth.
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compared to pre-SEED. Particles larger than 1.5mm are more common as well in these periods. Particle
concentrations declined again starting near the end of the post-SEED period (Figure 16a). This is consistent
with the MRR reflectivity (not shown), which is the only other measurement available post-IOP. Particles
have high fallspeeds, ~2.5m s�1, in all periods (Figure 17f), and even higher for larger particles, confirming
heavy riming. The fallspeed is slightly larger during SEED (continuing into post-SEED). This is consistent
with the WCR hydrometeor vertical velocity (Figure 8e), which also shows slightly stronger particle
subsidence during SEED. And, both observations are consistent with an increase in riming suggested by
the decrease in DOW ZDR for most Z values during SEED (Figure 14).

6. Discussion

The orographic cloud sampled on 22 February 2012 was unusual in its abundance of large (~35μm) droplets,
apparently the result of a warm cloud top (~�12°C), strong wind shear, low droplet concentration
(~40 cm�3), and low ice concentration (~20 L�1), notwithstanding conditions generally suitable for ice
splintering (Hallett and Mossop, 1974). The cloud base was rather warm (~�5°C) for AgI-mediated ice
nucleation, but natural ice nuclei and thus ice crystals are rare at temperatures above �12°C [e.g., DeMott
et al., 2010; Grant and Elliott, 1974], and there was no natural seeding from aloft. The orographic cloud also
appeared to be well mixed by turbulence under strong wind. Thus, even though natural ice crystals and
snowfall were present in the cloud before seeding commenced, this cloud was a suitable target for
ground-based AgI seeding, and indeed, MRR and mainly DOW data show increased radar reflectivity
during SEED.

This case is complicated because the storm naturally produced more LW (Figure 3e) and precipitation
(Figures 12a and 9a) in the second half of the IOP during SEED. It is possible that the enhanced reflectivity
increases in the DOW target region (Figures 12b and 13c) and over Battle Pass according to the MRR
(Figure 10) (“enhanced” compared to the trend in the respective control regions) are natural: when a storm
intensifies in the foothills region (i.e., the control region), then one can expect a larger increment over the
mountain. This argument cannot be dismissed with the available data. Another argument against
AgI-seeding impact may be that the positive ZIP values for the DOW and MRR (Figure 15a) are not
confined below the top of the well-mixed PBL (as one would expect from ground-based seeding), but
extend up toward echo top. This argument can be dismissed as follows: in this case convective-strength
vertical motions were present over the depth of the cloud (Figure 8e). They may have carried AgI nuclei
and even lightly rimed hydrometeors to cloud. A third argument against AgI-seeding impact may be that

Figure 16. Time series of Parsivel disdrometer measurements at Battle Town site: (a) snow size distribution; (b) total snow
concentration (black line) andmean diameter (blue line). The vertical dashed and dashed-dotted lines in both panels are as
in Figure 9. The vertical dotted lines show the start/end time of the IOP.
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the surface wind at Battle Pass was quite strong, exceeding 10m s�1 (Figure 3). This may have allowed near-
surface blowing snow to mix into the cloud within the turbulent boundary layer, a natural source of ice
crystals from the ground up [Rogers and Vali, 1987; Geerts et al., 2011; Vali et al., 2012], thereby reducing
the impact of artificial seeding. This argument is possible, but unlikely since the denser rimed snow
particles falling during this IOP are less likely to become airborne again after reaching the ground.

In general, it is almost impossible to unambiguously separate natural from seeding-induced changes based
on observations alone. But in this case the evidence (mainly from the DOW, the MRR, and the Parsivel)
suggests that AgI seeding increased the concentration of both small and large hydrometeors and thus the
precipitation rate in the target region. In all likelihood AgI seeding increased the number of ice crystals,
especially small crystals (Figure 17d). The snow growth enhancement may have been a combination of
diffusional and accretional growth (“static seeding” [Bruintjes, 1999]). Any dynamic response (due to extra
latent heat release) is not apparent as echo tops did not increase (Figure 12b) and the cloud layer was
rather well capped (Figure 3).

With all data at hand at this stage in the paper, we revisit the question why the WCR does not show a positive
seeding impact (Figure 8f and section 4.1), while the centimeter-wave radars (MRR and DOW) do (Figure 15b).
There are three factors. First, this is due to the mismatch in SEED/pre-SEED periods (Table 1). The WCR
SEED period ended prematurely at 16:37 UTC, just at the time when the radiometer LWP starts to double

Figure 17. The left column shows the normalized frequency by diameter display (FDD) of snow particle concentration measured by the Parsivel at Battle Town site
during (a) pre-SEED, (b) SEED, and (c) post-SEED. (d and e) The difference FDD (SEED� pre-SEED and post-SEED� pre-SEED, respectively) is also shown. The solid
yellow lines in Figures 17a–17c show the average values; these lines are repeated as black lines in Figures 17d and 17e. (f ) Average particle fall velocity measured by
the Parsivel for the same three periods.
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(Figure 3e). The MRR (DOW) SEED period does not end until 51min (76min) later. If the SEED periods for the
MRR (and DOW) are reduced to match that of the WCR, then the low-level ZIP values are halved, from 7dB
(3dB) to 4dB (1.5 dB). A secondary reason is a slight increase in LWP between the UWKA’s pre-SEED and
SEED periods (Figure 3e). As mentioned in section 3.5, ZWCR needs to be corrected first for attenuation by
liquid water, increasing it by ~2dBZ during pre-SEED. The higher LWP during SEED implies that the mean
ZWCR near the ground should be another 0.5–1.0 dBZ higher.

