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ABSTRACT

The impact of glaciogenic seeding on precipitation remains uncertain, mainly because of the noisy nature of

precipitation. Operational seeding programs often target cold-season orographic clouds because of their

abundance of supercooled liquid water. Such clouds are complicated because of common natural seeding

from above (seeder–feeder effect) or from below (blowing snow). Here, observations, mainly from a profiling

airborneDoppler radar, and numerical simulations are used to examine the impact of glaciogenic seeding on a

very shallow (,1 km), largely blocked cloud that is not naturally seeded from aloft or from below. This cloud

has limited but persistent supercooled liquid water, a cloud-base (top) temperature of 2128C (2168C), and
produces only very light snowfall naturally. A Weather Research and Forecasting Model large-eddy simu-

lation at 100-m resolution captures the observed upstream stability and wind profiles and reproduces the

essential characteristics of the orographic flow, cloud, and precipitation. Both observations and simulations

indicate that seeding locally increases radar (or computed) reflectivity in the target area, even after removal of

the natural trend between these two periods in a nearby control region. A model sensitivity run suggests that

seeding effectively glaciates the mostly liquid cloud and substantially increases snowfall within the seeding

plume. This is due to a dramatic increase in the number of ice particles and not to their size. The increased ice

particle concentration facilitates snow growth by vapor deposition in a cloud the temperature range of which

is conducive to the Bergeron process.

1. Introduction

Ice nucleating particles are extremely rare in the at-

mosphere at temperatures above approximately2158C;
therefore, supercooled droplets are common in clouds

whose tops are warmer than that (Rogers and Yau

1989). Ice initiation influences cloud dynamics, the

amount of incoming solar radiation and outgoing long-

wave radiation, and, as studied here, snow growth and

therefore surface precipitation (e.g., DeMott et al.

2010). To enhance precipitation, artificial ice nucleating

particles that activate at a relatively high temperature

can be injected in supercooled liquid water (SLW)

cloud. Silver iodide (AgI) nuclei are suitable for this

purpose (Vonnegut 1947) at temperatures below

approximately 288C (DeMott 1997; Breed et al. 2014).

Many projects have been staged to study the impact of

ground-based or airborne AgI seeding on precipitation.

Many of these targeted relatively shallow winter oro-

graphic clouds, because SLW is common in such clouds.

Several projects focused on cloud and precipitation pro-

cesses; to quantify the impact on surface precipitation,

however, a randomized approach with target and control

regions is needed. Such an approach was used in the

Kings River project in southern California (Henderson

1966, 2003), the Wasatch project in Utah (Griffith et al.

1991, 1997), the Climax I and II projects in Colorado
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(Grant 1986; Mielke 1995), the Snowy Mountain project

in Australia (Manton et al. 2011), and the Wyoming

Weather Modification Pilot Project (Breed et al. 2014).

Most of the randomized-cloud-seeding projects over

mountains have been statistically inconclusive because of

the high natural variability of precipitation at all space and

time scales (National Research Council 2003; Garstang

et al. 2005). Even projects that focus on cloud and pre-

cipitation processes such as theAgI SeedingCloud Impact

Investigation (ASCII) project (Pokharel andGeerts 2016)

have required extensive compositing, double differences

(target vs control areas, and seeded vs untreated periods),

and multiple threads of evidence (radars and in situ par-

ticle probes) to reveal the impact of seeding on snow

growth (Pokharel et al. 2017).

Research experiments (such as the ones mentioned

above) and ongoing operational projects both generally

target naturally precipitating orographic clouds for

glaciogenic seeding. These clouds often contain SLW

but, especially when they are deep, also abundant nat-

ural ice crystals and snow. Such clouds are complicated,

because ice crystals may be introduced from an upper-

level cloud into the lower-level SLW cloud (the seeder–

feeder mechanism; Houze 2014). Also, under windy

conditions ice particles may be injected into shallow

orographic clouds from below, probably as a result of

blowing snow lofted and mixed into the turbulent

boundary layer (Geerts et al. 2011, 2015a). Given these

natural sources of ice crystals, it is difficult to isolate the

AgI seeding impact on winter storms over mountains.

To overcome this challenge, we assume an un-

conventional approach and target an extremely shallow

cloud in which the seeder–feeder and blowing-snow

mechanisms are inactive. This paper presents a case

study of a thin cloud, largely blocked by a mountain,

that contains SLW and produces only very light natural

snowfall. Operational seeding projects would ignore

this cloud for lack of SLW and cloud depth, and pub-

lished seeding-impact studies have examined deeper,

more complex clouds. This shallow orographic cloud is

studied here because it may yield a large, measurable

seeding signal, given that cloud-top temperatures are

above 2168C and the cloud is persistent and isolated,

confined to a small area upwind of the crest.

This study has observational and numerical compo-

nents. The target shallow cloud does test the limits of

what can be observed and simulated. With the ad-

vancement of computational resources and the devel-

opment of AgI seeding parameterizations embedded in

cloud microphysical schemes in large-eddy simulation

(LES), it is now possible to more explicitly simulate the

dispersion of glaciogenic nuclei and the impact of

seeding on surface precipitation. At the same time, it is

now possible to use a sensitive profiling airborne cloud

radar to detect and describe even weakly precipitating,

shallow orographic clouds. The study that is presented

here builds on these two new capabilities.

The objectives of this paper are to describe the kine-

matics and cloud structure of a very shallow stratiform

winter orographic cloud; to evaluate the observed im-

pact of ground-based glaciogenic seeding on hydrome-

teors in this cloud; to assess the ability of the Weather

Research and Forecasting (WRF) Model LES to cap-

ture the airflow, stability, and cloud formation; and to

examine the cloud-microphysical changes due to seed-

ing in the model to better understand how seeding may

augment precipitation.

The data sources and experimental design are de-

scribed in section 2, and the model configuration is given

in section 3. Section 4 describes upstream atmospheric

conditions and evaluates how well they are captured in

the model. Vertical transects of Doppler radar–derived

airflow and vertical velocity are described in section 5

and again compared with the model. Section 6 explores

whether AgI seeding has a measurable impact on radar-

observed and computed reflectivity. Section 7 examines

the effect of seeding on cloud microphysics within the

model. The discussion and conclusions are in sections 8

and 9, respectively.

2. Instruments and flight track

The shallow orographic cloud studied here occurred

on 13 February 2013 over theMedicine Bow (MB) range

in southern Wyoming (Fig. 1). It was documented and

seeded as part of the ASCII project (Pokharel and

Geerts 2016). The experimental design and intensive

operation periods (IOPs) of the ASCII campaign are

described in Pokharel and Geerts (2016).

