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WEATHER MODIFICATION
The Science Behind Cloud Seeding

The Science

The cloud-seeding process aids precipitation formation by
enhancing ice crystal production in clouds. When the ice
crystals grow sufficiently, they become snowflakes and fall to
the ground.

Silver iodide has been selected for its environmental safety and
superior efficiency in producing ice in clouds. Silver iodide adds
microscopic particles with a structural similarity to natural ice
crystals. Ground-based and aircraft-borne technologies can be
used to add the particles to the clouds.

Safety

Research has clearly documented that cloud seeding with
silver-iodide aerosols shows no environmentally harmful effect.
Iodine is a component of many necessary amino acids. Silver is
both quite inert and naturally occurring, the amounts released
are far less than background silver already present in unseeded
areas.

Effectiveness

Numerous studies performed by universities, professional
research organizations, private utility companies and weather
modification providers have conclusively demonstrated the
ability for Silver Iodide to augment precipitation under the
proper atmospheric conditions.
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EXECUTIVE SUMMARYThe Duchesne County Water Conservancy District and the Uintah WaterConservancy District were joined by the Central Utah Water Conservancy District insupporting an operational seeding project, beginning in the 2002-2003 winter season.  Theintended target area of this program is the south slope of the Uinta Mountains above 8,000feet. The High Uintas program utilizes 20 ground-based, manually-operated (Cloud NucleiGenerator, or CNG) sites, containing a 2% silver iodide solution. Some sites established forthe adjacent Western Uintas seeding program are also utilized to target the High Uintas.The goal of the seeding program is to augment wintertime snowpack/precipitation overthe seeded watersheds. Cost sharing for the seeding program is provided by the UtahDivision of Water Resources, and additional funds from the Lower Colorado River BasinStates has resulted in an early-season extension to the seeding program during the monthof November, beginning in 2010.Precipitation and snowfall were generally near normal during the 2019-2020winter season. As of April 1, 2020, SNOTEL observations for the Natural ResourceConservation Service showed snow water content averaging about 112% of normal(median) for the Duchesne Basin and about 126% of normal for sites in the Green RiverBasin portion of the Uintah Range. Water year precipitation percentages were 92% ofnormal (mean) for the Duchesne Basin and around 109% of normal for sites in the GreenRiver Basin. A total of 1,405.5 CNG hours were conducted during 24 storm periods for thecore High Uintas program this season, out of a maximum budgeted 3,200 hours. Anadditional 542.25 hours of seeding were conducted (during 3 storm periods) in Novemberfor the Lower Basin States sponsored extension period. There were no seeding suspensionsduring the 2019-2020 season.Evaluations of the effectiveness of the cloud seeding program were made for boththe past winter season and for all seeded seasons combined.  These evaluations utilizeSNOTEL records collected by the Natural Resources Conservation Service (NRCS) atselected sites within and surrounding the seeded target area, as well as some seasonalstreamflow data. Analyses of the effects of seeding on target area precipitation, snowwater content, and streamflow have been conducted for this seeding program, utilizingtarget/control comparison techniques. As summarized in Section 6.0 of the report,determination of the exact seeding effects in the High Uintas is particularly challenging fora variety of reasons. NAWC has estimated that the seeding program is generatingapproximately a 3-5% seasonal increase in precipitation/snowpack for this program. If a5% increase estimate is used, cloud seeding would yield approximately 36,000 additionalacre-feet of annual runoff from these watersheds.
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CLOUD SEEDING ANNUAL REPORT, HIGH UINTAS PROGRAM
2019-2020 WINTER SEASON

1.0 INTRODUCTION

Due to high natural precipitation variability and the increasing demand for water,cloud seeding has been conducted in some parts of Utah for over 40 years (Stauffer, 2001)(Griffith et al., 2009).  Cloud seeding in Utah is regulated by the Utah Department of NaturalResources through the Division of Water Resources.   After complying with various permitrequirements, NAWC was granted a license and permit to conduct cloud seeding for the HighUintas Program watersheds.  The State of Utah Division of Water Resources has providedcost sharing support to these cloud seeding projects since 1976.
The Duchesne County Water Conservancy District and the Uintah Water ConservancyDistrict were joined by the Central Utah Water Conservancy District in supporting anoperational seeding project beginning in the 2002-2003 winter season.  The intended targetarea of this program is the south slope of the Uinta Mountains above 8,000 feet.  The project,with the same sponsors, has continued during the 2004 - 2020 water years. The State of Utah,Division of Water Resources has provided cost sharing support to these projects.  Beginningwith water year 2005, additional seeding generators were added to target the StrawberryDivide areas providing runoff into Strawberry and Currant Creek Reservoirs. Under theprimary contract, seeding operations have been conducted each season during the period ofDecember 1st through April 30th as opportunities occur.

Program Extension PeriodThe demand for fresh water continues to grow in the southwest, and the ColoradoRiver is an extremely important component of the surface water resources in the region.Colorado River water interests have worked together in recent years to develop new orimproved strategies aimed at enhancing the flow of the river and better managing the waterresources.  One of the most promising strategies is increasing the use of cloud seeding whereviable opportunities occur.  A 2006 NAWC study, “The Potential Use of Winter Cloud Seeding
Programs to Augment the Flow of the Colorado River” (Griffith and Solak, 2006), as well assome similar investigations by representatives of the Lower Colorado River Basin States, ledto the addition of a time extension period to the High Uintas cloud seeding program fundedby the  Lower Basin States (LBS) interest group.  Winter cloud seeding projects in other areasof Utah and Colorado were selected for receipt of the supplemental funding as well.  The HighUintas Program is tributary to the Colorado River via the Green River, and LBS funds have
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been used to augment the program beginning in the 2010 water year. The extension periodfunded by Lower Basin States has been at the beginning of the core project season for theHigh Uintas, during the month of November each season.  The extension provides additionalbenefit to the primary project sponsors at no additional cost to them.  As additional LBSfunding benefits, additional ground-based silver iodide generators have previously beenadded to the program, as well as strategically-located mountain ridge ice detector systemsdesigned to help identify storm periods producing supercooled liquid water which is thetarget of the cloud seeding efforts.  A study is currently underway regarding additional waysto improve seeding material targeting in the Uinta Range.This report provides information about operational cloud seeding conducted over thetarget watersheds in the 2019-2020 winter season, including the extension period.  Section2.0 describes the seeding project design and provides maps of the seeded target areas, aswell as the locations of the ground-based seeding units (generators) with which the seedingwas conducted.  Section 3.0 describes the meteorological and computer forecast model dataused in the conduct of operations, with some examples presented.  Section 4.0 summarizesthe seeding operations and documents the seeding generator usage by site and storm event.Section 5.0 provides statistical estimations of the effects of the cloud seeding on precipitationand the snow water content within the seeding target area.  Section 6.0 provides conclusionsand recommendations.
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2.0 PROJECT DESIGN

2.1 BackgroundThe general project design utilized for the High Uintas cloud seeding project isessentially the same as that which has been shown to be effective for over four decades ofwintertime cloud seeding in other mountainous regions of Utah (Griffith et al., 2009).Estimations of seeding effectiveness for long-standing operational seeding projects in Utahhave consistently indicated increases in winter season precipitation and snow water contentduring the periods in which cloud seeding was conducted.  The increases for various ground-based programs have averaged approximately 5-10% more than what would have beenexpected in the absence of seeding, as predicted by historical target/control linearregression analyses.The target area for the High Uintas project is adjacent to the target area for the UpperWeber Basin (Western Uintas) Project (refer to Figure 1.1), which has also been conductedfor a number of recent winter seasons.   Some refinements to the general design of projectsthat NAWC has used in other regions of Utah were necessary in the High Uintas projectdesign, to address some of the special issues raised in a North American WeatherConsultants/Utah Division of Water Resources feasibility report for the project completed inthe fall of 2002.  These issues include 1) the prevalence of low elevation atmosphericinversions in the Uintah Basin during the coldest portion of the winter, 2) the extension of aproductive precipitation regime through the month of April, and 3) targeting of seedingmaterial for various wind patterns in and around the Uinta Range.The target area was designed to include elevations of 8000 feet MSL or greater on thesouth slope of the Uinta Mountains containing river drainages that provide water to eitherof the sponsoring counties, plus areas providing runoff into Strawberry and Currant CreekReservoirs.  Figure 2.1 provides a map of the project area.  In consideration of the first of thethree special issues raised above (prevalent temperature inversions), it was decided it wouldbe preferable to locate the south side ground-based silver iodide generators at elevations of7000 feet or higher wherever possible.  This would place the generators above the top of theinversions in the Uintah Basin about 50% of the time inversions exist, based on analysis ofatmospheric sounding data obtained by NAWC in the Uinta Basin during years past.  Further,due to the known atmospheric inversion situation, NAWC offered to operate a five-monthproject (December-April) on a four-month fixed price basis to offset any remaining concernsabout low level atmospheric inversions detrimentally affecting the seeding operationsduring some of the winter months (especially January).
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Figure 2.1 High Uintas target area and ground-based seeding generator locations.  Sites
labeled beginning with a "W" denote Western Uintas sites that are also
commonly used to target the High Uintas program.

Regarding the second factor, project duration, Table 2-1 shows average monthlyprecipitation amounts at three high elevation NRCS SNOTEL sites located within the targetarea.  The month of April is obviously a very productive period based on climatology. Thisinformation was used in specifying the cloud seeding project core operational period.
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Table 2-1
Average Monthly Precipitation in the Target Area (inches)

Site Elev. Oct Nov Dec Jan Feb Mar Apr MayChepeta 10,300 2.6 2.2 2.2 2.3 2.2 2.6 3.6 2.9Five Pts. 11,000 2.9 2.3 2.8 2.5 2.2 2.8 2.7 2.9Trout Cr. 9,400 1.7 1.8 1.7 1.8 2.0 2.5 2.6 2.3
Consideration of the third issue (wind direction) dictates that a significant numberof generators should be placed at south flank locations, since a number of the moreproductive storms have steering level winds from the southeast through west-southwestdirections.  A secondary maximum in potentially seedable storms occurs during westerly towest-northwesterly winds, which supports frequent usage of sites on the western side of theUinta Range.  Some seedable situations involve winds with a more significant northerlycomponent (i.e. from northwesterly to northeasterly), and this supports the location ofseeding sites on the northern side of the Uinta Range.  Operational experience with thisprogram has shown that storms with northerly-component winds may be good seedingcandidates, with the enhanced snowfall on the northern slope of the Uintas that frequentlycarries over to the upper portion of the southern slope (within the target area) as well.

2.2 Seedability CriteriaNAWC has historically followed a selective seeding approach.  This has proven to bethe most efficient and cost-effective method, and provides the most beneficial results.Selective seeding, or seeding only storms or storm periods in which precipitation has areasonable chance of being enhanced, is based on several criteria which determine theseedability of the winter storms.  These criteria deal with the structure of the airmass(temperature, stability, wind flow and moisture content), both in and below the precipitatingclouds.  Table 2-2 provides a summary of the generalized criteria that NAWC uses in theconduct of its wintertime projects in the intermountain west.  These criteria are based uponthe results obtained in a number of relevant research-oriented weather modificationprograms.
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Table 2-2
NAWC Winter Cloud Seeding Criteria

1) CLOUD BASES BELOW THE MOUNTAIN BARRIER CREST.
2) LOW-LEVEL WIND DIRECTIONS AND SPEEDS THAT WOULD FAVORTHE MOVEMENT OF THE SILVER IODIDE PARTICLES FROM THEIRRELEASE POINTS INTO THE INTENDED TARGET AREA.
3) NO LOW-LEVEL ATMOSPHERIC INVERSIONS OR STABLE LAYERS THATWOULD RESTRICT THE VERTICAL MOVEMENT OF THE SILVER IODIDEPARTICLES FROM THE SURFACE TO AT LEAST THE -5°C (23°F) LEVELOR COLDER.
4) TEMPERATURE AT MOUNTAIN BARRIER CREST HEIGHT EXPECTEDTO BE -5°C (23°F) OR COLDER.
5) TEMPERATURE AT THE 700 MB LEVEL (APPROXIMATELY 10,000FEET) EXPECTED TO BE WARMER THAN -15°C (5°F).

2.3 Equipment and Project SetupDuring the off-season, the ground-based generators are routinely removed from thefield for maintenance and testing.  NAWC began re-installing the generators in October 2019.The generators were placed at the locations shown in Figure 2.1.
2.3.1 Ground-Based Manual GeneratorsThe cloud seeding equipment at each site consists of a cloud seeding generator unitand a propane gas supply.    The seeding solution contains two percent (by weight) silveriodide (AgI), the active seeding agent, complexed with very small portions of sodium iodideand para-dichlorobenzene in solution with acetone.  A paper published by Dr. William
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Finnegan, a well-respected cloud seeding formulation expert of the Desert Research Institute(Finnegan, 1999), indicates that this formulation is superior to others that produce puresilver iodide particles.  The modified particles produced by combustion of the revisedformulation act as ice nuclei much more quickly, and there are somewhat larger numbers ofeffective nuclei at warmer temperatures (i.e., about -5C to -10C). Figure 2.2 is aphotograph of a manually operated, ground-based cloud nuclei generator such as those usedfor the High Uintas Program. Trained local operators are available to activate each seedingsite upon request from a NAWC meteorologist.  A cloud nuclei generator is activated byigniting a propane flame in the burn chamber, and then adjusting the flow of seeding solutionthrough a flow rate meter.  The propane gas also pressurizes the solution tank, which allowsthe solution to be sprayed into the burn chamber at a regulated rate, where microscopic-sized silver iodide (AgI) crystals are formed.  The crystals, which closely resemble naturalice crystals in structure, are released at a rate of 8 grams per hour when the 2% (AgI byweight) solution is used.  These crystals become active as artificial ice forming nuclei at in-cloud temperatures between -5C and -10C (23F to 14F).It is necessary that the AgI crystals become active in supercooled clouds at relativelylow altitudes upwind of (or over) the mountain crest, for the available supercooled liquidwater to be effectively converted to ice crystals in time to grow to snowflake sizes and fallout of the cloud onto the mountain barrier.  If the AgI crystals take too long to become active,or if the temperature upwind of the crest is too warm, the plume will pass from the generatorthrough the precipitation formation zone and over the mountain crest without producingany additional snowfall in the intended target area.
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Figure 2.2 NAWC Manually Operated Silver Iodide Generator

Cloud seeding generators are maintained at approximately 20 locations specific to theHigh Uintas program, with the majority of these sites on the south and southwest side of theUinta Range.  There are 5 sites on the northern side of the target area. Two other sites areused primarily to target the Strawberry Divide area (sites H22 and H23), with many of thenearby Western Uintas sites utilized to target this area as well. The network of sites isdesigned to be effective in generating plumes of seeding material which will pass over thetarget area in a variety of wind flow situations.   Several sites primarily designated for use inthe Western Uintas Program (W prefix in Figure 2-1) are also utilized for seeding the HighUintas target area when conditions are favorable for this.  Pertinent site information is listedin Table 2-3, corresponding to the site numbers shown in Figure 2.1.
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Table 2-3
Cloud Seeding Generator Sites

Site ID Site Name Elevation (Ft) Latitude (N) Longitude (W)H1 Hanna Pump House 7019 40°27.60' 110°49.56'H2 Hanna 6781 40°24.64' 110°46.03'H3 Yellowstone Canyon 7660 40°32.50’ 110°20.30’H4 Rock Creek Ranch 7988 40°33.02' 110°41.78'H5 Robbins Ranch 7404 40°31.18' 110°35.64'H7 Moon Lake 8100 4033.25’ 11029.20’H8 Bluebell 5840 40°26.85' 110°03.72'H9 Uinta Power Plant 6932 40°32.27' 110°03.98'H10 Farm Creek 6756 40°31.00' 109°55.00'H11 Neola 6330 40°27.48' 110°02.93'H14 Manila 6500 40°58.91' 109°44.36'H16 Birch Creek 7634 40°58.64' 109°59.48'H18 Bear River East 8223 40°56.54' 110°50.17'H19 Black’s Fork 7509 41°11.39' 110°29.87'H20 Robertson 7322 41°11.97' 110°27.31'H22 Hobble Creek 5870 40°12.22' 111°30.14'H23 Wallsburg 6175 40°20.95' 111°23.00'H24 Jensen 4896 40°23.92' 109°21.49'W4 Pineview 6407 40°56.39' 111°10.18'W6 Oakley 6472 40°43.07’ 111°18.00’W7 Kamas 6489 40°38.43' 111°16.77'W8 Kamas West 6472 40°38.16' 111°19.33'W9 Woodland 6706 40°34.89' 111°13.81'W10 Woodland East 7305 40°33.35' 111°06.80'W11 Midway 5570 40°30.59' 111°28.64'W12 Heber City 5810 40°29.73' 111°22.52'
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2.3.2 Project InstrumentationSome specialized instrumentation has been added over the past number of years toenhance cloud seeding guidance during operations within the High Uinta Program area.  Thisincludes an icing rate detector, and more recently a radiometer.  Both instrument systemsused during the 2019-2020 Program were supported by funding from the Lower BasinStates.
2.3.2.1   Icing Rate MeterAn important addition was made to the program a number of years ago. An icedetector and associated meteorological observational equipment were installed at an openexposure, above timberline, high elevation site (11,540 feet) called Dry Ridge, added to anexisting USFS tower-mounted communications system, allowing for real-time observation ofsupercooled liquid water (SLW) at the site. Other observations include: precipitation,temperature, wind direction and wind speed. Because SLW is the target of cloud seeding,such a sensor is of benefit both in terms of real-time operational decisions and for lateranalysis of the frequency of SLW occurrence in relation to winter storm periods.   This sensoris similar to sensors which have been installed in two other seeding target areas in Utah.Analysis reports on the Utah ice detector data are available on the NAWC website athttp://www.nawcinc.com/publications.html.  Analyses of the data from these sites haveprovided valuable insight into the occurrence of SLW during winter storms. Figures 2.3 and2.4 provide photographs of the installation. The funding for the equipment, installation andmaintenance of this site was provided by three Lower Colorado River Basin States andadministered by the Utah Department of Water Resources Division.
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Figure 2.3    Icing Rate Meter Installation at the Dry Ridge Site

