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ABSTRACT

An overview of the Wyoming Weather Modification Pilot Project (WWMPP) is presented. This project,
funded by the State of Wyoming, is designed to evaluate the effectiveness of cloud seeding with silver iodide in
the Medicine Bow and Sierra Madre Ranges of south-central Wyoming. The statistical evaluation is based on
a randomized crossover design for the two barriers. The description of the experimental design includes the
rationale behind the design choice, the criteria for case selection, facilities for operations and evaluation, and the
statistical analysis approach. Initial estimates of the number of cases needed for statistical significance used
historical Snow Telemetry (SNOTEL) data (1987-2006), prior to the beginning of the randomized seeding ex-
periment. Refined estimates were calculated using high-resolution precipitation data collected during the initial
seasons of the project (2007-10). Comparing the sample size estimates from these two data sources, the initial
estimates are reduced to 236 (110) for detecting a 10% (15%) change. The sample size estimates are highly
dependent on the assumed effect of seeding, on the correlations between the two target barriers and between the
target and control sites, and on the variance of the response variable, namely precipitation. In addition to the
statistical experiment, a wide range of physical studies and ancillary analyses are being planned and conducted.
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Evaluating Winter Orographic Cloud Seeding: Design of the Wyoming Weather

1. Introduction

The concept of modifying supercooled clouds with
artificial ice nuclei (IN) was discussed by Findeisen as
early as 1938 as part of his seminal paper on ice for-
mation in the presence of supercooled liquid water
(Findeisen 1938). In the 1940s, with the discovery of
artificial ice nucleation by both dry ice and silver io-
dide (Agl), the potential for modifying precipitation
from supercooled clouds heightened the interest of many
researchers (e.g., Schaefer 1946; Vonnegut 1947; Kraus
and Squires 1947; Langmuir 1948; Coons et al. 1948;
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Bergeron 1949). Early on it was recognized that winter
orographic clouds might be especially amenable to seeding
because of the frequency and persistence of supercooled
clouds. Ludlum (1955) was one of the first scientists to
present a conceptual model of seeding mountain clouds
to enhance snowfall.

Precipitation in winter orographic storms generally
develops when ice crystals form on natural IN (typically
dust particles) and grow through deposition, riming,
and/or aggregation. In many storms, an inefficient pre-
cipitation process exists because of the lack of natural IN
active at warmer temperatures. Measurements suggest
that most layer clouds do not contain much ice until
temperatures less than —12°C are reached (e.g., Geresdi
et al. 2005). This is attributed to the fact that natural IN
are not efficient until in-cloud temperatures fall below
about —12°C (Hoose and Mohler 2012). Furthermore,
the weak updrafts in these layer clouds and narrow
cloud droplet distributions limit the impacts of any ice
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multiplication processes (e.g., Hallett and Mossop 1974).
As a result, many shallow clouds, especially winter oro-
graphic clouds, may be relatively devoid of ice crystals
through large regions and thus have an inefficient pre-
cipitation process. The absence of ice crystals allows
supercooled water to persist for long periods in winter
orographic clouds instead of being depleted by vapor
diffusion, riming, and their feedback on precipitation
formation (increased riming and enhanced aggrega-
tion). This fact is well attested to by the measurement of
sustained supercooled liquid water (SLW) in orographic
clouds by aircraft and ground-based instruments such as
radiometers (e.g., Rauber et al. 1986; Huggins 1995). In
contrast to natural IN, artificial IN, such as Agl, can be
highly efficient at nucleating ice crystals at temperatures
as warm as —5°C, providing the ability to create ice
crystals in clouds warmer than —12°C by “seeding” them
with an Agl aerosol (DeMott et al. 1995).

Since 1948, there have been numerous research pro-
grams showing that Agl seeding could produce addi-
tional precipitation in winter orographic clouds (see
Huggins 2009 for a summary). Programs in the Rocky
Mountains that may be most relevant to winter storm
conditions in the mountains of Wyoming include the
Climax experiments in the central Colorado mountains
(Mielke et al. 1981; Grant 1986), the Colorado Oro-
graphic Seeding Experiment (COSE) in the northern
Colorado mountains (Rauber and Grant 1986), and the
Bridger Range Experiment in southwestern Montana
(Super and Heimbach 1983). The Climax program in-
cluded exploratory and confirmatory randomized seed-
ing experiments, and used existing instruments and
observations as covariates and for ancillary (ex post
facto) studies. The COSE program employed special
airborne and ground-based observations to elucidate the
characteristics and evolution of SLW in orographic
storms. It focused on how the distribution of SLW im-
pacts precipitation development and the implications
for cloud seeding. However, no randomized seeding was
conducted. The Bridger Range Experiment deployed
a network of snow gauges to show statistically that Agl
seeding from a single generator likely enhanced pre-
cipitation through the use of a target/control evaluation
of the randomized seeding experiment. This project also
collected aircraft measurements that established the ver-
tical extent and concentrations of IN in seeding plumes
(Super 1974).

Other noteworthy studies include the Sierra Co-
operative Pilot Project and the Snowy Mountain study in
Australia. The Sierra Cooperative Pilot Project showed
through detailed case studies with observations and
modeling that dry ice and Agl seeding likely caused ad-
ditional precipitation over the Sierra Nevada Range
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(Deshler et al. 1990; Reynolds 1988). This project, however,
did not conduct a randomized experiment and statistical
evaluation. The Snowy Mountain randomized cloud-
seeding program in Australia has provided recent evi-
dence of an increase in precipitation because of Agl
seeding of winter orographic clouds based on a 5-yr sta-
tistical program (Manton and Warren 2011). Only limited
physical evidence was collected as part of this program.
Few of these programs have combined both statistical
and physical evidence of the quantitative impact of Agl
seeding on wintertime orographic precipitation. How-
ever, these well-controlled field experiments suggest that
orographic seeding has the potential to enhance precipi-
tation under certain well-constrained conditions. Results
from programs such as these, coupled with an extended
drought in the western United States, led the State of
Wyoming to fund a winter orographic precipitation en-
hancement study, called the Wyoming Weather Modifi-
cation Pilot Project (WWMPP).

2. WWMPP

In response to requests from the Wyoming Associa-
tion of Conservation Districts and other stakeholders,
the Wyoming State Legislature through the Wyoming
Water Development Commission (WWDC) funded a
feasibility study in 2004 to examine the potential to in-
crease winter orographic precipitation through cloud
seeding (Weather Modification Inc. 2005). Two regions
of the state, the Wind River Range in west-central
Wyoming and the Medicine Bow-Sierra Madre Ranges
of south-central Wyoming, were selected based on past
studies by the University of Wyoming. These studies had
documented the occurrence of SLW and hence the po-
tential for seeding orographic clouds (e.g., Auer and Veal
1970; Dirks 1973; Politovich and Vali 1983). Furthermore,
these areas are important to the generation of spring
streamflow in the Green, Wind-Bighorn, and Platte River
basins (States West Water Resources Corporation 2001;
BRS Inc. 2003; TriHydro Corporation 2006).

