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Weather Modification—Medicine Bow/Sierra Madre Ranges Final Design and Permitting
Study

Executive Summary

A Final Design and Permitting Study was performed to establish an operational weather
modification program targeting the Medicine Bow and Sierra Madre Ranges in southern
Wyoming. This study was led by the National Center for Atmospheric Research (NCAR) in
collaboration with Weather Modification International, and Heritage Environmental Consultants.
Twenty tasks were identified by the Wyoming Water Development Commission for the study,
including:
1. scoping and project meetings;
reviewing previous studies and data;
climatological analysis of the project area;
development of a preliminary project design;
model evaluation for the preliminary project design;
field surveys of potential ground-generator locations;
assessing the access/easements and permitting/reporting for potential generator sites;
operational criteria development;
reviewing environmental and legal considerations;
10. providing program evaluation methodologies;
11. potential benefits analysis;
12. cost estimates;
13. development of a cost/benefit analysis of the potential program;
14. finalization of the project design;
15. environmental analysis and permitting;
16. discretionary tasks;
17. preparation of the final report deliverable;
18. giving presentations on the final results;
19. climatological monitoring of the study area; and
20. a model evaluation of the Wyoming Weather Modification Pilot Program (WWMPP)
Randomized Statistical Experiment (RSE).

S A A

Two public scoping meetings were held at the beginning of the project in locations near the
Medicine Bow and Sierra Madre Ranges. The first was in Saratoga, Wyoming on 21 September
2015, and the second in Savery, Wyoming on 24 September 2015. The meetings provided the
public with an overview of the scientific concept of cloud seeding, a summary of the previous
studies in Wyoming, and a description of the plans for the current study.

A review of previous data found that numerous research investigations have improved the
understanding of how to use silver iodide (Agl) seeding to enhance snowfall in winter orographic
clouds. These include the recently concluded Wyoming Range Phase II Feasibility Study, and
the draft WWMPP, which encompasses the same mountain ranges as those investigated in this
study. The results from these studies were reviewed in the preparation of this report to ensure
consistency with the most recent recommendations for cloud-seeding program design.



Noteworthy results from the draft WWMPP report asserted that while the RSE was statistically

inconclusive, an “accumulation of evidence” analysis approach suggested seasonal precipitation
increases of 5-15% in seedable storms over a winter season. It also demonstrated the capability

of numerical models to realistically simulate snowfall distributions, as well as simulate seeding

effects via a seeding parameterization.

The review of previous data summarized the various options for cloud seeding (e.g., seeding
agents, method of delivery, etc.). Liquid-propane seeding was determined to be an ineffective
seeding option for the study area because seeding impacts are spatially limited due to the
requirement that the liquid propane must be released within supercooled clouds. In addition,
manual ground-based Agl generators were experienced as challenging to deploy and operate in
the project area, given the limited options for accessible and effective generator placement. For
manual generators to be activated and deactivated during the winter months, locations would
need to be sited at lower elevations around the Medicine Bow and Sierra Madre Ranges,
potentially creating a situation where the Agl plume could be blocked and unable to disperse
over the mountains.

A climatological analysis of the Medicine Bow and Sierra Madre Ranges was performed as part
of the WWMPP by Ritzman et al. (2015). However, the criteria for seeding used during the
WWMPP were established for a research-based cloud-seeding program. For the purpose of this
study, a climatology analysis was conducted based upon seeding criteria more appropriate for an
operational cloud-seeding program. Due to a lack of available observations (e.g., soundings and
supercooled liquid-water measurements) this study utilized snow-gauge observations and an 8-
year, high-resolution (4 km) Weather Research and Forecasting (WRF) model simulation run
over the continental United States (CONUS) (WRF-CONUS; Liu et al. 2016) to assess the
climatology of seedable conditions in the region. The results of the climatology analysis
indicated that the predominant 700-hPa wind direction is westerly. Similarly, the most frequent
occurrence of seedable conditions for both ground and airborne-seeding modes were located over
the western regions of both mountain ranges. The analysis also indicated that seeding
opportunities occurred frequently enough to warrant the placement of a few ground-based
generators in southern portions of the Sierra Madre Range. The eastern regions of both ranges
were found to be ineffective for ground-based seeding. Airborne seeding was shown to be
feasible in all regions, and seeding opportunities were frequent enough to warrant
implementation of an airborne program. The fraction of November—April precipitation that fell
under seedable conditions was approximately 38% for ground-based seeding, and approximately
56% for airborne seeding. These estimates are based upon the climatological analysis results for
the western regions and were used to calculate the estimated streamflow benefits.

Preliminary Project Design, Model Evaluation, and Field Surveys

To test a wide variety of program design options based upon results of the climatological
analysis, several groups of potential ground-based generator sites were established. Initially,
seven groups of generators were tested (Groups A—D; see Figure 1). Following initial cloud-
seeding model simulations, additional generators were added to Group C along the crestline of
the Sierra Madre (already pictured in Figure 1), and two additional groups of generator sites were
created (Groups E-F; Figure 1) to investigate potential seeding impacts from generators located
farther upwind. The preliminary project design focused on ground-based seeding and/or airborne
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seeding with an operational season of mid-November through mid-April (e.g., 15 November—15
April), utilizing Agl, or more specifically, a silver iodide-salt compound as the seeding agent.
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Figure 1. Topography map of the Medicine Bow and Sierra Madre Ranges (m) illustrating the locations of nine
ground-based generator design groups.

Four cases were selected from the WWMPP RSE research program to represent a variety of
typical seeding conditions in the Sierra Madre and Medicine Bow Ranges. To investigate the
potential designs of a ground-based seeding program, these cases were assessed using the NCAR
cloud-seeding model parameterization implemented in the Thompson microphysics scheme
within the WRF model.

WRF “control” simulations of these four cases showed that supercooled liquid water was present
in both ranges throughout the simulations in all cases, which is a necessary condition for seeding
operations to commence. The WRF ground-based seeding simulations in these cases showed
that: (1) seeding depleted supercooled liquid water in a shallow layer close to the terrain and
increased precipitation over the mountain; (2) flow over the Medicine Bow was usually blocked,
or forced around the range due to the steeper slope of the topography, although flow from some
of the lower elevation generators placed upwind of the Sierra Madre were also occasionally
blocked; (3) the simulated seeding effect was not as great if the natural cloud efficiently
produced precipitation (as occurred in two of the four cases); (4) seeding simulations using all
six of the Sierra Madre generator groups, including the two upwind groups (E-F), produced the
greatest combined simulated precipitation increases in both ranges for most of the cases tested.

One caveat of note is that the original version of the model seeding parameterization used in this
study for the ground-seeding simulations did not include precipitation scavenging of Agl
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particles, Agl self-coagulation, or Agl dry deposition processes. Therefore, the particles
transported from the Sierra Madre to the Medicine Bow and the subsequent simulated seeding
impacts in the Medicine Bow were likely overestimated. To address this potential
overestimation, two of the initial ground-based seeding cases were re-run using only the Sierra
Madre generator groups and the updated seeding parameterization to better understand how
additional Agl-removal processes affected the cloud and precipitation, especially downwind in
the Medicine Bow Range.

The results of the ground-seeding simulations (Sierra Madre generators only) with the additional
Agl-removal processes reduced the Agl concentration and the simulated seeding effect in the
Medicine Bow region by about 50% for both of the re-run cases (Figure 2). However, similar or
greater simulated seeding effects still resulted in the Medicine Bow when Agl was released from
sites only in the Sierra Madre compared with the seeding scenario using only the Medicine Bow
generators to target the Medicine Bow. In light of these results, it can be hypothesized that
ground-based generators strategically placed only in the Sierra Madre Range could effectively
target both the Sierra Madre and Medicine Bow Ranges.
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Figure 2. Change in precipitation (mm) due to simulated cloud seeding for model simulations using only Sierra
Madre Groups A-F (RUN14 and RUN15) compared with two hours of simulated airborne seeding (RUN16) case in
the 13 January 2014 case. RUN14 does not include the newly-added Agl-removal processes, while RUN15 does.
The small area of negative changes in precipitation in the Medicine Bow is the result of precipitation changing
phase from rain to snow (and snow falling out farther downwind) in the seeding simulation. The assessment
area total change in precipitation in these cases is positive.

Two of the four test cases exhibited suitable airborne-seeding conditions, and therefore airborne
seeding was simulated for a period of approximately 2 hours in those two cases. Airborne
seeding simulations produced increases in total precipitation across the assessment areas similar
to that from ground seeding (compare RUN15 and RUN16 in Figure 2 for an example). Airborne
seeding simulations, in general, showed impacts over a deeper and broader portion of the
atmosphere, and converted the supercooled liquid water to precipitation more efficiently than the

ground-seeding scenarios.

During the field surveys, 27 potential ground-based generator sites were visited, and considered
for inclusion in the operational project design. Of these 27 sites, 18 were located on federal
lands, and 9 on private lands within the Medicine Bow and Sierra Madre Ranges. For each
location, land ownership, access descriptions and ratings, and brief descriptions of the sites were
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presented. As a result of the modeling exercise and field surveys, a total of 35 viable generator
sites located on federal, state, and private lands were recommended for possible use, with 23
located on United States Forest Service (USFS) lands.

A Special Use Permit application was submitted to the USFS on 22 February 2016 for an
operational cloud-seeding program designed to target the Medicine Bow and Sierra Madre
Ranges. The approach for the permit application portion of this study was to provide a maximum
number of potential ground-based generators that could be used in the Medicine Bow and Sierra
Madre Ranges operational cloud-seeding program, and would be assessed through the federal
NEPA process. The application requested USFS approval to place up to 23 ground-based
generators on National Forest administered lands. The Medicine Bow National Forest sent a
letter to the Wyoming Water Development Office (WWDO) on 9 August 2016 explaining that
the proposed project failed to meet the minimum requirements of the initial screening criteria.
The WWDO resubmitted the application on 22 December 2016. The Medicine Bow National
Forest responded with a letter to the WWDO on 28 February 2017 initially accepting the
amended SUP application and notifying the WWDO that USFS personnel would be in contact to
discuss the application approval procedures. The WWDO is currently waiting to be contacted on
this matter.