The 13 February 2013 orographic cloud was captured

by two profiling remote sensors aboard theUniversity of

Wyoming King Air (UWKA) aircraft: the noncoherent

backscatter polarization Wyoming Cloud Lidar (WCL)

and the Wyoming Cloud Radar (WCR), a 95-GHz

(3mm) Doppler radar. A technical description of the

WCL and WCR can be found in Wang et al. (2012).

The WCR operated fixed antennas above and below

the aircraft, providing (equivalent) reflectivity and

Doppler velocity in a vertical plane along straight and

level flight tracks. TheWCR is vital in this case because

of its sensitivity and its ability to detect echoes from

cloud top down to ;30m above the terrain. To obtain

the best possible estimation of hydrometeor vertical

velocity, we remove the contribution of not just the

aircraft motion but also the horizontal wind to the

Doppler velocity when the antennas are slightly off
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nadir/zenith as a result of small aircraft attitude varia-

tions (Geerts et al. 2015b). The horizontal wind profile

is obtained from an upwind sounding shown in Fig. 2.

The expression ‘‘hydrometeor vertical velocity’’ is

used because it includes the fall speed of the scatterers.

The WCR horizontal and vertical resolutions are

approximately 10 and 30m, respectively, at the ranges

of interest.

The WCR also operated a third antenna that was

pointed 308 forward of nadir. The combination of

slant-forward and nadir antennas enables dual-

Doppler synthesis, yielding the along-track wind

below flight level (Damiani and Haimov 2006). The

transects shown herein depict hydrometeor stream-

lines, defined as being tangential to the dual-Doppler

velocity vectors at any point, as described in Geerts

et al. (2015b). At 95GHz, the WCR return power is

due to scattering in the Rayleigh regime (which is

proportional to the sixth power of particle size), at

least for particles up to ;1mm (Matrosov 2007). Mie

scattering (which is far less sensitive to particle size)

dominates for larger particles. Therefore, the WCR

echoes in a mixed-phase cloud are almost entirely due

to ice crystals and not to cloud droplets. In fact, the

FIG. 1. Terrain maps showing (a) the model domains and (b) the 100-m LES domain (d04) with the UWKA flight

pattern and surface sites.
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WCR is not sensitive enough to detect purely liquid

clouds with droplets smaller than 20mm. TheWCLwill

detect such clouds, however (Wang et al. 2012).

The UWKA flew five geographically fixed tracks

(labeled 1–5 in Fig. 1b) four times during this IOP. This

pattern was intended to measure the change in the

cloud properties due to seeding. Each time, the aircraft

entered this ‘‘ladder’’ (or lawnmower) pattern on the

east side (track 5) and exited on the west side (track 1).

Two ladders were flown before the activation of two

AgI generators on the ground (location shown in

Fig. 1b). Then two more ladders were flown during

seeding. An east–west leg (shown in Fig. 1b) was flown

after ladder 2, both to describe the along-wind cloud

structure and to allow enough time for AgI nuclei to

disperse before ladder 3 started.

3. Model setup and configuration

Here we use the WRF LES model with the AgI

seeding parameterization developed by Xue et al.

(2013a,b). This parameterization captures four modes of

ice nucleation (deposition, condensation freezing, con-

tact freezing, and immersion freezing) as functions of

temperature and saturation ratios with respect to ice and

water. Besides AgI-mediated ice initiation, the param-

eterization allows for the scavenging of AgI particles by

cloud droplets and by ice crystals through Brownian

FIG. 2. Analysis of sounding released from Saratoga upstream of the MB range (Fig. 1) at 0302 UTC (black lines) and comparison with

corresponding 100-m LES model sounding (red lines): (a) skew T–logp diagram, with wind barbs [full barb 5 10 kt (1 kt 5 0.51m s21)],

(b) wind speed, (c) wind direction, and (d) equivalent potential temperature.
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diffusion, turbulent diffusion, and phoretic effects

(thermophoresis and diffusiophoresis).

This modeling approach was used for two other ASCII

case studies. One, for a deeper stratiform cloud (Chu et al.

2014), found good correspondence between WRF LES

(run at 100-m resolution) and observations of vertical

temperature, humidity, andwind profiles; cloud SLW; and

radar vertical velocity and reflectivity. Their model sen-

sitivity test (with/without seeding) revealed that ground-

based seeding increased snow mixing ratio and snowfall.

They also show that this modeled seeding impact is small

relative to the natural trend between the two periods of

interest (untreated followed by seeding), confirming the

widely accepted view that observational evidence is chal-

lenged by signal isolation (Garstang et al. 2005). Xue et al.

(2016) used the model output for this case to examine the

impact of seeding on cloud microphysical and dynamical

processes and found that the vertical dispersion of AgI

particles is more vigorous in cloud, where buoyancy-

induced turbulent eddies play an important role. They

also found that seeding does not have a profound impact

on turbulent kinetic energy (TKE) and cloud dynamics, at

least not in that stratiform case. Chu et al. (2017) in-

vestigated an ASCII case with shallow orographic con-

vection, again simulated well by WRF LES. Their

modeling work shows that seeding depletes water and

slightly enhances cloud buoyancy, updraft strength, and

height. The small increase in cloud-top height indicates

that the snowfall enhancement was largely due to static

(microphysical) processes rather than to dynamic ones.

The model simulations use WRF, version 3.4.1

(Skamarock et al. 2008). Four domains are used (Fig. 1a),

with grid resolutions of 2.7km, 900m, 300m, and 100m,

respectively. The two outer domains (non-LES) are one-

way nested, and so are the two inner domains (LES)

(Table 1). The model output from domain 2 provides the

initial and lateral boundary conditions for the LES sim-

ulations. Domain 4 covers the area of interest, that is, the

MB range and surrounding plains (Fig. 1b); only output

from domain 4 is examined in this paper. There are 60

vertical layers in total in each domain up to 20hPa, with

the first level at ;10m above ground level (AGL). The

vertical spacing increases exponentially with height but

remains less than 200m below 2000m AGL. This setup

implies a vertical-to-horizontal grid-spacing aspect ratio

(dz:dx) of less than 2 in domain 4 within the cloud layer

(which is within the lowest 2km AGL). The high reso-

lution near the surface is motivated by the need to ac-

curately simulate the flow over/around the domain and

the vertical dispersion ofAgI nuclei (Xue et al. 2014). The

choice of the LES framework is motivated by the same

need, especially since the AgI nuclei are released from

the ground (Xue et al. 2014).