Subsequently, in 2005, the WWDC approved and the
state legislature funded a 5-yr program to test this po-
tential. A key component of the program was the in-
clusion of a substantial evaluation effort independent
of the cloud-seeding operations. A team of scientists and
statisticians at the National Center for Atmospheric Re-
search (NCAR) was selected for the evaluation compo-
nent, while Weather Modification, Inc. (WMI), was chosen
to conduct the cloud-seeding operations. The indepen-
dence of these two aspects of the program allows the
seeding effect to be evaluated by an entity without any
vested interest in future operational cloud seeding. At
the end of 2007, after initial measurements were collected
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and permissions for facility sites were obtained, the
Medicine Bow and Sierra Madre Ranges were estab-
lished as targets for a randomized wintertime cloud-
seeding experiment. The final plan for the randomized
seeding experiment (RSE), in the form of a crossover
design using ground-based seeding generators over
an annual seeding period from 15 November through
15 April, commenced during the 2008/09 season (NCAR
2008). Because of required data collection, design changes
and refinements, and additional instrument deploy-
ments, the Wyoming legislature extended funding be-
yond the original 5-yr appropriation to obtain a sufficient
number of experimental units to reach statistically sig-
nificant conclusions for the WWMPP. The field program
is now scheduled to conclude in the spring of 2014.

The American Meteorological Society (AMS) State-
ment on Planned Weather Modification Through Cloud
Seeding (AMS 2011) emphasizes the need for a com-
prehensive approach to cloud-seeding experiments that
includes both a statistical and physical evaluation. The
physical effects of glaciogenic seeding of winter oro-
graphic clouds have been fairly well documented (Super
and Heimbach 1983; Reynolds 1988; Super and Boe
1988; Deshler et al. 1990; Reinking and Martner 1995;
Huggins 2009). This is understated in the AMS state-
ment. More recent aircraft measurements collected dur-
ing the initial years of the WWMPP (Geerts et al. 2010)
further elucidate the physical effects of seeding. Numer-
ical modeling capabilities of simulated seeding effects
are progressing rapidly (e.g., Xue et al. 2013a,b) and
will play a key role in understanding the results of the
WWMPP. While a major part of the WWMPP is focused
on a randomized statistical experiment, the project also
encompasses efforts to measure and model the physical
effects of seeding. The overall goal of the WWMPP is
to provide the best advice possible to the WWDC re-
garding the potential for meaningful augmentation of
snowpack through cloud seeding. As a first step, this
paper provides an overview of the WWMPP, focusing
on the design and implementation of the statistical
evaluation of the RSE.

3. Seeding procedures and facilities
a. Seeding concept and the definition of a case

The following chain of events is conceptualized for
seeding winter orographic clouds containing SLW with
ground-based generators:

e Aerosols containing Agl (actually an Agl-salt com-
plex) are created via combustion of an acetone solution
from ground-based generators upwind of a barrier. The
Agl will act as IN and thus a plume of air, with high
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concentrations of Agl IN, is formed upwind of a
barrier.

o As the plume of Agl drifts with the wind toward the
barrier cloud, it is lifted orographically and dispersed
by mechanical mixing and possibly other turbulent
processes to fill a relatively large volume of cloudy air,
presumably containing SLW.

o The Agl IN accelerate the nucleation of cloud droplets
and/or ice crystals over what would happen naturally,
and they then grow by vapor diffusion in water-
saturated conditions, largely at the expense of the
surrounding supercooled droplets, and become
larger ice crystals.

e Once they are large enough to fall, growth of the ice
crystals continues by riming and/or aggregation, form-
ing precipitation-sized particles that fall as snow over
the target area.

This concept is not new, having been outlined in the very
early work mentioned previously and illustrated sche-
matically in several studies (e.g., Grant 1986; Rauber
and Grant 1986; Huggins 2009). The annotated photo-
graph in Fig. 1 schematically highlights some of the seeding
concepts important to the WWMPP. The WWMPP tar-
get ranges are inset as a coarse map in Fig. 1. The final
conceptual stage of enhanced snowfall on the target area
is into the page of Fig. 1 and hence not visible in the
photograph (and not labeled).

Based on this seeding concept, seedable conditions
require clouds with SLW at temperatures cold enough
for the Agl nuclei to be effective IN and with winds that
allow the Agl plume(s) to affect the clouds such that
augmented precipitation will fall on the mountain in the
target area. Since the elevation of the target areas is
approximately 3000m MSL and precipitating clouds
would need to be at least that high, the reference level
for seedable conditions was chosen to be 700hPa
(~3000m). The ground-based generators were located
based on the prevailing upslope winds such that wind
directions between southwest (SW) and northwest (NW)
(specifically from 210° to 315°) will carry the Agl IN into
clouds that might affect precipitation in the target areas.
Agl IN are effective as warm as —5°C but are much more
effective at temperatures colder than about —8°C. There-
fore, the following criteria were established for seedable
conditions in the WWMPP: SLW present, 700-hPa tem-
peratures =—8°C, and 700-hPa winds from SW to NW.

The length of time seedable conditions can exist is
quite variable, evident both in storm period and in pre-
cipitation intensity. Several studies have documented the
typical variability and persistence of SLW (Heggli and
Rauber 1988; Long et al. 1990; Long and Huggins 1992;
Rauber and Grant 1987; Sassen et al. 1990). Limited
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FIG. 1. Relevant seeding processes labeled on a photograph of a precipitating orographic storm over the Medicine
Bow Range with the WWMPP target ranges inset in the upper right. Conceptual location of SLW is shaded in green.
Temperature levels are approximate and applicable over the central part of the figure. View is toward the southeast
and about 25-30 km from the foothills of the central section of the Medicine Bow Range. The dashed line sche-
matically represents the seeding plume, which conceptually would end with precipitation (snow) over the higher
terrain (into the page and not visible in the photograph). Ice crystal growth occurs largely because of deposition at the
expense of supercooled droplets, and possibly because of enhanced riming and aggregation. ““Close” generators are
those closest to the target area and on higher terrain; ‘“‘distant” generators are farther from the target area and at
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lower elevations.

observations in 2006 from a radiometer, snow gauges,
and airborne instruments (NCAR 2008) showed SLW
periods and precipitation periods of 4h and more to
be fairly common in the Medicine Bow Range. A 4-h
seeding period is short enough to minimize variations in
seeding conditions, within cases and across targets, yet
long enough to ensure an opportunity for the clouds to
respond to seeding and to measure the response. There-
fore, for the RSE, a seeding period of 4h was decided
upon based on the past studies and the early observations
collected in the WWMPP. Other randomized programs
have used similar time periods (6h) for their statistical
analysis (Super and Heimbach 2009; Manton and Warren
2011).

Various studies and overviews have reported precip-
itation rate increases from seeding over a range of about
0.1-1.0mmh ™" (Reynolds 1988; Super and Heimbach
1988; Super and Boe 1988; Super 1999). This range of
values suggests that over a 4-h period, an increase in
precipitation of 0.4-4.0 mm might be expected as a result
of seeding. The resolution of the snow gauges (~0.1 mm)
implies that seeded differences of this magnitude are
measurable.

The transport and dispersion of Agl IN is an important
consideration. This is being addressed in the WWMPP

through ground-based IN observations, airborne IN
observations, trace chemistry analysis of snow samples,
and numerical modeling with seeding included (e.g.,
Geerts et al. 2010; Xue et al. 2013a,b). Of particular
concern is experimental contamination—when seeding
material may inadvertently affect precipitation in an
area considered to be unseeded. To help guard against
experimental contamination, a buffer period following
seeding can be established to allow Agl IN to clear the
target areas before allowing another seeding period to
begin. Surface observations of Agl IN in the Medicine
Bow target area, collected in 2007-08 with an acoustic
IN counter (Langer 1973; Heimbach et al. 2008; Super
et al. 2010), indicated that for some conditions, experi-
mental contamination of the Medicine Bow target oc-
curred up to 4 h after seeding in the Sierra Madre Range.
Therefore, a 4-h buffer period was chosen for the RSE.