Figure 2.4    Dry Ridge Sensor Suite
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2.3.2.2   Microwave RadiometerA microwave radiometer was installed at the Duchesne County Water ConservancyDistrict in Roosevelt, Utah and collected data during the 2018-2019 season.  A photo of theradiometer located in Roosevelt can be seen in Figure 2.5.  The purpose of this instrumentwas to observe the occurrence of supercooled liquid water, which is the target of wintercloud seeding operations.  It can also provide a vertical sounding (vertical profile) of theatmosphere in the area, including the presence of any low level stable layers or temperatureinversions in the Uintah Basin, which can hinder cloud seeding operations by limiting thevertical transport of seeding material to the intended target area. There is some ongoinganalysis of the radiometer data, and comparison of this data to the ice detector data at DryRidge.  This analysis is intended to help refine our understanding of the meteorology in thisarea during winter storms, and to aid in potential future additions to the program.
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Figure 2.5   Microwave Radiometer located in Roosevelt, Utah

The radiometer is a passive device that can provide an atmospheric profile of a numberof different parameters, including temperature, relative humidity and liquid water.  Inaddition, the radiometer has algorithms that can derive other products including inversionsand stability that can assist in real time cloud seeding decisions making processes.  Figure2.6 shows an example of output from a computer program called the Universal RAwinsondeOBservation Program (RAOB), which assists in analyzing raw radiometer data.
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Figure 2.6    Radiometer output including temperature (top panel), Relative Humidity
(middle panel) and Liquid Water occurrence (bottom panel)

2.3.3 Suspension CriteriaNAWC always conducts its projects within guidelines adopted to ensure public safety.Accordingly, NAWC has a standing policy and project-specific procedures for the suspensionof cloud seeding operations in certain situations.  Those criteria are shown in Appendix A,and have recently been updated in coordination with the Utah Division of Water Resources.The criteria are an integral part of the seeding program.  No suspensions were required forthe High Uintas program during the 2019-2020 operations season.
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3.0 WEATHER DATA AND MODELS USED IN SEEDING OPERATIONSNAWC maintains a fully equipped project operations center at its Sandy, Utahheadquarters.  Meteorological information is acquired online from a wide variety ofsubscriber services.  This information includes weather forecast model data, surfaceobservations, rawinsonde (weather balloon) upper-air observations, satellite images,NEXRAD radar information, and weather cameras.  This information helps NAWC’smeteorologists to determine when conditions are appropriate for cloud seeding. NAWC’smeteorologists are able to access all meteorological products from their homes, allowingcontinued monitoring and conduct of seeding operations outside of regular business hours.
Figures 3.1 – 3.3 show examples of some of the available weather information thatwas used in this decision-making process during the 2019-2020 season.  Figure 3.4 providespredictions of ground-based seeding plume dispersion for a discrete storm period in centraland southern Utah using the National Oceanic and Atmospheric Administration’s HYSPLITmodel.  This model helps to estimate the horizontal and vertical spread of a plume frompotential ground-based seeding sites in real-time, based on wind fields contained in theweather forecast models.Global and regional forecast models are a cornerstone of modern weather forecasting,and an important tool for operational meteorologists.  These models forecast a variety ofparameters at different levels of the atmosphere, including winds, temperatures, moisture,and surface parameters such as accumulated precipitation.  An example of a display from theGlobal Forecast Systems (GFS) model is shown in Figures 3.5.
A more recent meteorological product utilized by NAWC to improve operationalefficiency is a customized High-Resolution Rapid Refresh (HRRR) model data display andanalysis package, developed by Idaho Power Company. The HRRR model contains importantatmospheric parameters in much higher time and space resolution than other (e.g. global)weather forecast models. Most importantly, this model identifies the presence ofsupercooled liquid Water, the primary target of cloud seeding. NAWC is working closely withthe Atmospheric Research Center at Utah State University to aid in the development of aforecast model that will predict or forecast relative concentrations of supercooled liquidwater in storms developing over the Uinta Range.
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Figure 3.1 Visible spectrum satellite image during a seeded storm event on March 24, 2020
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Figure 3.2   Weather radar image showing high-resolution Vertically Integrated Liquid (VIL)
on March 24.  This is one type of radar display that can be particularly useful in
cloud seeding operations
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Figure 3.3   U.S. 700 mb map on the afternoon of March 24, 2020
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Figure 3.4   HYSPLIT plume dispersion forecast for potential seeding locations during a
storm on March 25, 2020.  This is a tool that can be used to help select
appropriate sites for a given situation.



3-6

Figures 3.5    GFS model 4-panel data display during a storm event on March 25, 2020.  The
lower left panel shows winds, moisture, and temperature at the 700-mb level
which are especially useful for seeding operations.
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4.0 OPERATIONSThe core 2019-2020 cloud seeding program for the High Uintas contractuallyextended from December 1, 2019 through April 30, 2020, with an extension period fromNovember 1-30, 2019 funded by the Lower Basin States.   During the entire operationalseason of November 1 – April 30, seeding operations took place over 27 storm periods, with3 of these occurring during the extension period in November.  Altogether, there were threeseeded storms in November, four in December, six in January, two in February, eight inMarch, and four in April.   A cumulative 1,405.5 hours of ground seeding generatoroperations were conducted during the regular season, and an additional 542.25 hours duringthe extension period, for a total of 1,947.75 hours.  Figure 4.1 is a graph of operations thisseason for the core High Uintas program, compared to a linear usage of the total budgetedhours.  Table 4-1 shows the seeding dates and ground generator usage for the storm events,and Appendix B shows detailed site usage data.Precipitation/snowfall was generally near average this season.  As of April 1, 2020,SNOTEL observations for the Natural Resource Conservation Service showed snow watercontent averaging about 112% of normal (median) for the Duchesne Basin and about 126%of normal for sites in the Green River Basin portion of the Uintah Range.  Water yearprecipitation percentages were 92% of normal (mean) for the Duchesne Basin and around109% of normal for sites in the Green River Basin.  By the end of the project (May 1), mediansnowpack percentages had decreased to 90% for the Duchesne Basin and 104% for theGreen River Basin.  Water year to date percentages (of the mean) on May 1 were 85% for theDuchesne Basin and 100% for the Green River Basin.  Figures 4.2 to 4.4 show snow watercontent and water year precipitation accumulations, and normals, for October 1 through May1 for target area SNOTEL sites.
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Figure 4.1   Seeding operations during the 2019-2020 season for the core program
(red). Diagonal black line shows a linear usage of total budgeted hours, as a
reference.
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Table 4-1
Storm Dates and Number of Generators used in the High Uintas Program,

2019-2020 Season

Storm Number Date Number of Generators Hours of Operation1* November 20-21 2 442* November 25-26 10 120.753* November 27-29 10 356.754 December 8 2 10.255 December 12-13 4 49.756 December 13-14 5 70.257 December 24-26 3 1208 January 1-2 4 63.259 January 12-13 2 3010 January 14 2 6.511 January 16-17 5 58.2512 January 22 2 15.513 January 26-27 3 23.7514 February 6-7 7 120.2515 February 16-17 4 47.516 March 1 2 1617 March 7-8 8 17118 March 14 5 41.7519 March 15 6 40.7520 March 18 4 2321 March 19 2 1522 March 21 3 923 March 24-26 9 375.524 April 1-2 2 25.525 April 5 5 22.7526 April 15-16 2 30.7527 April 23 3 19.25Core Program Total --- --- 1,405.5Extension Total --- --- 542.25
* Seeding for Lower Basin-Funded Extension
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Figure 4.2  NRCS SNOTEL snow and precipitation plot for October 1, 2019 through May 1,
2020 for the Trial Lake SNOTEL, UT.

Figure 4.3  NRCS SNOTEL snow and precipitation plot for October 1, 2019 through May 1, 2020 for
the Five Points Lake SNOTEL, UT.
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Figure 4.4  NRCS SNOTEL snow and precipitation plot for October 1, 2019 through May 1, 2020 for
the Trout Creek SNOTEL, UT.
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4.1 Operational Procedures

