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Presenter
Presentation Notes
Hi, I’m Matthew Riddlebarger, I work for WEST Consultants in Folsom, CA. I’d like to thank the American Meteorological Society for having me here. I hope you will enjoy this presentation,  Sierra Nevada Mountain Snowpack Trends in California, co-authored with David C. Curtis and Luciana Cunha.
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Bonneville Dam

Extreme Variability in the West



Source: CA DWR Photo taken April 9, 2017.  Snowpack around a home in Soda Springs, California.

Presenter
Presentation Notes
KG_snowpack_0012_04_09_2017.jpgA view of the record breaking Sierra Nevada Mountain snowpack around a home in Soda Springs, California within Nevada County. Photo taken April 9, 2017.Kelly M. Grow/ California Department of Water ResourcesFilenameKG_snowpack_0012_04_09_2017.jpgCredit/ProviderCalifornia Department of Water ResourcesCopyrightPublic DomainUploaded10 Apr 2017Modified11 Apr 2017Date Taken09 Apr 2017Image Size



Source: CA DWR Phillips Station on April 1, 2015

April 1, 1977

April 1, 2015



Long-Term Trends?



Annual Precipitation

Lower Granite Dam
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Sacramento Linear (Sacramento)
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Looking Back 1100 Years…

Detroit Dam
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Sacramento River Reconstructed Annual Flow Volume

Annual Volume
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Climates Change.

That’s What Climates Do. 

http://www.fdwallpapers.com/space/images/earth_planet.jpg
http://www.fdwallpapers.com/space/images/earth_planet.jpg
http://www.fdwallpapers.com/space/images/earth_planet.jpg


Messing with Mother Nature!

Lower Granite Dam



Sacramento River Basin Precipitation



April 1 Snowpack

Source: CA DWR Phillips Station on April 1, 2021

Presenter
Presentation Notes
Starting with the northernmost basin, we have the Sacramento Precipitation Index. The precipitation stations in this index are shown on the left. These stations recorded an increase in precipitation of approximately 1.0 in/decade.



California Cooperative Snow Surveys

Source: CA DWR Phillips Station taken January 30, 2020.
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Presentation Notes
2021_04_01_FL_0018_Snow_Survey.jpgA 2021 snow survey season event is conducted at Phillips Station in the Sierra Nevada Mountains. The survey is held approximately 90 miles east of Sacramento off Highway 50 in El Dorado County. Photo taken April 1, 2021.Florence Low / California Department of Water Resources, FOR EDITORIAL USE ONLYFilename2021_04_01_FL_0018_Snow_Survey.jpgCredit/ProviderCalifornia Department of Water ResourcesCopyrightPublic Domain



Significant decrease <2,500 m Minor decrease >2,500 m

160 snow courses
>60 years of record

Presenter
Presentation Notes
J_snow_survey_0419_01_30_20.JPGSean de Guzman (right), chief of California Department of Water Resources, Snow Surveys and Water Supply Forecasting Section, inserts the long aluminum snow depth survey pole into the snow during the second media snow survey of the 2020 season at Phillips Station in the Sierra Nevada Mountains. Andy Reising (left), water resources engineer for DWR’s Snow Surveys and Water Supply Forecasting Section, and Jeremy Hill (center), chief of DWR’s Operations Support Branch, help with the survey, held approximately 90 miles east of Sacramento off Highway 50 in El Dorado County. Photo taken January 30, 2020.Ken James / California Department of Water Resources, FOR EDITORIAL USE ONLY



Nevada County snow courses



Nevada County snow courses



Summary of Precipitation and April 1 SWE Changes



Presenter
Presentation Notes
Now that you’ve seen the April 1 SWE trends, let’s look at the greater picture. Here we have summarized the changes in April 1 SWE and precipitation over the length of record of our SWE data, 60 years. We observed decreases in April 1 SWE in all 3 basins. Annual precipitation has increased in the Sacramento River and San Joaquin River Basins. Annual precipitation in Tulare Lake Basin has remained relatively stable over this period. The Sierra Nevada are simultaneously decreasing in April 1 SWE and increasing in precipitation. This means that although the Sacramento and San Joaquin River Basins are receiving more precipitation, that precipitation is falling as rain rather than snow, or is melting prior to April 1. 