Based on additional model simulations, the total number of viable generator sites was narrowed
down from 35 to 23 ground-based generators'. Since the model simulations indicated that
seeding from sites in the Sierra Madre can produce positive simulated effects on the Medicine
Bow under westerly and southwesterly wind flow, one approach to developing a cost-effective
operational program would be to place generators only in the Sierra Madre to target both
mountain ranges. However, to target the Medicine Bow under northwesterly winds, some sites
are still needed in the Medicine Bow on the western and northwestern slopes. The final project
design of 23 ground-based generators includes 16 in the Sierra Madre, and 7 in the Medicine
Bow (Figure 3). Of the 16 sites in the Sierra Madre, 6 were sited specifically to target the
Medicine Bow.

T Note that not all of these are on USFS land, and therefore this set of 23 slightly differs from the 23 included
in the USFS permit application.
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Figure 3. Map of the final recommended design for 23 ground-based generator sites in the Medicine Bow and
Sierra Madre Ranges.

Operational Criteria and Other Program Considerations

Operational seeding criteria were developed for possible ground-based seeding operations as
well as for potential seeding with an aircraft. The most critical data required for establishing
operational seeding criteria are upper-air temperatures, wind direction and speed, and the
existence of supercooled liquid water upwind and over the project target area. Weather
observations to determine when most of the operational criteria are met are available in real time
via a variety of products available on the internet. However, to obtain all pertinent project
specific weather information, the deployment of project soundings and a radiometer is
recommended, although not required. A well-designed cloud-seeding program will incorporate
seeding suspension criteria to stop or suspend seeding activities that could generate unsafe
conditions due to increases in precipitation. Suspension criteria recommended for an operational
program implemented in the Medicine Bow and Sierra Madre Mountains can be found in Section
9.5.

Other program considerations take into account environmental concerns such as downwind
(extra-area) effects, or potential impacts on water and soil quality that surface in relation to the
practice of cloud seeding. A large number of studies have been conducted in the western United
States related to the potential environmental impacts of winter cloud seeding. In general, these
studies found that significant environmental effects due to the possible conduct of cloud-seeding
programs in these areas were not expected to occur.

Potential Benefits, Cost Estimates, and Benefit/Cost Analysis Summary

Estimates of streamflow changes due to seeding impacts on precipitation were calculated two
ways. One method estimated the change in streamflow relative to a change in precipitation using
regressions of historical precipitation and streamflow records, either from gauge measurements
and/or long-term model simulation. This method was similar to that used in other weather
modification feasibility studies (i.e., Wyoming Range, Bighorn Mountains). In this design study,
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the 8-year, WRF-CONUS high-resolution model simulation (Liu et al. 2016) was utilized to
establish the relationship between changes in streamflow relative to a change in actual
precipitation. However, there are several assumptions required for this approach, such as the
magnitude of precipitation change due to seeding (i.e., the seeding effect) and the fraction of the
assessment area that is impacted by seeding (i.e., the impact area). These assumptions contribute
to a substantial range of uncertainty in the final results.

Secondly, streamflow changes from seeding were estimated using a new method that utilizes the
WRF-Hydro model, coupled with results of cloud-seeding simulations from the WWMPP.
While there are still inherent uncertainties associated with this method, many of the assumptions
associated with the previous regression method are removed.

The results of the two methods compared rather well. The regression method found a range of
total streamflow increase between ~11,170 and ~49,390 acre-feet (AF), depending on the
assumed method of seeding (ground-based versus airborne), the assumed magnitude of the
seeding effect (5, 10, or 15% based upon the WWMPP results) and assumed impact area (all
assuming a 70% impact area). In contrast, the WRF-Hydro method found a range of 5,000—
7,750 AF of streamflow increase (Figure 4). The WRF-Hydro simulation method helped reduce
some of the uncertainties in the traditional regression analysis, because it did not need to assume
anything about the spatial distribution or magnitude of the seeding effect. Rather, the spatial
distribution and magnitude of the seeding effect from the seeding simulations were directly
ingested as forcing into the WRF-Hydro simulation. However, at the present time, this
simulation represented only two years of simulated seeding cases from the WWMPP; whereas,
the regression analysis represented a multi-year average scenario from the climatology analysis.
Therefore, averaging the results from the two years of WRF-Hydro simulations yields 6,375 AF
of average additional streamflow.

Moreover, the regression analysis results were based upon less stringent conditions for seeding
than imposed during the WWMPP (i.e., the climatology analysis used a warmer temperature
criterion, no time limit on seeding periods, etc.). The 4-hour time-limit criterion and, in
particular, because only one target was seeded at a time, the WWMPP will likely yield reduced
seeding effects on streamflow in the WRF-Hydro method than what is estimated using the
climatology analysis regression method. The reduction will depend on how long seeding criteria
were actually met beyond the 4-hour limit imposed by the WWMPP, but it will likely be reduced
by at least half given only one target was seeded at a time in the WWMPP. If the average WRF-
Hydro results were doubled, to account for the limited seeding time periods simulated based
upon the WWMPP criteria, the results indicate approximately 12,500 AF of additional
streamflow could be produced from cloud seeding. This estimate is consistent with the regression
analysis result (~11,170 AF) for a ground scenario with just over a 5% seeding effect in seedable
storms over a winter season using an assumed 70% impact area.
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2010 Water Year Acre-Feet Difference
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Figure 4. WRF-Hydro simulation results from water year 2010: difference between seeded and unseeded snow
water equivalent (SWE) for 1 May 2010 (colored), along with accumulated precipitation difference (mm;
contour) on the left, and total accumulated streamflow differences (AF) for the 2010 water year from the non-
seeded to seeded simulation by basin on the right. The basins shown in the right panel are outlined in thick black
lines on the left for reference.

Cost estimates were prepared for two different operational cloud-seeding program options:
1.) a program with 23 remote-controlled ground-based generators (estimated annual cost:
$656,685), and
2.) asingle stand-alone aircraft seeding program (estimated annual cost: $361,780).

A preliminary benefit/cost analysis was performed using the estimated range of enhanced
average April — July runoff values. American Society of Civil Engineers (ASCE) Guidelines
were considered in determining whether the program would be considered feasible. The
Guidelines suggest that two questions be answered: is the proposed program technically
feasible, and is the proposed program economically feasible? An affirmative answer to both
questions is required for the program to be considered feasible. The evidence presented in this
study demonstrates that the program is technically feasible.

For a program to be considered economically feasible, the ASCE Guidelines recommend that a
proposed program have an estimated benefit/cost ratio of 5/1. To determine the benefit/cost ratio,
several assumptions need to be considered (e.g., allocation of the water, value of the water, etc.),
and were included in the ratio calculations for this study. Of the possible seeding options and
levels of seeding effects, airborne seeding met the 5/1 ratio assuming 10% or greater seeding
effect and depending on the actual value of water (Error! Reference source not found.).

round seeding does not meet the 5/1 ratio, primarily due to the higher program cost when
compared with airborne seeding (Figure 5). If the ground-seeding program costs could be
reduced (by reducing the number of total generators) while still achieving the desired seeding
effect, ground seeding could be more cost effective.
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Water and program costs vs. streamflow increases from seeding
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Figure 5. Cost of water for usage and for two estimates of annual seeding program costs (using 70% impact area)
for the three levels of estimated streamflow increases resulting from WWMPP annual seeding effects for seedable
storms. Gray shading indicates estimated water costs. The solid green and red lines indicate the cost for the 23
remote generator ground-seeding option versus the single aircraft airborne seeding option, respectively,
expressed as program costs per acre-foot of streamflow increase (essentially a 1:1 ratio). The dashed green and
red lines show the corresponding 5:1 ratios of water costs to program costs.

Model Evaluation of the WWMPP RSE

Instead of collecting additional randomized cases at great expense, an ensemble modeling
approach to estimate the impact of ground-based seeding was conducted. This approach is
advantageous because conditions with and without seeding can be simulated, allowing the
difference of the model simulations to estimate the seeding effect. An ensemble modeling
approach also better accounts for initial condition uncertainty, model biases, and random errors
in the model simulations. A prerequisite to using a model, however, is that the simulations
reasonably represent reality. The WWMPP RSE snow-gauge data and sounding data were
compared with the model ensemble and showed reasonable agreement.

This snow-gauge comparison was made with twenty-four model ensemble members for each of
three re-analysis forcing datasets with no seeding simulated, with a total of 8,946 simulations to
simulate each of the 118 Experimental Units (EUs). The results of the model ensemble approach
with and without seeding estimated a mean enhancement of precipitation of 5%, with an inner
quartile range of 3 to 7%. These results provide a robust estimate of the impact of ground-based
cloud seeding in the Sierra Madre and Medicine Bow Ranges in Wyoming that accounts for key
uncertainties in both initial conditions and model physics.
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Conclusions and Recommendations

Based on the results of this study, it can be concluded that an operational cloud-seeding program
targeting the Medicine Bow and Sierra Madre Ranges is technically feasible. This assertion is
supported by the climatological analysis and cloud-seeding model evaluation presented herein, as
well as the results previously determined in the same project area during the WWMPP.