In operational practice, the project meteorologist, with the aid of continually updated onlineweather information, monitored each approaching storm.  If the storm parameters met theseedability criteria presented in Table 2-1, and if no seeding curtailments or suspensionswere in effect, an appropriate array of seeding generators was ignited and then adjusted asevolving conditions required.  Seeding continued as long as conditions were favorable andprecipitating clouds remained over the target area.  The operation of the seeding sites is nota simple “all-or-nothing” situation. Individual seeding sites are selected and run based ontheir location, and targeting considerations based on storm attributes.
4.2 Operational SummaryA brief synopsis of the weather during the operational seeding period is providedbelow.  All times reported are local, either in MST or MDT.  When wind direction informationis given it is the direction from which the wind is blowing.  For example, a northwest wind isblowing from the northwest towards the southeast.  The temperature at the 700 mb level(~9,500 feet above sea level during the winter) is commonly referenced, since temperatureis an important factor when determining the seeding potential of an event.  Data from the icedetector site at Dry Ridge (elevation 11,540 feet) can also be an important indicator of thepresence of supercooled water in the target area, and thus seeding potential.
November 2019Precipitation in November was highly variable across the area (Figure 4.5), with theeastern side of the Uinta Range being favored in general.  The first half of November, inparticular, was nearly dry for most of the target area and no seeding opportunity occurreduntil later in the month.
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Figure 4.5   November 2019 precipitation, percent of normal
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The first seeding opportunity of the season occurred from late afternoon onNovember 20th through the early afternoon of the 21st, as a closed low moved into the areafrom the west.  Winds favored an easterly direction during the time period; additionally,some low-level stability was in place and warm temperatures were present, makingtargeting somewhat difficult.  A couple of sites inside the western/central portion of thetarget area were utilized during this time period.  The Dry Ridge site observed a good deal oficing activity on the 20th and intermittently into the 21st, although with the site temperatureon November 20th being above -5°C even at that elevation. The site temperature onNovember 21st was somewhat colder, dropping to around -7°C.  Precipitation throughout thetarget area was quite variable, ranging from around a quarter inch to well over an inch withthis event.  Higher totals seemed to favor the western portion of the Uintas.A cold front arrived on November 25th and produced a seeding opportunity from thewest- and north-side sites.  The 700 mb temperature dropped to around -12°C behind thefront with winds shifting from west/southwest to northerly, with seeding continuing fromthe north side of the range overnight.   Dry Ridge only measured one icing cycle, around noonon November 25th.  Snowfall with this event was quite limited, with SNOTEL sites measuringaround 0.2” or less of water equivalent.A deep trough near the west coast on November 27th-28th produced a prolongedperiod of snowfall in a southerly flow pattern across the Uintas.  The 700-mb temperaturesranged from about -3 to -8°C during most of this time period.  There were several periods oficing at Dry Ridge, including one period of briefly heavy measured icing (up to 4 cycles per15-minute period) midday on November 28th.  The system moved inland on November 29thwith snow continuing over the Uintas, before tapering off late in the day.  A prolonged periodof seeding was conducted from south-side sites from the afternoon of November 27th to theearly evening of the 29th.   Due to favorable orographic effects and the duration of the storm,precipitation amounts of 2.0 – 3.5” or more (water content) were observed at most SNOTELsites.
December 2019December precipitation was generally near to above normal in the Uintas, with highertotals favoring the northeastern side of the range (Figure 4.6).  There were four seeded stormperiods in December.
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Figure 4.6   December 2019 precipitation, percent of normal
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A frontal system moved across the area on December 8th.  The temperature profilewas initially judged to be too warm/stable for seeding operations, but the situation improvedlater in the day in westerly flow with the 700-mb temperature falling to below -5°C andbetter mixing as well as orographic precipitation development. Precipitation diminished inthe evening and seeding operations ended late evening.  Precipitation amounts with thissystem ranged from about 0.5” on the western end of the target area to around 0.1” on theeastern side.A moist, west to northwesterly wind pattern on December 12th brought a seedingopportunity beginning in the evening.  Temperatures began to cool aloft with increasedconvective and orographic type precipitation, and seeding was initiated on the west andnorthwest sides of the Uinta Range. The 700-mb temperature was around -3 to -4°C initiallybut continued to cool overnight to near -7°C.  Dry Ridge recorded a couple of icing cycles onthe evening of December 12th with a site temperature around -7°C.  Convection becamestrong enough for some lightning in the Salt Lake City area tracking over to near the westernportion of the Uintas late in the evening.  Orographic precipitation continued overnight, with“streamers” noted in radar imagery in association with terrain features, a situation that isgenerally excellent for seeding operations.  Precipitation and seeding ended around mid-morning on December 13th.  Precipitation totals of around an inch were observed on thewestern side of the Uinta crest in the Trial Lake area, where orographic effects werepronounced, and decreased further east to around 0.1” on the eastern side of the range.Another system produced a seeding opportunity, beginning with a couple of sites onthe southwestern side of the Uintas on the night of December 13th-14th.  Winds graduallyshifted to westerly and eventually west-northwesterly on December 14th, and more siteswere added in the morning on the western side of the Uintas.  Precipitation was bothconvective and orographic in nature during most of the event, which was excellent forseeding operations.  Dry Ridge recorded a couple of icing cycles on the night of December13th-14th.  By the evening of December 14th, showers were ending and the seeding sites weredeactivated.  Similar to the previous event, precipitation heavily favored the western side ofthe Uinta Range with up to 1.5” of water content (Trial Lake) tapering down to around 0.2”in the eastern half of the area.A prolonged seeding opportunity occurred from late on December 24th to early on the26th.  Winds were southerly to southwesterly initially, although significant low-level stabilityand observed wind patterns limited seeding to some of the higher southwest side siteswithin the target area.  The 700-mb temperature was around -5° to -7°C, with Dry Ridgeshowing a site temperature around -10°C.  Icing was recorded very early on the 24th but notafter that.  Temperatures cooled through December 25th with light snow showers in westerlyflow, and seeding operations continued until the early morning of the 26th when the event
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was over.  Precipitation totals were fairly consistent, around 0.5 – 1.0” of water contentthroughout the target area during this storm event.
January 2020Precipitation during January was somewhat variable across the area, with the Uintasalong a dividing line between normal or above (to the north) and drier than normal (to thesouth) as illustrated in Figure 4.7.  Storm events occurred on a regular basis in January, withseven seeding opportunities.
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Figure 4.7   January 2020 precipitation, percent of normal
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The first seeding opportunity in January began with some convective and orographictype snow showers in a westerly wind pattern on January 1st.  This pattern continuedovernight, with the 700-mb temperature dropping to around -10°C.  Seeding was conductedutilizing several sites on the western side of the Uinta Range where conditions werefavorable.  Dry Ridge did record some icing cycles on the night of December 31st – January1st, during a warmer period with atmospheric stability that occurred prior to the seededstorm period.  Precipitation amounts ranged from about 0.5 to 1.0” on the western side ofthe target area where orographics were favorable, to around a quarter inch in the easternhalf. A frontal system brought some seeding opportunity in southwesterly flow beginningon the night of January 12th-13th.  Seeding conditions appeared somewhat marginal withlimited SLW indicated, although there  were a couple icing cycles observed at Dry Ridgeincluding one near 0600 MST and one near 1200 MST on the 13th.  The 700-mb temperaturewas around -10° to -12°C in west-southwesterly flow.  Seeding continued through themorning of January 13th.  Precipitation totals again favored the west/southwest side of therange, from around an inch of water content in some western portions tapering down toaround 0.1” on the eastern end of the target area.January 14th brought another frontal passage in westerly flow, with seeding fromwest-side sites beginning in the early afternoon.  Some orographic and weakly convectivecloud and  precipitation elements were noted, which appeared favorable for operations witha 700-mb temperature of -10 to -12°C.   An icing cycle was observed at Dry Ridge aroundnoon.  Precipitation patterns were similar to the previous systems with over a half inchobserved on the west side of the target area, tapering down to a tenth to a quarter inchfurther east.
A fast-moving cold front brought a period of seedable conditions during the late nightand morning hours of January 16th-17th, continuing through midday with a few sitesactivated.  Winds shifted from southwesterly to northwesterly during this period, withseeding conducted from several sites around the western side of the Uinta Range.  The 700-mb temperature dropped below -5°C by the early morning of the 17th and to around -12°Cby midday.  Dry Ridge observed icing for a time during the early morning of January 17th.Precipitation totals ranged up to over 0.5” in some western portions of the Uintas but weregenerally light elsewhere.A weak system brought a limited seeding opportunity on January 22nd, with somelight snow showers over the western end of the Uinta Range.  The 700-mb temperature was
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around -6°C in westerly flow.  Dry Ridge did not measure any icing activity on this day, andprecipitation amounts were generally around 0.1 – 0.2” at SNOTEL sites.Another fairly weak system brought precipitation and cooling temperaturesbeginning on January 26th.  Although the temperature profile was warm and stable initially,conditions improved overnight and some seeding sites were activated.  Seeding continuedthrough the morning of January 27th from west and northwest side sites, as the 700-mbtemperature cooled to around -9°C by late in the event. A few icing cycles were observed atDry Ridge on the night of January 26th-27th, as the site temperature cooled from about -4 to-8°C (then cooled further to around -12°C by morning).  Precipitation totals were againaround 0.1 to 0.2” at SNOTEL sites during this seeded event.
February 2020February was quite dry with well below normal precipitation across the area (Figure4.8).  There were two seeded storm periods during the month.
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Figure 4.8 February 2020 precipitation, percent of normal
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A moisture plume in warm advection resulted in precipitation but with initially stableconditions on February 6th.  Strong mid-level winds improved mixing conditions during theday on February 6th.  Although higher density snowfall resulted in an avalanche warning forportions of the Uintas, this did not fall under suspension criteria and some seeding wasinitiated in northwesterly flow during the afternoon hours. Seeding operations continuedovernight (February 6th-7th) with a 700-mb temperature of -6°C.  Seeding site operators(especially at north-side sites) reported heavy snowfall and strong winds.   By the morningof February 7th, temperatures were warming further and seeding operations wereterminated.  Precipitation amounts were highly variable due to orographic effects, witharound 2” of precipitation observed at some west and north-side SNOTEL stations, whilesites on the far south and east sides of the range recorded very little precipitation.Widespread light precipitation from a high cloud deck was occurring on February16th, which was unfavorable for seeding initially. Colder air moved in overnight withpredominantly westerly winds, and conditions were judged to be favorable for seeding inthe southwestern portion of the Uintas utilizing west-side sites.  By early on February 17th,skies had mostly cleared and seeding operations ended.  No icing was observed at Dry Ridge,and precipitation totals ranged from over a half inch on the far western side of the range(Trial Lake area) to very light totals further east.
March 2020Precipitation in March varied from near normal on the western side of the range toabove normal on the eastern side (Figure 4.9).  It was an active month overall, with a total ofeight seeded storm periods.
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Figure 4.9    March 2020 precipitation, percent of normal
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A splitting trough was oriented SW – NE from central California to Montana andWyoming on March 1st, with a slow-moving frontal zone across Utah.   Winds were quitevariable in direction, with a sharp temperature gradient featuring mild air on the southernside of the Uintas  and some arctic air banked against the northern side.  There was one icingcycle at Dry Ridge around 0900 MST.  Precipitation and seeding opportunities were limited,with a couple sites (west and north side) that appeared most favorable used during thedaytime hours.  Precipitation amounts were generally 0.2” or less at SNOTEL sites.A trough passage on March 7th-8th provided a seeding opportunity, with scatteredprecipitation and 700-mb temperatures cooling to around -5°C.  Seeding began overnightand continued through most of the day on March 8th, as daytime heating aided thedevelopment of convective showers.  Winds were generally southwesterly during the period,and sites on the southwestern side of the Uintas were utilized.  Icing was observedconsistently at Dry Ridge overnight and into the morning of March 8th, with a sitetemperature near -2°C (quite warm) initially but cooling to around -6°C on the morning ofthe 8th.  Seeding ended later that evening around sunset as showers diminished.Precipitation totals at target area SNOTEL sites were around a half inch of water equivalentfrom this event throughout the target area.A trough developing near the west coast and remnant low-level moisture from aprevious system combined with orographic effects in southerly flow to produce showeractivity over the Uintas on March 14th. The boundary layer, containing decent moisture andgood mixing, extended up to around 600 mb (14,000 feet) and had a favorable temperatureprofile for seeding over the Uinta Range. Seeding operations began midday from the southside and were favorable for Uinta Basin sites, continuing until the evening whenprecipitation ended.  While Dry Ridge recorded no icing during the daytime hours (a fairlycommon situation in the spring), a period of heavy icing was noted overnight (March 14th-15th) although not in association with any precipitation.  This overnight icing was likelyindicative of remaining low-level moisture and a favorable wind direction.  SNOTEL siteprecipitation on March 14th varied from about a quarter to a half inch in the target area.A similar weather pattern was in place on March 15th, with some limited moisture andscattered convective showers in southerly flow.  Seeding was once again conducted fromsouth-side sites during the afternoon and evening hours, with a 700-mb temperature near -4°C.  Similar to the previous day, no icing was observed at Dry Ridge during the afternoon orevening hours but there were some periods of precipitation. However, SNOTEL sites showedmuch more limited precipitation totals on March 15th, generally around 0.1”.A complex trough over the western U.S. on March 18th-19th, with multiple low centers,produced a couple of periods favorable for seeding.  Snow showers developed during the day
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on March 18 in southwesterly flow, with afternoon seeding operations conducted from siteson the southwestern side of the Uintas.  The 700-mb temperature was around -5°C, withsome icing observed at Dry Ridge on the morning of the 18th prior to the seeded period, witha site temperature near -6 to -7°C.  By March 19th, the main storm center was over Coloradowith a northeasterly wind pattern across the Uintas. Seeding operations were conductedfrom north-side sites from the mid-morning through the afternoon hours on the 19th, with a700-mb temperature around -5° to -6°C.  Some icing was observed at Dry Ridge in the earlymorning and again during the evening hours.  Precipitation totals during the March 18th-19thperiod were variable, with totals under a half inch on the 18th followed by totals ranging upto around an inch of water equivalent on the eastern side of the target area on the 19th, withlesser amounts further west.A trough over northern Utah with 700 mb temperatures from -5 to -9°C  broughtconvective shower activity to the area on March 21st.  Seeding was briefly conducted fromsites on the south and southwest side of the Uintas during the late afternoon to early eveninghours, ending when the showers tapered off.  There were a couple of icing cycles at Dry Ridgewhich occurred during this brief period as well, with a site temperature of around -8°C.Precipitation totals on March 21st were mostly around a quarter inch at SNOTEL sites, witha few locally higher numbers.A trough centered over the Pacific Northwest brought convective shower activity tothe Uintas on March 24th-25th.  Temperatures were fairly warm during this period, -2° to -5°C at 700 mb, but with convective activity allowing for potentially rapid ingestion andlofting to colder altitudes, were sufficient for seeding operations.  Seeding was conductedbeginning midday on the 24th from sites on the south and southwest side of the Uinta Range.Winds shifted to northwesterly on March 26th following a cold frontal passage, and dryingoccurred with seeding ending around mid-morning.  Periods of icing were observed at DryRidge from about 1100 MDT on the 24th until around 0800 MDT on the 25th, with a sitetemperature gradually cooling from about -5° to -8°C.  Precipitation totals during the periodwere quite variable, but ranged up to an inch or locally higher at some SNOTEL sites on boththe eastern and western ends of the Uintas, with much lower totals of a quarter inch or lessat other sites.
April 2020April was abnormally dry over much of Utah including the Uintas region (Figure 4.10).Salt Lake City recorded its driest April on record.  There were four seeding opportunities forthe High Uintas in April, although these were fairly limited in terms of the amount of seedingthat was conducted.
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Figure 4.10    April 2020 precipitation, percent of normal

A strong cold front moved into the area from the north on the night of April 1st-2nd,with some seeding opportunity from a couple of north-side sites overnight and into the
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morning of April 2.  The 700-mb temperature dropped from above 0°C on April 1st to below-10°C on April 2nd behind the cold front.  Precipitation totals were light, generally 0.2” or lessat SNOTEL sites.  No icing activity was observed.Scattered showers and isolated thundershowers developed in southerly flow on theafternoon of April 5th.  Temperatures were mild, warming to near 0°C at 700 mb but seedingwas conducted from several southern sites in the afternoon to early evening due to theconvective activity.  There were several icing cycles observed at Dry Ridge, withtemperatures variable but mainly below freezing at the site in association with observedicing.  Precipitation totals were scattered and variable, ranging up to around 0.4” at SNOTELsites. A large, cold low pressure trough covered much of the northern U.S. on April 15th.  Aportion of this trough brought a cold front to northern Utah and the Uintas, with convectiveshowers in westerly flow from the 15th into the 16th.   Seeding was conducted from somewest-side sites overnight, continuing through midday on the 16th.  No icing was observed atDry Ridge.  Precipitation totals were again highly variable, ranging up to around 0.7” at someof the more western SNOTEL sites.A weak trough moved into the area on April 23rd, sparking some light showers withthe freezing level generally around 700 mb.  Seeding was conducted during the day using afew west-side sites.  Precipitation amounts of 0.1 – 0.2” were observed at most SNOTEL sites.This was the last seeded event of the season.
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5.0 ASSESSMENT OF SEEDING EFFECTS

5.1 Background

The task of determining the effects of cloud seeding has received considerableattention over the years.  Evaluating the results of a cloud seeding program for a particularseason is rather difficult.  The primary reason for the difficulty stems from the large naturalvariability in the amounts of precipitation that occur in a given area and between one areaand another during a given season.  The ability to detect a seeding effect becomes a functionof the magnitude of the seeding increase and the number of seeded events, compared withthe natural variability in the precipitation pattern, i.e., basically a signal to noise ratio issue.Larger seeding effects can be detected more easily, and with a smaller number of seededcases, than are required to detect smaller increases.Historically, consistently positive seeding results have been observed in wintertimeseeding programs in mountainous areas.  However, the apparent differences due to seedingare relatively small, usually of the order of a 5-15 percent seasonal increase.  In part, thisrelatively small percentage increase accounts for the significant number of seeded seasons(often five years or more) required to establish these results with any certainty.Despite the difficulties involved, some techniques are available for estimation of theeffects of operational seeding programs.  These techniques are not as statistically rigorousor scientifically desirable as the randomization technique used in research, where roughlyhalf the sample of storm events is randomly left unseeded.  However, most of NAWC’s clientsdo not choose to cut the potential benefits of a cloud seeding project in half in order to betterdocument the effects of the cloud seeding project.  The less rigorous techniques can,however, potentially offer a reasonable indication of the long-term effects of seeding onoperational programs.A commonly employed technique, the one utilized by NAWC in this assessment andin evaluation of its other winter seeding projects, is a "target" and "control" comparison.  Thistechnique is described by Dr. Arnett Dennis (1980) in his book entitled “WeatherModification by Cloud Seeding”.  The technique is based on the selection of a variable thatwould be affected by seeding (such as precipitation or snowpack).  Records of the variableto be tested are acquired for an historical period of many years duration (20 years or moreif possible).  These records are partitioned into those located within the designated "target"
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area of the project and those from well-correlated "control" sites located well outside of thetarget area.Ideally the control sites should be selected in an area meteorologically similar to thetarget, but one which would be unaffected by the project seeding (or seeding from otheradjacent projects).  The historical data in both the target and control areas are taken frompast years that have not been subject to cloud seeding activities.  These data are evaluatedfor the same seasonal period of time (months) as that when the seeding is to be, or has been,conducted.  The target and control sets of data for the unseeded seasons are used to developa mathematical model (typically a linear regression), which predicts the amount of targetarea natural precipitation, based on precipitation observed in the control area.  Thismathematical model is then used to analyze the selected variable in years where seeding did
not occur in the “control” but did occur in the “target” areas.  From the model and data forthe “control” area we can predict what would have transpired in the “target” area had noseeding occurred, then compare this to what actually happened in the “target” area.Consistent differences between these predicted and observed values may be attributed tocloud seeding effects, although with a low level of confidence until sufficient seeded seasondata is accumulated.This target and control technique works well where a good historical correlation canbe found between target and control area precipitation.  Generally, the closer the target andcontrol areas are geographically, and in terms of elevation, the higher the correlation will be.Control areas selected too close to the target, however, can be subject to contamination bythe seeding activities.  This can result in an underestimate of the seeding effect.  Forprecipitation and snowpack assessments, a correlation coefficient (r) of 0.90 or better wouldbe considered excellent.  A correlation coefficient of 0.90 would indicate that over 80 percentof the variance (r2) in the historical data set would be explained by the regression equationused to predict the variable (expected precipitation or snowpack) in the seeded years.  Anequation indicating perfect correlation would have an r value of 1.0.Experience has shown that it is virtually impossible to provide a precise assessmentof the effectiveness of cloud seeding based on a small number of seeded seasons.  However,as the data sample size increases, it becomes possible to provide at least a reasonableestimate of seeding effectiveness.
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5.2 Data Sets Used in the Target/Control Evaluations

5.2.1 Precipitation and Snowpack Data

The Natural Resources Conservation Service (NRCS) collects data from a number ofprecipitation and snow measurement sites.  Most of these sites have been converted toautomated SNOTEL sites in the last 30 years, although manual snow course measurementsare still conducted at some locations.  NAWC has utilized monthly precipitation and snowdata from a number of these sites for use in seeding program evaluations. The number ofsites operated by agencies such as the NRCS, especially manual snow course sites, has beengradually reduced.  Even some cooperative observer sites, which are managed by theNational Weather Service, have been either discontinued or have become inactive.Therefore, the selection of target and control sites first involves examination of the period ofrecord of data at a given location, and changes to the set of target or control sites aresometimes necessary in the event that measurements at a site are discontinued.
There have been, and continue to be, multiple cloud seeding programs conducted inthe State of Utah.  As a consequence, potential control areas that are truly unaffected by cloudseeding are somewhat limited in geographic area.  This is complicated by the fact that thebest correlated control sites are generally those closest to the target area.  Manymeasurement sites in this part of the state, although not located within the boundaries of theintended area of effect of a seeding program, have been subjected to potential effects ofnumerous historical and current seeding programs.  This renders such sites of questionablevalue for use as control sites.  Studies of downwind seeding effects suggest that if we wish toconsider any precipitation gauge sites downwind of the seeded area as control sites for theHigh Uintas project, they should be located at least 50-75 miles downwind of current orhistoric cloud seeding programs in Utah (or Idaho and Nevada) to avoid significantcontamination.
Our normal approach in selecting control sites for a new project is to look for sitesupwind or crosswind from the target area that will geographically bracket the intendedtarget area.  The reason for this approach is that we have observed that some winter seasonsare dominated by one upper-level wind pattern while other seasons are dominated by otherflow patterns.  The result of these differing weather patterns and storm tracks often resultsin heavier precipitation in one area versus the other.  For example, a strong El Niño patternmay favor below normal precipitation in that region.  Having control sites on either side of
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the target area relative to the generalized flow pattern can improve the prediction of targetarea precipitation under these variable upper airflow pattern situations.An additional consideration in the selection of control sites for the development of anhistorical target/control relationship is one of data quality.  A potential control site may berejected due to poor data quality, which usually manifests itself in terms of missing data.The double mass plot is an engineering tool that will indicate any changes in relationshipsbetween two stations, and may be particularly useful if one or both stations have movedduring their history.  If changes, deflections in the slope of the line connecting the points, arecoincident with station moves and they suggest a significant difference in the relationship,the site is excluded from further consideration.There are some things to consider when dealing with the two types of precipitationobservations typically available from mountainous areas in the west: standpipe storageprecipitation gauges and snow pillows.  There are some potential problems associated witheach type of observation. With the advent of the SNOTEL data acquisition system in the late1970's, access to precipitation and snowpack (water equivalent) data in mountainouslocations became routine.  Before the SNOTEL system was developed, these data had to beacquired by actually visiting the site to make measurements.  This is still required at somesites. Figure 5.1 is a photo of an NRCS SNOTEL site, with labels to allow the reader a betterunderstanding of the two types of observation systems.  The vertical tube is the standpipestorage gauge, which is approximately 12" in diameter.  The gauges are approximately 20’ inheight so that their sampling orifices remain above the snowpack surface.  There are at leasttwo types of potential problems associated with high elevation observations of the waterequivalent of snowfall, as measured by standpipe precipitation storage gauges.  The twoareas of concern are clogging at the top of the standpipe storage gauge, and blow-by ofsnowflakes past the top of the standpipe gauge.  Either situation would result in anunderestimate of the actual precipitation that fell during such periods.  In the fall, the storagegauge is charged with antifreeze, which melts the snow that falls to the bottom of the gauge.A pressure transducer records the weight of the solution.  The weight of the antifreeze issubtracted from the total weight, giving the weight of the water, which is then converted intoinches.  Heavy, wet snow may accumulate around the top of the standpipe storage gauge,either reducing or stopping snow from falling into the standpipe and resulting in anunderestimate of precipitation.  Snow that falls with moderate to strong winds may blowpast the top of the gauge, which can also result in an underestimate of precipitation.  NRCSsites are normally located in small clearings in forested areas to help reduce the impacts ofwind effects.  Sites that are near or above timberline are more likely to be impacted by windsince properly sheltered sites may be difficult to find in these areas.  The snow pillow,
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pictured on the pad at ground level in the foreground of Figure 5.1, is filled with antifreeze.This system weighs the snowpack, providing time-resolved records of the snowpack watercontent.  Snow pillows can also have difficulty in providing accurate measurements of snowwater content, because of wind either adding or removing snow from the measurement sitewhen snow conditions are favorable for drifting.