The third and most important reason is that the concentration of large hydrometeors increased significantly
during SEED in the target region, as shown in section 5. This enhances Z more for centimeter-wave radars
than for a millimeter-wave radar. The disdrometer recorded mean hydrometeor diameter (D) during pre-
SEED near 0.6mm (Figure 16). This gives approximate size parameters (x= πD/λ) of xDOW= 0.06 and
xWCR = 0.6 for the DOW and WCR, respectively (λ is radar wavelength). The former value is within
applicability of Rayleigh scattering theory, but the latter is in the transition from Rayleigh to Mie regimes.
A large fraction of particles scatter W-band radiation in the Mie regime. Mie theory predicts smaller
scattering efficiencies relative to Rayleigh theory, with a difference that increases with particle diameter.
This is the basis for dual-frequency radar estimates of particle diameter and precipitation rate [e.g., Le and
Chandrasekar, 2012]. This largely explains the difference between ZDOW (Figure 12) and ZWCR (Figure 8).
The dual-frequency ratio (ZDOW/ZWCR, expressed in dB units) in the lowest 500m is about 14 dB in the
target region, on average, during pre-SEED, based on Figures 8f and 12b. (Here we assess the WCR target
tracks and the DOW upwind target region and ignore W-band liquid water correction.) This ratio increases to
~20dB during SEED. This suggests that the increase in DOW low-level reflectivity during SEED, and lack
thereof in terms of WCR reflectivity (Figure 15b), is mostly explained by an increase in concentration of large
particles, as observed indeed at Battle Pass (Figure 17d). In short, the ZIP values of the centimeter-wave
radars, especially the DOW, may more accurately represent the seeding impact.

7. Conclusions

This paper presents a case study of the impact of glaciogenic seeding on a shallow, naturally precipitating,
orographic cloud with large supercooled droplets, observed on 22 February 2012 during the ASCII field
experiment over the Sierra Madre in southern Wyoming. The cloud, confined between �5 and �12°C, was
marked by abundant large (~35μm) droplets, resulting in rimed snow particles and graupel. Echoes were
widespread over the mountain and contained small cells with strong updrafts, on account of the strong
wind (~20m s�1). This resulted in effective vertical mixing over the depth of the cloud.

Data used in this analysis come from three different radar systems and from several in situ particle sizing and
imaging probes on the ground and in the air. The impact of AgI seeding is studied by contrasting the
measurements collected before seeding commenced (pre-SEED) against those during seeding (SEED), both
in a target region and in an upwind control region. A higher than expected silver concentration was found
in a fresh snow sample collected at Battle Town site in the target region during SEED, indicating that at
least one of the AgI nuclei plumes (or AgI-impacted snow) probably reached that site.

The key conclusions are as follows:

1. A large number of AgI nuclei, released near the ground below cloud base, likely reached cloud base and
even the upper parts of the shallow cloud, where it was cold enough for AgI-mediated ice nucleation.

2. Evidence for a positive impact of AgI seeding on surface precipitation rate comes from the centimeter-wave
radars, and the Parsivel at Battle Town site. The DOW and MRR pair point to an increase in low-level reflec-
tivity in the target region, after accounting for the natural trend as observed in the control region. The
Parsivel disdrometer shows an increase in concentration of mainly small ice crystals (D< 1mm), but also
large particles (D> 1.5mm) during SEED. This increase, as well as the changes observed by the MRR, contin-
ued at least 1 h after seeding ended, which is consistent with several other case studies.

3. Reflectivity values from a third radar, the airbornemillimeter-waveWCR, do not show such increase, but they
were affected by an increase in liquid water and in concentration of large particles scattering in the Mie
regime, both of which suppress millimeter-wave reflectivity relative to that from centimeter-wave radars.

4. This case is complicated by a natural increase in cloud liquid water and precipitation rate during the second
half of the SEED period. This led to an increase in snow growth by riming in the target region, as evidenced
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by particle imaging data on the ground and by a decrease in DOW differential reflectivity (ZDR) for most
values of reflectivity.

Follow-up work will examine a cloud-resolving numerical simulation of this case, i.e., a large eddy simulation
with an inner-domain resolution of 100m and an AgI cloud seeding parameterization [Xue et al., 2013a, 2013b].
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