In a randomized seeding experiment involving two
alternating barriers, such as in a crossover design, seedable
conditions must exist over both barriers for the specified
seeding period. Thus, for the WWMPP, when the cri-
teria for seedable conditions were met over both the
Medicine Bow Range and the Sierra Madre Range, a 4-h
RSE case (the experimental unit) was declared and seed-
ing began on one of the barriers, selected randomly (equal
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chance for either barrier). The randomization procedure
consisted of a predetermined list of seeded barriers se-
lected randomly, but limited to no more than four seeding
cases in a row on the same barrier. It was felt that a longer
string of cases might result in a seasonal bias of seeding
decisions for a particular barrier. The seeding decision
for a declared case was accessible only to the WMI op-
erational personnel, those responsible for starting and
stopping the generators. This information has subse-
quently been carefully guarded so as not to influence
the forecasters/case callers or the evaluation team, par-
ticularly those responsible for quality control of the pre-
cipitation data.

b. Procedure for case declaration

Project meteorologists (WMI personnel) monitor
weather conditions over the target ranges constantly
(24 h per day, 7 days per week) to be ready for any seeding
events. General weather information was obtained pri-
marily from Internet sources such as satellite imagery,
synoptic surface reports, and visual observations of the
ranges (during daylight hours). Expectations are honed by
numerical model output, especially that from the Weather
Research and Forecasting (WRF) model, which was run
specifically for the WWMPP by NCAR. The WRF model
is nested down to 2km over most of Wyoming and is
nudged with observations every 3 h using real-time four-
dimensional data assimilation (RT-FDDA), producing
a 24-h forecast every 3 h. This modeling system is de-
scribed by Liu et al. (2008).

As low clouds develop over both ranges, microwave
radiometers sited to view each mountain range detect
liquid water (LW) along the radiometer sensing path/
beam. For the cold conditions in the RSE, LW is as-
sumed to be SLW. These observations are reported in
real time and available via a secure link through NCAR.
When LW is detected by both radiometers, and satellite
imagery and/or visual observations indicate that oro-
graphic cloud is fully covering both ranges, the SLW
criterion is considered satisfied. The 700-hPa tempera-
ture and wind direction are initially obtained from prog-
nostic model output, particularly the WRF RT-FDDA,
which is also helpful in estimating the extent and dura-
tion of SLW over the barriers. A few examples of graphical
output from the model used by the project meteorolo-
gists are depicted in Fig. 2. When these forecast criteria
are satisfied, a radiosonde is released from Saratoga. If
the temperature and wind direction are within the cri-
teria established for the RSE (i.e., 700-hPa temperature
=—8°C and wind direction 210°-315°), a case is declared.
If not, declaration is delayed until conditions change and
another sounding is released. This process is illustrated in
the decision tree of Fig. 3.
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c¢. Facilities used for the WWMPP

A site map of the RSE target barriers, the Medicine
Bow and Sierra Madre Ranges in south-central Wyoming,
and the facilities deployed for the WWMPP (sounding
station, radiometers, ground-based generators, and pre-
cipitation gauges) and facilities generally available
[Natural Resources Conservation Service Snow Telem-
etry (SNOTEL) sites] is shown in Fig. 4. The radiometers
and sounding station supplement other observations and
numerical models to declare cases. The generators dis-
perse the Agl IN during seeding operations. The pre-
cipitation gauges are used for both seeding evaluation
and for controls in the statistical analysis. The SNOTEL
sites provide a precipitation climatology and contribute
to quality control of the high-resolution WWMPP pre-
cipitation gauges.

1) SOUNDING SITE

The sounding site (magenta-colored circle in Fig. 4) is
located midway between the Medicine Bow and Sierra
Madre Ranges in the town of Saratoga. Soundings using
Vaisala, Inc., GPS sondes are taken by WMI staff for
each storm to provide information on the environmental
conditions and to determine whether the storm qualifies
for seeding based on temperature and wind criteria.

2) RADIOMETER SITES

The two radiometer sites (inverted purple triangles in
Fig. 4) are upwind of each of the ranges. The microwave
radiometers consist of a 2-channel Radiometrics Cor-
poration WVR-1100 series, west of the Medicine Bow
Range, and a 5-channel Radiometrics WVP-1500 series,
west of the Sierra Madre Range. Both radiometers scan
to low elevation angles to intercept clouds forming over
the ranges. The radiometer data are transferred over
Internet connections every 10 min. The primary variable
of interest measured by the radiometers is liquid water
path, which is calculated in real time and displayed on
the project Internet page.

3) GROUND-BASED AGI SEEDING GENERATORS

Figure 5 shows photographs of an Agl seeding gen-
erator as well as a precipitation gauge site (discussed in
the next section). Super and Heimbach (2005) have re-
cently summarized studies on generator siting issues. Issues
relevant to the current study are storm direction and pre-
cipitation trajectories, generator spacing, and optimizing
the seeding solution for the temperature range of interest.

(i) Storm directions and precipitation trajectories

The distributions of storm directions and precipitation
trajectories are needed to determine generator sites that
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will treat the majority of seedable precipitation events.
Upper-air observations are sparse in southern Wyom-
ing, which is about equidistant (230-250km) from the
Denver (DNR) and Riverton (RIW) sounding sites.
When the 700-hPa winds from RIW were examined in
the feasibility study (Weather Modification Inc. 2005),
the wind direction distribution during 2003-04 precip-
itation events in the Sierra Madres was clearly peaked in
the southwest-northwest quadrant. Given that sparse
upper-air wind observations from one year may not be
particularly representative of precipitation trajectories
in the southern Wyoming mountains, output from WRF
model simulations for about 200 precipitation events
were investigated. Periods of snowfall were identified
from SNOTEL data in the target area in each mountain
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b)

FIG. 2. Prognostic real-time model output from the WRF
RT-FDDA depicting (a) a plan view of cloud water mixing ratios
at 3960 m MSL and 60-min trajectories over the Medicine Bow
Range (generator sites 1-8) and Sierra Madre Range (generators
9-16), (b) 1-h precipitation accumulation, and (c) a profile of
cloud water mixing ratios over the Medicine Bow Range. Case
callers find such output helpful in predicting the extent and du-
ration of SLW, in judging the expected magnitudes of events, and
in predicting the vertical extent and duration of SLW [note
that temperature is also shown in (c)].

range, which then defined the time and coordinates to
initiate back-trajectory calculations using the WRF model
output.

Figure 6 shows the results of back-trajectory calcula-
tions for precipitation events in the Sierra Madre Range
over the 2005/06 (blue) and 2006/07 (red) winters. The
crosses represent the beginning points for trajectories
with 30-min of air parcel travel before ending at the
SNOTEL site in the target area (one trajectory per event/
storm). Observations and modeling studies (e.g., Prasad
et al. 1989; Huggins 2007) indicate that a 30-min time
period represents the minimum amount of time necessary
for precipitation to form, and thus the trajectory starting
points should be somewhat downwind or east of the
generator locations, as observed for the majority of the
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Statistical Experiment (RSE) are declared
whenever the 700 hPa wind direction is between

-8°C, also 700 hPa, and liquid water (LW) is
indicated over both the Medicine Bow (MB) and
Sierra Madre (SM) Ranges.