Figure 5.1   Equipment at a SNOTEL site

The water content within the snowpack is important since, after consideration ofantecedent soil moisture conditions, it ultimately determines how much water will beavailable to replenish the supply when the snow melt occurs.  Hydrologists routinely usesnow water content measurements to forecast streamflow during the spring and earlysummer months. As with the precipitation storage gauge and SNOTEL precipitationgauge networks, Utah also has access to an excellent snow course and SNOTEL snow pillowreporting system via the NRCS.  Many of the same reporting mountain sites are available forboth precipitation and snowpack measurements.  Consequently, it was judged worthwhileto evaluate the effects of seeding on snowpack as well.
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There are some potential problems with snow course (manual) type ofmeasurements that must be recognized when using those measurements to evaluate seedingeffectiveness.  Because not all winter storms are cold, sometimes rain as well as snow falls inthe mountains.  This can lead to a disparity between precipitation totals which theoreticallymeasure everything that falls, and snowpack water content which measures only the waterheld in the snowpack.  Warm periods can occur between snowstorms.   If a significant warmperiod occurs, some of the precipitation that fell as snow will have melted or sublimated bythe time the next snow course measurement is made.  Thus, some of it may not be recordedin the snow water content measurements.  This can also lead to a greater disparity betweenthe snow water content at higher elevations (where less snow will melt in warm weather)and that observed at lower elevations.  The newer daily SNOTEL measurements avoid someof these problems, but depletion of the snowpack can occur even with SNOTELmeasurements when dealing with April 1st observations.  We are concerned with both typesof measurements since we often use snow course measurements to provide a longerhistorical data base from which the regression equations can be developed.  In addition,some measurements are conducted manually at some mountain sites up to the present time.
Another factor that can affect the indicated results of the snowpack evaluation is thedate on which snow course measurements were made.  Since the advent of SNOTEL, data arenow available on a daily basis.  However, prior to SNOTEL, and at those sites where snowcourses are still measured by visiting the site, the measurement is recorded on the day it wasmade.  In some cases, because of scheduling issues or stormy weather, these measurementshave been made as many as 5-10 days before or after the end of the month.  This can lead toa disparity in the snowpack water content readings when comparing one group (such as acontrol) with another control or target group. Normally, however, snowpack measurementsare made within a few days of the intended date.  Nonetheless, the measurement timing issuecan affect the data.  Only two manual snow course sites are used in this analysis, both ofwhich are located in the target area.April 1st snowpack readings have generally become accepted as the conventional dataset for snowpack water content since they usually represent the maximum snowaccumulation for the winter season.  Most streamflow and reservoir storage forecasts aremade on the basis of the April 1st snowpack data.  For that reason, and because five monthsof seeding are contained in the April 1st snowpack measurements, April 1st was selected asthe most appropriate standardized date for snowpack analysis.
The bottom line is that it is difficult to accurately measure snow water equivalent atunmanned high-elevation sites.  Both types of NRCS observations (gauge and snow pillow)
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can best be viewed as approximations of the actual amount of water that falls during a winterseason.  NRCS SNOTEL sites frequently provide the only type of precipitation observationsavailable from the higher elevation areas targeted by winter cloud seeding programs.  Theyare well-suited for use in estimations of seeding effects, but interpretation of the indicatedseeding effects must keep in mind the limitations of the measurement systems and their data.
5.2.2 Streamflow Data

In addition to the precipitation and snow water equivalent data which are used inthese evaluations, NAWC began to utilize streamflow data for use in target and controlanalyses for the program.  Monthly streamflow data were obtained from the USGS (UnitedStates Geological Survey) website for sites that had a long history of unregulated streamflowmeasurements.  Streamflow data can, under the right circumstances, directly address theissue of how much additional water is being produced by a seeding program.   There aresome potential difficulties here as well, including diversions for irrigation (which are presentto some extent above even most of the “unregulated” sites), and significant carryover instreamflow from one season to another, which lowers the correlation between target andcontrol sites.   Overall, the best correlation between control and target sites is found with theprecipitation data, followed by snow water equivalent, with streamflow correlationsgenerally being the lowest of the three data types.
5.3 Evaluation MethodologyUsing the target-control approach introduced in the Section 5.1, the mathematicalrelationships for two variables (precipitation and snowpack) were determined between agroup of sites in an unseeded area (the control group) and the sites in the seeded area (thetarget group), based upon records for a common period prior to any seeding in either area.From these data, mathematical models were developed whereby the amount of precipitationor snowpack observed in the unseeded (control) area was used to predict the amount ofnatural precipitation in the seeded (target) area.  This “predicted” value is the amount ofprecipitation or snowpack that would be expected in the target area without seeding.  Thedifference between the predicted amount and the observed amount in the target area is theexcess, which may be the result of cloud seeding.  Statistical tests have shown that suchindications have little statistical significance for individual seasons, and usually fall withinthe standard deviation of the natural variability.  However, more meaningful estimates canbe obtained by combining the results of several or more seeded seasons.



5-8

5.3.1 Precipitation Target and Control SitesPrecipitation measurements were available from six sites within the target area (thesame sites as used in the previous several years).  There are additional SNOTEL sites in thetarget area (e.g., Chepeta), but they have shorter periods of record.  Thus, they were notconsidered in this analysis.  The sites selected for use in the evaluation work are shown inFigure 5.2, and are all higher elevation NRCS sites. The average elevation for the target areasites is 9,875 feet above mean sea level (MSL).  Specifics in regard to location and elevationof these six target area sites are provided in Table 5-1.
For many years, winter cloud seeding in Utah was limited to mainly the central andsouthern portions of the State, although occasional winter seeding was conducted in themountains of Tooele County (southwest of the Salt Lake City area) in the late 1970’s andearly 1980’s.  However, beginning in the 1988 water year, winter cloud seeding programsbecame more widespread in northern Utah.  The result of this increase in cloud seedingprojects is that it has become more difficult to locate control areas that have not beencontaminated by other cloud seeding programs.  To further complicate the matter, some sitesthat had data available in the past have been eliminated over the years.
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Figure 5.2   Precipitation gauges used as target area sites (number ID’s) and control sites
(letter ID’s).  The yellow boxes represent SNOTEL locations and the flag is an NWS co-op site.

The control gauge sites used in the evaluations were carefully selected according tothe following criteria: 1) similarity to the target area sites, in terms of elevation andmeteorology; 2) geographic bracketing of the target area; and 3) mathematical correlationof the data with that in the target area.   The Strawberry Divide SNOTEL site was at one timeincluded in the control group, but has been excluded from evaluations in recent years sinceit is now in part of the target area. Two cooperative (valley) reporting gauges, located atHeber and Vernal, were previously used as control sites, but have been discontinued becausedata are no longer available at these sites.  The relationship of the control area gauges to thetarget area is shown in Figure 5.2, and the specifics in regard to the locations and elevationsof the control sites are provided in Table 5-1.
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Table 5-1
Control and Target Area Precipitation Gauge Sites

Group
ID

Site Name Site
Number

Elevation
(ft.)

Latitude
(N)

Longitude
(W)

ControlA Farmington Canyon Upper 11J11S 8000 40°58' 111°48'B Timpanogos Divide 11J21S 8140 40°26' 111°37'C Jensen 424342 4750 40°22' 109°21'D Fontenelle Dam, WY 483396 6480 41°59' 110°04'
Target1 Brown Duck 10J30S 10600 40°35' 110°35'2 Five Points Lake 10J26S 10920 40°43' 110°28'3 Lakefork #1 10J10S 10100 40°36' 110°26'4 Mosby Mountain 09J05S 9500 40°37' 109°53'5 Trout Creek 09J16S 9400 40°44' 109°40'6 King’s Cabin 09J01S 8730 40°43' 109°33'

It is recognized that the group of control sites in Table 5-1 might provide aconservative estimate of the effects of seeding for the High Uintas, since there could havebeen some seeding effects impacting some of the control sites (e.g. seeding for the westernUintas project could impact the precipitation at Heber, and projects in eastern Tooele Countyand eastern and western Box Elder County could impact sites like Farmington Canyon).Those impacts would have the effect of raising the predicted target area precipitation and,thus, lowering the indicated effects of seeding in the High Uintas target area.  The averageelevation of all seven control sites is 6,842 feet, which is much lower than that of the targetsites (9,875 feet).  The large elevation difference is due in part to the fact that the Uinta Rangeis the highest mountain range in the region.  The locations of the control sites are shown inFigure 5.2.  Elevation differences are important in snow water content evaluations, becausesnowmelt may impact high and low elevation sites differently.  The great elevation differencebetween the target and control sites is also of significance in the precipitation evaluations
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because of the potential for much windier exposures at the Uintas sites which are ~3,000feet higher on average than the control sites.  Gauge catch deficiency due to wind can be veryhigh, and in some exposed areas it can be 50% or greater.
5.3.2 Snowpack Target and Control Sites

The procedure was essentially the same as was done for the precipitation evaluation,e.g., control and target area sites were selected, and average values for each were determinedfrom the historical snowpack data.  Due to concerns regarding potential contamination byother seeding projects, combined with some period of record limitations and considerationof site correlation values, a short 13-year historical period (1975-88) was used in most ofthe snow water content evaluations. The limited amount of historical data renders theequations using the historical regression technique questionable, as described in the earlierprecipitation evaluation section. We prefer historical periods of at least 20 seasons durationwhen utilizing this technique. The years after the 1988 water year were excluded from thehistorical period in most of these evaluations, given a number of new seeding programs innorthern Utah beginning with the 1989 water year, especially along the Wasatch Range westof the Uintas.  We took this step to eliminate concerns about potential contamination due todownwind effects impacting the control sites.Four sites were selected as controls for the snowpack evaluation. The control groupprovides reasonably good correlations with the six-site target area group.  The six snowpacktarget sites include four of the six sites used in the precipitation evaluations (data wereunavailable back to 1975 for the Brown Duck and Five Points Lake sites), plus two additionalmanual snow course sites (Lakefork Mountain #3 and Spirit Lake).  Spirit Lake is actuallylocated on the north slope of the Uintas but is very close to the crest, so we believe it to berepresentative of the target area in general. It should also be noted here that SNOTEL siteswere installed in 2009 at the Lakefork Mountain #3 and Spirit Lake snow course locations,and data at these sites became SNOTEL-only beginning in 2011. The target and control areasnow course/snow pillow site names, elevations and locations are summarized in Table 5-2,and site locations are shown in Fig. 5.3.   The elevations of the control area sites averaged8,184 feet.  The target sites were significantly higher, averaging 9,405 feet.  The relationshipof the control area snowpack sites to the target area is shown in Figure 5.3.
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Table 5-2
Control and Target Snowpack Sites

Group
ID

Site Name Site
Number

Elev
(Ft)

Latitude
(N)

Longitude
(W)

Control

A Farmington Canyon Upper 11J11S 8000 40°58' 111°48'
B Lookout Peak 11J64S 8200 40°50' 111°43'C Timpanogos Divide 11J21S 8140 40°26' 111°37'D Kelley RS, WY 10G12S 8180 42°15' 110°48'

Target1 Lakefork #1 10J10S 10100 40°36' 110°26'2 Lakefork Mountain #3 10J12S 8400 40°33' 110°21'3 Spirit Lake 10J55S 10300 40°50' 110°00'4 Mosby Mountain 09J05S 9500 40°37' 109°53'5 Trout Creek 09J16S 9400 40°44' 109°40'6 King’s Cabin 09J01S 8730 40°43' 109°33'
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Figure 5.3 Target sites (numbered) and control area snow sites (letters); squares are
SNOTEL sites, and X’s are snow courses

Due to the challenges involved in the target/control analyses for this program,including concern over short historical periods, a snow water content regression (linear andmultiple linear) that uses fewer sites but a much longer historical regression period of 46years was also conducted.
5.3.3 Streamflow Target and Control sites

NAWC has investigated numerous target/control type evaluation techniques, as wellas multiple variations of existing techniques, in an attempt to provide the client with areasonable estimate of precipitation increases resulting from the seeding program. One ofthese techniques is an evaluation based on March – July streamflow, utilizing several controlsites that had essentially unregulated streamflow records.  Three suitable control sites were
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located in western Wyoming, and two sites were similarly located in northwestern Colorado.Three suitable (unregulated) streamflow gauges were used to represent target area runoff(Yellowstone, Lake Fork and Ashley Creek drainages).  Streamflow data at these sites havelonger periods of record than SNOTEL snow and precipitation data, yielding a longerhistorical base period.  The sites utilized in these streamflow comparisons have data back toat least 1964, allowing a 30 year base period to be established for the period prior to thebeginning of the South Slope seeding program (certain years were excluded from the baseperiod due to a historical seeding program affecting western Wyoming).  There were twoseparate regions with unregulated streamflow gauges that were judged to be suitable forcontrols.  One of these groups is in western Wyoming.  Examination of the correlationbetween these and the target area sites, along with examination of double-mass plots, anengineering tool used to examine the consistency of an historical paired data set, resulted inthree of these Wyoming gauges being selected as controls.  Similarly, two control sites wereselected from an available set in northwestern Colorado, which are unlikely to be affected bycurrent or historical seeding programs.   These sites are listed in Table 5-3, and shown onthe map in Figure 5.4.
Table 5-3   Control and Target Streamflow Gauges

(Data obtained from the USGS website)

Group ID Site Name
USGS
Site

Number

Latitude
(N)

Longitude
(W)

Control Wyoming and ColoradoA Hams Fork, WY 09223000 4207’ 11042’B Smiths Fork, WY 10032000 4203’ 11024’C Fontenelle Creek, WY 09210500 4206’ 11025’D Little Snake River, CO 09260000 4033’ 10825’E White River near Meeker, CO 09304500 4002’ 10751’
Target Utah1 Lake Fork above Moon Lake 09289500 4036’ 11032’2 Yellowstone River 09292500 4031’ 11020’3 Ashley Creek 09266500 4035’ 10937’
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Figure 5.4   High Uintas streamflow target and control gauges

Over the course of this seeding program, several evaluation methods have beenapplied to the precipitation, snowpack and streamflow data.  The results of the variousevaluations are summarized in the following sub-sections, and Appendix B contains moredetailed information for some of these evaluations.
5.3.4   Development of Regression Equations