Based on the results of this study, an operational cloud-seeding program targeting the Medicine
Bow and Sierra Madre Ranges would be economically feasible depending on which type of
operational program is implemented (ground or air). The cost effectiveness of a cloud-seeding
program is dependent on several factors, including the cost of water and the amount of seeding
effect expected. Based on the results of this analysis, airborne seeding is a cost-effective program
design option given its lower overall program cost, fewer seeding restrictions due to wind
direction or atmospheric stability, and no required permitting fees. However, airborne seeding is
limited by aircraft on-station time, which is not reflected in the climatology analysis. For
example, a single aircraft may not be able to seed for the entirety of a seedable period if that
period is longer than the aircraft can be on station (due to fuel consumption, crew duty limits,
etc.). The climatology analysis did not exclude long seedable periods given the aircraft on-station
time is currently unknown (dependent on the actual aircraft type selected for the seeding
program, the extent of icing conditions encountered in a given flight, etc.). However, accounting
for this could lead to a reduction in the amount of precipitation that falls when conditions are
seedable by a single aircraft. None of the ground-based seeding scenarios met the 5/1 ratio, and
therefore, cannot be considered economically feasible. However conceptually, a ground-based
seeding program might be more cost effective if the number of generators in the design were
reduced to lower overall program costs, while maintaining seeding effects similar to those
presented in this study.

Based on the results of this study, several recommendations specific to the design and conduct of
an operational cloud-seeding program in the Medicine Bow and Sierra Madre Ranges are
presented:

e Seeding should be conducted using Agl as the seeding agent.

e The seeding season for ground-based and/or airborne operations should be 15
November— 15 April.

e Aircraft seeding is considered technically and economically feasible, whereas ground-
based seeding is considered technically feasible only, therefore it is recommended that
aircraft seeding be conducted.

e To address whether or not ground-based seeding could be considered economically
feasible, an investigation focused on optimizing the operational design in relation to cost
and seeding effectiveness should be considered.

e To validate the impacts from seeding with either proposed program design, it is
recommended that modeled simulations of additional test cases (ideally an entire season
of seeding cases), be considered.

e Basic seeding criteria should be based on readily available (and quickly accessible)
meteorological data.

e To accurately assess seeding criteria in the study area specifically, a program would
benefit from deploying project-specific instrumentation (i.e., radiometer and soundings),



but these would add additional costs to operate the program that were not considered in
the benefit/cost analysis for this study.

e To assess the feasibility of reducing overall program cost, it is recommended that a study
to investigate sharing operational resources (i.e., aircraft, staff, weather data, etc.)
between seeding programs targeting multiple mountain ranges in the region should be
considered.

e To determine the most cost effective approach to sharing operational resources, a
cohesive evaluation of all the Wyoming (proposed and operational) weather modification
projects, is recommended and should consider multiple project designs (ground-based
and airborne).

e The implementation of a statewide, real-time modeling system would provide guidance to
determine storm seedability, especially if multiple cloud-seeding programs are
implemented within the state. A forecast modeling system will generate a cost savings
by identifying when storms have high seeding potential, therefore maximizing cloud-
seeding impacts. The model can also serve as a basis for seasonal program evaluation.

Disclaimer

All rights to the underlying data collected and/or generated with funding from the Wyoming Water Development
Office (WWDO) from which this report was created remain with the WWDQO. This report does not constitute the
opinions of the State of Wyoming, the Wyoming Water Development Commission, or the Wyoming Water
Development Office.
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1. Introduction

A Final Design and Permitting Study was performed for the Wyoming Water Development
Commission (WWDC) to establish an operational weather modification program targeting the
Medicine Bow and Sierra Madre Ranges in southern Wyoming. As part of the study, 20 tasks
were identified and are briefly described below. The organization of this report follows this
tasking, as requested by the WWDC.

1.1.Task Overview

Task 1: Scoping and Project Meetings

A scoping meeting should be held early in the project to familiarize the WWDC, technical
advisory team (TAT), governmental agencies, and local stakeholders with the scope of the
project, as well as obtain input from affected parties.

Task 2: Review and Summarization of Previous Data

This review will include all available background information regarding previous weather
modification research and/or activities within the State of Wyoming and within the target area
(wherever possible), and projects in close proximity with the potential to affect the Medicine
Bow and Sierra Madre Ranges program operations or evaluation.

Task 3: Climatology of the Project Area

The purpose of this analysis is to determine the characteristics of the storms producing
precipitation over the Medicine Bow and Sierra Madre Ranges and determine the seeding
potential of the project area using criteria based on an operational cloud-seeding program.

Task 4: Development of a Preliminary Project Design

A customized weather-modification project design for the Medicine Bow and Sierra Madre
Ranges will be developed based on the information gathered in Tasks 1-3. The design shall
include the methodology, materials, equipment, siting considerations, available meteorological
observation systems, and other components necessary to operate and maintain a weather
modification program in the targeted areas.

Task 5: Model Evaluation of the Preliminary Project Design

The goal of this task is to evaluate the suggested locations of ground-seeding generators and
optimize seeding strategies for the project design, including the possibility for airborne seeding
using sophisticated numerical models.

Task 6: Field Surveys of Proposed Ground Generator Locations

Field surveys will be conducted to inspect proposed ground-generator locations as determined
from Tasks 4-5.

Task 7: Access/Easements and Environmental Permitting/Reporting

A review of all local area plans, county ordinances, and other regulations that may affect the
proposed weather modification operations in the project area will be conducted. This will include
identifying all easements and/or access agreements that will be necessary to implement siting of
the equipment as directed by the preliminary project design, as well as summarize all permitting
and/or reporting requirements necessary to implement the project design.



Task 8: Establishment of Operational Criteria

Operational seeding criteria will be developed for the project area, containing protocols and
procedures necessary to operation of the programs within established Guidelines as set forth by
the American Society of Civil Engineers (ASCE).

Task 9: Environmental and Legal Considerations
A summary of any potential environmental considerations associated with implementation of the
project design will be provided.

Task 10: Evaluation Methodology
Methodologies for evaluating the efficacy of the cloud-seeding program in the targeted areas will
be summarized, including both physical and statistical methods.

Task 11: Potential Benefits/Hydrologic Assessment

The goal of this task is to assess the potential streamflow benefits from cloud seeding utilizing
the long-term high-resolution model simulation used in Task 3 (WRF-CONUS) to conduct a
water balance approach. In addition, these results will be compared with those from a method
that utilizes a coupled atmospheric-hydrological model (WRF-Hydro).

Task 12: Cost Estimates
Costs for establishing, operating, and maintaining the proposed weather modification program
will be estimated and summarized.

Task 13: Cost/Benefit Analyses

Based on the information from Tasks 1-12 of the project, cost/benefit estimates for conducting
weather modification operations in the targeted areas will be calculated on a per-acre-foot (AF)
basis.

Task 14: Finalization of Project Design
A final project design for the operational weather modification program will be developed based
on the information compiled and analyzed during Tasks 1 — 13 of the project.

Task 15: Environmental Analysis and Permitting

This task covers all of the preparatory work required to get any necessary permits to operate
ground-based generators on federal, state and private lands, as determined by the final project
design. For sites on Federal land, this would include any required environmental analysis.

Task 16: Program Discretionary Task

This task reserves funds for the Wyoming Water Development Office (WWDO) program
manager to authorize spending on any unforeseen items that arise during the course of the
project.

Task 17: Reports and Executive Summaries
Digital and paper copies of the final report and executive summary will be provided to the
WWDC.

Task 18: Report Presentations
A public meeting/hearing will be held in the local project area to present the final results of the
study.



Task 19: Climatological Monitoring of the Study Area
Pertinent climatological information and data will be collected and archived during the
November 2015—April 2016 winter season for the study area.

Task 20: Model-based Evaluation of the Wyoming Weather Modification Pilot Program
(WWMPP) Randomized Statistical Experiment (RSE)

The goal of this task is to simulate all of the WWMPP RSE cases with the Weather Research and
Forecasting (WRF) cloud-seeding model to evaluate and determine whether the WRF cloud-
seeding model can replicate a statistical result similar to that found with the WWMPP RSE
snow-gauge observations.

1.2.Personnel and Organizations

The Research Applications Laboratory (RAL) of the National Center for Atmospheric Research
(NCAR) collaborated with Weather Modification International (WMI) and Heritage
Environmental Consultants (HEC) to conduct this study. Key personnel from each institution are
listed in Table 1.1.

Table 1.1. List of key personnel from each institution that was involved in conducting this study.

Organization Key Personnel
NCAR Sarah Tessendorf
Roy Rasmussen
Lulin Xue
Kyoko Ikeda
Courtney Weeks
Jamie Wolff
Michelle Harrold
Logan Karsten
David Gochis
Duncan Axisa
Scott Landolt
Al Jachcik
Dan Breed
WMI Bruce Boe
HEC Patrick Golden




2. Task 1: Scoping Meeting/Project Meetings

The purpose of the scoping meeting is to familiarize the WWDC, TAT, governmental agencies,
and local stakeholders with the scope of the project, as well as obtain input from affected parties.

2.1. Scoping Meetings in Saratoga and Savery, WY

Two public scoping meetings were held at the beginning of the project. The first was held on 21
September 2015 in Saratoga, Wyoming at the Platte Valley Community Center (PVCC). The
second meeting was held on 24 September 2015 in Savery, Wyoming at the Savery Little Snake
Museum.

The meetings were opened by Mr. Barry Lawrence, the WWDO Project Manager, who
facilitated introductions and provided a brief history and purpose of the study. Presentations at
the meeting then included an overview of the scientific concept of cloud seeding (Mr. Bruce
Boe, WMI), a summary of the previous studies in Wyoming (Dr. Roy Rasmussen, NCAR), an
overview of the current study (Dr. Sarah Tessendorf, Mr. Bruce Boe, and Mr. Patrick Golden).
The complete attendee list is included in Table 2.1.