210r-315" and temperature is less than or equal to

Is LW
observed over both
the MB and SM?

As the buffer period concludes the
Forecastericase-caller begins the
evaluation process all over again.

f

Generators run for 4 hours.

After the last generator is shut off the
Technician notifies the
Forecaster/case-caller. A4 hour buffer
period then begins during which

Is the 700 hPa
wind direction believed
favorable?

NO

Is the 700 hPa

The satisfaction of the three essential conditions required
for case declaration (700 hPa wind" and temperature®, and
the presence of liquid water”) is determined primarily by
project upper air soundings™ released from Saratoga, and
by microwave radiometers® sited upwind of the Medicine
Bow and Sierra Madre Ranges.

The following may also be used in navigating the decision
tree:

1) Numerical models, primarily the high-resolution nested
NCAR WRF RT-FDDA, provide prognostic guidance. These
have proven helpful in anticipating the durations of events,
and serves as back-up when radiometer or sounding data
are not available.

2) Satellite observations augment the others, and provide
cloud information 24/7. These aid in anticipating cases, as
one must have clouds before one can have cloud LW.

3) Visual observations of the ranges during daylight hours
aid in determining cloud coverage and depth. Such
observations are d by project

several locations.

at

e

temperature ar
be LE -8°C?

seeding cannot be conducted.

Technician goes to secure NCAR

obtains seeding decision (which range will RSE case is possible.

m

models and other

be the target and which will be the control).
Technician then activates generators in
selected range, notifies the forecastericase-
caller only that seeding has begun. The Monitor real-time data as
seeding decision is not revealed. they are received.

f !

An RSE case Is declared. Are the
700 hPa sounding
winds and temperature favorable;
and is LW shown over
both ranges?

Release upper air
sounding from Saratoga.

Forecaster/case-caller notifies | YES
generator technician of start
time, and which generators (if
any) should not be used.

over -
both ranges, and if so,
is it expected to NO
persist?

NO

vEs ~ developed prognostic information.

Are temperature and wind
coming into req'd

NO

YES
NO

Then temperature and/or
wind direction
criteria/criterion are not
satisfied.

FI1G. 3. Flowchart of the case-calling selection process.

trajectories in Fig. 6 (except for those storms with east-
erly winds). Similar results are shown for the trajectories
that end at a SNOTEL site during precipitation events in
the Medicine Bow Range (Fig. 7). The trajectory start-
ing points should be close to the ground level if they are
to represent plumes from ground-based seeding gener-
ators. The majority of the points are close to the ground:
75% are below 200m AGL for the Sierra Madre events
and 90% are below 100m AGL for the Medicine Bow
events. Overall, the modeling study showed primarily
westerly trajectories in agreement with the RIW upper-
air data. The trajectories also showed that winds were
sometimes too strong for effective targeting from the
initial complement of Agl generators (deployed in late
2006), which were located close to the barriers at high
elevations (blue sites in Figs. 6 and 7). These results
motivated the addition of generators farther upstream in
2007 (yellow sites in Figs. 6 and 7).

(ii) Generator spacing and targeting

A number of studies (e.g., outlined in Super and
Heimbach 2005) suggest that horizontal mixing results
in a plume spread of 15°-20° several kilometers down-
wind of a source, which translates to roughly a 5-10-km
width at 15-30km downwind. Estimating the coverage
of the target areas by the Agl plume was further

investigated using a transport and diffusion model called
Second-Order Closure Integrated Puff (SCIPUFF; Sykes
and Gabruk 1997) for a number of the WRF model case
studies in 2006 and 2007. The results of these studies,
though limited in number, confirmed the results discussed
by Super and Heimbach and suggest 10 km as being op-
timal for the WWMPP generator spacing. The spacing
of the generators in the Sierra Madres is close to this
guideline, being =<10km apart for the generators 18-
22 km upwind. However, as seen in Fig. 6, precipitation
events often occurred with relatively strong winds and
thus air parcel trajectory starting points west of the initial
complement of generators. Additional generators were
added 28-31 km upwind to better cover these strong-wind
events. The Medicine Bow generators have somewhat
larger spacing than in the Sierra Madres, as much as
15km apart, for generators 17-23km upwind. The
strong-wind events seem to be more northwesterly in the
Medicine Bow Range (Fig. 7), so two additional gener-
ators were added 29-30km upwind as well as one to fill
a gap to the southwest. This generator placement covers
mean wind speeds up to about 18 ms ™.

The final locations of the 16 Agl generators are shown
as triangles in Fig. 4, with eight generators targeting
the Medicine Bow (MB) Range and eight in the Sierra
Madre (SM) Range. The locations and elevations of the
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FIG. 4. Site map of the WWMPP randomized experiment in the
Medicine Bow and Sierra Madre Ranges in Wyoming. Topography
is color coded (scale at the bottom) and facilities are denoted with
color-coded symbols. These include the SNOTEL sites (in or near
the ranges), the sounding site, the two radiometer sites, the ground-
based seeding generators (see Table 1), and the high-resolution
precipitation gauge sites (see Table 3).

generators are listed in Table 1, which shows that the
generators lie within about 850m (elevation) of the
target sites. The coverage of wind direction and speed
are comparable between the two ranges. The generators
are remotely operated and monitored via satellite com-
munications by WMI technical staff.

(iii) Seeding rate and effectiveness

The seeding rate of the ground-based generators was
set at approximately 25 gh !, based on past experiments
and laboratory work (e.g., Super 1999; DeMott 1997) and
as commonly practiced and described in the American
Society of Civil Engineers (ASCE) standards manual
(ASCE 2004). This seeding rate also attempts to maxi-
mize the effectiveness of the seeding plume at relatively
warm temperatures (from —6° to —8°C).

The activation of Agl as an ice nucleus is strongly
temperature dependent. This is the case for the solution
being used by WMI in Wyoming (Table 2), which is very
close to a formulation tested in the Colorado State Uni-
versity (CSU) Simulation Laboratory (DeMott 1997) and
used by the North Dakota Atmospheric Resource Board
(ARB) (D. Langerud 2005, personal communication).
The CSU tests of the ARB seeding solution show that
the number of ice crystals produced increases by almost
two orders of magnitude as temperature decreases from
about —6° to —8°C (Fig. 8). Although the specific WMI
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FIG. 5. Photographs show the deployment of (top) a ground-
based Agl seeding generator in the Medicine Bow Range and
(bottom) precipitation gauges in the Sierra Madre Range.

solution has not been tested, the close similarity of the
two formulations suggest that they likely exhibit similar
performance. Both formulations produce nuclei that
function via the condensation-freezing mechanism
(DeMott 1995; Finnegan 1998).