NAWC compared various methods of analyzing the data, including the linear andmultiple linear regression methods which have been used with this and similar programs.The target and control site historical (non-seeded) data for precipitation, snowpack, andstreamflow were used to develop regression equations that describe the relationshipbetween the control and target areas in the absence of cloud seeding. In the precipitationevaluation, for example, the monthly precipitation values were totaled at each gauge in thecontrol and target areas for the December-April periods in each of the historical (not seeded)water years from 1980 - 1988, 1994, and 1996-2000, for a total of 15 seasons. The reasons
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for the short historical period are a) a lack of consistent precipitation measurements priorto the advent of the SNOTEL observations and b) the necessity of excluding winter seasonsin which there were some seeding activities conducted in upwind areas that may haveimpacted precipitation in the High Uintas target area (e.g., projects in the western Uintas orthe Wasatch Front area).  Averages for each group were obtained, and predictor equationsdeveloped from these data for a five-month period (December through April).  Appendix Bcontains details regarding some of the historical regression relationships that have beendeveloped and applied to the seeded seasons.Development of snowpack and streamflow regressions was similar.  The snowpackanalyses were based on snow water equivalent amounts measured on April 1st (using boththe SNOTEL and snow course measurements).  April 1st is important because it approximatesthe total seasonal snowpack accumulation fairly well in many areas, usually beforesignificant melting begins.  Also, many water supply forecasts are based on April 1 snowwater content.   The streamflow analysis utilized total streamflow (in acre-feet) during theMarch – July period.  This period has been found to be one of the best correlated with winterseason precipitation.  April – July streamflow can be used for this as well, although the runoffcan begin during March in some seasons, especially areas on a southerly exposure such asthe southern slopes of the Uintas.   The primary snowpack regression used for this programwas based on only 13 historical seasons (water years 1975 – 1987), although an alternatesnowpack regression that was also developed utilized long-term historical data available atonly a small number of sites to produce a 46-year historical period.  The streamflowregression was based on a fairly long historical period of 30 seasons.  These include wateryears 1966, 1971-79, and 1983-2002.  The historical regression periods were selected onthe basis of data availability and avoidance of seasons where historical seeding programswould have directly impacted some or all of the control sites.
Multiple regression analyses relate each control site individually to the average of thetarget area sites, and these were conducted as well.    This multiple regression analysismethod was used because it provides a higher correlation between control and target sites,which can yield a better estimate of seeding effects if there is sufficient historical (non-seeded) data for a meaningful regression equation to be established using this method. Forthe precipitation and snowpack evaluations, a relatively short historical period makes thistype of analysis somewhat questionable since the number of independent variables (controlsites) in the equation becomes relatively large in comparison to seasons in the historicalperiod.  The results of the multiple regression analysis (for precipitation and snowpack)were still considered, but for this program the multiple regression method is better suitedto the streamflow data set which has a much longer historical period.
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5.4 Evaluation ResultsPrecipitation evaluation results have been examined for a period of 18 seededseasons (2003-2020 water years).  The seeded period used in one snowpack evaluation(with more sites but a short historical period) excludes the water year 2004, 2007, 2012, and2015 seasons due to early melting in those years, and so includes only 13 seasons. The otherlong-term snowpack evaluation (few sites but 46 historical seasons) excludes these sameseeded seasons due to early snow melt.  This evaluation originally had three control sites butone snow course (White River #3) appears to have been discontinued in 2016 so theregression equation was re-established without this site.  The streamflow evaluationcurrently has data available through 2019 for the March – July seasonal period, and soincludes the 2003-2019 water years, for a total of 17 seasons.The evaluation techniques as described yield an estimation of theobserved/predicted amount of precipitation, snow water content, or streamflow for anindividual season. Individual season results are included in the tables in Appendix B, in the“RATIO” column for the seeded seasons.  Results for the 2019-2020 season are discussedbelow Table 5-4.  A ratio of 1.05, for example,  would suggest a 5% increase over the naturalprecipitation,  snowpack,  or  streamflow predicted for the target area based on the historicalregression equation.  A ratio at or below 1.0 is not indicative of an increase over the naturalprecipitation or snowfall.   An increase for an individual seeded season or combination ofseeded seasons could be attributed to seeding effects. However, it is important to exercisecaution in interpreting single-season statistical indications, since the natural variability ofweather patterns between control and target areas will often outweigh the effects of seedingin a given year. This natural variability can result in a false or exaggerated positive indication,or in a low ratio (lack of indicated effects) when seeded effects were actually present. Thestrength of this type of evaluation is in multi-season indications over many seeded years.
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Table 5-4
Summary of High Uintas Evaluation Results

Evaluation
Type Method Historical

Years Seeded Years Correlation
(R-value)

Resultant
RatioDec – AprPrecipitation LinearRegression 15 18 0.86 0.96Dec – AprPrecipitation MultipleLinear 15 18 0.92 0.95April 1 SnowWater Content LinearRegression 13 14* 0.81 0.94April 1 SnowWater Content MultipleLinear 13 14* 0.94 1.04April 1 SnowWater Content LinearRegression 46 14* 0.84 1.01April 1 SnowWater Content MultipleLinear 46 14* 0.86 1.07March – JulyStreamflow… 5control 3 target LinearRegression 30 17** 0.75 0.99March – JulyStreamflow… 5control 3 target MultipleLinear 30 17** 0.79 0.94March – JulyStreamflow… 3control 3 target LinearRegression 30 17** 0.61 0.97March – JulyStreamflow… 3control 3 target MultipleLinear 30 17** 0.63 0.95

*  Snowpack result excludes 2004, 2007, 2012, and 2015 due to early snow melt** Streamflow evaluation includes seeded year data up through 2019, as the full March – Julystreamflow data for the current season is not yet available
Overall, indications from the various evaluation methodologies (linear regression andmultiple linear regression) were mixed.  Appendix B contains detailed evaluation results.Overall, a majority of these observed/predicted ratios were in the 0.95 - 1.07 range,particularly for the evaluations that exhibit more stable mathematical characteristics (i.e.evaluations of December – April precipitation).  Correlation (expressed as R-values) wasgenerally highest for the precipitation evaluations, somewhat lower for the snowpackevaluations, and lowest for the various streamflow evaluations.  Relatively low correlations
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(R values of much less than perhaps 0.85) indicate that there is considerable naturalvariability between the control and target areas, which for the South Slope of the Uintastarget area is essentially unavoidable given its uniqueness in terms of meteorology,climatology and barrier orientation.  Development and performance of the regressionequations are greatly affected by the duration of the historic period; longer base periods arehighly desirable.   Because of this factor, NAWC included a long-term snowpack evaluation,as mentioned earlier, using a base period of 46 seasons and a limited number oftarget/control sites with long records, sites that are also unlikely to be affected bysurrounding seeding programs.  The results of this particular evaluation (ratios of 1.01 forthe linear and 1.07 for the multiple linear, for the average of the seeded seasons) aresuggestive of snowpack increases during the seeded seasons for the High Uintas seedingprogram.   Snowpack evaluations were not meaningful for the 2004, 2007, 2012 and 2015seasons due to substantial early snowmelt and those seasons were excluded from thesnowpack evaluation results.
It is important to recall that, for the High Uintas program, there are a number offactors that make a meaningful analysis of the seeding effects difficult.  These include thefollowing:  a) a relatively small number of seeded seasons, b) high seasonal variabilitybetween control and target areas, c) generally short historical periods without seeding fromwhich regression equations can be developed, d) potential impacts on the historicalregression equations from other NAWC winter seeding programs, e) sensitivity to earlysnowmelt issues at south-slope locations, and f) the possible long-term reduction ofprecipitation in the target area due to pollution as documented for precipitation sites slightlywest of the High Uintas target area (Griffith et al., 2005).  Items b) and d) above are describedmore fully in sections below.

Seasonal Variability, Related to Storm Track and Barrier Orientation (item b)From a meteorological standpoint, there are several possible reasons why target areaprecipitation was comparatively low on average during the seeding seasons compared tothat observed in various control areas.  The El Nino/La Nina phase and various other factorscan affect the location and orientation of the primary storm track on a seasonal and multi-seasonal basis. This can lead to large (either negative or positive) precipitation anomalies inthe High Uintas in comparison to the surrounding region, especially given the east-westorientation of the mountain barrier.  Observations by NAWC during the seeded seasons,particularly over the last few seasons, have suggested that many of the major storm eventsin the region have been accompanied by a wind pattern moving essentially straight west toeast, i.e., basically barrier-parallel.  Although this type of pattern can present reasonable
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seeding opportunity for the target area, the base (natural) amount of precipitation falling inthe High Uintas with this type of flow pattern is low compared to surrounding areas.  This isbecause the predominantly north-south oriented mountain barriers in the intermountainregion produce strong orographic (terrain-induced) lift in westerly air flow situations, whilethe west-east oriented Uinta Range produces minimal lift in those situations. The result is aminimal orographic component of the precipitation in the Uintas during periods of westerlyflow.  Given that the orographic component of precipitation is high in the mountains of Utah,approaching 75% of the winter precipitation in many areas, a persistent wind pattern thatis even slightly anomalous can lead to a negative precipitation anomaly that may more thanoffset the actual seeding effects.  In addition, there are indications that large, closed-circulation storm systems (so-called cutoff lows) during the spring, which climatologicallycontribute a substantial amount of snowfall over the Uinta Range particularly during themonth of April, were relatively lacking during the seeded seasons.  The effect of that sort ofnatural variation, again, can easily mask or outweigh the positive seeding effects obtainedvia the seeding program.  Of course, precipitation increases obtained by cloud seeding wouldhelp to at least partially offset any negative effects of these other processes.
Contamination by Other Seeding Projects (item d)Other seeding programs being conducted in Utah may be impacting the apparenteffects of seeding in the High Uintas.  For example, the programs conducted in Tooele Countyand Box Elder County (which included seeding in both western and eastern portions of thecounty last winter) may be increasing the precipitation at some of the northern control sites(e.g., Farmington Canyon) and seeding in Juab and Sanpete Counties could be increasingprecipitation at some of the southern control sites (e.g., Timpanogos Divide and Heber).Some of the Uinta program SNOTEL sites are within approximately 50 miles downwind ofother seeding programs.  Solak et al. (2003) reported that precipitation appears to have beenincreased at similar downwind distances due to the cloud seeding program being conductedin central and southern Utah, with similar results in a subsequent analysis up through 2018.For the High Uintas precipitation evaluation, 15 historical seasons were selected whichexclude Water Years 1989 through 2002 since a number of seeding programs began in WY1988 or 1989 in northern Utah, especially along the Wasatch Range west (upwind) of theUintas.  These seasons were excluded from the historical period due to potentialcontamination effects. Similar exclusions resulted in a 13-year historical data set for thesnowpack evaluation, while the streamflow evaluation had a different set of historicalseasons (during the 1970s and early 1980s) excluded because of the Bear River seedingprogram affecting portions of western Wyoming where some of the streamflow control sitesare located.
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In order to illustrate the potential effects of contamination, assume that the averageprecipitation at the control sites was increased by 5%.  This would also raise the predictedtarget area precipitation by 5%. If this were the case, it would cause a similar 5%precipitation increase in the High Uintas target area to be undetected in a more basicmathematical analysis.  A final (and very important) consideration in the estimation ofseeding effects for this program pertains to the results obtained from numerous similarprograms in Utah and elsewhere in the western U.S.   While each program is unique,evaluation results from most of these programs have ranged from approximately 5-10%increases over the estimated natural seasonal precipitation.
The Bottom Line
With consideration given to the meteorology and physiography of the Uintas, the
range of results of various evaluations of seeding effects, the peculiarities of the
seeded period, and results of similar programs, our best estimate is that the High
Uintas seeding program has increased the project target area precipitation by
approximately 3-5% on average during the seeded seasons. Table 5-4 summarizes the
results of the various evaluations conducted to date for the High Uintas program.
Detailed data from these evaluations are shown in Appendix B.
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6.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Summary

The 2019-2020 cloud seeding program for the High Uintas contractually ran fromDecember 1st, 2018 through April 30th, 2020, with an extension period from November 1-30,2019 that was funded by the Lower Basin States.   A total of 27 storm periods were seededduring the entire operations period (November 1st – April 30th), with three seeded stormevents during the extension period in November.    Altogether, there were three seededstorms in November, four in December, six in January, two in February, eight in March, andfour in April.   A cumulative 1,405.5 hours of ground seeding generator operations wereconducted during the regular season, and an additional 542.25 hours during the extensionperiod, for a total of 1,947.75 hours.  Details regarding storm dates and seeding generatorusage are presented in Section 4 and Appendix B.
It is of note that following the completion of this program, Utah experienced an

uncharacteristically dry April and May. The result was the 3rd driest spring on record, leaving
most of Utah in a state of moderate drought. Dry fall conditions also worked to reduce spring
runoff as the groundwater absorption was above average.Precipitation/snowfall was generally near average this season.  As of April 1st, 2020,SNOTEL observations for the Natural Resource Conservation Service showed snow watercontent averaging about 112% of normal (median) for the Duchesne Basin and about 126%of normal for sites in the Green River Basin portion of the Uintah Range.  Water Yearprecipitation percentages were 92% of normal (mean) for the Duchesne Basin and around109% of normal for sites in the Green River Basin.  By the end of the project (May 1st), mediansnowpack percentages had decreased to 90% for the Duchesne Basin and 104% for theGreen River Basin.  Water Year to date percentages (of the mean) on May 1 were 85% for theDuchesne Basin and 100% for the Green River Basin.Estimates of the effectiveness of the cloud seeding program were attempted for thecombined total of the seeded seasons.  Various evaluations using linear regression, multiplelinear regression, and double ratio methods were applied to December-April precipitation,April 1st snowpack, and March – July streamflow.   These methodologies are described inSection 5 of the report.

For the High Uintas target area, there are a number of factors that make a
meaningful analysis of the seeding effects difficult. These include a) a relatively small
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number of seeded seasons, b) high seasonal variability between control and target areas dueto factors such as seasonal storm tracks and east-west orientation of the Uinta Range, c)short historical periods without seeding, from which regression equations were developedfor the precipitation and snowpack evaluations, d) potential impacts on the historicalregression equations of increases in control area precipitation due to the operation of otherNAWC winter seeding programs (which would cause an underestimate of seeding effects inthe High Uintas), e) sensitivity to early snowmelt issues at south-slope locations, and f) thepossible long-term reduction of precipitation in the target area due to pollution asdocumented for precipitation sites slightly west of the High Uintas target area (Griffith et al.,2005).
It is likely that the control sites selected for both the precipitation and snow watercontent analyses were again impacted by other seeding projects last winter (i.e., EasternTooele County, Box Elder County, Cache County, Juab County and Sanpete County).Assuming that the effect was to increase the precipitation or snow water content at some ofthese control sites, the regression equations used in the High Uintas Project evaluationwould over-predict the amount of natural precipitation and snow water content in the targetarea.  The net result would be an underestimate of the actual effects of seeding in the targetarea.  Unfortunately, due to the fact that most of the mountainous areas of Utah have beenseeded in recent years, there are few reasonably-well correlated precipitation measurementsites available that are likely not affected by seeding.
Indications from the various evaluation methodologies are mixed.  Resultingobserved/predicted ratios for the seeded seasons, which are potentially indicative of theeffects of seeding, were under 1.0 for some of these evaluations, although some of the manyvariations NAWC examined (especially when comparing specific target and control sites)yielded ratios greater than 1.0.  Recall that an observed/predicted target area ratio greaterthan 1.0 is suggestive of a positive seeding effect. Overall, a majority of theseobserved/predicted ratios are in the 0.95 - 1.07 range, particularly for evaluations thatexhibit better target/control correlations as measured by R-values in the regressionequations.  R-values were generally highest (around 0.86) for the precipitation evaluations,around 0.81 - 0.83 for the snowpack evaluations, and mostly in the 0.61 to 0.75 range for thevarious streamflow evaluations.  Relatively low correlations (R-values of much less than 1.0)indicate that there is a large amount of natural variability between the control and targetareas, which for the High Uintas target area is essentially unavoidable given its uniquenessin terms of meteorology, climatology and barrier orientation.
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Section 5.4 contains a more detailed summary of the various evaluation techniquesthat were utilized, and Appendix B contains tables of results from many of these evaluations.The “RATIO” column in these tables, for the seeded seasons, contains observed/predictedratios pertaining both to individual seasons as well as to the seeded period as a whole(highlighted in bold). With consideration given to the meteorology of the Uintas and
results of similar programs, our best estimate is that the High Uintas seeding program
has increased the natural precipitation by approximately 3-5% on average during the
seeded seasons.A feasibility study completed in August 2002 included an analysis of the estimatedincreases in annual streamflow in the Uinta Basin produced by an assumed 10% increase inApril 1st snow water content.  This estimate was approximately 64,000 acre-feet of water. If
a 5% increase is used in the calculations instead, the estimated increase in the average
annual streamflow in the Uinta Basin due to the cloud seeding project would be 36,190
acre feet.  Dividing that amount by the cost of the program would yield an estimated
cost of approximately $2.50 per acre-foot for the additional streamflow.No attempt was made to evaluate the effects of seeding specific to the seeding periodextension (November 1-30, 2015) separately.  That extension was made possible throughfunding provided by the three Lower Colorado River Basin States. NAWC’s experience hasbeen that analyses of such short time periods provide lower correlations than in seasonalevaluations (e.g., the five-month period used by NAWC in the evaluation of this program) andis therefore even more difficult than evaluating entire seeded seasons.
ConclusionsAssessment of seeding operations and evaluations of the effectiveness of the seedingefforts lead us to the following conclusions.
● The operational design of the seeding project and the array of ground-based seedinggenerators are appropriate for augmenting winter snowfall over the southern slopeof the High Uintas.
● Available meteorological data are considered adequate for identification of stormperiods that present favorable cloud seeding conditions. A specialized high elevationice detector system, a helpful tool for seeding opportunity recognition, is located at
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Dry Ridge (elev. 11,450’), west of Moon Lake.  The operation of the site and analysisof the collected data is funded by the Lower Colorado River Basin States.  The sitecontinues to provide data that are helpful in recognizing seeding opportunities.
● Given the area’s winter climatology, extension of the project seeding period madepossible by funding support provided by the Lower Colorado River Basin States is ofconsiderable value to the project.
● Due to a variety of factors, the ability to precisely quantify the effectiveness of theHigh Uinta seeding program is somewhat limited.
● The seeding operations are believed to be producing beneficial effects onprecipitation within the intended target area.  The magnitudes of the increases inprecipitation and snowpack water content over the project’s cumulative seededwinter seasons are estimated to be in the range of about 3% to 5%.
● Assuming a 5% increase of snow water content, the estimated resultant increase inaverage annual streamflow from the target area rivers and streams is a little over36,000 AF.
● Factoring the cost of the seeding project and the estimated yield of enhancedstreamflow indicates the cost of producing the additional surface water is about $2.50per AF.
● If the value of the additional usable surface water is about $10 per AF, the benefit/costratio associated with the project is approximately 4.0/1.
RecommendationsIt is recommended that the High Uintas cloud seeding program be continued, toprovide additional water for the increasing water demands in the areas served by thedrainage basins.