Snowpack
Region
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Presenter
Presentation Notes
This figure shows the elevation bands we studied for SWE volume change in California. The estimated April 1 SWE volume change was determined by multiplying the watershed area in a given elevation band by the mean April 1 SWE trend in each band. When calculating the SWE volume change, we considered the most significant seasonal snowpack zones for which we had sufficient snow course data. These snowpack zones range from 1,500 – 2,500 m in the Sacramento River Basin, 2,000 – 2,500 m in the San Joaquin River Basin, and 2,000 – 2,500 m in the Tulare Lake Basin. The true SWE volume change may be greater than this estimation because we did not account for decreases in snowpack below 2,000 m in the San Joaquin and Tulare Lake Basins for a lack of data. SWE volume change was calculated in 250 m elevation bands for bands having a minimum of four snow courses to establish a mean April 1 SWE trend. SWE volume change above 2,500 m was not calculated, because snow courses above 2,500 m show stable snowpack conditions.





Nevada County
April 1 Snowpack Change → -42,600 ac-ft

Van Giesen Dam, on Combie Reservoir



Planning Implications

•Consider
Bigger swings

Faster transitions



Source: CA DWR Phillips Station. Photo taken February 27, 2020.

Discussion

Presenter
Presentation Notes
To sum up our research, over the past 60 years, much of the California Sierra Nevada Mountains have seen an overall increase in annual precipitation, yet April 1 SWE, has decreased. April 1 SWE observations below 2500 m are decreasing at a rate of -0.59 in/decade while April 1 SWE observations above 2500 m have shown little to no trend. Indicating that lower elevation snow courses have been affected more by atmospheric warming than higher elevation snow courses. As atmospheric warming continues, snow courses above 2500 m elevation will begin to show more pronounced decreases in April 1 SWE. Decreasing April 1 SWE may be due to increased snowpack melting prior to April 1, more precipitation falling as rain rather than snow, or a combination of the two. Increasing precipitation and decreasing SWE may be cause for concern for flooding in the Sacramento River and San Joaquin River Basins. Increased temperatures have resulted in more precipitation falling as rain rather than snow, causing a greater percentage of the watershed to contribute runoff during precipitation events. This increase in contributing area increases runoff during the precipitation event, increasing flood risk. 		Overall, the increasing trend in precipitation and decreasing trend in SWE is concerning, because the state is losing a unique benefit of snowpack. Snowpack essentially increases the storage capacity of a reservoir by storing water as snow throughout the watershed rather than water in the reservoir. Rainfall runoff can only be stored if a reservoir has conservation pool capacity in the hours and days following the rainfall event, whereas snowpack may not melt and runoff for weeks or months following a precipitation event. This allows water is the conservation pool to be replenished as the snow melts.Reduced snowpack must be accounted for in reservoir operating guidance, water supply forecasting, and California’s industrial water use. Decreasing SWE and increasing precipitation trends will result in increased flood risk and decreased water supply. Water resources professionals need to be informed of diminished snowpack and prepare to address the challenges that will arise from it. Failure to adapt to diminished snowpack may result in significant environmental and economic losses for California and the nation. The state must be forward-thinking and embrace sustainable water practices. Climate research will be vital to anticipate the widespread effects of decreased snowpack. 
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Presentation Notes
KG_snow_survey_49456_02_27_20.jpgA patch of bare ground was visible at Phillips Station in the Sierra Nevada Mountains, the site of the California Department of Water Resources third snow survey of the 2020 season. The survey was held approximately 90 miles east of Sacramento off Highway 50 in El Dorado County. Photo taken February 27, 2020.Kelly M. Grow / California Department of Water Resources, FOR EDITORIAL USE ONLYFilenameKG_snow_survey_49456_02_27_20.jpgCredit/ProviderCalifornia Department of Water Resources