Table 2.1. List of attendees (other than presenters) at the scoping meeting in Saratoga.

Name Agency Name Agency

Jeni Cederle WWDO Scott Kerbs AG-OP

Joan McGraw Medicine Bow Joe Parsons Saratoga Encampment
Conservation District Rawlins Conservation

Dist.

Maggie Kelly Robert Kelly

Dave Gloss USFS Joe Elder PVCC

Kendall Cook Kat Farris

Justin Stern WSEO Jeb Steward

Table 2.2. List of attendees (other than presenters) at the scoping meeting in Savery.

Name Agency Name Agency
Jeni Cederle WWDO Amanda Drake WSEO
Ray Weber Linda Fleming Snake River Press

2.2. 27 January 2016, Cheyenne, WY

A TAT meeting was held on 27 January 2016 in Cheyenne, Wyoming at the WWDO. Ms. Jeni
Cederle, the new WWDO Project Manager, facilitated the meeting. At the meeting, NCAR gave
a presentation updating the TAT on the preliminary results and progress on the Medicine Bow
and Sierra Madre Ranges Study, as well as the next steps in the study. NCAR representatives
included Dr. Roy Rasmussen and Dr. Sarah Tessendorf. The complete list of attendees is
included in Table 2.3.



Table 2.3. List of attendees at the January 2016 TAT meeting in Cheyenne.

Name Agency Name Agency
Lee Hacklemen National Resources John Mejia Desert Research Institute
Conservation Service (DRI)
Ty Wattenberg -- Frank DRI
McDonough
Steve Wolff WSEO Brian Lovett WY Dept Environmental
Quality (DEQ)
Jeff Frazier WY Dept Transportation Jeff French Univ. Wyoming (UW)
Sean Collier Southern Nevada Water Kate Dwire USFS Rocky Mtn
Authority Research Station (RMRS)
Nathan Haynes USFS Medicine Bow- Scot Rogers USFS MBRTB
Routt NF and Thunder
Basin NF (MBRTB)
Terry Deshler uw Mitchel Tribal Water Engineer
Cottenoir
Robert USFS RMRS Binod Pokharel | UW
Musselman
Sandy Henny USFS Mohammed Central Arizona Project
Mahmoud
Lee Arrington WSEO Jeri Trebelcock | Popo Agie Conservation
Dist.
Bruce Boe WMI Pat Golden HEC
Bart Geerts Uw Barry WWDO
Lawrence
Ray DeLuna TREC Inc. Roy NCAR
Rasmussen
Sarah Tessendorf | NCAR Joe Busto Colorado Water

Conservation Board

Joan McGraw

Medicine Bow
Conservation Dist.

Jeni Cederle

WWDO




3. Task 2: Review and Summarization of Previous Data

3.1.Background

The potential for modifying supercooled clouds with artificial ice nuclei (IN) was initially
championed in the literature by Findeisen (1938). After artificial ice nucleation by both dry ice
and silver iodide (Agl) became known, many researchers became interested in modifying
precipitation from supercooled clouds (e.g., Schaefer 1946, Vonnegut 1947, Kraus and Squires
1947, Langmuir 1948, Coons et al. 1948, and Bergeron 1949). Such modification is termed
glaciogenic seeding, as it results in the formation of cloud ice.

These early scientists recognized that winter orographic clouds might be particularly well suited
to seeding due to the frequency and persistence of supercooled water. Ludlum (1955) was among
the first to present a conceptual model for seeding orographic clouds to enhance snowfall, a
model that has remained unchanged in the essential details. However, the microphysical
precipitation processes in winter clouds have proven to be far more complex than originally
envisioned. Many refinements and clarifications of the conceptual model details have since been
made.

Precipitation in winter orographic storms develops when ice crystals form on natural IN
(typically certain dust particles) and grow through deposition (water vapor forming ice directly,
the process that builds the smallest snow crystals), riming (the collection of unfrozen cloud
droplets by ice crystals), and/or aggregation (the entanglement of ice crystals with each other to
form snowflakes). Measurements indicate that most orographic clouds do not contain much ice
until temperatures colder than —12 °C are reached (e.g., Geresdi et al. 2005). Natural IN are
scarce at these relatively warm temperatures (Hoose and Mohler 2012). During many storms, the
precipitation process is inefficient due to the lack of natural IN active at warmer cloud
temperatures.

Furthermore, the weak updrafts in orographic clouds (mostly composed of very small droplets of
similar sizes), limit the activity of ice multiplication processes (e.g., Hallett and Mossop 1974)
that create cloud ice without additional IN. As a result, many shallow clouds, especially winter
orographic clouds, may largely lack ice crystals and thereby, be inefficient in producing
precipitation. The absence of ice crystals allows supercooled cloud droplets to persist for long
periods in such orographic clouds, instead of being depleted by vapor diffusion, riming, and/or
aggregation. This fact is well documented by the measurement of sustained supercooled liquid
water (SLW) in orographic clouds taken 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, will nucleate ice crystals at temperatures as warm as —5 °C, enabling the creation of ice
crystals in clouds warmer than —12 °C by “seeding” them with an Agl aerosol (DeMott et al.
1995).

One alternative to glaciogenic seeding with Agl is to seed with liquid propane (LP). Rather than
producing ice via heterogeneous nucleation, LP is released directly into the cloud to be seeded,
where the rapid evaporation of the propane droplets results in extreme supercooling and
homogeneous nucleation. At temperatures colder than —2 °C, approximately 10'* ice crystals are



produced per gram of propane (Hicks and Vali 1973). Seeding with LP is straightforward and
efficient. However, there are disadvantages. First, the release must occur within a supercooled
cloud. If LP is released in clear air, there are no cloud droplets to be frozen. If released in cloud
but the cloud is not supercooled, the ice formation will be very transient. Further, if ice that
forms should warm and melt or sublimate, it will not reform (Reynolds 1996). Therefore, to be
effective, the ice produced by LP seeding must continue to grow to precipitation. If the ice thus
formed melts or sublimates, there are no nuclei left behind to re-initiate ice development (as
there would be when seeding with Agl), even if, or when the environment again becomes
saturated and supercooled.

3.1.1. Conceptual Model

The following chain of events is hypothesized for seeding of the Medicine Bow and Sierra
Madre Ranges.

When performing ground-based seeding, Agl is released from IN generators near and/or on the
target mountain range, and carried upward by the wind. The plume of Agl rises and disperses
within a relatively large volume of air. The Agl particles nucleate cloud ice at temperatures
colder than —5 °C. However, the nucleation efficiency increases by orders of magnitude (a factor
of 100 to 1,000) at temperatures of —8° to —10 °C'. The ice crystals then grow rapidly in
conditions of water saturation (within the cloud), where supercooled water droplets exist. The ice
crystals first grow by vapor deposition and then by riming and/or aggregation, forming
precipitation-sized ice particles that fall to the surface as snow. These crystals are enhanced in
number, size, and/or density from what would have fallen naturally, but otherwise are
indistinguishable from natural snowfall.

The chain of events for airborne seeding is essentially the same, except transport of the Agl into
the cloud is ensured, because it is released in cloud, or just above cloud. By this method, the Agl
creates ice within 1 min (at —6° to —8 °C) of release via flare’ (DeMott 1999), which rapidly
grows as ice crystals in regions of SLW. The chain is otherwise identical to ground-based
seeding, although the precipitation particles often originate at greater heights.

Airborne seeding eliminates some of the uncertainties inherent in ground-based releases of Agl
because the seeding agent is delivered immediately and directly to the target clouds. Using
pyrotechnics, an aircraft can deliver more seeding agent to the cloud faster than ground-based
generators can. A typical ground-based generator release rate is 25 grams per hour (per
generator), while airborne release rates begin at ~37 grams per minute. Aircraft can also
effectively treat clouds in some circumstances when ground-based seeding cannot.

! These numbers apply to the seeding solution used in the WWMPP, which functions rapidly through the
condensation-freezing mechanism. More “traditional” formulas producing AgI'NH,4I nuclei function through the
contact-freezing mechanism, and thus may require many minutes more to nucleate in clouds of lesser LWC.

% The activity of the silver iodide-based pyrotechnic quoted here is for the glaciogenic flare presently manufactured
by Ice Crystal Engineering, LLC, of Kindred, North Dakota. The IN output and activity of pyrotechnics
manufactured by others may vary considerably, and should be determined before any program is undertaken.



However, seeding with aircraft is often more expensive than ground-based generators, in large
part because deployment costs are greater. When a large number of ground-based generators are
required to ensure adequate targeting, this may not be the case. Aircraft also have limited on-
station (seeding) times, as crew endurance, fuel consumption, and sometimes aircraft icing limit
the length of operations. Ground-based generators can be operated continuously for a day or
more, but many more are required, and only the portions of the cloud within 1 km (~3,000 ft) can
be effectively targeted.

The model for LP seeding is essentially the same, but the targeting is different. While Agl nuclei
can be released from any location where the flow will carry it into supercooled clouds, the LP
can only be used within supercooled clouds, and must be sited where the clouds develop. The
advantage of LP is that it can be used to produce ice crystals if any SLW is present, and does not
require clouds to be —6 °C or colder. The advantages and disadvantages of various seeding
methods are listed in Table 3.1.

Table 3.1. Advantages and disadvantages of various seeding types and modes.