The precipitation (and snowpack) in Utah can often be subject to drought periods.Since such drought periods cannot be predicted with any degree of certainty and since manydrainages in Utah could utilize additional water even in normal to above normal years, we
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recommend that our clients consider conducting cloud seeding programs on a routine
basis each year, as an integral part of their overall water management strategy.  Thisapproach has proven to be very effective in southern and central Utah, where operationalcloud seeding has been conducted since the 1970’s, as well as in other parts of the westernU.S.  Provisions for suspension of the cloud seeding operations during periods of highsnowpack can be invoked as necessary (see Appendix A).This overall approach is recommended for several reasons:
● No one can accurately predict if precipitation during the coming winter season willbe above or below normal.  Having a cloud seeding program already operational willtake advantage of each seeding opportunity. Seeded wet years will provide reservoirrecharge to help sustain water availability during drier years.
● In a best-case scenario, cloud seeding will increase precipitation by upwards of 10%.This is generally not enough to mitigate the long term implications of a dry winter,unless seeding has been continuously augmenting reservoir levels, in wetter years.
● Seeding in normal to above normal water years will result in a larger precipitationincrease, which may provide additional carryover storage in surface reservoirs orunderground aquifers that can be drawn from during dry years.● Conducting cloud seeding programs only after drought conditions are encounteredmay mean fewer cloud seeding opportunities, leading to less additional precipitationbeing generated by a cloud seeding program.

We believe the High Uintas cloud seeding program is meeting its stated objective ofaugmenting the precipitation in the target area in a cost-effective manner.  It isrecommended that the program be continued, to provide additional water for increasingwater demand.
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UTAH WINTER CLOUD SEEDING SUSPENSION CRITERIA
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Certain situations require temporary or longer-term suspension of cloud seedingactivities, with reference to well-considered criteria for consideration of possiblesuspensions, to minimize either an actual or apparent contribution of seeding to a potentiallyhazardous situation. The ability to forecast (anticipate) and judiciously avoid hazardousconditions is very important in limiting any potential liability associated with weathermodification and to maintain a positive public image.There are three primary hazardous situations around which suspension criteriahave been developed. These are:1. Excess snowpack accumulation2. Rain-induced winter flooding3. Severe weather
1. Excess Snowpack AccumulationSnowpack begins to accumulate in the mountainous areas of Utah in November andcontinues through April.  The heaviest average accumulations normally occur from Januarythrough March.  Excessive snowpack water content becomes a potential hazard during theresultant snowmelt.  The Natural Resources Conservation Service (NRCS) maintains anetwork of high elevation snowpack measurement sites in the State of Utah, known as theSNOTEL network.  SNOTEL automated observations are now readily available, updated asoften as hourly.  The following set of criteria, based upon observations from these SNOTELsite observations, has been developed as a guide for potential suspension of operations.
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Snowpack-related suspension considerations will be assessed on a geographicaldivision or sub-division basis. The NRCS has divided the State of Utah into 13 such divisionsas follows: Bear River, Weber-Ogden Rivers, Provo River-Utah Lake-Jordan River, TooeleValley-Vernon Creek, Green River, Duchesne River, Price-San Rafael, Dirty Devil, SouthEastern Utah, Sevier River, Beaver River, Escalante River, and Virgin River.  The Weber-Ogden and Provo River – Utah Lake – Jordan River criteria apply to suspensionconsiderations for the Western Uintas project.  Since SNOTEL observations are available ona daily basis, suspensions (and cancellation of suspensions) can be made on a daily basisusing linear interpolation of the first of month criteria.  For the High Uintas Program, SNOTELsites including Lily Lake, Trial Lake, Hayden Fork, Strawberry Divide, Daniels-Strawberry,and Rock Creek have date-specific snow water equivalent criteria on which suspensiondecisions can be based.Streamflow forecasts, reservoir storage levels, soil moisture content and amounts ofprecipitation in prior seasons are other factors which need to be considered when thepotential for suspending seeding operations due to excess snowpack water content exists.
2. Rain-induced Winter FloodsThe potential for wintertime flooding from rainfall on low elevation snowpack isfairly high in some (especially the more southern) target areas during the late winter/earlyspring period.  Every precaution must be taken to insure accurate forecasting and timelysuspension of operations during these potential flood-producing situations.  The objective ofsuspension under these conditions is to eliminate both the real and/or perceived impact ofweather modification when any increase in precipitation has the potential of creating a floodhazard.3. Severe WeatherDuring periods of hazardous weather associated with both winter orographic andconvective precipitation systems it is sometimes necessary or advisable for the NationalWeather Service (NWS) to issue special weather bulletins advising the public of the weatherphenomena and the attendant hazards.  Each phenomenon is described in terms of criteriaused by the NWS in issuing special weather bulletins.  Those relevant in the conduct of wintercloud seeding programs include the following:

▪ Snow Advisory - This product is issued by the NWS when four to twelveinches of snow in 12 hours, or six to eighteen inches in 24 hours, are forecast
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to accumulate in mountainous regions above 7000 feet. Lower thresholdcriteria (in terms of the number of inches of snow) are issued for valleys andmountain valleys below 7000 feet.
▪ Heavy Snow Warning - This is issued by the NWS when it expects snowaccumulations of twelve inches or more per 12-hour period or eighteen inchesor more per 24-hour period in mountainous areas above 7000 feet.  Lowercriteria are used for valleys and mountain valleys below 7000 feet.
▪ Winter Storm Warning - This is issued by the NWS when it expects heavysnow warning criteria to be met, along with strong winds/wind chill orfreezing precipitation.
▪ Flash Flood Warnings - This is issued by the NWS when flash flooding isimminent or in progress.  In the Intermountain West, these warnings aregenerally issued relative to, but are not limited to, fall or spring convectivesystems.Seeding operations may be suspended whenever the NWS issues a weather warningfor or adjacent to any target area.  Since the objective of the cloud seeding program is toincrease winter snowfall in the mountainous areas of the state, operations will typically notbe suspended when Heavy Snow or Winter Storm Warnings are issued, unless there arespecial considerations (e.g., a heavy storm that impacts Christmas Eve travel).Flash Flood Warnings are usually issued when intense convective activity causingheavy rainfall is expected or is occurring.  Although the probability of this situation occurringduring our core operational seeding periods is low, the potential does exist, especially oversouthern sections of the state during late March and early April, which can include theproject spring extension period.  The type of storm that may cause problems is one that hasthe potential of producing 1-2 inches (or greater) of rainfall in approximately a 24-hourperiod, combined with high freezing levels (e.g., > 8,000 feet MSL).  Seeding operations willbe suspended for the duration of the warning period in the affected areas.NAWC’s project meteorologists have the authority to temporarily suspend localizedseeding operations due to development of hazardous severe weather conditions even if theNWS has not issued a warning.  This would be a rare event, but it is important for theoperator to have this latitude.
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Table B-1
Generator Hours for High Uintas Program, 2019-2020, Storms 1-10

Storm 1* 2* 3* 4 5 6 7 8 9 10

Dates Nov
20-21

Nov
25-26

Nov
27-29

Dec
8

Dec
12-13

Dec
13-14

Dec
24-26

Jan
1-2

Jan
12-13

Jan
14

SITES
H1 50
H2
H3 22 51 24 40
H4 70 24 40
H5 50.5 40
H6
H7 22 51.25
H8 43.75
H9

H10
H11 12
H14 18.5
H16 17.5
H18 19 13
H19 18.5
H20 18.75
H22 15 3.25
H23 3 5.75 7.25 15.75 15
H24 49
W3
W4 5.75 12.75
W6
W7
W8
W9 5.5

W10 7 4.5 12.5 16.25
W11 7.25 15.25
W12 7.25 11.5 7.75 16 3.25
W14

Storm
Total
Total

Toatall

44 120.75 377.5 10.25 49.75 70.25 120 63.25 30 6.5

*Seeding for Lower Basin Extension
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Table B-2
Generator Hours for High Uintas Program, 2019-2020, Storms 11-20

Storm 11 12 13 14 15 16 17 18 19 20

Dates Jan
16-17

Jan
22

Jan
26-27

Feb
6-7

Feb
16-17

Mar
1

Mar
7-8

Mar
14

Mar
15

Mar
18

SITES
H1 21 7.25 5.75
H2 21 7.25 5.75
H3 22.5 5.75
H4 17 22.5
H5 17 22.5
H6 9.5
H7
H8 9 7 5.75
H9 8 6.5

H10 8.25 6.5
H11 7 6.25
H14
H16 8
H18 3.75 18
H19 17
H20
H22 8 21.5
H23 8.25 8 12.5 20
H24
W3
W4 18
W6 17.5
W7 16.75
W8
W9 6 16.5

W10 14 16.5 11 8 20
W11 7.5 12
W12 8 12
W14

Storm
Total
Total

Toatall

58.25 15.5 23.75 120.25 47.5 16 171 41.75 40.75 23
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Table B-3
Generator Hours for High Uintas Program, 2019-2020, Storms 21-28

Storm 21 22 23 24 25 26 27

Dates Mar
19

Mar
21

Mar
24-26

Apr
1-2

Apr
5

Apr
15-16

Apr
23

Site
Totals

SITES
H1 43.5 127.5
H2 3 43.5 5 85.5
H3 45 210.25
H4 44.75 218.25
H5 44.75 174.75
H6 3 4.75 17.25
H7 73.25
H8 45.5 4 115
H9 3 46 63.5

H10 5 19.75
H11 44.5 4 73.75
H14 7 15 40.5
H16 8 10.5 44
H18 18.25 72
H19 35.5
H20 18.75
H22 18 65.75
H23 12.5 108
H24 49
W3 7 7
W4 8 44.5
W6 17.5
W7 16.75
W8 4.25 4.25
W9 28

W10 109.75
W11 42
W12 65.75
W14 127.5

Storm
Total
Total

Toatall

15 9 375.5 25.5 22.75 30.75 19.25
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Summary of High Uintas Evaluation ResultsEvaluation Type Method HistoricalYears Seeded Years Correlation(R-value) Resultant
RatioDec – AprPrecipitation LinearRegression 15 18 0.86 0.96Dec – AprPrecipitation MultipleLinear 15 18 0.92 0.95Dec – AprPrecipitation DoubleRatio 15 18 NA 0.97April 1 SnowWater Content LinearRegression 13 14* 0.81 0.94April 1 SnowWater Content MultipleLinear 13 14* 0.94 1.04April 1 SnowWater Content DoubleRatio 13 14* NA 0.95April 1 SnowWater Content LinearRegression 46 14* 0.83 1.01April 1 SnowWater Content MultipleLinear 46 14* 0.86 1.07April 1 SnowWater Content DoubleRatio 46 14* NA 1.01March – JulyStreamflow… 5control 3 target LinearRegression 30 17** 0.75 0.99

March – JulyStreamflow… 5control 3 target MultipleLinear 30 17** 0.79 0.94

March – JulyStreamflow… 5control 3 target DoubleRatio 30 17** NA 1.02

March – JulyStreamflow… 3control 3 target LinearRegression 30 17** 0.61 0.97

March – JulyStreamflow… 3control 3 target MultipleLinear 30 17** 0.63 0.95

March – JulyStreamflow… 3control 3 target DoubleRatio 30 17** NA 1.00

* Snowpack result excludes 2004, 2007, 2012, and 2015 due to early snow melt** Streamflow evaluation includes seeded year data up through 2019, as the full March – Julystreamflow data for the current season is not yet available
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DETAILED EVALUATION DATA AND RESULTS

High Uintas December – April Precipitation, Linear Regression

Regression (non-seeded) period:

Water Year
Control

Avg Target Avg1980 18.72 17.281981 11.03 9.751982 21.05 15.501983 16.37 13.121984 16.62 11.721985 10.70 11.501986 19.81 16.131987 7.85 9.781988 8.81 9.331994 12.22 10.951996 16.21 14.151997 18.09 16.831998 17.68 14.431999 14.03 15.322000 13.93 13.63
Mean 14.87 13.30

Seeded period:

Water Year Control
Avg Target Avg Predicted Ratio Increase1989* 12.17 11.05 11.77 0.94 -0.721990* 10.68 13.47 10.92 1.23 2.541991* 12.21 11.62 11.79 0.99 -0.171992* 6.25 7.15 8.42 0.85 -1.271993* 15.77 16.45 13.80 1.19 2.651995* 15.80 15.15 13.82 1.10 1.332001* 12.27 13.93 11.83 1.18 2.112002* 11.15 7.83 11.19 0.70 -3.362003 9.32 9.40 10.16 0.93 -0.762004 13.84 12.15 12.71 0.96 -0.562005 18.91 17.20 15.57 1.10 1.632006 19.23 14.73 15.76 0.93 -1.022007 9.42 8.45 10.22 0.83 -1.772008 15.29 13.22 13.53 0.98 -0.312009 17.46 13.67 14.76 0.93 -1.092010 13.15 12.08 12.32 0.98 -0.242011 21.95 17.23 17.29 1.00 -0.06
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2012 9.48 8.23 10.25 0.80 -2.022013 9.84 10.68 10.45 1.02 0.23
Water Year

Control
Avg Target Avg Predicted Ratio Increase2014 11.57 9.83 11.43 0.86 -1.602015 8.56 7.20 9.73 0.74 -2.532016 14.27 12.27 12.95 0.95 -0.692017 23.26 20.63 18.03 1.14 2.602019 19.35 16.17 15.82 1.02 0.352020 11.30 10.58 11.28 0.94 -0.69Seeded Mean 14.21 12.35 12.92 0.96 -0.58* Seeding conducted in nearby areas but not in target areaSUMMARY OUTPUT

Regression StatisticsMultiple R 0.858476R Square 0.736981Adjusted RSquare 0.716749Standard Error 1.417657Observations 15ANOVA
df SS MS F

Significance
FRegression 1 73.20731 73.20731 36.42607 4.2E-05Residual 13 26.12676 2.009751Total 14 99.33406

Coefficients Standard Error t Stat P-value Lower 95%Intercept 4.895582 1.439077 3.40189 0.004725 1.786645X Variable 1 0.564797 0.093581 6.035401 4.2E-05 0.362628
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High Uintas December – April Precipitation, Multiple Linear Regression

Regression (non-seeded) period:
Water Yr Timp Div Farm Cyn Jensen Font Dam Target avg1980 30.4 37.9 4.0 2.6 17.31981 18.3 21.0 2.8 2.1 9.81982 34.6 45.3 2.5 1.8 15.51983 22.5 36.6 3.5 2.8 13.11984 20.6 40.8 2.5 2.6 11.71985 18.9 19.6 3.4 0.9 11.51986 30.5 41.9 3.8 3.1 16.11987 10.6 16.8 2.4 1.6 9.81988 11.8 18.8 3.2 1.4 9.31994 18.8 27.2 1.7 1.2 11.01996 24.6 35.9 2.3 2.0 14.21997 28.0 37.6 4.0 2.7 16.81998 24.8 39.3 3.6 3.1 14.41999 18.9 30.1 3.8 3.4 15.32000 20.4 31.2 2.9 1.3 13.6

Mean 22.2 32.0 3.1 2.2 13.3
Seeded period:

Water Year Timp Div Farm Cyn Jensen Font
Dam Target avg Predicted Ratio Increase1989* 17.7 28.5 1.6 0.9 11.1 10.1 1.10 1.01990* 20.8 18.3 2.6 1.0 13.5 11.4 1.18 2.01991* 17.2 26.7 3.2 1.7 11.6 12.0 0.97 -0.41992* 9.2 13.0 1.8 1.0 7.2 7.6 0.94 -0.51993* 25.3 29.9 5.7 2.2 16.5 17.0 0.97 -0.61995* 25.3 32.2 2.9 2.8 15.2 13.9 1.09 1.22001* 16.9 28.1 2.1 2.0 13.9 10.7 1.30 3.22002* 13.3 28.2 1.2 1.9 7.8 8.7 0.90 -0.92003 11.0 21.8 2.7 1.8 9.4 9.7 0.97 -0.32004 17.6 32.0 2.3 3.4 12.2 11.6 1.05 0.62005 33.1 34.4 4.0 4.1 17.2 17.3 0.99 -0.12006 29.3 43.6 2.2 1.8 14.7 14.4 1.02 0.42007 12.8 20.8 2.8 1.3 8.5 10.1 0.83 -1.72008 21.4 33.5 4.6 1.6 13.2 15.0 0.88 -1.82009 25.7 38.1 4.4 1.7 13.7 15.9 0.86 -2.22010 21.5 25.0 3.9 2.2 12.1 13.8 0.88 -1.72011 36.0 45.5 4.4 1.8 17.2 18.7 0.92 -1.4
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Water Year Timp Div Farm Cyn Jensen
Font
Dam Target avg Predicted Ratio Increase2012 16.1 20.0 1.2 0.7 8.2 8.7 0.95 -0.52013 12.4 22.7 3.2 1.1 10.7 10.5 1.02 0.22014 16.3 25.6 2.5 1.8 9.8 10.9 0.90 -1.12015 11.4 19.9 1.7 1.3 7.2 8.4 0.86 -1.22016 20.4 30.8 2.9 3.0 12.3 12.7 0.96 -0.52017 37.9 44.5 3.8 6.8 20.6 19.2 1.07 1.42018 15.6 20.9 1.2 1.0 8.5 8.8 0.97 -0.22019 31.0 37.8 4.9 3.6 16.2 18.1 0.89 -1.92020 14.9 24.5 3.1 2.8 10.6 11.3 0.93 -0.8Seeded Mean 21.4 30.1 3.1 2.3 12.3 13.1 0.95 -0.7* Seeding conducted in nearby areas but not in target area