Source: CA DWRSource: CA DWR Phillips Station taken February 27, 2020



Improved Reservoir Management

Photo: D. Curtis Folsom Dam February 28, 2019
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Presentation Notes
JW_Snow_Survey_3003_2020_02_27.JPGSnow melting on top of a tree stump during the third snow survey of the 2020 season at Phillips Station in the Sierra Nevada Mountains. The survey site is approximately 90 miles east of Sacramento off Highway 50 in El Dorado County. Photo taken February 27, 2020. Jonathan Wong / California Department of Water Resources, FOR EDITORIAL USE ONLYFilenameJW_Snow_Survey_3003_2020_02_27.JPGCredit/ProviderCalifornia Department of Water ResourcesCopyright
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These last two slides are my references. Thank you for watching.





Presenter
Presentation Notes
I’d like to begin with an outline of my presentation. First, I will introduce our motivation for studying snowpack trends. Then I will provide background information about California’s geography and climate. Then, I will cover the snow survey and precipitation data. Then, I will share our results. Last, I will summarize our findings. Since I’m talking about the Sierra Nevada Mountains, I thought I would include a picture of one of my favorite landscapes in the Sierra, Yosemite National Park MotivationBackgroundCalifornia LandformClimateDataSnow survey dataPrecipitation dataResultsConclusions
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Presentation Notes
April 1 SWE trends are displayed graphically by snow course elevation. Overall, 78% of the snow courses have a negative trend, with lower elevation snow courses dominating the negative trends. 



• Python
• Ulmo
• Matplotlib
• Scipy

Tools



Summary

Precipitation 
Index

Precipitation 
Trend 

(in/decade)
Northern 

Sierra 1.0

San Joaquin 0.60

Tulare -0.10

Basin Mean 
Elevation

Negative 
Trend

Positive 
Trend

Mean 
Overall 
Trend 

(in/decade)

All 2,326 m 78% 22% -0.41

Sacramento 
River Basin 1,964 m 88% 12% -0.70

San Joaquin 
River Basin 2,454 m 76% 24% -0.26

Tulare Lake 
Basin 2,739 m 61% 39% -0.15

Presenter
Presentation Notes
Transition, We used the Python programming language to manage the data in this study.  The Python libraries we used were Ulmo - to collect April 1 SWE data from California Data Exchange Center’s website, Matplotlib was used to plot SWE data, Scipy was used to compute linear trends. The 166 snow courses we collected April 1 SWE data for are shown on the right. The yellow dots represent Sacramento Basin snow courses, blue are San Joaquin snow courses, and red are Tulare snow courses.



Source: CA DWR Phillips Station taken January 30, 2020

Presenter
Presentation Notes
Now that I’ve shown you the April 1 SWE trends, let’s recall the precipitation trends from earlier. Here you can see the Sacramento and San Joaquin precipitation indices recorded increases in precipitation of 1 in/decade and 0.6 in/decade respectively. All factors held constant, the positive precipitation trends in these basins should result in snowfall and therefor increased SWE. On the contrary, the Sacramento River and San Joaquin River Basin snow courses both have negative April 1 SWE trends. To contextualize the trends in terms of a greater time span, In 60 years, the Sacramento River Basin April 1 SWE has decreased by 4.2 inches, while precipitation has increased by 6 inches. In the San Joaquin River Basin, April 1 SWE has decreased by 1.56 inches, while precipitation has increased by 3.6 inches. Precipitation and SWE have decreased in the Tulare Lake Basin and decreased by 0.9 inches and precipitation has decreased by 0.6 inches. The increasing trends in precipitation and decreasing trends in SWE are evidence that climate warming has caused decreases in April 1 SWE in the Sierra Nevada. 