Both Agl solutions have two important advantages
over the rather pure Agl aerosol used during earlier
projects: 1) they produce higher ice crystal concentrations
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FIG. 6. Endpoints for 30-min back trajectories from the Old
Battle target (marked with a black star) in the Sierra Madre Range
using the WRF numerical model analysis and forecast archive
(blue crosses for 2005/06; red crosses for 2006/07). Each back tra-
jectory was initiated based on storms identified by the Old Battle
SNOTEL (used as a proxy for the Sierra Madre target area).
Ground-based seeding generators deployed late in 2006 are
marked in blue, and generators added in 2007 are in yellow. Coarse
terrain is color shaded with darker browns being higher elevations.

at the warm end of the effective temperature range,
and 2) they produce much faster nucleation through
condensation freezing by the hydrophilic Agl-NH;I
complex than is the case with the slower contact-freezing
nucleation from pure Agl (Finnegan 1998). It is impor-
tant to initiate seeded crystals as soon as practical to
maximize their growth times while they are transported
over mountain barriers.

4) PRECIPITATION GAUGE SITES

To statistically evaluate the effects of seeding, pre-
cipitation gauge sites were located in each of the target
areas along with gauges at control sites, which are always
unseeded. While they are referred to as controls, pre-
cipitation from these sites should more properly be
called covariates. While recognizing this inconsistency,
we have kept the reference to controls to be consistent
with other program documentation. In the Medicine
Bow Range, the target site (black square labeled GL in
Fig. 4) is located near the Brooklyn Lake SNOTEL,
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FIG. 7. As in Fig. 6, but for the Medicine Bow Range, where the
back trajectories are initiated from the Brooklyn Lake SNOTEL,
marked with a black star.

within a U.S. Forest Service experimental site called the
Glacier Lakes Ecosystem Experiments Site (GLEES;
Musselman 1994). In the Sierra Madre Range, the target
area precipitation gauge site (black square labeled HY
in Fig. 4) is near Highway 47 between the Old Battle and
Webber Springs SNOTEL sites. Two control sites, one
upwind and one crosswind, are also associated with
each target range. These are denoted by black squares in
Fig. 4, labeled for Barrett Ridge (BR) and Chimney
Park (CP) in the Medicine Bow Range, and Sandstone
(SS) and Elk River (ER) in the Sierra Madre Range.
Table 3 lists the precipitation gauge site coordinates and
elevations. The deployment of precipitation gauges at
the HY site is shown in the photograph of Fig. 5. Data
from the nearby SNOTEL sites will be used to help eval-
uate the quality of the project precipitation gauge data
over a period of a day or longer.

All but one of the precipitation gauge sites include
three high-resolution precipitation gauges with surface
meteorological sensors (temperature, relative humidity,
and wind). One site, ER, has only two precipitation gauges.
In some seasons, the GL site, as the only field measure-
ment location with access to commercial power, has
had particle disdrometers, hotplate sensors, a micro-
wave radiometer, a K-band radar, and snow-depth sen-
sors deployed to support physical studies. Initially, two
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TABLE 1. Coordinates, elevations, and mountain ranges for each of
the WMI-operated Agl generator sites (shown in Fig. 4).
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TABLE 2. Comparison of WMI Agl-containing solution with
CSU-tested solution.

Seeding generator Elev
site Lat (°N) Lon (°W) (m MSL) Range
Turpin Reservoir 41.453 106.380 2946 MB
Mullison Park 41.391 106.455 2910 MB
Barrett Ridge 41.326 106.526 2752 MB
French Creek Overlook  41.249 106.452 2700 MB
Rob Roy 2 41.227 106.369 2963 MB
Beaver Creek Hills 41.226 106.621 2364 MB
Upper Cedar Creek 41403  106.593 2347 MB
Rankin Creek 41.511 106.532 2432 MB
Deep Creek 41.208 107.180 2611 SM
Mill Creek West 41.148 107.221 2435 SM
Sandstone Overlook 41.105 107.179 2551 SM
Cottonwood Park 41.065 107.136 2431 SM
Rasmussen Ranch 41.031 107.046 2487 SM
North Battle 41.070 107.271 2315 SM
Tullis West 41.236 107.318 2405 SM
High Savery 41.312 107.249 2391 SM

precipitation gauges were located at each site for re-
dundancy and to minimize measurement variance, but
the difficulty of measuring snowfall led to the addition of
another gauge at all but the ER site. These difficulties
included partial capping of gauges resulting from buildup
of snow on the orifice or inside walls of the container,
uncompensated temperature dependencies of the trans-
ducers, and electrical noise. Comparing data from three
gauges makes it easier to identify an errant gauge with
poor data. Three types of precipitation gauges have been
used in the RSE, but all sites now have ETI Instrument
Systems, Inc., NOAH II and GEONOR, Inc., T-200B
gauges deployed.

Undercatchment of snow falling into the gauges be-
cause of winds, as identified by Rasmussen et al. (2012)
at the exposed Marshall field site, is not as much of
an issue for the well-protected forested sites in the
WWMPP. Wind speeds at the gauges were seldom over
2ms~ ' The precipitation data used for the statistical
analysis will be rechecked for calibration changes and
periodic field tests, corrected and/or filtered as per World
Meteorological Organization standards, and bias cor-
rected if consistent differences remain. The processed and
bias-corrected gauge data will then be averaged for each
site, resulting in one precipitation value to represent the
measurements of all the gauges at each site.

4. Statistical evaluation
a. Experimental design—Pooled versus crossover

Initially, it was assumed that each of the target areas
(Sierra Madre and Medicine Bow Ranges) would be
treated independently with regard to seeding decisions,

Ingredient CSU-tested WMI
(per 5 U.S. gal; ARB solution
1 gal = 3.79L) solution (1997) (g) (2007) (g)
Silver iodide 309.1 304.2
Ammonium iodide 95.4 93.9
Sodium perchlorate 161.85 181.8
Paradichloro-benzene 19.35 28.35

and the results would be pooled for the statistical eval-
uation. However, a number of factors suggested that
storm conditions and precipitation would be far from
independent in the two ranges. The Medicine Bow and
Sierra Madre Ranges are of similar size, located rela-
tively close together, and have similar elevations (Fig. 4).
Annual precipitation amounts are similar, and an anal-
ysis of daily SNOTEL data over 28 years showed a cor-
relation of about 0.5 between the ranges for all storms.
This correlation made pooling of the data more prob-
lematic since many cases in the two target ranges would
not be independent. On the other hand, the correlation
between the two areas provided the opportunity to use a
more efficient crossover approach (Gabriel 1999).

The strength of a crossover design, which requires two
target areas, is that it produces paired data and is thus
more efficient than pooled data at decreasing sample
size, just as a paired ¢ test requires many fewer data than
a t test applied to two independent samples. Gabriel
(1999) showed for example that the variance of a ratio
test statistic is reduced by a factor of 1 — 7 for a crossover
design versus a single target design, where 7 is the cor-
relation between target areas. Moreover, the sample size
needed for an assumed statistical significance is directly
related to the variance. Since the correlation between
the target areas in the two ranges is on the order of 0.5,
or possibly higher given that experimental cases would
be selected based on similar meteorological conditions,
the number of cases needed to achieve statistical sig-
nificance would be reduced by a factor of 2 or more in
the crossover design relative to the single target design
with pooling of two target areas.