The outer domain is initialized by the Climate Forecast

System Reanalysis. The non-LES domains use the

Mellor–Yamada–Janjić (MYJ;Mellor andYamada 1982)

PBL scheme (Table 1). PBL schemes are not activated on

the LES domains. The resolved eddies sufficiently cap-

ture AgI dispersion at the resolution used in domain 4

(100m) (Xue et al. 2014).A very short time step of 0.07s is

needed for the 100-mLES tomaintain numerical stability

over complex terrain. The Thompson bulk cloud micro-

physics scheme (Thompson et al. 2008) is used in all do-

mains. This scheme predicts the mixing ratios of water

vapor, cloud water, cloud ice, snow, rain, and graupel. It

is a single-moment scheme except that it represents the

size distribution of rain and ice particles by means of a

two-moment gamma distribution, from which the total

mass and total number concentration are computed

(Thompson et al. 2008). More details about the model

configuration can be found in Table 1.

The initial subgrid-scale (SGS) TKE is zero in do-

mains 3 and 4 because domain-2 model output does not

contain SGS TKE information. It has been shown in

idealized LES simulations that zero SGS TKE initial

and lateral boundary conditions do not significantly af-

fect the turbulence spectrum in the presence of complex

terrain, a sufficiently large region upstream of the area

TABLE 1. Model configurations for the four domains.

Configurations d01:2700-m non-LES d02:900-m non-LES d03:300-m LES d04:100-m LES

Simulation time 1200 UTC 12 Feb 2013–1200 UTC 13 Feb 2013 0000 UTC 13 Feb 2013–0600 UTC 13 Feb

2013

Grid points 360 3 720 210 3 420 540 3 330 810 3 810

Time step (s) 12 4 0.2 0.07

Nesting No Yes No Yes

Vertical levels 60 layers

PBL MYJ scheme None

Radiation CAM shortwave and longwave schemes

Land surface Noah land surface scheme

Microphysics Thompson scheme

Turbulence Horizontal Smagorinsky first-order closure 1.5-order TKE closure
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of interest, and/or small-scale wind/temperature per-

turbations (Mirocha et al. 2014). In this case, the MB

range is ;120 km downwind of the domain-3 western

boundary, and, with another mountain range between

this western boundary and the MB range (Fig. 1), the

terrain is much more complex than in the idealized

simulation in Mirocha et al. (2014). Also, the SGS TKE

is a small portion of the total TKE at a model resolution

of 100m (Xue et al. 2014). Energy power-spectra anal-

ysis in domains 3 and 4 reveals well-developed turbu-

lence, decreasing in strength from the surface up to

;1.5 km AGL.

This study uses the AgI cloud-seeding parameteriza-

tion scheme, which is built on the Thompson scheme, as

described in Xue et al. (2013a) and tested in idealized

simulations in Xue et al. (2013b). It allows diverse

mechanisms of AgI-related ice initiation, and keeps

track of AgI nuclei concentrations in the atmosphere

and in all solid/liquid water classes.

4. Upstream atmospheric conditions

The upstream conditions are captured by a radio-

sonde released from Saratoga, Wyoming (Fig. 1b), at a

time close to the middle of the UWKA flight. During

this IOP the lower troposphere (to be specific, the lowest

2 km) is very stable yet is moist (Fig. 2a). Two inversions

are present: a shallow surface inversion probably con-

fined to the valley, and a second one just below the level

of the top of the MB range (Fig. 2d). A 10–15m s21

southwesterly low-level jet is present between these two

layers, impinging on the MB range. This jet may result

from downslope acceleration in the lee of an upwind

mountain range (the Sierra Madre, partly included in

Fig. 1b). The value of the bulk Froude number Fr cal-

culated between 100m AGL and mountaintop level

(Fr 5 0.5; see Table 2) suggests that the low-level flow

should be mostly blocked. Indeed, as we will see later,

the low-level jet is not strong enough (or the second

inversion is too strong) to allow more than some spill-

over over the MB crest. Partial ascent does occur over

the MB range, resulting in a persistent shallow strati-

form orographic cloud, confined to the upwind side of

the mountain range. Snow water equivalent pre-

cipitation was measured by Environmental Technology,

Inc. (ETI), shielded snow gauges at several sites over the

mountain (Fig. 1b). These gauges have a precision and

accuracy of 0.25mm. No snowfall was recorded by any

of the ETI gauges in operation over the mountain

(Fig. 1b) (Breed et al. 2014). The likely explanation is

that these gauges are not located in the high-mountain

region above the tree line (;3200m MSL), where most

of the very light snow occurs according to the WCR

observations and LES model. The net shear below

mountaintop level is small; therefore, the bulkRichardson

number is large (Table 2). This situation does not rule out

local shear instability.

The surface inversion is captured by the model (the

100-m LES), but it is weaker and deeper. The second

inversion is not captured, but the model’s stability

roughly matches the radiosonde over a greater depth

(Fig. 2d; Table 2). The model fails to capture the low-

level jet, and the near-surface wind is stronger and more

westerly than was observed (Figs. 2b,c). As will be

shown later, the model low-level wind matches obser-

vations better over the mountain, where the seeding

occurs, than in the upwind valley. The model bulk Fr is

fairly close to the observed value (Table 2), suggesting

that the model may capture the fundamental flow dy-

namics (blocked flow).

The model captures temperature and wind very well

above mountaintop level (Fig. 2a), but the model has a

warm and moist bias below mountaintop level (Fig. 2a).

Yet the cloud-base height is simulated well: the model

lifting condensation level (LCL) is only ;100m below

the LCL derived from the radiosonde data (Table 2).

Here the LCL is computed by first mixing the air in the

100–500-m AGL layer. (The lowest 100m is ignored

because of the surface inversion.) The radiosonde data,

as well as ceilometer data collected at the site of the

TABLE 2. Evaluation of model performance in terms of upwind

sounding parameters. The wind speed U, the Froude number Fr,

the bulk Richardson number Ri, and the wind shear S represent

averages between the near-surface (100m AGL) and MB Peak.

The Brunt–Väisälä frequency N is the combination of the dry and

moist values of N below and above the cloud base, respectively.

The cloud base is defined as the mixed-layer LCL. The Froude

number is calculated as U/(NH), where H is the height difference

between the sounding site in Saratoga and MB Peak (3661m). The

Richardson number is defined asN2/S2, where S is themagnitude of

the shear vector between the surface (10m) andmountaintop level.