Target Temperature

Type/Mode Siting/Positioning Threshold Seeding Rate’ Advantages Limitations
°C °F
Requires an on-site
Fixed location, upwind Does not require operator (gener'ators
. must be accessible
of target. Distance from 1 remote . .
Manual, target and elevation 1.25%10 communications during harsh winter
Ground- g . ~-6°C' | ~(+21°F) | nuclei per . weather). Their fixed
depend upon typical . electronics to . .
based Agl . . minute. locations limit
flows during seeding actuate .
.\ (operations based to a
conditions. generators. L .
limited range of wind
direction/speeds).
Their fixed locations
Fixed location, upwind . l;m}t operations to 2
. Does not require limited range of wind
Remote- of target. Distance from %10l . o
. 1.25*10 an on-site direction/speeds. Agl
Controlled | target and elevation ol o . . L
. ~-6°C ~(*+21°F) | nuclei per operator. Allows seeding solution is
Ground- depend upon typical . . . >
. . minute. for high-elevation | expensive compared
based Agl | flows during seeding .
" deployment, with LP. Must have
conditions.
remote
communication link.
Upwind distance
At -6°C, and altitude can
2.3*10" nuclei | be adjusted
per minute according to the Minimum safe
Upwind of target with pyro, cloud depth, altitude must be
Airborne clouds, at an ~-4to0 - ~+25 to 6*10'" nuclei temperature, and maintained. Seeding
Agl appropriate altitude and 6°C'? +21°F per minute ambient wind at low altitudes close
distance from target. with seeding speed. to the barrier in light
solution used Deployment of winds is not possible.
by ground IN surface-based
generators. equipment not
required.
. . 710" ice Propane is less Only effective if LP
Fixed location, . . o
crystals per expensive is released within
Generators must be ’ .
Ground- hieh enouch to be minute from 0 compared with supercooled cloud.
based Liquid | 5" CMOUEN 1€ <0°C* | <32°F | to-2°C, Agl based Utilizes
routinely within 1. . .
Propane ~7*10 " ice seeding solutions. | homogeneous
supercooled clouds. L
crystals per Any supercooled | nucleation (i.e., no
minute at cloud can be nuclei are left behind




Target Temperature
Type/Mode Siting/Positioning Threshold Seeding Rate’ Advantages Limitations
°C °F
temperatures treated, regardless | to re-nucleate if the
colder than - of temperature. ice formed initially
2°C.3 Does not require melts or sublimates).
an on-site Their fixed locations
operator. limit operations to a
limited range of wind
direction/speeds.,
Must have remote
communication link.

"This temperature is based upon the nucleation efficiency of the seeding solution used in the WWMPP, which
functions by the condensation-freezing mode. This solution contains an oxidizer, so the generator must be
constructed with corrosion-resistant (e.g. stainless steel) components.

*Glaciogenic pyrotechnics manufactured by Ice Crystal Engineering produce 10'" IN per gram active at -4°C, and
10" IN active at -6°C (1.5 orders of magnitude more than the seeding solution cited), which can further broaden
the seeding opportunity window. See Figure 12.1.

3Per Hicks and Vali (1973).

“Seeding rates for Agl nuclei calculated from efficiencies measured by DeMott (1997, 1999).

3.2. History of Wintertime Orographic Cloud Seeding

The fundamental hypothesis for increasing precipitation through winter orographic cloud seeding
is that natural precipitation efficiency can be improved by seeding. If conducted upstream
(upwind) of the target mountain range, it will convert more of the supercooled cloud water to ice
crystals. The newly created ice crystals then grow by diffusion, riming, and/or aggregation, and
precipitate as additional snow to the surface, increasing the total snowfall.

Scientific evaluation of this hypothesis has been attempted over the last half a century using
statistical comparison of surface precipitation in treated versus untreated events (randomized
studies), observational studies to understand natural cloud structure and effects of seeding
(physical studies), and numerical modeling of both natural and seeded clouds. Since 1948,
numerous research programs have been performed to determine whether or not Agl seeding
produces additional precipitation in winter orographic clouds (Huggins 2009 for a summary).

3.2.1. Randomized Studies - Historical
Two randomized programs conducted in the Rocky Mountains are of immediate relevance to
winter orographic cloud seeding in Wyoming. These are the Climax experiments in the central
Colorado Mountains (Mielke et al. 1981; Grant 1986), and the Bridger Range Experiment (BRE)
in southwestern Montana (Super and Heimbach 1983).

The Climax Experiments (Climax I, 1960-1965, and Climax II, 1965-1970) were exploratory
and confirmatory randomized seeding experiments that used instruments and observations as
covariates and for ancillary (ex post facto) studies. The Climax I and II research used
experimental units of one-day (24-h) duration, which were declared in accordance with design
criteria established prior to the start of the respective experiments (Grant and Mielke 1967,
Mielke et al. 1971). Both Climax I and the replication, Climax II, reported precipitation increases



with high statistical confidence (Mielke et al. 1981). A reanalysis of the complete Climax data
set (I and II) showed that for warm 500-hPa temperatures, precipitation increases of 25% were
realized. However, the validity of the experiments was questioned on the basis of the
experimental execution and evaluation methodology (Rangno and Hobbs 1987, 1993). Much was
learned from the Climax experiments, but ultimately the validity of these experiments left the
conclusions in doubt.

The BRE was conducted in the Bridger Mountains of southwest Montana from 1969 to 1972
(Super 1974; Super and Heimbach 1983). To avoid trapping the seeding agent below stable
atmospheric layers above, the BRE utilized ground-based IN generators that burned an Agl
solution, and were sited more than midway up the upwind (western) side of the barrier. The
Bangtail Ridge, a secondary barrier located 5 to 20 km to the east of the main Bridger ridgeline,
was the expected target. Randomized experiments were conducted during the winters of 1970—
1971 and 1971-1972, and follow-on physical measurements were later made (Super and
Heimbach 1988). This project produced strong statistical evidence of seeding effects, and
considerable documentation of the physical chain-of-events that began with seeding and led to
the observed precipitation changes. A post hoc statistical analysis strongly suggests that
increased target-area snowfall resulted from seeding when the Agl plume temperature was colder
than approximately —9 °C. An estimate of ~15% more seasonal target area precipitation than
predicted on non-seeded days resulted, while a target-control analysis of independent snow
course data strongly suggested seeding enhanced the seasonal snowpack more than 15%.
Additional exploratory analysis of the BRE was later carried out by sub-partitioning the original
24-h experimental units into 6-h data blocks (Super 1986). That analysis was limited to those 6-h
periods with rawinsonde observations, main ridge temperatures <—9 °C and westerly flow. The
results showed that Agl seeding was particularly effective in increasing precipitation in a small
fraction of the 6-h blocks, but had little or no effect most of the time. Seeding appeared to be
especially effective when cloud-top temperatures were warmer than about —25 °C and the wind
had a strong cross-barrier component. Super (1986) notes that, “...this analysis has not suggested
any significant decreases in target precipitation due to seeding. This implies that the treatment
used could be applied whenever potential storm conditions existed without concern of decreasing
snowfall.” These results have been accepted, but because of the limited scale, different
geography and climate, the direct transferability to Wyoming was in doubt.

3.2.2. Randomized Studies - Recent
Randomized experiments with many similar design elements were recently conducted. The

Snowy Precipitation Enhancement Research Program (SPERP) in the Snowy Mountains of
Australia (Manton et al. 2011, Manton et al. 2015) was conducted from 2005 through 2009.

Even more recently, the WWMPP in southern Wyoming (Breed et al. 2014, WWDC Draft
Executive Summary 2014) was conducted from 2005 through 2014.

The Australian experiment, SPERP (Phase I), provided newer evidence of an increase in
precipitation due to Agl seeding of winter orographic clouds based on a 5-year statistical
program (Manton and Warren 2011). Analysis of the confirmatory experiment showed a 7-9%
increase in snow water equivalent (SWE), depending on whether the analysis used the primary
control area or an extended “total” control area. However, these experimental results did not
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meet the accepted level of significance and therefore cannot be considered to be statistically
different than no seeding effect.

The operational procedures and measurements taken during SPERP were designed to address
and verify the issue of targeting — that is, ensuring that seeding material was affecting the
seedable portion of the clouds. Therefore, exploratory analyses were performed with the
targeting issue, and others, in mind. Using extensive measurements of silver-in-snow, tracers,
integrated liquid water within the targeted clouds, and trajectory modeling, supported
partitioning the precipitation data by the total time generators were operating during a case.
Seasonal precipitation increases of 14% were established (relative to seedable storms), at a 3%
significance level (p-value of 0.03) after thresholding the cases according to generator hours,
which was indicative of probable Agl coverage of the target area (e.g., more generator hours
being equivalent to more Agl seeding material reaching the target area). Physical studies
included silver-in-snow measurements that verified effective targeting of the Agl seeding agent.

The findings from the SPERP analysis prompted a second seeding experiment in the same area,
but with expanded target and control areas and different seeding criteria. Although the study is
not yet published, drafts of the project description and results have been circulated within the
scientific community (Manton et al. 2015 Reynolds 2015). Although the changes in the target
and control areas led to a range of seeding effects, the overall result is very similar to that found
in the SPERP study: a 13% increase in precipitation (in the target area for seedable storms) at a
6% significance level (p-value of 0.06). The replication of the results in response to experimental
changes from the SPERP analysis is very encouraging as far as substantiating the efficacy of
winter orographic cloud seeding.

The results of the Wyoming project, WWMPP, were recently summarized in a draft executive
summary (WWDC 2014) and included statistical, physical, and modeling analyses. The
accumulation of evidence from these analyses suggests that “cloud seeding is a viable
technology to augment existing water supplies, for the Medicine Bow and Sierra Madre Ranges.”
The primary statistical analysis implied a 3% increase in precipitation with a 28% probability
that the result occurred by chance, which did not meet the acceptable level of significance. While
this primary statistical analysis did not show a significant impact of seeding, statistical analysis
stratified by generator hours, similar to the SPERP analyses, showed seasonal increases of 3—
17% for seeded storm periods. Furthermore, high-resolution modeling studies that simulated
three of the experimental seasons, or about half of the total number of seeding cases, showed
positive seasonal seeding effects between 10—-15% (relative to seedable storms).