The requirements for confidence in a statistical test of
precipitation enhancement for the WWMPP were set at
a one-tailed statistical significance level of 0.05, to con-
trol the possibility of false positive results, and a statis-
tical power of 0.8, to control for false negative results.
Given these values of significance and power, the argu-
ments outlined above, the constraints of a limited number
of seeding experiments per season, and a total project
period limited to 5-6 yr, the decision was made to develop
a randomized crossover design. The other approach, to
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use a single target design, could require 12 yr or more of
data (Gabriel 1999), a daunting and unfundable task.
The randomized crossover design has been used in nu-
merous weather modification studies and has been docu-
mented extensively in the weather modification literature
(Moran 1959; Mielke et al. 1981, 1982; Heimbach and
Super 1996; Gabriel 1999, 2002; List et al. 1999; Super
1999). The details of this design are repeated here as
they apply to the WWMPP.

b) Randomized crossover design applied
to the WWMPP

1) DEFINITION OF THE RESPONSE VARIABLE

In a statistical experiment, the response variable is the
variable being investigated for the effects of a “‘treat-
ment.” The response variable for the Medicine Bow and
Sierra Madre targets is the 4-h accumulation of liquid-
equivalent precipitation in each target area as measured
by high-resolution precipitation gauges. Subsequently,
this will be referred to as simply the precipitation. These
measurements are used in the statistical tests that will
assess the effectiveness of the seeding actions. The 4-h
period of precipitation, during which the effects of seed-
ing will be considered, starts 30 min after seeding begins
and ends 30 min after seeding ceases. The 30-min delay
is to allow time for the Agl to reach the cloud and even-
tually the target area, as discussed in section 3c. Also,
30min is about the lower limit for seeding to impact pre-
cipitation development and fallout (e.g., Prasad et al. 1989;
Huggins 2007).

2) RATIO STATISTIC—THE PRIMARY
STATISTICAL TEST

In general, a test statistic estimates whether there is
a change in the response variable between treated and
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TABLE 3. Locations and elevations of precipitation gauge sites
shown in Fig. 4.

Target (T)
Name orcontrol (C) Lat(°N) Lon (°W) Elev (m MSL)
GL T-MB 41.366 106.240 3210
BR C-MB 41.326 106.526 2755
CpP C-MB 41.066 106.123 2740
HY T-SM 41.153 106.945 2885
SS C-SM 41112 107.169 2490
ER C-SM 40.848 106.969 2640

untreated cases. A more useful test statistic also pro-
vides an estimate of any change that may have occurred
for the seeded cases compared to the unseeded cases.
A useful and appropriate test statistic for the WWMPP
design is the ratio test. There are various forms of the
ratio test, which have been described in Gabriel (1999).
The ratio test statistic used for the WWMPP is outlined
below.

The ratio test statistic called the root regression ratio
(RRR) will be used to compare precipitation during
seeded and unseeded events (Gabriel 1999; List et al.
1999). To understand the RRR and its power, we begin
with the simple situation of a single target with no con-
trols. Then the estimate of the seeding effect is the single
ratio (SR) of the mean precipitation measured during
seeded and unseeded events:

n n
2 eiyi/ 2 b,
i=1 i=1

SRY = n n
;(1_91'))’,' ;(1_9i)>
i= i=

Q)

where 6; is an indicator (or “switch’”) equal to 1 during
seeded events and 0 during nonseeded events, and y; is
the precipitation amount for event i. This equation is
equivalent to forming the ratio of the average pre-
cipitation during seeded events at target Y to the aver-
age precipitation during unseeded events at target Y
Fseeded! Vunseeded)- A 1atio greater than 1.0 would suggest
seeding has a positive effect. For experiments where
large differences are expected between treated and un-
treated populations, with small variances, the single ratio
test might be appropriate; however, for cloud-seeding
experiments, variances can be high, effects small, and
cases limited. To account for and reduce some of the
variability, control gauges can be used. Ideally, control
gauge sites are located near the target gauge site to maxi-
mize their correlation but are unaffected by seeding ac-
tions. In theory, control sites can measure any number of
variables related to conditions at the target, but in the RSE,
as in most other seeding experiments, only precipitation
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measured at the control gauge sites during each case is
considered.

The use of a control gauge site provides a mechanism
for reducing the natural variability by calculating a SR
for conditions at the control gauge site(s) for the seeded
versus unseeded time periods, in spite of the fact that the
control gauge site is not affected by seeding. This allows
the SR of the control gauge site to scale the SR at the
target gauge site, reducing the effects of natural precip-
itation variability. Following Gabriel (1999), the result-
ing statistic is referred to as the double ratio (DR):

_ SR (target)

DR=—"—-.
SR, (control)

)

The effect of the double ratio is to normalize any change
in SRy(target) with SRy(control), which captures any
natural differences that occurred by chance during the
same two sets of cases, seeded and unseeded. Equation
(2) can be generalized to include multiple control gauge
sites.

(i) Crossover design without control gauge sites

For a crossover design with two targets (Y and X) and
no control gauge sites, during each case, one target area
is randomly selected for seeding. When the experimen-
tal results are evaluated, the SR is calculated for each
target. These ratios are combined as shown in Eq. (3) to
create a statistic called the root double ratio (RDR):

n n
% 0,y 21 1= Oi)xi
i= i=

RDR = = /SR,/SR .

N

n
1 1- Oi)yi z{ 0,x;
=

1
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The precipitation values at the two targets for case i are
denoted by x; and y;. For this ratio test statistic, §; =0
when target X is seeded and 6; =1 when target Y is
seeded. With this notation, an increase in the SR be-
cause of seeding at one target would result in an increase
of the reciprocal of the SR at the other target. Thus, the
overall measure of the seeding effect for the crossover
design is the geometric mean of SRy and 1/SRy. Be-
cause the measures of interest are ratios rather than
simple scalar values, it is more appropriate to use a
geometric mean rather than an arithmetic mean. With
these definitions, the RDR can be restated as the geo-
metric mean of the product of ratios representing the
precipitation on the seeded barrier compared to the pre-
cipitation on the unseeded barrier. For example, when X is
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seeded (e.g., 6; = 0) the only terms contributing to the
RDR are the denominator of the first term in Eq. (3), y;
(which is unseeded), and the numerator of the second
term, x; (which is seeded). When Yisseeded (e.g., 0; = 1),
the contributions are switched but the seeded precip-
itation remains in the numerator as before.

(ii) Crossover design with control gauge sites

When controls are used in a crossover design, pre-
cipitation recorded at the control gauge sites is used to
predict the naturally occurring differences in measured
precipitation at the two targets. This approach com-
pensates for the fact that during any case, regardless of
the seeding decision, one target is likely to receive more
snowfall than the other simply because of environmental
factors and random variability.

When dealing with multiple gauge sites, the data are
more easily combined if the values are first scaled or
standardized so that measurements from all of the
gauge sites have the same mean. This standardization is
achieved by dividing the values measured at each site by
the mean value for the site (i.e., mean precipitation for
all the cases), irrespective of seeding, resulting in rela-
tive values. As a result of this operation, the mean of the
relative values for each gauge site is 1. A tilde is used to
denote relative values; for example, y; is the relative
value of a measurement at gauge site Y for case i.