The Tbase is the cloud-base temperature, and Ttop is the cloud-top

temperature. All observations (Obs) are derived from a radiosonde

released at Saratoga, except LWP, which is the average value from

the Cedar Creek radiometer. Output from the 100-m LESmodel is

time/space matched to these observations.

Parameter (units) Obs 100-m LES

U (m s21) 9.5 9.9

Wind direction (8) 252 269

N (1022 s21) 1.34 1.11

Fr 0.48 0.57

Ri 1.22 1.62

LCL (km MSL) 3.00 2.89

Tbase (8C) 212.4 210.2

Ttop (8C) 215.9 215.3

S (1022 s21) 12.1 9.2

Shear direction (8) 316 210

LWP (gm22) 58 54
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radiometer (Fig. 1b) (not shown), indicate that no cloud

is present over the upwind valley. Yet the LCL can be

used to estimate the temperature of the base of the cloud

that forms closer upwind of the MB range. This tem-

perature is 212.48C, and it is 2K warmer in the model

(Tbase in Table 2). To estimate the cloud-top tempera-

ture (Ttop in Table 2), we average the WCL cloud-top

height estimate (discussed in section 5a, below) for all

four passes over tracks 1–3, upwind of the crest (i.e.,

south of the along-wind track in Fig. 1b), and then we

estimate the corresponding temperature by lifting a

parcel moist adiabatically from the LCL (at the LCL

temperature Tbase) to the WCL-derived height. The

model-derived Ttop is the average cloud top at the same

location (area surrounded by tracks 1–3, upwind of the

crest) and over the same time period (four specific

times). Both observations and model indicate a cloud-

top temperature that is not colder than2168C (Table 2).

The saturation vapor pressure difference between wa-

ter and ice peaks in the temperature range of this oro-

graphic cloud; therefore, snow growth by the Bergeron

vapor diffusion process is likely if ice crystals are present.

Yet, in this temperature range it is unlikely that signifi-

cant numbers of natural ice nucleating particles are acti-

vated. The cloud is also persistent during the duration of

the UWKA flight. Therefore, this cloud should be a good

target to detect the impact of AgI seeding on snow

growth, at least if it contains significant SLW. The liquid

water path (LWP) estimated by a radiometer located

upwind of the mountain (Fig. 1b) is less than 100gm22

(0.1mm). This passive microwave radiometer was

pointed toward the mountain and cycled among four di-

rections, with azimuth angles of 808 (east) and 1358
(southeast) and elevation angles of 98 and 128 (Pokharel
and Geerts 2016). The radiometer LWP estimates do not

vary toomuch in time and direction; the average value for

all azimuth and elevation angles during the UWKAflight

is 58gm22. (The slant path values are expressed in ver-

tical column equivalent values.) The corresponding

model LWP along the same slant path as the radiometer

has an average of 54gm22 (Table 2). In short, the shallow

orographic cloud contains cloud droplets, and the 100-m

LES captures the cloud SLW content well.

5. Transects of reflectivity and airflow across the
orographic cloud

a. Transect along the cloud-top wind direction:
Observations

The shallow orographic cloud is captured best by

WCRandWCLdata collected during an east–west flight

leg, which roughly aligns with the wind near cloud top

(labeled as ‘‘Along wind track’’ in Fig. 1b). The high

WCL backscatter power values at cloud top and the

total attenuation of the WCL signal below cloud top

(Fig. 3d) confirm that the cloud contains numerous

cloud droplets. The cloud forms about 25 km upwind of

the crest. Its top rises only slightly toward the level

ofMBPeak because of the inversion (Fig. 2a). The cloud

sublimates quickly in the lee of the crest.

Cloud radar data (Fig. 3a) indicate that this cloud

contains ice crystals as soon as it is first seen by cloud

lidar (Fig. 3d). The reasoning is that the cloud edge as

seen by WCR coincides with the cloud edge as seen by

WCL. Reflectivity values as high as those observed in-

dicate the presence of ice crystals: a liquid-only cloud

with typical continental droplet sizes cannot be detected

by WCR (section 2). The high WCL backscatter power

at cloud top and rapid signal attenuation below indicate

the presence of numerous small particles (droplets).

Natural initiation of ice as soon as the orographic cloud

forms is remarkable, given that cloud temperatures are

higher than 2158C and given that no ice crystals are

introduced from above or below: WCR reflectivity in-

dicates that no ice crystals fall from aloft to seed the

shallow orographic cloud upwind of the crest, along this

or any other flight leg (Fig. 2a). Also, the surface wind

upwind of the crest is too weak (Figs. 2b and 3c) to loft

blowing snow and mix it sufficiently deep in cloud. The

shallow mixed-phase cloud is contained below flight

level, which is 14 kft (;4267m) MSL throughout the

flight. A pure ice cloud descends and merges with the

shallow mixed-phase cloud farther downwind, along

10, x, 16km and 3.5, z, 4.0 kmMSL (Fig. 3a). This

descending ice cloud does not contain droplets: its WCL

backscatter power is low (Fig. 3d) and its WCL de-

polarization ratio is high (not shown).

The ice crystals in the orographic cloud are small in

size, since the peak WCR reflectivity (Z; mm6m23) is

near 0dBZ. This corresponds to a liquid-equivalent

precipitation rate (R; mmh21) of ;0.3mmh21, assum-

ing theW-band-specificZ–R relationship (Pokharel and

Vali 2011):

R5 0:39Z 0:5. (1)

The ice crystals remain elevated at first and reach the

ground ;12 km west of the crest. Some ice crystals spill

over the crest (Fig. 3a) or are deflected aroundMB Peak

toward the northeastern side of the crest.

The color scale for WCR hydrometeor vertical ve-

locity in Fig. 3b is centered at20.5m s21, to account for

the estimated fall speed of scatterers. The flight level was

too high for in situ particle measurements, well above

the shallow blocked cloud, but the very low reflectivity

MAY 2017 CHU ET AL . 1291



FIG. 3. Transect from west to east, as shown in Fig. 1, along the wind near cloud-top level: (a) WCR

reflectivity plus underlying terrain (white solid line, withMBPeak as the highest point) andUWKAflight

level (white dashed line), (b) WCR hydrometeor vertical velocity (centered at 20.5m s21) and gust-

probe vertical air velocity at flight level (centered at 0m s21), (c) WCR-derived along-track wind speed

and WCR dual-Doppler hydrometeor streamlines plus gust-probe along-track wind speed at flight level

(positive from left to right), (d)WCLbackscatter power below flight level, (e) LES 100-m simulated radar

reflectivity, (f) LES 100-m simulated vertical air velocity (centered at 0m s21), and (g) LES 100-m

simulated along-track wind speed.
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values (Fig. 3a) (and model output, as will be discussed

later) suggest that almost all hydrometeors are smaller

than 1mm. (The largest particlesmatter since theDoppler

velocity estimate is reflectivity weighted.) The stratiform

cloud appearance with weak vertical motions (Figs. 3a,b)

suggests that these particles are unrimed. Locatelli and

Hobbs (1974) andMitchell (1996) suggest that 0.5ms21 is

an appropriate fall speed estimate for unrimed particles

with diameters around 1mm. The air vertical motion at

flight level is shown as well in Fig. 3b. The dual-Doppler

along-track wind speed is shown in Fig. 3c.