Though no seeding effect was discerned in the primary randomized statistical experiment,
ancillary studies using physical considerations (e.g., hours of generator operation, surface-based
IN measurements, and numerical modeling) to stratify the WWMPP precipitation data and
modeling studies over three full winter seasons yielded more positive evidence from the
statistical, modeling, and physical analysis. This evidence suggested, “a positive seeding effect
on the order of 5 to 15%” relative to seedable storms in a given season.” These increases apply to
a single control site in the target area, so a seeding effect applicable to the whole target area
needs to be calculated based on an estimate of effective seeding coverage of the target area. For
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example, if the areal coverage of effective seeding were 60%, then the seeding effect for the
target would be 3—9%.

Important design and operational aspects of the WWMPP included confirming the presence of
SLW over the target mountain ranges. This was accomplished using a dispersion model to guide
initial generator placement, radiometers, soundings, and high-resolution real-time forecast
models to inform operational decisions, and utilizing additional observations from ancillary
instruments and “piggy-back’ experiments, such as the Agl Seeding Cloud Impact Investigation
(ASCII; e.g., Pokharel et al. 2014a). Based on the preliminary results of the WWMPP, the
recommendation was made to consider implementing cloud-seeding technology in Wyoming by
carefully addressing each of five components: 1) barrier identification; 2) program design; 3)
operational criteria; 4) program evaluation; and 5) program management. These were further
detailed in the executive summary.

The consensus of a post-SPERP, post-WWMPP panel discussion was that technological
advances, particularly in remote sensing and numerical modeling, bode well for the advancement
of cloud-seeding operations (Tessendorf et al. 2015).

3.2.3. Physical Experiments
Several randomized seeding experiments have included some physical studies aimed at verifying
the seeding conceptual model. However, a number of other non-randomized research programs
have also contributed to refinement of the seeding conceptual model. Much of this work has been
summarized by Golden (1995) and Super (1999), and more recently, Huggins (2009), who
compiled a summary of past research studies related to winter orographic cloud seeding. The
overall results of the various studies provided support for the National Research Council (NRC
2003) conclusions that “strongly suggested positive seeding effects” in these types of storms.

Observational studies in concert with the WWMPP and SPERP randomized seeding experiments
have evaluated or verified steps in the seeding conceptual model. The technique of snow
sampling for trace chemistry analysis (silver-in-snow) has advanced to the point of being a
preferred method of evaluating the effectiveness of targeting (Warburton et al. 1995). Results
have been presented the analysis of SPERP (Manton et al. 2011), and in the draft conclusions of
the WWMPP (WWDC 2014). Additionally, Agl IN measurements using the NCAR acoustic IN
counter (AINC) have demonstrated the variability of the seeding plume in targeting small areas,
using both airborne and ground-based instruments (Heimbach et al. 2008; Boe et al. 2014).

Geerts et al. (2010) applied a high-resolution vertically-pointing millimeter-wavelength airborne
Doppler radar to investigate wintertime seeding effects in orographic clouds for seven cases in
conjunction with the WWMPP. Those results showed that the increase in near-surface
reflectivity could be attributed to Agl seeding with statistical significance. However, the large
natural variability of meteorological conditions and the small number of cases rendered the
results cautionary. Consequently, the Agl Seeding Cloud Impact Investigation (ASCII) field
program was carried out to better quantify the seeding signals by reducing the impact of natural
variability of the orographic storms. Results showed that in some cases, increased reflectivity at
low levels observed by the airborne Doppler radar was very likely to be induced by ground-
released Agl particles (Pokharel et al. 2014a). The ASCII program also contributed surface radar,
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precipitation, and cloud physics observations, and airborne radar, lidar, and cloud physics
measurements that have aided validation of numerical modeling of winter orographic cloud
seeding.

These studies, along with evidence from randomized seeding experiments provide a detailed
physical picture of Agl plume transport, ice nucleation, and snow development. More
sophisticated measurements and improved numerical models developed over the last decade
continue to refine and validate the seeding conceptual model.

3.2.4. Numerical Modeling
Modeling natural and seeded orographic clouds has been conducted in concert with physical
studies. The WRF model (Skamarock et al. 2008) was used in a number of winter snowpack
studies and cloud-seeding evaluations that have verified the model’s ability to reasonably
simulate Agl plume transport and snowfall over a variety of time and space scales. For example,
the WRF model was used to simulate eight seasons of snowfall in the Rocky Mountains,
covering all of Colorado and parts of adjacent states (Ikeda et al. 2010). The model runs at
various resolutions were compared with Snow Telemetry (SNOTEL) data, and grid resolutions
of 6 km at a minimum were needed for reasonable agreement. Although 6-km resolution was
adequate, the model run at 2-km grid resolution captured the local topographic forcing of
regional snowfall even better.

Recently, Xue et al. (2013a, b) incorporated an Agl cloud-seeding parameterization into the
Thompson bulk microphysics scheme (Thompson et al. 2008) within the WRF model to
systematically investigate how orographic seeding outcomes are influenced by atmospheric and
cloud properties under idealized and realistic conditions. Almost all idealized and realistic case
simulations showed that ground-based glaciogenic seeding enhances precipitation in stable
stratified orographic clouds, but were ineffective in convective clouds deep enough to produce
abundant ice nucleation near the top. By examining seeding effects under various meteorological
and microphysical conditions, the model simulations presented in Xue et al. (2013a, b)
demonstrated that the seeding effects increase with decreasing natural precipitation efficiency
and vice versa.

For smaller domains, the WRF model can be configured at very high resolution, called a large
eddy simulation (LES). The LES model was run on a case in the Medicine Bow Range of
southern Wyoming at 100-m resolution and proved to be successful in simulating details of the
airflow and plume dispersion for that case, validated by results of airborne mapping of the
seeding plumes (Xue et al. 2014; Boe et al. 2014).

These recent modeling studies incorporating Agl seeding into the processes that lead to
precipitation have shown promise in simulating seeding effects. Likewise, the emergence of this
state-of-the-art cloud-seeding microphysics scheme together with sufficient computing power to
resolve large eddies now allows examination of the chain of events associated with glaciogenic
seeding.
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3.3. Meteorological and Climatological Observations
Public data sources include SNOTEL precipitation and snowpack measurements and United
States Geological Survey (USGS) streamflow records. Meteorological data are also available
through the National Oceanic and Atmospheric Administration (NOAA). Limited historical data
are also provided in the Green River Basin Plan (WWC 2010) and the Platte River Basin Final
Report (Trihydro 2006). The North American Regional Reanalysis (NARR) provides
temperatures, winds, moisture, soil data, and numerous other meteorological parameters in a very
useful format. Produced by the National Centers for Environmental Prediction (NCEP), the
NARR takes in, or assimilates, a great amount of observational data to produce a long-term
picture of weather over North America.

3.4. History of Cloud Seeding In and Near the Targeted Areas

Cloud-seeding operations are regulated and permitted by the Wyoming State Engineer’s Office
(WSEO).

In the 1960s, the University of Wyoming Atmospheric Water Resources Research (AWRR, later
the Department of Atmospheric Science) established a research facility atop Elk Mountain, an
isolated peak on the northwest flank of the Medicine Bow Range. The Elk Mountain
Observatory (EMO) was utilized for cloud seeding and cloud physics research for several
decades (e.g., Auer et al. 1969; Auer 1972; Cooper and Vali 1981; Politovich and Vali 1983;
Deshler and Vali 1985; Rogers and Vali 1987). Much of this research was directed toward
improving understanding of cloud and precipitation processes, which are directly linked to the
efficacy of cloud seeding.

The earliest record of cloud seeding in the area is found in WSEO Weather Modification Permit
#2, granted to Water Resources Development Corporation of Denver, Colorado, which hired
Wyoming Weather, Inc., to seed clouds between 1 May 1951 and 31 December 1951. Ground-
based Agl generators were chosen as the method, but the permit does not differentiate between
warm-season and cold-season activities.

Cloud seeding was again attempted in 1954, to increase snowpack not only in Carbon and
Albany Counties, but in the central and eastern parts of the state as well. Counties listed in that
permit included Campbell, Converse, Crook, Goshen, Laramie, Johnson, Niobrara, Platte,
Sheridan, and Weston. Cloud seeding operations were authorized on behalf of the Wheatland
Irrigation District for February through May of that year, and for the other areas May through
September only. Those permits specified that augmentation of snowpack was the purpose,
though snowpack does not generally accumulate during the latter period (May through
September). In November of 1954, another permit was issued to Water Resources Development
Corp. for the use of 40 ground-based Agl generators in Sweetwater, Platte, Carbon, Albany, and
Laramie Counties. According to records, twenty generators were also authorized for use in the
areas for calendar year 1955.

The Natural Resources Research Institute (NRRI, the predecessor to the University of Wyoming

Department of Atmospheric Science) was granted its first seeding permit in 1963 to seed in
Carbon and Albany Counties in the vicinity of Elk Mountain, and in Sublette and Fremont
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Counties along the Wind River Range. Additional permits for NRRI to operate in the same areas
were subsequently approved in 1964 and 1965.

The NRRI was again permitted for seeding operations in 1969. This permit is especially
noteworthy because the application specifically states that it involves cloud physics studies of
cap cloud formation in the vicinity of Elk Mountain, and also ““a limited number of experiments
on the Medicine Bow Mountains.” The permit alluded to the use of instrumented aircraft and an
NRRI radar.