Data collected at the control gauge sites are used to
create a statistical model that predicts the difference in
measured precipitation between the targets. Note that
this model does not use information about seeding ac-
tions. Intuitively, if a difference in precipitation can be
predicted from data measured at the control gauge sites,
that difference should not be attributed to a seeding
effect. Removing this predictable difference reduces some
of the natural variability in the precipitation, which makes
seeding differences easier to detect. This adjustment can
be accomplished by estimating the coefficients, b; and
b,, which minimize the value of the squared error:

i =% = by, = 1) = by(2y, — DP. )

where y; and X; denote relative precipitation values
measured at the two target gauge sites (Y and X) and Zy;
and Z,; denote relative precipitation values measured at
the two control gauge sites (Z; and Z,). This results in
a multiple regression equation that relates the differ-
ences in relative precipitation at the two targets to the
relative precipitation at the two controls (Gabriel 1999).
If the precipitation values from the control gauge sites
are not correlated with the precipitation values at the
target gauge sites, the coefficients by and b,, which repre-
sent weights of the control gauges, will nearly equal zero.
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This information is used to scale the RDR to provide
the RRR:

_ B B
RRR =RDR/ \/SRcéntroll SRcéntrolZ . (5)

The true but unknown population parameters B; and
B are estimated by b, and b, [Eq. (4)]. Essentially the
square root term (the denominator) adjusts RDR (the
estimated seeding effect) according to information
from the controls, which is weighted by the strength of
the relationship between the precipitation differences at
the control and target gauge sites. While Eq. (5) assumes
that there are two control gauge sites, the equation can
be expanded to include more control gauge sites. This
RRR test statistic is used to perform the null hypothesis
testing described in the next section.

3) STATISTICAL HYPOTHESIS

A RRR value of 1.0 indicates that there is no differ-
ence between seeded and unseeded populations. Thus,
it was decided in this study to evaluate the null hy-
pothesis for the ratio test statistic HO: RRR = 1.0. Since
we are interested in whether seeding leads to an in-
crease in precipitation, the alternative hypothesis is
HA: RRR > 1.0.

The evaluation of the p value, the probability that the
null hypothesis is correct, for the WWMPP will be done
using a rerandomization procedure as recommended
in Tukey et al. (1978). The rerandomization procedure
(also known as a permutation test) is a nonparametric
test, meaning that it does not make any distribution as-
sumptions. In theory, the value of the test statistic is
calculated under all possible permutations of the seed-
ing decision—that is, every possible ordering of the
seeding decision while maintaining the same number of
cases—and the resulting p value is the proportion of test
statistics that exceed that found by the experiment. In
practice, it is unrealistic to calculate all possible values of
the test statistic; therefore, the seeding decision is in-
stead permuted a sufficiently large number of times (in
our case, 100 000). For statistical significance, the p value
must be less than the chosen significance level.

c¢. Cases required for statistical significance

A key element of the statistical design for the WWMPP
is the determination of the required sample size to
achieve statistical significance. The test had to be chosen
such that useful results could be achieved within the ex-
pected sample sizes obtainable in a 5-6-yr project. Sample
size is estimated from 1) the desired significance and power
for the statistical test, 2) the expected difference in pre-
cipitation between the seeded and unseeded cases,
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3) the correlations among the precipitation amounts at
the target and control gauge sites, 4) the precipitation
variance at each of the gauge sites, and 5) the experi-
mental design applied.

1) SIGNIFICANCE AND POWER

As mentioned in section 4a, the one-tailed significance
level chosen for the statistical test of the WWMPP is 5%.
This level indicates that if the null hypothesis is rejected,
there is less than a 5% probability that this conclusion
was reached by pure chance (i.e., because of random
variations in the samples) rather than as a result of a
treatment effect. The power of the test is chosen to be
80%, implying there is an 80% chance that a change of
the assumed magnitude will be detected. As in most
scientific experiments, particularly those in the weather
modification field, the emphasis is placed on not making
an incorrect positive conclusion, while ensuring that
enough samples are taken to detect a significant change.

2) EXPECTED INCREASE IN PRECIPITATION

A number of studies involving both randomized ex-
periments and evaluations of operational programs in
similar winter environments to the WWMPP have in-
dicated seasonal increases of precipitation of 5%—-15%
(Weather Modification Association 2011). For example,
these include the Lake Almanor experiment (Mooney
and Lunn 1969; Warburton et al. 1995), the Climax ex-
periments (e.g., Grant 1986), the Bridger Range Ex-
periment (Super and Heimbach 1983, 1988), and the
operational Utah program (Griffith et al. 2009). How-
ever, results from only select cases seeded during ran-
domized experiments, which occurred under conditions
affecting only a fraction of the seasonal snowfall, have at
times shown substantially larger increases. Recently,
after the WWMPP design was established, results of
the Snowy Mountain experiment in Australia were
published that showed an increase of 14% when tested
on the covariate of seeding generator hours greater than
45, signifying well-seeded cases (Manton and Warren
2011). Therefore, for the sake of estimating sample sizes
that would be required to reach a definite conclusion,
reasonable precipitation increases because of seeding
are estimated to range between 10% and 15%.

3) CORRELATIONS BETWEEN GAUGE SITES
AND VARIANCE AT EACH GAUGE SITE

The effectiveness of the crossover design is contingent
on the correlation between the two target areas and
between the local control and target areas (those in the
same mountain range). Ideally, high-resolution gauge
data at each of the sites would have been collected over
several winter seasons to determine the correlations as
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FIG. 9. Color-coded correlation of daily SWE between the SNOTEL sites in each range and
the reference SNOTEL site in each target area, indicated by the brown circled crosses: Old
Battle in (a) the Sierra Madre Range, and Brooklyn Lake in (b) the Medicine Bow Range.
WWMPP control gauge sites are denoted by the black diagonal crosses. Distance scale is ap-
plicable to both panels. SNOTEL data from 28 seasons (1980-2008) were used for the corre-

lation calculations.

well as the precipitation variance; however, this was not
possible for the current program. Without these data,
daily snow water equivalent (SWE) accumulations mea-
sured at SNOTEL sites were used to estimate the cor-
relations between the two target sites (the two mountain
ranges) and between control and target sites in the same
range. The SNOTEL data were processed similarly to
those used in the study of Ikeda et al. (2010).
Comparing the Old Battle SNOTEL, which is in the
target area of the Sierra Madres, with the Brooklyn
Lake SNOTEL, which is in the target area of the Med-
icine Bows, shows that the target areas are correlated at
about 0.5 (as mentioned in section 4a.). Correlations
between controls and targets are more difficult to es-
tablish with SNOTEL data. In the Sierra Madres, the
WWMPP control gauge sites are nearly collocated with
SNOTEL sites (see Fig. 4). However, in the Medicine
Bows, there are no SNOTEL sites representative of
the control gauge sites. They are either quite far from
the control site or at a significantly different elevation.
Nonetheless, correlation values were calculated for all
SNOTEL sites in each range in comparison with the
target SNOTEL and are graphically represented in
Fig. 9. Overall, there is a slight trend toward a decrease
in correlations with distance, but it is quite variable.
Obviously, some of that variability is due to differences
in elevation, which is also an important factor in snowfall
distribution. Using the SNOTELSs either near the control
sites in each range or interpolated to the control sites sug-
gests that target—control correlations are roughly 0.5-0.7.

These values are consistent with a study using monthly
totals from a precipitation gauge network in the near
vicinity of the target area in the Medicine Bows (Choi
and Tung 1990).

Another caveat with this approach is that the SNOTEL
dataset of daily precipitation amounts could be quite
different than one with 4-h amounts under matched
conditions in both ranges. It is likely that the correla-
tions (both target range to target range and target to
control in each range) would be higher during experi-
mental conditions than from those based on daily data.