The orographic cloud experiences weak ascent, with

stronger ascent near steeper terrain. Strong subsidence

is present in the lee of MB Peak, at flight level and be-

low, with plunging flow (Fig. 3b) accelerating to 20ms21

just above the surface (Fig. 3c). A hydraulic jump ap-

pears to be present in the lee, near x 5 41km, evident

near the surface and at flight level (Fig. 3b).

Even though the prevailing wind in this transect is

from left to right, the near-surface flow probably is into

the page, as is evident from the sounding (Fig. 2c) and

from the along-track wind on the ladder legs (shown

below). The near-surface wind speed on the upwind side

of the east–west cross-mountain transect is nearly zero

and locally is even downslope (near x 5 18km in

Fig. 3c). The cross-mountain (westerly) component in-

creases with height in this cloud, up to 18m s21 on the

upwind side, as the wind veers with height (Fig. 2c).

b. Transect along the cloud-top wind direction:Model
simulations

Output from the 100-m LES domain is shown in

Figs. 3e–g. Space is matched exactly, and the model time

is matched within a few minutes. (We use the mean

observational time.) The model reflectivity is derived

from the concentrations and prescribed size distribu-

tions of all hydrometeors, assuming Rayleigh scattering

only. Model reflectivity will exceed WCR-observed re-

flectivity in the case of large particles (.;1mm), since

such particles scatter in the Mie regime at W band. The

lower reflectivity in the modeled shallow orographic

cloud (peaking near 25dBZ; Fig. 3e), relative to the

WCR-observed one (peaking near 0dBZ; Fig. 3a), is an

indication that at this time themodel underestimates the

concentration and size of snow particles. The model

snow mixing ratio is very low, peaking near 0.01 g kg21

upwind of the crest. The corresponding model concen-

tration of snow particles larger than 1mm is insignificant

(,1m23), according to the Thompson et al. (2008)

microphysics scheme, and the corresponding model

precipitation rate is 0.15mmh21, or one-half of the

WCR-estimated 0.3mmh21 (section 5a). So the model

resolves a very light natural precipitation of small ice

and snow particles, falling at a rate that (at least early

on) probably is lighter than observed. More important

from a dynamical perspective are the spatial patterns of

reflectivity. The model nicely reproduces the shallow

stratiform orographic cloud in terms of horizontal ex-

tent, depth (Fig. 3e), and flow field (Figs. 3c,g). The

extent of snow reaching the ground also matches WCR

measurements.

The model produces an ice cloud aloft, subsiding to

low levels in the lee. Such cloud is hardly present at this

time (Fig. 3a), but WCR data from the ladder legs in-

dicate that it is present 1.0–1.5 h earlier (shown below).

The shallow orographic cloud including the ice crys-

tals quickly disappears in the lee because of plunging

flow evident in the vertical velocity and isentrope pat-

terns (Fig. 3f). This is consistent with observations. The

lee acceleration (Fig. 3g) also matches observations

well. The weak WCR echoes near the ground on the lee

side (Fig. 3a) probably are due to blowing snow (Geerts

et al. 2015a) and therefore are not present in the model.

The model also nicely reproduces gravity waves in the

stable layer near flight level (evident in the spacing be-

tween isentropes), the hydraulic jump (slightly displaced

to the east though), and turbulent vertical drafts at low

levels (Fig. 3f), although the smallest turbulent eddies

seen by theWCR (resolution of;30m) in the boundary

layer (Fig. 3b) cannot be captured by the LES (100-m

grid spacing).

c. Transect along the surface wind: Observations

We now explore similar transects, but for track 3, a

southwest–northeast-oriented track passing 4.5km to the

northwest of MB Peak (Fig. 1b). The along-track wind,

the vertical velocity, and the reflectivity are shown in

Figs. 4, 5, and 6, respectively. Track 3 is chosen because it

nicely captures the shallow orographic cloud along the

near-surface wind, which is from the southwest (Fig. 2c).

This track is flown four times at approximately hourly

intervals. The first two passes are labeled NOSEED (AgI

generators off); the last two passes are labeled SEED. As

mentioned in section 2, the northeastern (right) part of

track 3 may be affected by one or two AgI plumes during

SEED. The estimated projection of these plumes inter-

secting track 3 is shown in Fig. 6.

The low-level flow appears to be steady over the 4-h

period shown in Figs. 4a–d. The low-level jet evident in

the sounding near 2.8kmMSL (Fig. 2b) is present over the

mountain also, although at a higher level above mean sea

level. The flow is weak on the southwestern side and ac-

celerates to ;10ms21 over the high plateau (for roughly

20, x, 35km), indicating deflection of the blocked flow

around MB Peak. The flow accelerates further to 15–

19ms21 as it subsides on the northeasern side of the MB
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range (i.e., the lee side relative to the low-level flow). At

flight level the wind is out of the page in Fig. 4.

The vertical velocity transect confirms that the low-

level flow is from the left (southwest) (Fig. 5): rising

(sinking) motion generally occurs to the left (right) of the

broad crest, and shallow vertical velocity dipoles can be

seen centered on small terrain features—for example, the

valley near x 5 37km. Some of these gravity waves are

felt up to flight level. The stronger PBL turbulence evi-

dent in the vertical velocity transect over the high plateau

is consistent with the stronger wind there (Figs. 4a–d).

This strong wind enhances the vertical dispersion of

AgI nuclei during SEED. It may also disperse blowing-

snow particles, which may explain the persistent WCR

echoes over and even downwind of the plateau during

NOSEED (Figs. 6a,b). In terms of WCR reflectivity, the

orographic cloud weakens somewhat from the first to

the third pass and then deepens and intensifies in the last

pass (Fig. 6d), with maximum reflectivity values of

6 dBZ upwind of the AgI generators. This natural in-

tensification complicates analysis of the seeding impact.

d. Transect along the surface wind: Model
simulations

The model reproduces the along-track wind speed

pattern very well (Figs. 4e–h), in particular the weak

flow on the southwest side, accelerating over the plateau

and into the northwestern lee. The model wind speed

transects highlight the shallowness of this southwesterly

current, below a deep layer of northwesterly flow as

shown in the sounding (Fig. 2). The cloud top corre-

sponds with a layer of strong shear across the inversion.