A similar permit was issued to the NRRI for the period beginning in 15 November 1970 through
1 April 1971, for additional experimentation on Elk Mountain. The permit states that, “The
objective of the activities within the Elk Mountain Water Resources Observatory is to develop a
sound snow pack augmentation system.” The NRII permit was renewed for the same project area
and purpose for the 1972-73, and 1973-74 seasons; however, during the first renewal in 1972, the
permittee was not NRRI, but its successor, the Atmospheric Science Department of the
University of Wyoming.

The last cloud-seeding permit in the area, prior to those for the WWMPP, was issued to Colorado
International Corporation, of Boulder, CO, on behalf of Platte Valley Weather Modification, Inc.
This permit authorized the use of a twin-engine aircraft outfitted with ejectable (droppable) Agl
pyrotechnics to seed the Medicine Bow Range for snowpack augmentation from 14 February
through 21 May 1977.

Most recently, the WWMPP was conducted from 2005 through 2014 (WWDC 2014). That
research program utilized ground-based IN generators sited on the western flanks of the
Medicine Bow and Sierra Madre Ranges to target precipitation gauge clusters in each range.
Seeding for this project was conducted between 15 November and 30 April in most seasons.
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4. Task 3: Climatology of the Project Area

The purpose of this task was to characterize winter storms and their seeding potential over the
Sierra Madre and Medicine Bow Ranges in southern Wyoming. In order to accomplish this, the
following questions were addressed:
e What are the climatological averages and variability of winds, temperatures, cloud
depths, stabilities, and liquid-water content (LWC) over the Sierra Madre and Medicine
Bow Ranges?
e What are the prevailing winds, temperatures, cloud depths, stabilities, and liquid water
content during precipitating storms over the Sierra Madre and Medicine Bow Ranges?
e What fraction of the precipitation occurs when 700-hPa temperatures are warmer than
—6 °C?
e What fraction of precipitation occurs during seedable conditions?

Operational cloud-seeding programs utilize a temperature threshold warmer than those used in
research studies (i.e., the —8 °C threshold used in the WWMPP research program [Ritzman 2013;
Ritzman et al. 2015]) because Agl has been shown to activate in temperatures as warm as —5 °C
or —6 °C (DeMott 1997). To ensure moderate to strong Agl activation efficiency in this analysis,
the operational cloud-seeding temperature threshold was set at —6 °C.

In addition to a proper activation temperature for Agl, liquid water needs to be present for there
to be the potential for cloud seeding. The presence of SLW is a sign that natural precipitation
processes are inefficient, and if additional ice crystals are nucleated (via Agl activation) they
could grow at the expense of the SLW and fall out as additional snow. The criteria utilized in this
study define seedable LWC as greater than 0.01 g/kg and within the appropriate temperature
range to be considered SLW. Therefore, at a minimum, both proper temperature and LWC
criteria need to be met to determine seeding potential.

Additional variables, such as atmospheric stability and winds, play a role in determining seeding
potential, especially with regard to how effectively the Agl will be transported into the seedable
cloud. Therefore, assessing atmospheric stability and wind direction is important for determining
locations to release Agl and the method of delivery (i.e., ground-based generators or aircraft).
The observations needed to evaluate these meteorological criteria include atmospheric soundings
(to assess temperature, atmospheric stability, and winds at heights where clouds form),
radiometer data (to assess the presence of SLW in the atmosphere), and precipitation gauge data
(to determine when and how much precipitation fell). With the exception of Natural Resource
Conservation Service (NRCS) SNOTEL gauge measurements; these types of observations are
quite rare, especially in the western U.S. mountains. Therefore, an alternative way to get this
important information is to utilize high-resolution model simulation output. While not all
publicly available model simulations include LWC as an output variable (as explained in
Ritzman et al. 2015), this study uses an NCAR-generated high-resolution model simulation over
an 8-year period that includes all key variables for the climatology analysis.
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4.1. Data and Methodology
The climatology of the project area was investigated using SNOTEL observational data and a
high-resolution WRF model simulation performed over the Continental United States (CONUS)
domain spanning an 8-year period between 1 October 2000 and 30 September 2008 (hereafter,
WRF-CONUS model).

4.1.1. Observations
SNOTEL observations provide a long-term record of precipitation data from gauges that weigh
precipitation and snow water content via pressure-sensing snow pillows located at numerous
sites throughout the Western U.S. These sites are owned and operated by the Department of
Agriculture NRCS, and are typically located at elevations between 2,400 and 3,600 meters (m)
above mean sea level (MSL). Historical and real-time data are available from the NRCS web site
(http://www.wcc.nres.usda.gov/snow/) and have been widely used for climatological studies.
These studies also describe known measurement deficiencies (Serreze et al. 1999; Serreze et al.
2001; and Johnson and Marks 2004; for example) such as an undercatch of snowfall due to wind
(Serreze et al. 2001; Yang et al. 1998; Rasmussen et al. 2012). The SNOTEL gauges are often
located in a forest clearing where the wind speed is typically less than 2 m s, and an undercatch
of approximately 10—15% is expected (Yang et al. 1998). The SNOTEL data resolution is 0.1
inch (2.5 mm), making it difficult to study precipitation characteristics or verify model data on a
sub-daily basis. However, these data are suitable for use over monthly or longer periods.

Additional snow-gauge observations are available for this study because data were also collected
during the WWMPP. The WWMPP dataset includes high-resolution snow-gauge data from eight
sites (four in each Range), radiometer data (one radiometer per Range), and local sounding data
released from Saratoga, WY. The soundings were released for each seeding case called during
the WWMPP. In other words, they were not released on a regular schedule making them useful
for the climatology analysis, but at least provide sounding data that can be used in model
evaluation (Section 6.5.1).

4.1.2. Model (WRF-CONUS)
Model data used to examine the climatology of the Sierra Madre and Medicine Bow Ranges
came from a high-resolution (4-km) regional climate (RCM) simulation (Liu et al. 2016) using
the WRF model (Skamarock et al. 2005). This WRF-CONUS model simulation was carried out
as a follow-up study to a preceding high-resolution RCM study discussed in Rasmussen et al.
(2014) and the WRF-CONUS outputs are currently used in a number of climate studies. The
entire simulation period was expected to run from 1 October 2000 to 30 September 2013;
however, because the full 13-year dataset was not yet available at the time this analysis was
conducted, the focus was concentrated on the first 8 water years (2000 to 2008). Figure 4.1
shows the WRF-CONUS model domain, which had a horizontal grid spacing of 4 km and an
output frequency of 3 hours for 3-dimensional (3D) data fields (e.g., atmospheric temperature,
winds, various mixing ratios) and 1 hour for 2-dimensional fields (e.g., precipitation reaching the
ground, near-surface air temperature). Table 4.1 lists the physical parameterizations used in the
WRF-CONUS model simulation. The model was forced with 6-hourly European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA)-Interim reanalysis data. See
Liu et al. (2016) for a full description of the simulation setup.
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Figure 4.1. WRF-CONUS model domain and elevation. Red box indicates the Sierra Madre (SM) and
Medicine Bow (MB) mountain ranges where the analysis is focused. For a close-up of the study region
see Figure 12.1.

Table 4.1. WRF-CONUS model physics options.

WREF physics Parameterization schemes References
Land surface Noah-MP (multi-physics) Land Niu et al. (2011)
Surface Model
Microphysics Thompson aerosol-aware mixed- Thompson and Eidhammer
phase scheme (2014)
Planetary boundary layer Yonsei University (YSU) PBL Hong et al. (2006)
Longwave and shortwave RRTMG Iacono et al. (2008)
radiation

4.1.3. Seeding Potential Analysis Methods
The frequency of instances when seeding conditions occurred over the target areas were
determined by analyzing the key criteria needed for clouds to be seedable. The key criteria
produced by the WRF-CONUS model output and utilized in this analysis were temperature,
liquid-water path (LWP, defined as column integrated cloud water over unit area), LWC mixing
ratio, horizontal components of wind velocity (U and V), and derived turbulence parameters
(e.g., squared of Brunt-Vdisdld frequency, Froude number, and Bulk Richardson number).
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Of these, the primary criterion used to indicate the presence of a cloud seeding opportunity was
the presence of liquid water at temperatures appropriate for Agl activation. This leads to the
following criteria for assessing whether cloud seeding is viable in a region:

e Temperature between —18 °C and —6 °C and
e LWP>0.01 mm and/or
e LWC>0.01gkg"

The LWP criterion resembles information that would be available to an operational forecaster
using radiometer observations; however, LWP does not specify which vertical layer in the
atmosphere the liquid water exists. Therefore, the LWC criterion, provided by the model, helps
identify and discriminate ground from airborne-seeding opportunities based on the vertical
location of liquid water.

Meeting the above criteria indicates the potential for cloud seeding, whether ground-based or
airborne. However, this potential can only be realized if the seeding material reaches the regions
where those criteria exist. Because ground-based seeding requires the Agl plume to be carried
over the barrier and into the suitable clouds, the inclusion of wind direction and atmospheric
stability criteria are necessary. The requisite wind direction criteria vary due to the orientation
and topography of each range:

e  Wind direction:

o Between 210 and 315 degrees for west slope areas of both Ranges

o Between 20 and 100 degrees for the Medicine Bow east slope

o Between 0 and 50 degrees for the Sierra Madre east slope

o Between 320 and 50 degrees for the Sierra Madre southern region (see Figure 4.2)
e Froude number > 0.5

The wind direction criterion was based on the dominant wind regimes affecting the target region.
These additional criteria were not assessed for airborne-seeding potential, given that aircraft can
introduce Agl directly into the atmosphere wherever seeding conditions occur, and the flight
track can be oriented to account for wind direction.