• Why study snowpack?
• Snow water equivalent -

depth of water contained 
within snowpack

• What’s significant about 
April 1?

Snowpack

Source: CA DWR

Presenter
Presentation Notes
KG_snow_survey_49147_12_20_19.jpgThe local media captures Sean de Guzman, chief of California Department of Water Resources (DWR) Snow Surveys and Water Supply Forecasting Section, inserting the long aluminum snow depth survey pole into the snow during the second media snow survey of the 2020 season at Phillips Station in the Sierra Nevada Mountains. Jeremy Hill (left), chief of DWR Operations Support Branch and Andy Reising, water resources engineer with DWR in Snow Surveys and Water Supply Forecasting Section assisted with the survey held approximately 90 miles east of Sacramento off Highway 50 in El Dorado County. Photo taken January 30, 2020.Kelly M. Grow / California Department of Water Resources, FOR EDITORIAL USE ONLY



• Hot dry summers
• Mild wet winters

Climate

Source: PRISM

Mount Shasta

Presenter
Presentation Notes
Let’s start with our motivation for studying Sierra Nevada Mountain snowpack. Sierra Nevada snowpack provides roughly 30% of California’s water. Snow water equivalent or SWE represents the depth of water contained within the snowpack. SWE is used by water managers to forecast water supply and flood risk. SWE is one of the key precipitation metrics used to inform reservoir operations. We studied snow water equivalent trends to assess how the state’s snowpack has changed over time. What is the significance of April 1 SWE? Historically, April 1 is assumed to be the time of peak snowpack. 



Climate

• Highly variable 
annual precipitation 
(Dettinger et al., 2011)

• Atmospheric rivers

Source: PRISM

Mount Shasta

Presenter
Presentation Notes
Now let’s look at the California’s climate, California has a Mediterranean climate featuring hot dry summers and mild wet winters. This boxplot displays the annual distribution of monthly mean temperature at Mount Shasta Snow Course. 



• California Department of 
Water Resources

• California Cooperative Snow 
Surveys

• Precipitation indices

Data
Table 1. April 1 Snow Survey Data

Presenter
Presentation Notes
Another important feature of California’s climate is its precipitation. California receives most of its annual precipitation between November and March with more precipitation falling in Northern California than Southern California. The state experiences highly variable annual precipitation, which is influenced by the number and intensity of atmospheric rivers it receives. In some years, atmospheric rivers account for over 50% of the state’s annual precipitation. This boxplot displays the annual distribution of monthly precipitation at Mount Shasta snow course. Notice most of the precipitation occurs in the winter with very little precipitation between May and October.



Basin Mean 
Elevation  

Negative 
Trend  

Positive 
Trend  

Mean 
Negative 

Trend 
(in/decade) 

Mean 
Positive Trend 

(in/decade) 

Mean  
Overall 
Trend 

(in/decade) 

All 2,326 m 78%  22% -0.60 0.23 -0.41 

Sacramento 
River Basin 1,964 m 88% 12% -0.82 0.25 -0.70 

San Joaquin 
River Basin 2,454 m 76% 24% -0.42 0.26 -0.26 

Tulare Lake 
Basin 2,739 m 61% 39% -0.37 0.02 -0.15 

 

April 1 Snow Course Trends

Presenter
Presentation Notes
Moving on to data. We collected April 1 SWE data from California Cooperative Snow Surveys. DWR is the lead agency in the California Cooperative Snow Survey Program, which is a group of 50 federal, state, local, and private agencies who share snow survey data. There are over 200 snow courses in the Sacramento River, San Joaquin River, and Tulare Lake basins with varying lengths of record. Table 1. summarizes the availability of April 1 snow survey data. 166 of these snow courses have more than 60 years of April 1 snow survey data. These 166 records were selected for our analysis because they provide a balance between the number of snow courses and length of record to establish an April 1 SWE trend. We collected precipitation indices from DWR. Each precipitation index is comprised of 5 to 8 high-quality, long term precipitation stations that DWR has selected to represent the annual precipitation in each of our watersheds. The precipitation indices provide a metric for comparison with the April 1 SWE trends.