The variance used in the sample size calculations is
based on 104 days of high-resolution precipitation data
collected at the GLEES site during the 2006/07 winter
season (prior to the start of the randomized seeding
experiment). These data were aggregated into 4-h bins
and the relative variance was calculated using the non-
zero values. The estimated relative variance is 1.14.

4) SAMPLE SIZE ESTIMATE

The following equation can be used to estimate sample
size ngrr for the root regression ratio design (Gabriel
1999):

) e | e BT

where o is the relative variance at the gauges, 7 is the
correlation between the target sites, « is the correlation
between the target site and the nearby control (same




296

mountain range), v is the correlation between the target
site and the far control (opposite mountain range), O,
and Qg are the ath and Bth quantiles of the normal
distribution, and 6 is the proportion increase in pre-
cipitation. The Q, and Qg values are based on desired
statistical properties, where a and B are the significance
level and the power, respectively. For the WWMPP, o =
0.95, 0, = 1.645, 8 = 0.80, and Qg = 0.842. Equation (6)
is based on a schema that has additional assumptions:
correlations between the target sites in each range and
between the control sites in each range are the same
(and equal to 7), the correlations between the target site
in each range and the control site(s) in the same range
are all the same (and equal to «), and the correlations
between the target site in one range and the control
site(s) in the other range are the same (and equal to v,
estimated to be 0.5 for the WWMPP).

Using Eq. (6) with the estimates and assumptions
described above, the number of samples needed to de-
tect a 10% (15%) change in precipitation amount is 776
(361). However, if we assume that the experimental
design, which matches meteorological conditions in
each range, increases the correlation between the tar-
gets to 0.6 and the correlation between the target and
nearby control to 0.8, then the required sample size
decreases to 272 (126) for detecting a 10% (15%)
change. Clearly, the correlations between the target sites
and between the target and nearby control sites have
a large effect on the estimated sample sizes.

The number of cases that might be expected during
a normal winter season is difficult to estimate given the
lack of prior data appropriate for assessing the seeding
criteria. As with the correlations, a coarse estimate
can be obtained using precipitation from historical
SNOTEL observations (1987-2006 in this case) as a
proxy for seeding conditions. The average number of
days in one season with the minimum resolved amount
of precipitation (>0.25mm) in both target areas was
124. This is an upper limit of potential cases since the
RSE time period, winds and temperature thresholds
were not considered. Another method, based on 3%
months of only one season (2006/07), used archived
WREF model output to estimate cases. Cloud liquid wa-
ter over both ranges (roughly of similar magnitude and
extent) was required, —5°C (at 700 hPa) was used for the
temperature threshold—prior to establishing the —8°C
threshold—and perfect forecasting (since the analysis
was done in hindsight) was assumed for the start of a 4-h
case period. Extrapolating to a whole season (5 months)
yielded an estimate of 65-70 cases per season for the
2006/07 conditions, which was a season with close to
average snowfall. Although this is about half of the
SNOTEL estimate, it is likely an overestimate of expected
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cases per season. Nonetheless, this estimate was used to
conclude that a 5-yr experimental period should detect
a change of 15% and probably a 10% change.

5) COMMENTS ON SAMPLE SIZE ESTIMATE

Since our estimates of sample size were based on
variance and correlations from data not ideally suited to
the experimental design, refining the estimates using
precipitation data collected during the RSE can help
verify our a priori estimates of sample size needed for
statistical significance. The caveat is that statistically this
is not strictly proper since the data are not independent
of our study. However, the refined estimates are used
only to assess our initial estimates, and do not affect the
design, operations, or results of the RSE in any way. One
of the largest changes evident in the precipitation data is
the variance measured over the RSE 4-h periods: 0.63—
0.66 compared to 1.14 from the earlier measurements,
which were partitioned over all precipitation periods.
This alone results in about a 43% reduction in sample
size. The correlations between target sites, and between
target and controls, are close to the range of estimates
used initially. From the RSE cases, the correlation value
between target to target is 0.62, control to control (op-
posite ranges) is 0.50-0.72, target to near controls is
0.54-0.71, and target to far controls is 0.44-0.55. The
sample size results from using RSE data show lower
estimates, as would be expected from the more appro-
priate partitioning of the precipitation data. An RSE-
derived sample size is 236 (110) for detecting a 10%
(15%) change.

Likewise, the number of cases expected per season
can be better established from the actual cases selected.
Following four seasons of operations, 25-30 cases per
season were obtained per season. This is considerably
less than the 65-70 cases originally estimated, but the
decrease is reasonable given the temperature threshold
difference from that used in the earlier analysis (—5°C
instead of the RSE threshold of —8°C) and the more
stringent decision process (Fig. 2) of forecasting similar
SLW cloudy conditions over both ranges. These im-
proved estimates of cases needed and cases expected per
season plus the changes and instrument deployments
made prior to starting the RSE led to the WWMPP
funding extension by the Wyoming legislature. An ex-
perimental period of six years should provide enough
cases to test if an increase in SWE as large as 15% is
observed, and may provide enough cases for a test of a
change as small as 10%. As shown in the previous sec-
tion, far fewer cases are required to detect a 15% than
a 10% change. From Eq. (6), one sees that the sample
size varies linearly as a function of [1/In(1 + 6)]2, where &
is the seeding effect represented as a proportion. This
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result emphasizes the importance of applying restrictive
criteria in the process of selecting cases to ensure that
seeded cases are likely to be successful, as opposed to
more liberal criteria that would result in more cases but
also dilute the results because of either ineffective seed-
ing application or poor targeting.

5. Summary

An overview of the Wyoming Weather Modification
Pilot Project has been presented. The WWMPP, a
state-funded program, is designed to evaluate the ef-
fectiveness of cloud seeding with silver iodide to en-
hance snowfall from winter orographic storms in the
Medicine Bow and Sierra Madre Ranges of south-
central Wyoming. The statistical evaluation is based on
a randomized crossover design for the two barriers—an
efficient choice given the proximity of the mountain
ranges and the funding period of the experiment. The
criteria for case selection follow the long-established
conceptual model of ground-based seeding of winter
orographic storms. The facilities needed for operations
and evaluation include a sounding unit, microwave radi-
ometers, ground-based seeding generators, and precipita-
tion gauges located in target areas as well as control areas.

The response variable of the randomized seeding ex-
periment is the 4-h accumulation of precipitation. The
test statistic for the WWMPP design is the root re-
gression ratio, which has been described in Gabriel
(1999) and outlined in more detail here. Estimates of the
number of cases needed for statistical significance using
data collected prior to the experiment were presented
and suggested that changes in precipitation of 15% (and
possibly 10%) should be detectable in a 5-6-yr program.
Updated estimates using more appropriate but not in-
dependent data give a clearer suggestion that changes
greater than about 10% should be detectable based
on the design parameters and operational procedures.
These estimates are highly dependent on the expected
effect of seeding, on the correlations between the two
target barriers and between the target and control sites,
and on the variance of the response variable, precipitation.

While the statistical design of the RSE was the main
focus of this paper, a wide range of additional studies
have been and continue to be performed as part of the
WWMPP, including aircraft observations of aerosol
concentrations and cloud physics parameters, trace chem-
istry analysis of snow and water samples, plume detection,
streamflow response, and numerical modeling studies.
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