Stability indices were derived from the WRF-CONUS model output and analyzed to assess
impacts on ground-based seeding potential. The primary index analyzed was the Froude number
(Fr). The Froude number expresses the ability of upslope airflow to go over a mountain barrier.
The flow will be blocked by the barrier when Fr < 0.5. The airflow will freely move over the

barrier (unblocked) when Fr > 1. Froude number is computed from

Fr=U—/h
N

where U is the average wind speed (m s ') perpendicular to the mountain barrier orientation over
a depth of 4 (in m), and N is an average of the Brunt-Viisdld frequency between the same depth.
N (s ') is expressed as
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where g is the gravitational acceleration (9.8 m s %), T, is the layer average virtual temperature
(K), and 96, /9z is the vertical gradient of virtual potential temperature (K m ). For this
analysis, the wind speed of the component perpendicular to each range (Sierra Madre or
Medicine Bow) at each grid point lower than the peak of the range was used. The height (/) was
calculated as the difference between the range peak height and the local height at each grid point.
The local Brunt-Viisdld frequency (N) was then used to calculate the local Fr. Using this
method, a 3D field of local Fr was generated.

To determine the seeding potential of the project area, three methods were employed: a single-
site analysis of 700-hPa conditions, an area-based analysis, and a spatial mapping of seeding
potential. Each method provided different pieces of information to address the objectives of the
climatological analysis, and are described in more detail below.

The single-site analysis was performed by looking at 700-hPa conditions at individually selected
grid points around the west, north, and eastern slopes of the Sierra Madre and Medicine Bow
Ranges. The single-site analysis was performed because the 700-hPa pressure level intersects the
crest of the mountain range, making an area-based analysis along the 700-hPa level not possible.
Several sites surrounding the Ranges were selected to assess 700-hPa temperature and wind
conditions on all sides of the barriers (Figure 4.2). Four sites considered to be the most
representative of the region were targeted for this report: Savery and Saratoga on the western and
northeastern slopes of the Sierra Madre Range, and Cedar Creek and Centennial on the western
and eastern slopes of the Medicine Bow Range (Figure 4.2). The modeled 700-hPa temperature
and wind conditions at those single grid points were then assessed during periods when
precipitation was simulated by the model. For the Savery and Saratoga single-site analyses,
periods with precipitation were determined using the model output at the grid point closest to the
HY47 snow-gauge site; and for the Cedar Creek and Centennial sites, the grid point nearest to
the GLEES snow-gauge site was used (Figure 4.2).
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Figure 4.2. Map of the model terrain height highlighting the grid points used for each region in the seeding
potential analysis (crosses or plus symbols of different colors). Precipitation gauge sites are marked by yellow
circles. Sites used for analysis of 700-hPa conditions are marked by white circles.

For the area-based analysis, target regions were defined for investigation (Figure 4.2). Then
areal-averaged values for each seeding criterion (for either ground-based or airborne-seeding
layers) were produced at every model output time (3-hourly). Several target regions were
selected to cover upslope conditions on each side of the target range where seeding conditions
were possible (which was determined based on the single-site analysis). For the Sierra Madre
and Medicine Bow Ranges, while upslope flow is predominantly from a westerly direction,
upslope flow also occurs with easterly and northerly winds depending on seasonal storm tracks;
thus, target regions are located on both the east and west slopes of the Sierra Madre and
Medicine Bow Ranges, as well as the southern region of the Sierra Madre Range (SMEast,
SMWest, MBEast, MBWest, and SMSouth, respectively). In particular, the temperature and
LWC were assessed over these areas by producing histograms of the area-averaged values.
Additionally, the frequency of time (over a given month or winter season) that the areal-averaged
conditions met the thresholds defined above was determined. In order to normalize the results by
when precipitation occurred, a representative SNOTEL site for the given target region was
chosen for each region. Part of this selection required the site to have a good comparison
between the SNOTEL data and the model (based upon the SNOTEL model evaluation in Section
4.2.2). Then the model grid point nearest that SNOTEL site was used to determine whether
precipitation occurred or not.

The spatial maps were produced by utilizing the 3-hourly model output and mapping the
frequency of hours in a given time period, such as monthly or seasonally, that the primary
criteria were met at each grid point. This produced maps of seedability frequency for each grid
point. These statistics were produced for each month and water year (November—April) starting
November 2000 and ending April 2008.
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For the spatial mapping and area-based analyses, ground-based seeding potential was analyzed
separately from airborne-seeding potential based on the vertical layer of the atmosphere being
investigated. For ground-based seeding, the 0—1 km Above Ground Level (AGL) layer was
investigated and each criterion assessed was averaged over that layer at every model grid point
(4-km spacing) and output time (3-hourly). For airborne-seeding potential, the 3—4-km MSL and
the 4-5-km MSL layers were assessed by averaging each criterion over that vertical layer as was
done for the ground-seeding layer.

4.2. Climatology of precipitation
Precipitation climatology for the project area was investigated using SNOTEL observation data
from 13 sites located in the project area, and a high-resolution WRF-CONUS model simulation
over an 8-year period between 1 October 2000-30 September 2008 (Figure 4.3).

3 Refer to Section 4.1.2 for the description of the WRF-CONUS simulation.
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Figure 4.3. Locations of SNOTEL sites (magenta dots) in Sierra Madre and Medicine Bow Ranges. Filled magenta
circles indicate the SNOTEL sites used for the evaluation of the WRF-CONUS model simulation results. Open
magenta circles are the SNOTEL sites not used for the evaluation.

4.2.1. SNOTEL Precipitation Observations
In this Section, annual precipitation characteristics of the study area are presented using the
SNOTEL precipitation data.

The monthly precipitation averaged over the 13 SNOTEL sites for each water year (panels a—h)
and 8-year average (panel 1) are shown in Figure 4.4. In Wyoming, a single snowstorm can bring
heavy snowfall to the area, and the month of maximum wintertime precipitation is heavily
dependent upon when big snow storms occur. As shown in Figure 4.4, the annual cycle of
precipitation varies over the 8-year period. Precipitation from November through April makes up
55-75% of the annual total amount and clearly exceeds warm-season precipitation for all years
examined (Table 4.2).
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Figure 4.4. (a) - (h) Monthly precipitation averaged over 13 SNOTEL sites for each of the eight water years. (i)
Eight-year climatology of monthly precipitation at 13 SNOTEL sites. Vertical bars indicate one standard deviation
from the area average, representing spatial variability.

Table 4.2. Average annual precipitation from SNOTEL sites and the fraction of the annual precipitation that fell
between 1 November and 30 April in each water year.

c e Fraction of November
Annual precipitation . © e .
Water year — April precipitation
(mm) 0
(%)
2000 — 2001 728.2 76
2001 — 2002 632.5 69
2002 —2003 900.8 67
2003 — 2004 833.8 65
2004 — 2005 899.4 56
2005 — 2006 1001.2 69
2006 — 2007 829.2 55
2007 — 2008 1009.7 66
8-year average 854.4 65
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Figure 4.5. The November-April precipitation at SNOTEL sites in each water year. Contours indicate elevation.

Figure 4.5 shows the November—April precipitation at SNOTEL sites in each of the eight winter

seasons. In general, high precipitation is located at high elevations.

To investigate more about precipitation characteristics over the two mountain ranges, daily

SNOTEL precipitation from 1 November to 30 April was examined. Figure 4.6 shows

correlation coefficients of daily precipitation between pairs of SNOTEL sites over eight, and

then four winter seasons starting in the 2000-2001 and 20042005 seasons, respectively. The 4-
year correlation coefficients are presented here because all 13 SNOTEL sites had measurements

over that period while some SNOTEL sites were not active in the first 4year period. Bright

colors indicate high correlation in daily precipitation between a given pair of sites.

Overall, the correlations are high among the sites in the same range, i.e., the sites in Sierra Madre
are more correlated among themselves compared with the sites in Medicine Bow and vice versa.

In the Medicine Bow Range, North French Creek and Sand Lake are highly correlated in all

winter seasons. This suggests that strong westerly to southwesterly storms with sufficient Froude
number allow precipitation enhancement and snow to be carried over the range onto the eastern
slopes. In addition, South Brush Creek is more highly correlated with North French Creek and

Sand Lake than other sites in the Medicine Bow Range. Both South Brush Creek and North

French Creek are on the western slope and upstream from Sand Lake (on the eastern slope) under

westerly flow. The correlation among the three sites also indicates the dominance of westerly

upslope storms as a mechanism of bringing snowfall over the range. Cinnabar Park precipitation
seems slightly more correlated with Sand Lake and Brooklyn Lake for the years shown, all of

which are located on the eastern slopes of the Medicine Bow Range. Westerly storms bring
snowfall to these east slope sites as for Sand Lake, but it is difficult to make any conclusion
about the westerly flow contribution to the snowfall in this area without gauge sites directly

upstream (west) of Cinnabar Park.
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In the Sierra Madre Range, precipitation rates at Sage Creek Basin, Divide Peak, and Sandstone
Reservoir are highly correlated with each other. The three sites are located on the north and west
slopes of the mountain range. The high correlations between these sites suggest that precipitation
associated from northwesterly/westerly flows is dominant over this area. The correlation
coefficient at Battle Mountain is the highest with Sandstone Reservoir, which also indicates the
dominance of westerly storms in this area. Old Battle and Webber Springs are geographically
close to each other (although Webber Springs is located downwind from Old Battle with respect
to westerly flows) and have a high correlation as expected. Webber Springs, Little Snake River,
and Whiskey Park, which are at high elevations in Sierra Madre, show generally high
correlations with each other, suggesting orographically enhanced precipitation is the key to
producing precipitation in this mountain range as it is in Medicine Bow.
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(a) Correlation coefficients of daily precipitation over 8-year period between pairs of SNOTEL sites
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