SUMMARY OUTPUT
Regression StatisticsMultiple R 0.92059R Square 0.84749Adjusted RSquare 0.78649StandardError 1.23083Observations 15ANOVA

df SS MS F
Significance

FRegression 4 84.18464 21.046 13.8924 0.0004Residual 10 15.14942 1.5149Total 14 99.33406
Coefficients

Standard
Error t Stat P-value Lower 95%

Upper
95%

Lower
95.0%

Upper
95.0%Intercept 2.50414 1.804771 1.3875 0.19543 -1.5171 6.5254 -1.517 6.525418X Variable 1 0.22402 0.122163 1.8338 0.09658 -0.0482 0.4962 -0.048 0.496214X Variable 2 0.05192 0.101297 0.5126 0.61938 -0.1738 0.2776 -0.174 0.277624X Variable 3 1.21646 0.702718 1.7311 0.11412 -0.3493 2.7822 -0.349 2.782211X Variable 4 0.186 0.78296 0.2376 0.81702 -1.5585 1.9305 -1.559 1.930547
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April 1 Snowpack, Linear Regression Based on 13 Historical Seasons

Regression (non-seeded) period:
Water Year Control avg Target avg1975 29.6 9.91976 24.8 10.01977 10.2 3.61978 29.9 10.51979 28.6 14.61980 35.3 18.41981 16.2 9.51982 34.9 14.01983 31.9 17.01984 27.8 12.21985 25.0 11.41986 35.1 14.31987 14.5 10.4Mean 26.4 12.0

Seeded period:

Water Year Control Avg Target Avg Predicted Ratio Increase1989* 24.5 9.0 11.2 0.80 -2.31990* 18.6 10.6 9.0 1.18 1.61991* 19.9 10.1 9.5 1.06 0.61992* 13.8 8.4 7.2 1.16 1.21993* 29.2 14.6 13.0 1.12 1.61995* 28.7 15.2 12.8 1.19 2.42001* 16.6 10.2 8.3 1.23 1.92002* 21.2 6.8 10.0 0.68 -3.22003 17.0 9.4 8.4 1.11 1.02004** 24.6 7.9 11.3 0.70 -3.42005 37.0 20.5 15.9 1.29 4.62006 35.4 11.0 15.4 0.72 -4.32007** 16.7 6.5 8.3 0.79 -1.82008 27.4 11.9 12.3 0.97 -0.42009 28.5 7.7 12.7 0.60 -5.02010 17.2 9.4 8.5 1.11 0.92011 41.6 14.1 17.7 0.80 -3.62012** 16.1 5.9 8.1 0.73 -2.22013 17.4 7.0 8.6 0.81 -1.62015** 12.6 2.3 6.8 0.34 -4.42016 21.7 10.1 10.2 0.99 -0.12017 32.0 14.8 14.1 1.05 0.7
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2018 14.2 6.9 7.4 0.93 -0.52019 30.8 14.3 13.6 1.05 0.62020 24.1 12.7 11.1 1.15 1.6Seeded Mean 26.2 11.2 11.9 0.94 -0.7* Seeding conducted in nearby areas but not in target area** Not included in average due to very early and abnormal snow melt
SUMMARY OUTPUT

Regression StatisticsMultiple R 0.807491R Square 0.652042Adjusted R Square 0.62041Standard Error 2.344172Observations 13
Coefficients Standard Error t Stat P-value Lower 95%Intercept 2.028078 2.285175 0.887493 0.393805 -3.00156X Variable 1 0.376232 0.082868 4.540157 0.000844 0.193842
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April 1 Snowpack, Multiple Linear Regression Based on 13 Historical Seasons

Regression (non-seeded)
period:

Water
Year Timp Div Farm Cyn Lookout Kelley RS Target Avg1975 31.6 40.6 25.8 20.5 9.91976 26.5 34.2 19.0 19.3 10.01977 7.9 17.6 8.8 6.5 3.61978 32.3 38.8 24.1 24.4 10.51979 33.2 38.7 24.8 17.7 14.61980 40.5 43.4 35.1 22.2 18.41981 18.3 24.0 13.5 8.9 9.51982 39.2 44.1 32.8 23.4 14.01983 36.6 43.5 29.9 17.6 17.01984 27.0 38.3 26.8 19.0 12.21985 25.1 34.3 26.7 13.9 11.41986 39.6 43.0 30.2 27.6 14.31987 11.6 20.1 16.9 9.3 10.4
Mean 28.4 35.4 24.2 17.7 12.0

Seeded period:
Water
Year Timp Div Farm Cyn Lookout Kelley RS Target Avg Predicted Ratio Increase1989* 19.3 36.5 25.3 16.8 9.0 7.4 1.21 1.51990* 21.7 23.7 16.4 12.4 10.6 11.5 0.93 -0.81991* 18.3 28.6 20.4 12.4 10.1 9.4 1.08 0.71992* 10.1 21.1 12.9 11.0 8.4 5.3 1.58 3.11993* 37.1 35.1 27.0 17.7 14.6 17.9 0.82 -3.21995* 28.0 39.2 31.5 15.9 15.2 13.8 1.10 1.42001* 8.2 27.5 20.3 10.5 10.2 5.0 2.05 5.22002* 13.9 34.0 24.1 12.7 6.8 6.4 1.07 0.52003 10.7 23.2 20.3 13.8 9.4 6.8 1.39 2.62004** 16.7 40.9 28.2 12.7 7.9 6.9 1.14 1.02005 40.6 53.1 36.6 17.5 20.5 16.9 1.21 3.62006 26.3 53.2 41.7 20.5 11.0 10.2 1.08 0.82007** 10.3 24.0 19.4 13.0 6.5 6.2 1.05 0.32008 26.7 37.7 29.5 15.6 11.9 13.0 0.92 -1.12009 23.6 43.8 30.3 16.3 7.7 9.2 0.84 -1.52010 17.8 22.9 18.2 9.8 9.4 11.2 0.84 -1.82011 43.7 56.4 44.6 21.5 14.1 19.1 0.73 -5.12012** 12.9 20.8 17.8 12.7 5.9 8.2 0.71 -2.42014 12.7 31.7 28.2 19.1 7.5 6.0 1.25 1.52015** 4.8 20.0 14.1 11.5 2.3 3.2 0.74 -0.82016 16.5 30.4 25.4 14.2 10.1 9.1 1.11 1.02017 29.2 39.8 33.9 25.0 14.8 12.1 1.22 2.7
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2018 8.8 19.6 15.2 13.2 6.9 5.3 1.29 1.62019 32.5 41.0 35.0 14.8 14.3 17.3 0.82 -3.02020 17.9 31.7 31.1 15.8 12.7 11.0 1.15 1.7SeededMean 22.6 36.8 29.2 16.3 11.2 10.8 1.04 0.5* Seeding conducted in nearby areas but not in target area** Not included in average due to very early and abnormal snow meltSUMMARY OUTPUT
Regression StatisticsMultiple R 0.93716R Square 0.878269Adjusted RSquare 0.817404Standard Error 1.625839Observations 13

Coefficients
Standard

Error t Stat P-value
Lower
95%

Upper
95%

Low
er

95.0
%

Upper
95.0%

Intercept 6.339979 3.026456 2.094853 0.069492 -0.63905 13.319 -0.63905 13.319Timp Div 0.536956 0.221169 2.427815 0.041343 0.02694 1.0469720.026941.046972
Farm Cyn -0.36777 0.264512 -1.39037 0.201875 -0.97774 0.242197 -0.977740.242197
Lookout 0.388727 0.169898 2.288 0.051425 -0.00306 0.780512 -0.003060.780512
Kelley RS -0.33837 0.174272 -1.9416 0.088128 -0.74024 0.063505 -0.740240.063505
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April 1 Snowpack, Linear Regression Based on 46 Historical Seasons

Regression (non-seeded) period:

Water Year Control Avg
Target

Avg1957 25.85 7.971958 32.65 10.801959 18.20 7.901960 22.35 5.871961 16.30 5.201962 32.75 16.231963 17.80 5.671964 20.40 5.271965 32.60 9.731966 21.75 9.101967 27.10 10.231968 27.70 10.601969 40.05 16.801970 24.15 8.071971 28.10 9.531972 28.25 7.601973 31.35 10.901974 24.40 5.031975 36.10 9.071976 30.35 8.931977 12.75 2.471978 35.55 9.871979 35.95 13.031980 41.95 17.671981 21.15 8.031982 41.65 12.501983 40.05 16.401984 32.65 11.501985 29.70 10.401986 41.30 12.531987 15.85 7.401988 13.40 5.271989 27.90 7.271990 22.70 8.601991 23.45 9.371992 15.60 7.071993 36.10 14.071994 21.90 7.701996 28.05 8.031997 43.90 13.501998 33.35 10.10



C-11

1999 21.35 6.002000 28.60 10.332001 17.85 8.632002 23.95 5.93
Mean 27.8 9.5

Seeded period:

Water Year Control Avg Target
Avg Predicted Ratio Increase2003 16.95 8.93 5.78 1.55 3.22004** 28.80 6.30 9.86 0.64 -3.62005 46.85 19.63 16.09 1.22 3.52006 39.75 10.33 13.64 0.76 -3.32007** 17.15 3.93 5.84 0.67 -1.92008 32.20 11.70 11.04 1.06 0.72009 33.70 6.67 11.55 0.58 -4.92010 20.35 8.07 6.95 1.16 1.12011 50.05 13.57 17.19 0.79 -3.62012** 16.85 3.87 5.74 0.67 -1.92013 20.20 6.10 6.90 0.88 -0.82014 22.20 6.47 7.59 0.85 -1.12015** 12.40 1.50 4.21 0.36 -2.72016 23.45 8.60 8.02 1.07 0.62017 34.50 13.77 11.83 1.16 1.92018 14.20 4.83 4.83 1.00 0.02019 36.75 13.57 12.60 1.08 1.02020 24.80 11.07 8.48 1.30 2.6SeededMean 29.7 10.2 10.2 1.01 0.1** Not included in average due to very early snow meltSUMMARY OUTPUT

Regression StatisticsMultiple R 0.836371208R Square 0.699516797Adjusted RSquare 0.692687634Standard Error 1.885329949Observations 46
Coefficients

Standard
ErrorIntercept -0.07114187 0.987139943
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XVariable1 0.344927472 0.034081011

April 1 Snowpack, Multiple Linear Regression Based on 46 Historical Seasons

Water
Year

Farmington
Cyn Timpanogos Target Avg1957 26.40 25.30 7.971958 33.90 31.40 10.801959 21.10 15.30 7.901960 25.40 19.30 5.871961 21.80 10.80 5.201962 35.40 30.10 16.231963 20.50 15.10 5.671964 23.90 16.90 5.271965 38.60 26.60 9.731966 22.10 21.40 9.101967 23.00 31.20 10.231968 30.50 24.90 10.601969 36.40 43.70 16.801970 30.30 18.00 8.071971 38.70 17.50 9.531972 37.60 18.90 7.601973 33.70 29.00 10.901974 30.90 17.90 5.031975 40.60 31.60 9.071976 34.20 26.50 8.931977 17.60 7.90 2.471978 38.80 32.30 9.871979 38.70 33.20 13.031980 43.40 40.50 17.671981 24.00 18.30 8.031982 44.10 39.20 12.501983 43.50 36.60 16.401984 38.30 27.00 11.501985 34.30 25.10 10.401986 43.00 39.60 12.531987 20.10 11.60 7.401988 16.10 10.70 5.271989 36.50 19.30 7.271990 23.70 21.70 8.60
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1991 28.60 18.30 9.371992 21.10 10.10 7.071993 35.10 37.10 14.071994 25.70 18.10 7.701995 39.20 28.00 13.531997 51.60 36.20 13.501998 43.50 23.20 10.101999 27.50 15.20 6.002000 39.20 18.00 10.332001 27.50 8.20 8.632002 34.00 13.90 5.93
Mean 32.0 23.5 9.5

Water
Year

Farmington
Cyn Timpanogos Target avg Predicted Ratio Increase2003 23.20 10.70 8.93 5.51 1.62 3.42004** 40.90 16.70 6.30 8.28 0.76 -2.02005 53.10 40.60 19.63 15.45 1.27 4.22006 53.20 26.30 10.33 11.65 0.89 -1.32007** 24.00 10.30 3.93 5.46 0.72 -1.52008 37.70 26.70 11.70 10.73 1.09 1.02009 43.80 23.60 6.67 10.31 0.65 -3.62010 22.90 17.80 8.07 7.38 1.09 0.72011 56.40 43.70 13.57 16.49 0.82 -2.92012** 20.80 12.90 3.87 5.94 0.65 -2.12013 30.70 9.70 6.10 5.74 1.06 0.42014 31.70 12.70 6.47 6.61 0.98 -0.12015** 20.00 4.80 1.50 3.73 0.40 -2.22016 30.40 16.50 8.60 7.53 1.14 1.12017 39.80 29.20 13.77 11.53 1.19 2.22018 19.60 8.80 4.83 4.77 1.01 0.12019 41.00 32.50 13.57 12.49 1.09 1.12020 31.70 17.90 11.07 7.99 1.38 3.1SeededMean 36.8 22.6 10.2 9.6 1.07 0.7SUMMARY OUTPUT

Regression StatisticsMultiple R 0.859094313R Square 0.738043039Adjusted RSquare 0.719331828Standard Error 1.801747514
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Observations 46
Coefficients

Standard
ErrorIntercept 1.132749671 1.060535368FarmingtonCyn 0.066018713 0.045897051Timpanogos 0.266315504 0.046335651

March – July Streamflow Linear Regression, with 5 Control and 3 Target Sites; units are in
acre feet

Regression (non-seeded) Period:
Water Year Control avg Target Avg1966 112936 499491971 261215 669921972 178150 598751973 193597 724621974 212877 434091975 197588 797011976 169736 484151977 44359 256491978 227917 533031979 191656 453391983 279948 964631984 331384 694981985 222233 577271986 276152 969431987 116536 645151988 139135 365661989 105895 328891990 89112 519651991 120377 549371992 81594 386621993 212713 789671994 83576 389921995 245111 1056831996 189341 528191997 263786 763631998 215275 815331999 215124 754972000 120952 403422001 113842 620422002 58672 19379
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Mean 175693 59229

Seeded Period:

Water Year Control Avg Target Avg Predicted Ratio Increase2003 123438 47931 47895 1.00 362004 90888 40375 40836 0.99 -4602005 174888 101668 59055 1.72 426142006 152841 54263 54273 1.00 -102007 105346 33724 43971 0.77 -102482008 207348 45549 66095 0.69 -205462009 219964 54665 68831 0.79 -141662010 175017 51930 59082 0.88 -71522011 365025 103727 100293 1.03 34332012 79824 29931 38436 0.78 -85052013 80584 36523 38601 0.95 -20772014 177875 35639 59702 0.60 -240632015 149671 51525 53585 0.96 -20602016 178270 61738 59788 1.03 19502017 189133 83172 62144 1.34 210282018 94881 30575 41702 0.73 -111272019 192441 85982 62861 1.37 23121Seeded Mean 162202 55819 56303 0.99 -484

SUMMARY OUTPUT
Regression StatisticsMultiple R 0.749069335R Square 0.561104868Adjusted R Square 0.545430042Standard Error 14338.66364Observations 30

Coefficients Standard Error t Stat P-value Lower 95%Intercept 21123.14391 6886.056 3.06752417 0.00475 7017.681X Variable 1 0.216890053 0.036251 5.98302272 1.92E-06 0.142633
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High Uintas March – July Streamflow Multiple Linear Regression, with 5 Control and 3 Target
Sites; units are in acre feet

Regression (non-seeded) Period:

Water Year Hams Fk
Fonte
nelle

Smiths
Fk

Little
Snake

White
River Target Avg1966 44794 26481 69071 261819 162515 499491971 145432 70383 178721 590894 320645 669921972 103820 75862 158637 301634 250798 598751973 48082 29485 75594 476355 338467 724621974 80404 46964 127332 498440 311243 434091975 81706 45447 115301 396510 348975 797011976 75548 52151 120425 329104 271451 484151977 7077 7711 23732 85711 97566 256491978 93460 58383 142896 471055 373789 533031979 53667 33706 80654 396038 394214 453391983 102494 73684 153030 617221 453311 964631984 103004 56974 147686 809511 539744 694981985 49380 32445 86070 470868 472404 577271986 128700 95836 186880 499949 469394 969431987 36867 24696 51531 219782 249806 645151988 36184 24103 64874 298988 271525 365661989 46081 30952 84247 170223 197970 328891990 33395 23630 62426 171219 154892 519651991 44451 23899 77260 213547 242727 549371992 23469 10950 48549 140134 184870 386621993 69422 33656 122948 457750 379790 789671994 27123 17019 46243 176877 150618 389921995 57851 40953 106167 564912 455670 1056831996 72113 40088 129123 364185 341195 528191997 91551 59499 165808 589422 412650 763631998 58520 41232 102936 458203 415485 815331999 80859 69012 137185 480812 307753 754972000 37484 23018 70236 244056 229966 403422001 20646 14235 44049 238488 251794 620422002 24183 18504 49405 93630 107637 19379Mean 62592 40032 100967 369578 305295 59229
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Seeded Period:

Water Year Hams Fork
Fonten

elle
Smiths

Fork
Little
Snake

White
River

Target
Avg

Predicte
d

Rati
o Increase2003 26134 29925 57863 242638 260630 47931 57296 0.84 -93652004 30335 23304 60098 152754 187948 40375 43108 0.94 -2733

Water Year Hams Fork
Fonten

elle
Smiths

Fork
Little
Snake

White
River

Target
Avg

Predicte
d

Rati
o Increase2005 76070 53163 113152 322611 309446 101668 63114 1.61 385542006 57043 43893 95628 235021 332619 54263 62867 0.86 -86042007 29811 19643 52585 215647 209043 33724 44970 0.75 -112472008 55706 33729 81623 512575 353108 45549 66147 0.69 -205982009 65884 41152 117741 542915 332130 54665 64093 0.85 -94282010 47569 34226 71247 470661 251381 51930 58728 0.88 -67972011 105799 82651 159392 943100 534183 103727 106706 0.97 -29802012 38298 23792 64335 134015 138679 29931 36367 0.82 -64362013 26722 17708 57232 121059 180197 36523 39053 0.94 -25292014 81110 53750 107247 324809 322459 35639 64300 0.55 -286612015 58245 39208 95950 237787 317166 51525 58174 0.89 -66492016 58245 34884 90428 420466 286091 61738 57181 1.08 45572017 58245 93600 183955 307629 237851 83172 79093 1.05 40792018 58245 32380 90296 142410 162616 30575 37738 0.81 -71632019 58245 35265 91752 394096 396364 85982 66959 1.28 19023SeededMean 55190 40722 93560 336482 283054 55819 59092 0.94 -3274

SUMMARY OUTPUT
Regression StatisticsMultiple R 0.788019316R Square 0.620974442Adjusted RSquare 0.542010784StandardError 14392.49006Observations 30

CoefficientsIntercept 19093.5744Hams Fork -0.20489592Fontenelle 0.648935056
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Smiths Fork -0.09760667Little Snake 0.022804631White River 0.093055464

High Uintas March – July Streamflow Linear Regression, with 3 Wyoming Control Sites and 3
Target Sites; units are in acre feet

Regression (non-seeded) Period:
Water Year Control Avg Target Avg1966 46782 499491971 131512 669921972 112773 598751973 51054 724621974 84900 434091975 80818 797011976 82708 484151977 12840 256491978 98246 533031979 56009 453391983 109736 964631984 102555 694981985 55965 577271986 137139 969431987 37698 645151988 41720 365661989 53760 328891990 39817 519651991 48537 549371992 27656 386621993 75342 789671994 30128 389921995 68324 1056831996 80441 528191997 105619 763631998 67563 815331999 95685 754972000 43579 403422001 26310 620422002 30697 19379
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Mean 67864 59229

Seeded Period:
Water Year Control Avg Target Avg Predicted Ratio Increase2003 37974 47931 47492 1.01 4392004 37912 40375 47468 0.85 -70932005 80795 101668 64307 1.58 373612006 65521 54263 58309 0.93 -40462007 34013 33724 45937 0.73 -122132008 57019 45549 54971 0.83 -94222009 74925 54665 62002 0.88 -73372010 51014 51930 52613 0.99 -6832011 115947 103727 78110 1.33 256162012 42142 29931 49129 0.61 -191982013 33887 36523 45888 0.80 -93642014 80702 35639 64271 0.55 -286322015 64468 51525 57896 0.89 -63702016 61598 61738 56769 1.09 49692017 133395 83172 84962 0.98 -17902018 56460 30575 54751 0.56 -241772019 57248 85982 55061 1.56 30921Seeded Mean 63825 55819 57643 0.97 -1824

SUMMARY OUTPUT
Regression StatisticsMultiple R 0.609172R Square 0.371091Adjusted R Square 0.34863Standard Error 17164.15Observations 30

Coefficients Standard Error t Stat P-value Lower 95%Intercept 32580.86 7266.534 4.48368633 0.000114 17696.02X Variable 1 0.392674 0.096607 4.06467088 0.000353 0.194784
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High Uintas March – July Streamflow Multiple Linear Regression, with 3 Wyoming Control
Sites and 3 Target Sites; units are in acre feet

Regression (non-seeded) Period:
Water
Year

Hams
Fork Fontenelle Smiths Fork Target Avg1966 44794 26481 69071 499491971 145432 70383 178721 669921972 103820 75862 158637 598751973 48082 29485 75594 724621974 80404 46964 127332 434091975 81706 45447 115301 797011976 75548 52151 120425 484151977 7077 7711 23732 256491978 93460 58383 142896 533031979 53667 33706 80654 453391983 102494 73684 153030 964631984 103004 56974 147686 694981985 49380 32445 86070 577271986 128700 95836 186880 969431987 36867 24696 51531 645151988 36184 24103 64874 365661989 46081 30952 84247 328891990 33395 23630 62426 519651991 44451 23899 77260 549371992 23469 10950 48549 386621993 69422 33656 122948 789671994 27123 17019 46243 389921995 57851 40953 106167 1056831996 72113 40088 129123 528191997 91551 59499 165808 763631998 58520 41232 102936 815331999 80859 69012 137185 754972000 37484 23018 70236 403422001 20646 14235 44049 620422002 24183 18504 49405 19379

Average 62592 40032 100967 59229
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Seeded Period:
Water
Year

Hams
Fork Fontenelle Smiths Fork Target Avg Predicted Ratio Increase2003 26134 29925 57863 47931 52856 0.91 -49242004 30335 23304 60098 40375 49158 0.82 -87822005 76070 53163 113152 101668 65107 1.56 365612006 57043 43893 95628 54263 61159 0.89 -68962007 29811 19643 52585 33724 45597 0.74 -118742008 55706 33729 81623 45549 53019 0.86 -74702009 65884 41152 117741 54665 63245 0.86 -85802010 47569 34226 71247 51930 52717 0.99 -7872011 105799 82651 159392 103727 83343 1.24 203842012 38298 23792 64335 29931 48385 0.62 -184532013 26722 17708 57232 36523 46693 0.78 -101702014 81110 53750 107247 35639 62524 0.57 -268852015 58245 39208 95950 51525 58683 0.88 -71582016 59483 34884 90428 61738 54856 1.13 68822017 122630 93600 183955 83172 90500 0.92 -73272018 46705 32380 90296 30575 57002 0.54 -264272019 44728 35265 91752 85982 59282 1.45 26700SeededMean 57192 40722 93560 55819 59066 0.95 -3247

SUMMARY OUTPUT
Regression StatisticsMultiple R 0.629376912R Square 0.396115297Adjusted R Square 0.326436293Standard Error 17454.10769Observations 30

Coefficients Standard ErrorIntercept 30446.25283 9346.848154Hams Fork -0.26435458 0.430607215Fontenelle 0.478306208 0.486930199Smiths Fork 0.259311656 0.340472822
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APPENDIX D

GLOSSARY OF RELEVANT METEOROLOGICAL TERMS

Advection:  Movement of an air mass.   Cold advection describes a colder air mass movinginto the area, and warm advection is used to describe an incoming warmer air mass.  Dryand moist advection can be used similarly.
Air Mass: A term used to describe a region of the atmosphere with certain definingcharacteristics.  For example, a cold or warm air mass, or a wet or dry air mass. It is a fairlysubjective term but is usually used in reference to large (synoptic scale) regions of theatmosphere, both near the surface and/or at mid and upper levels of the atmosphere.
Cold-core low:  A typical mid-latitude type of low pressure system, where the core of thesystem is colder than its surroundings.  This type of system is also defined by the cycloniccirculation being strongest in the upper levels of the atmosphere.  The opposite is a warm-core low, which typically occurs in the tropics.
Cold Pool: An air mass that is cold relative to its surroundings, and may be confined to aparticular basin
Condensation: Phase change of water vapor into liquid form.   This can occur on thesurface of objects (such as dew on the grass) or in mid-air (leading to the formation ofclouds).  Clouds are technically composed of water in liquid form, not water vapor.
Confluent: Wind vectors coming closer together in a two-dimensional frame of reference(opposite of diffluent).  The term convergence is also used similarly.
Convective (or convection): Pertains to the development of precipitation areas due to therising of warmer, moist air through the surrounding air mass.  The warmth and moisturecontained in a given air mass makes it lighter than colder, dryer air.  Convection often leadsto small-scale, locally heavy showers or thundershowers.   The opposite precipitation typeis known as stratiform precipitation.
Convergence: Refers to the converging of wind vectors at a given level of the atmosphere.Low-level convergence (along with upper-level divergence), for instance, is associated withlifting of the air mass which usually leads to development of clouds and precipitation.  Low-level divergence (and upper-level convergence) is associated with atmospheric subsidence,which leads to drying and warming.
Deposition: A phase change where water vapor turns directly to solid form (ice). Theopposite process is called sublimation.
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Dewpoint: The temperature at which condensation occurs (or would occur) with a givenamount of moisture in the air.
Diffluent: Wind vectors spreading further apart in a two-dimensional frame of reference;opposite of confluent
Entrain: Usually used in reference to the process of a given air mass being ingested into astorm system
Evaporation: Phase change of liquid water into water vapor.  Water vapor is usuallyinvisible to the eye.
El Nino: A reference to a particular phase of oceanic and atmospheric temperature andcirculation patterns in the tropical Pacific, where the prevailing easterly trade windsweaken or dissipate.  Often has an effect on mid-latitude patterns as well, such as increasedprecipitation in southern portions of the U.S. and decreased precipitation further north.The opposite phase is called La Nina.
Front (or frontal zone): Reference to a temperature boundary with either incomingcolder air (cold front) or incoming warmer air (warm front); can sometimes be a referenceto a stationary temperature boundary line (stationary front) or a more complex typeknown as an occluded front (where the temperature change across a boundary can vary intype at different elevations).
Glaciogenic: Ice-forming (aiding the process of nucleation); usually used in reference tocloud seeding nuclei
GMT (or UTC, or Z) time: Greenwich Mean Time, universal time zone corresponding tothe time at Greenwich, England.   Pacific Standard Time (PST) = GMT – 8 hours;  PacificDaylight Time (PDT) = GMT – 7 hours.
Graupel: A precipitation type that can be described as “soft hail”, that develops due toriming (nucleation around a central core).  It is composed of opaque (white) ice, not clearhard ice such as that contained in hailstones.  It usually indicated the presence ofconvective clouds and can be associated with electrical charge separation and occasionallylightning activity.
High Pressure (or Ridge): Region of the atmosphere usually accompanied by dry andstable weather.  Corresponds to a northward bulge of the jet stream on a weather map, andto an anti-cyclonic (clockwise) circulation pattern.
Inversion: Refers to a layer of the atmosphere in which the temperature increase withelevation
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Jet Stream or Upper-Level Jet (sometimes referred to more generally as the storm track):A region of maximum wind speed, usually in the upper atmosphere that usually coincideswith the main storm track in the mid-latitudes.  This is the area that also typicallycorresponds to the greatest amount of mid-latitude synoptic-scale storm development.
La Nina: The opposite phase of that known as El Nino in the tropical Pacific.  During LaNina the easterly tropical trade winds strengthen and can lead in turn to a strong mid-latitude storm track, which often brings wetter weather to northern portions of the U.S.
Longwave (or longwave pattern): The longer wavelengths, typically on the order of1,000 – 2,000+ miles of the typical ridge/trough pattern around the northern (or southern)Hemisphere, typically most pronounced in the mid-latitudes.
Low-Level Jet: A zone of maximum wind speed in the lower atmosphere.  Can be causedby geographical features or various weather patterns, and can influence storm behaviorand dispersion of cloud seeding materials
Low-pressure (or trough): Region of the atmosphere usually associated with stormyweather.  Corresponds to a southward dip to the jet stream on a weather map as well as acyclonic (counter-clockwise) circulation pattern in the Northern Hemisphere.
Mesoscale: Sub - synoptic scale, about 100 miles or less; this is the size scale of morelocalized weather features (such as thunderstorms or mountain-induced weatherprocesses).
Microphysics: Used in reference to composition and particle types in a cloud
MSL (Mean Sea Level): Elevation height reference in comparison to sea level
Negative (ly) tilted trough: A low-pressure trough where a portion is undercut, such thata frontal zone can be in a northwest to southeast orientation.
Nucleation: The process of supercooled water droplets in a cloud turning to ice.  This isthe process that is aided by cloud seeding.  For purposes of cloud seeding, there are threepossible types of cloud composition:  Liquid (temperature above the freezing point),supercooled (below freezing but still in liquid form), and ice crystals.
Nuclei: Small particles that aid water droplet or ice particle formation in a cloud
Orographic: Terrain-induced weather processes, such as cloud or precipitationdevelopment on the upwind side of a mountain range.  Orographic lift refers to the lifting ofan air mass as it encounters a mountain range.
Pressure Heights:(700 millibars, or mb):  Corresponds to approximately 10,000 feet above sea level (MSL);850 mb corresponds to about 5,000 feet MSL; and 500 mb corresponds to about 18,000
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feet MSL.  These are standard height levels that are occasionally referenced, with the 700-mb level most important regarding cloud-seeding potential in most of the western U.S.
Positive (ly) tilted trough: A normal U-shaped trough configuration, where an incomingcold front would generally be in a northeast– southwest orientation.
Reflectivity: The density of returned signal from a radar beam, which is typically bouncedback due to interaction with precipitation particles (either frozen or liquid) in theatmosphere. The reflectivity depends on the size, number, and type of particles that theradar beam encounters
Ridge (or High Pressure System): Region of the atmosphere usually accompanied by dryand stable weather.  Corresponds to a northward bulge of the jet stream on a weather map,and to an anti-cyclonic (clockwise) circulation pattern.
Ridge axis: The longitude band corresponding to the high point of a ridge
Rime (or rime ice): Ice buildup on an object (often on an existing precipitation particle)due to the freezing of supercooled water droplets.
Shortwave (or shortwave pattern): Smaller-scale wave features of the weather patterntypically seen at mid-latitudes, usually on the order of a few to several hundred miles; theseoften correspond to individual frontal systems
Silver iodide: A compound commonly used in cloud seeding because of the similarity of itsmolecular structure to that of an ice crystal.  This structure helps in the process ofnucleation, where supercooled cloud water changes to ice crystal form.
Storm Track (sometimes reference as the Jet Stream):   A zone of maximum stormpropagation and development, usually concentrated in the mid-latitudes.
Stratiform: Usually used in reference to precipitation, this implies a large area ofprecipitation that has a fairly uniform intensity except where influenced by terrain, etc.   Itis the result of larger-scale (synoptic scale) weather processes, as opposed to convectiveprocesses.
Sublimation: The phase change in which water in solid form (ice) turns directly intowater vapor.  The opposite process is deposition.
Subsidence: The process of a given air mass moving downward in elevation, such as oftenoccurs on the downwind side of a mountain range
Supercooled: Liquid water (such as tiny cloud droplets) occurring at temperatures  belowthe freezing point (32 F or 0 C).
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Synoptic Scale: A scale of hundreds to perhaps 1,000+ miles, the size scale at which highand low pressure systems develop
Trough (or low pressure system): Region of the atmosphere usually associated withstormy weather.  Corresponds to a southward dip to the jet stream on a weather map aswell as a cyclonic (counter-clockwise) circulation pattern in the Northern Hemisphere.
Trough axis: The longitude band corresponding to the low point of a trough
Upper-Level Jet or Jet Stream (sometimes referred to more generally as the storm track):A region of maximum wind speed, usually in the upper atmosphere that usually coincideswith the main storm track in the mid-latitudes.  This is the area that also typicallycorresponds to the greatest amount of mid-latitude synoptic-scale storm development.
UTC (or GMT, or Z) time: Greenwich Mean Time, universal time zone corresponding tothe time at Greenwich, England.   Pacific Standard Time (PST) = GMT – 8 hours;  PacificDaylight Time (PDT) = GMT – 7 hours.
Vector: Term used to represent wind velocity (speed + direction) at a given point
Velocity: Describes speed of an object, often used in the description of wind intensities
Vertical Wind Profiler: Ground-based system that measures wind velocity at variouslevels above the site
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