The simulated vertical air motion (Figs. 5e–h) also

matches WCR and flight-level observations well, in-

cluding the PBL turbulence and terrain-driven dipoles.

Some of these dipoles apparently are the base of vertically

propagating waves, but others (such as the one produced

by the deep valley on the right in all transects) remain

FIG. 4. Transects of along-track wind speed for track 3 (Fig. 1b) at four times, roughly 1 h apart, (a),(b),(e),(f) during the NOSEED

period and (c),(d),(g),(h) during the SEEDperiod. for (left)WCRand gust probemeasurements and (right) the corresponding 100-mLES

model output. Positive values are from left to right (southwesterly wind). The gap in (c) is due to the WCR malfunctioning.
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shallow (evanescent waves). Themodel vertical velocity is

less turbulent because of grid-resolution limitations.

The model reflectivity (Figs. 6e–h) is slightly under-

estimated on the southwestern side during NOSEED.

The reflectivity in this region steadily increases over

time, not quite as observed. An ice cloud descending

into the lee (possibly the result of wave breaking) is

observed during the first pass only, but the model cap-

tures it during the next three passes (including at the

time of the east–west leg between passes 2 and 3, as seen

in Fig. 3e). The model high reflectivity near the surface

on the northeastern side during SEED is due to AgI-

induced ice particles. Such clear response to seeding is

not observed, although unusually high WCR reflectivity

values do occur in the same area during the last pass.

6. Impact of AgI seeding on snow growth

The vertical cross sections of observations and model

output shown in Figs. 3–6 all are instantaneous fields,

characterizing a shallow orographic cloud. We now

explore the impact of ground-based AgI seeding on

snowfall from this cloud, as revealed by the WCR and

LES model. To do this, we first explore time-averaged

differences between SEED and NOSEED periods in

two regions (control and target). Next, to better un-

derstand the impact of seeding on cloud microphysics

from a model perspective, we will explore differences

between the treated and control LES runs.

a. Control versus target regions

The modeled vertically integrated AgI nuclei concen-

tration in the atmosphere (free floating or absorbed by

water/ice) is shown in Fig. 7. Note the logarithmic scale,

which tends to emphasize low concentrations. Under the

modeled surface winds, the northeastern AgI generator is

right in the path of the plume from the southwestern gen-

erator. The low-level flow carries AgI nuclei from the up-

wind generator roughly along the local terrain contour

(3000m MSL) toward the northeast around the higher

terrain. The high elevation of the generators implies that

the natural SLW concentration probably peaks close to

them and not high above the surface. This supposition will

be confirmed laterwithmodel output. Small concentrations

FIG. 5. As in Fig. 4, but for WCR-measured hydrometeor vertical velocity and model vertical air motion.
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of AgI nuclei are mixed into the northwesterly wind aloft

and are advected over the higher terrain.

The modeled AgI dispersion pattern shown in Fig. 7

and the good correspondence between WCR-observed

and modeled wind over the mountain (section 5) form

the basis for the definition of the control (target) regions

as the southern (northern) parts of the ladder flight

pattern. The boundary between the two almost equally

sized regions is shown as a blue line in Fig. 7. This line

corresponds with the east–west ‘‘along-wind’’ flight

track (Fig. 1b). WCR data collected along flight sections

to the south (north) of this line will be treated as control

(target). Model data are mined within the southern

(northern) parts of the blue rectangle in Fig. 7 and not

just along the flight tracks themselves. Natural differ-

ences are expected in the two regions, since the control

(target) area is largely on thewindward (leeward) side of

the mountain, at least relative to the near-surface flow.

b. Observations

To contrast the NOSEED period (0150–0320 UTC)

against the SEED period (0355–0525 UTC), WCR

(model) reflectivity from all target and control track

sections (regions) is composited in Fig. 8. These plots

show height above ground level (not above sea level),

and the depth of the displays is limited to 1.0 km AGL,

since the precipitating region is extremely shallow.

The WCR data indicate that snowfall from this oro-

graphic cloud increases in the control region between the

two periods (from NOSEED to SEED) (Fig. 8a), con-

sistent with the observed trend along track 3 (Fig. 6). The

positive trend between the two periods (from NOSEED

to SEED) is present in the target region as well, but it is

larger (Fig. 8b). The interquartile range (IQR)—that is,

the spread from the 25th to the 75th percentile—is

slightly larger in the target, suggesting cores of high re-

flectivity surrounded by smaller/fewer snow particles.

The average reflectivity value (shown in profiles for the

different regions/periods in Figs. 8c and 8f) is computed in

Z units because the precipitation rate is proportional to

(approximately the square root of) Z, and not dBZ;

therefore, this average is more meaningful. The WCR

mean reflectivity remains almost the same over the control

region during the flight, but it increases by approximately

FIG. 6. As in Fig. 4, but for radar reflectivity. Stars indicate the location of the AgI generators projected according to the mean low-level

wind (Table 2).
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3dB over the target region in the lowest 400m (Fig. 8c). In

other words, the double difference (temporal Z change in

target area minus corresponding change in control area) is

approximately13dB. Thismay be a result ofAgI seeding,

but it can also be due to differing natural trends in the two

regions (Pokharel et al. 2017). A seeding-induced increase

of WCR reflectivity may be due to more numerous ice

crystals, or larger snow particles, or both. The WCR re-

flectivity increase may be suppressed if many particles

cross well into the Mie-scattering regime (i.e., become

larger than;1mm). In any event, no flight-level data from

particle-size probes are available to sort this out, given the

cloud’s shallow depth.

c. Model perspective

The model agrees with observations that snowfall

from this shallow orographic cloud increases in the

control region from NOSEED to SEED (Fig. 8d). The

modeled trend is larger than the observed one (Fig. 8e),

and the IQR is smaller as well, suggesting that snow

particles are better mixed in the real world. The mod-

eled difference in the NOSEED-to-SEED trend be-

tween target and control is larger than observed. In

fact, the double difference mentioned above, again

calculated in the lowest 400m, is 110 dB (as opposed

to 13 dB).

The lower mean reflectivity in the model during

NOSEED (when compared with WCR data; Fig. 8)

may indicate fewer ice crystals in the model than in

reality. Such cloud is more sensitive to seeding, ex-

plaining the higher double difference in the model.

Since the modeled seeding response is about 3 times as

high as observed in terms of reflectivity (double dif-

ference of 10 vs 3 dB), one can qualitatively argue that

FIG. 7. Vertically integrated concentration of AgI nuclei (logarithmic scale) and 10-m winds

at 0420 UTC, ;1 h after the generators are turned on. The blue quadrilaterals are the control

and target regions defined on the basis of AgI plume dispersion. The thin black lines are the

flight tracks, as in Fig. 1b. (Tracks 1 and 3 are hidden under the blue domain boundary lines.)

The thick black line is the location of a transect analyzed in the text. The terrain contours are

2500, 3000, and 3500m (thin, medium, and thick lines, respectively).
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the modeled surface precipitation-rate change is

overestimated by a factor of 2 [(3.3)0.5, where 0.5 is the

exponent constant in Eq. (1)]. This does not alter the

conclusion that the radar observations and the model

agree about a positive impact of AgI seeding on

snowfall, at least if the natural trend in control

and target regions can be assumed to be the same.

The impact is stronger in the model, where it is evident

in individual (computed) reflectivity transects such

as along track 3 (Figs. 6g,h). Note that, since the

computed reflectivity assumes Rayleigh scattering

only, an increase in concentration of large particles

(.;1mm) will enhance model reflectivity more than

WCR-observed reflectivity.

7. Impact of AgI seeding on model cloud
microphysics

Hampered by strong natural trends when comparing

different time periods (SEED vs NOSEED) to tease

out a seeding signal, we now compare the 100-m LES

simulation without (control) and with AgI seeding

(treated) during the same period (the SEED period).

This is a model sensitivity test: the only difference

FIG. 8. Median WCR reflectivity profiles in the (a) control area and (b) target area, as shown in Fig. 7. The

dashed lines apply to the NOSEED period, and the solid lines are for the SEED period. These lines are

surrounded by the IQR, shown as dark-gray and light-gray shading for NOSEED and (SEED, respectively.

(c) Mean reflectivity profiles for the populations shown in (a) and (b). (d)–(f) As in (a)–(c), but using 100-m

LES model data.
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between the treated and control runs is the AgI seeding

from the two generators. We examine model output at

0420 UTC, about 1 h after generators are turned on.

A cross section along the AgI plume (location shown

in Fig. 7) is shown in Fig. 9. This cross section is similar to

flight track 3 but is aligned better with the low-level wind

and extends farther in the lee. It intersects the upwind

AgI generator. The location of this generator (marked

by an asterisk at ground level in Fig. 9) is obvious from

the distribution of AgI nuclei (Fig. 9f). AgI concentra-

tions are well mixed in the lowest 400m AGL and de-

crease rapidly above that. Cloud water is found mostly

on the upwind (left) side in the control run (Fig. 9a), with

patches of clouds with SLWup to 0.25 g kg21 close to the

surface over the high plateau. These clouds contain very

few ice crystals, resulting in snow 1 ice mixing ratio

values of less than 0.02 g kg21 and only the lightest

snowfall below (liquid) cloud base (Fig. 9d). (The only

place withmore than 0.02 g kg21 of ice and snow is found

in the descending ice cloud aloft, which remains well

above the AgI layer.) In the treated run, the cloud water

mixing ratio is unaffected upwind of the generators, but

downwind of the generators it is substantially lower,

because it is readily converted to ice/snow by vapor

deposition (the temperature is ;2128C) (Figs. 9b,c).

This conversion does take some time: the first clouds

downwind of the generator see little change in cloud

water mixing ratio (Fig. 9b) and liquid fraction (Fig. 9e),

whereas the farthest SLW cloud (as seen in the control

run) is almost devoid of SLW in the treated run. Most of

the AgI released in this case is not deposited in the snow

on the ground but rather is advected downwind of the

MB range. (Some of the nuclei are absorbed by droplets

and snow, which then sublimates during the descent.)

The vertically integrated and time-averaged con-

centrations of water species in the control run and the

difference between treated and control runs are

mapped across the inner domain in Fig. 10. The dif-

ference fields are shown on top of the control-run fields,

with some transparency. In the absence of seeding,

clouds are mostly confined to the upwind side of the

mountain, with LWP values around 100 gm22 (0.1mm)

(Fig. 10a), which corresponds to radiometer estimates

(section 4). Little cloud water occurs over the highest

terrain because of terrain blocking. Most cloud ice and

snow are found on the upwind (southwestern) side as

well, with ice water path (IWP, including cloud ice and

snow) values up to 4 gm22 (Fig. 10b). (The subsiding

FIG. 9. Cross section across theAgI plume (shown in Fig. 7) at 0420UTC from southwest (left) to northeast (right), (a), (d) in the control

run and (b),(e) in the treated run. In (a) and (b), the color fill is cloud watermixing ratio, the dashed black contours are isotherms (8C), and
solid blue contours display snow and ice mixing ratio at 0.02 g kg21 intervals starting at 0.02 g kg21. In (d) and (e), the color fill is the

fraction of total (solid and liquid) water that is in liquid phase, in areas where the total water is at least 0.001 g kg21. (c) Difference between

treated and control runs, in terms of cloud water (fill) and snow and ice (blue contours, same interval). (f) Concentration of AgI nuclei

(color-filled using a logarithmic scale), snow and ice mixing ratio (blue lines) in treated run, and potential temperature (black lines). The

thick black line in (a)–(f) is the terrain. The flow is from left to right.
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ice clouds over MB Peak and over Sheep Mountain in

the southeastern corner of the domain also contribute

to the IWP). As a result, very light snowfall (up to

0.04mm over 2 h, or 0.02mmh21) occurs on the upwind

side (Fig. 10d).

Seeding changes this pattern dramatically in a narrow

belt downwind of the two AgI generators. The LWP

decreases and the IWP increases in this belt (Figs. 10a,b).

The IWP peak difference is 6 times as large as the peak

IWP value in the control run; in other words, substantially

FIG. 10. Time-averaged (0310–0510UTC)water amounts in the control run and difference between the treated and control run (one overlaid

on the other) for (a) LWP, (b) IWP, (c) water vapor path (or precipitable water), and (d) 2-h cumulative precipitation. The terrain contours are

as in Fig. 7. The red squares indicate the locations of the AgI generators. The control and target areas are delineated by blue lines.
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more ice is locally generated by AgI seeding than by

natural conditions in the model. This enhances snowfall,

up to 0.15mmh21 in a small area in the lee, where no

natural snowfall occurs (Fig. 10d). This snowfall rate is

almost an order of magnitude larger than the peak natural

snowfall rate (on the upwind side). The increase in IWP

(up to 20gm22) and the enhanced snow fallout are due

not only to the consumption of SLW droplets (LWP de-

creases up to 20gm22) but also to direct vapor deposition

in areas that are supersaturated relative to ice. The water

vapor path decreases by up to 25gm22 (Fig. 10c).

The change in mean reflectivity profile in the entire

target area between the treated and control runs (Fig. 11)

indicates that the seeding signal we tried to quantify

from a nonsimultaneous comparison in section 6 actually

is slightly larger than the 10.0dBmentioned there (double

difference; model based): it is 10.5dBZ in the lowest

400m. This is in part because more SLW is present in the

lowest 500m during the SEED period, which is the period

used for the model sensitivity run. The average surface

precipitation rate over the target area over the 2-h seeding

period increases by a factor of 4 (Fig. 11). This number

hides the facts thatmost of the target area does not receive

any snowfall in the control or the treated runs (Fig. 10d).

Thus the enhancement is substantial but very local.

8. Discussion

This study addresses the impact of ground-based seed-

ing on a very shallow, largely blocked stratiform oro-

graphic cloud. This case differs from previous studies

and other ASCII cases in that the orographic cloud is very

thin and is mostly blocked. The cloud produces very light

snowfall naturally, both according to observations and

in the model, even though the cloud top is no colder

than 2168C (Table 2). The model captures the upstream

stability, the cloud structure, and the flow field over the

mountain very well. Both observations and simulations

during a SEEDperiod (which follows aNOSEEDperiod)

indicate that seeding locally increases radar (or com-

puted) reflectivity in the target area, after removing the

natural trend between these two periods in a nearby

control region. The overall model performance, and the

consistency of the model with the observed change

in reflectivity, justifies a sensitivity analysis, comparing

treated and untreated model runs. This analysis indicates

that glaciogenic seeding locally substantially increases the

ice and snowmixing ratios and snowfall, mainly on the lee

side where no natural snowfall occurs in the model.

One may wonder whether the increase in snowfall in

the model is due to an increase in the number of ice and

snow particles or rather to an increase in particle size.

Further analysis of the treated and control model runs

indicates that it is the former. Ice initiation in the

Thompson scheme employs a relationship between ice

initiation and temperature that is based on laboratory

ice crystal measurements (Cooper 1986): ice initiation

starts at a temperature of 2128C and ice crystal con-

centrations increase with decreasing temperature to a

maximum concentration of 250L21 at 235.68C. This is
much colder than the temperature in the shallow oro-

graphic cloud; therefore, natural ice crystal concentra-

tions are much lower in this case. AgI seeding allows for

additional ice initiation (Xue et al. 2013a).

The concentration of ice particles in the orographic

cloud is at most 0.1 L21 in the control run, which is

negligible in comparison with that in the treated run

(Fig. 12a).1 After 1 h, a quasi-steady state is reached,

with ice particle concentrations averaging 10–20L21 in

the treated run, that is, at least two orders of magnitude

larger than in the control run. This is because AgI par-

ticles are released in large concentrations (Fig. 7), and

they are efficient ice nucleating particles at the in-cloud

temperature (about 2128C) (DeMott 1997). Yet the

average ice particle mass decreases by a factor of almost

2 (Fig. 12b) as the numerous ice particles compete for

limited cloud water.More numerous ice crystals will lead

to more numerous snow particles (which is not explicitly

simulated in the Thompson scheme with a single-moment

snow size distribution) and a higher snow mixing ratio

(which is simulated, Fig. 10b). Thus, the seeding-induced

FIG. 11. Time-averaged (0310–0510 UTC) and target-area-

averaged reflectivity profile for the control and treated runs. Also

listed is the target-area-average cumulative precipitation for the

treated run, the control run, and their ratio.

1 The numbers shown in Fig. 12 are averages within the target

domain, in which ice particles are continuously advected, formed,

sublimated, and removed onto the ground or outside the domain.

The time dependence for the treated run in Fig. 12a is explained by

this averaging method, and the fact that the AgI generators are

switched on at 0320 UTC, the beginning of this time series. At first

these averages are biased toward the highly concentrated plume

advecting into the target region.
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increase in snowfall is caused by an increase in number

of ice particles and not by an increase in the size of indi-

vidual ice particles, in accordance with the indirect effect

of (natural) aerosol on mixed-phase clouds (Lohmann

2002; Lohmann and Hoose 2009).

9. Conclusions

This study examines the impact of ground-based gla-

ciogenic seeding on a very shallow (,1 km), largely

blocked cloud upstream of the Medicine Bow range in

southern Wyoming, observed during the ASCII cam-

paign. The main findings are as follows:

d Profiling airborne cloud radar and lidar observations

indicate that the orographic cloud contains SLW and

produces very light snowfall naturally, even though

the cloud top is no colder than 2168C.
d WRF LES simulations at 100-m inner-domain resolu-

tion capture the observed upstream stability and wind

profiles, as well as the deflection of the low-level flow

around the mountain, sufficiently well to reproduce

the essential characteristics of the orographic cloud

(cloud-base and cloud-top temperatures, cloud hori-

zontal extent, and SLW) and precipitation. Therefore,

the model can be used to gain insight on the micro-

physics of this orographic cloud.
d Both observations and simulations during a SEED

period (which follows a NOSEED period) indicate

that seeding locally increases radar (or computed)

reflectivity in the target area, after removal of the

natural trend between these two periods in a nearby

control region. Although the observational evidence

for seeding impact may be questioned in terms of

attribution (the natural trend in the control area may

differ from that in the target area) and in terms of

impact on snowfall (the Z–R relationship may change

as seeding may alter the size distribution of ice

particles), the model can be used to gain insight on

the microphysical changes induced by AgI seeding.
d Amodel sensitivity analysis indicates that, at least for

this particular cloud, glaciogenic seeding locally sub-

stantially increases the snowmixing ratio and snowfall

by increasing the number concentration of ice parti-

cles by up to a few orders of magnitude but not their

size. This finding could not be validated with airborne

in situ particle probe measurements because of the

cloud’s proximity to the terrain. The increased ice

crystal concentration, in an SLW cloud in a tempera-

ture range in which the Bergeron process is very

effective, facilitates snow growth by vapor deposition.
d In summary, this case study finds that ground-based

glaciogenic seeding enhances snowfall in a shallow,

mostly blocked orographic cloud without significant

natural precipitation. This study does not address

seeding impact in the deeper, precipitating clouds that

operational cloud-seeding projects typically target.
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