Basin Trend below 2,500 m 
(in/decade)

All -0.59

Sacramento 
River Basin -0.71

San Joaquin 
River Basin -0.39

Tulare Lake 
Basin -0.57

April 1 SWE Trend with Elevation

Presenter
Presentation Notes
I’d like to start the results discussion with a summary of April 1 SWE trends. We found that 129 of 166 snow courses have negative April 1 SWE trends. The negative April 1 SWE trend is most severe in snow courses with elevations below 2500 m. In the basin with the lowest mean elevation, the Sacramento River Basin, the mean overall trend is most negative at -0.70 in/decade, more than 2.5 times the rate of the San Joaquin River basin and 4.5 times the rate of Tulare Lake Basin. Overall, there are many more snow courses with negative trends and the mean negative trends are greater than the mean positive trends. 



April 1 SWE Volume Change

Basin Elevation Band 
(m) 

Area  
(acres) 

April 1 SWE Trend  
(in/year) 

April 1 SWE 
Volume Change 
(acre-ft/decade) 

Sacramento 
 

1,500 – 1,750 2,441,841 -0.11 -223,835 

1,750 – 2,000 1,436,508 -0.07 -83,796 

2,000 – 2,250 601,042 -0.06 -30,052 

2,250 – 2,500 165,564 -0.07 -9,658 

   Subtotal -347,342 

San Joaquin 
2,000 – 2,250 379,501 -0.05 -15,813 

2,250 – 2,500 385,605 -0.02 -6,427 

   Subtotal -22,239 

Tulare 
2,000 – 2,250 336,431 -0.09 -25,232 

2,250 – 2,500 311,590 -0.03 -7,790 

   Subtotal -33,022 

   Total -402,603 
 

Presenter
Presentation Notes
A consistent tendency across all three snow course basins in California emerged from this analysis. On average, snow courses above 2500 m elevation exhibit little to no trend in April 1 SWE. However, strong consistent negative trends over the past 60 years are present across all three basins below 2500 m as shown here. 



Jan 18, 2014 Jan 18, 2013

Source: NOAA

Presenter
Presentation Notes
This tables summarizes the change in April 1 SWE Volume. By volume, April 1 SWE in the Sierra Nevada Mountains is decreasing at an average rate of approximately 400,000 acre-feet/decade. This SWE volume change over the 60-year period amounts to 2.4 million acre-feet. This displaced volume equates to more than twice the volume of Folsom Lake or more than 2/3 of Lake Oroville. Overall, the April 1 SWE volume change is largely driven by decreases in the Sacramento River Basin below 2,000 m. The watershed area of the Sacramento River Basin between 1,500 – 2,000 m is approximately 3.9 million acres. This large watershed area, coupled with more significant decreasing April 1 SWE, resulted in a negative volume change of over 300,000 acre-ft/decade. 



Source: CA DWR Lake Oroville, May 4, 2021

Presenter
Presentation Notes
This next slide provides an example of the state’s variable precipitation. This is a comparison of 2 satellite images, one taken 2013 and the other in 2014. As you can see, there is significantly more snowpack in 2013 and the vegetation appears to be much less dry. In 2014, you may also notice that snowpack is primarily located at higher elevations of the Sierra Nevada, particularly in the San Joaquin River and Tulare Lake Basins.


Microsoft Game DVR

California Drought: 2011-2017 - Google Chrome





San Joaquin River Basin Precipitation



Tulare Basin Precipitation

Presenter
Presentation Notes
Heading south, we have the San Joaquin Index. These stations recorded an increase in precipitation of approximately 0.6 in/decade.



California Cooperative Snow Surveys

Source: CA DWR Phillips Station photo taken January 30, 2020

Presenter
Presentation Notes
Farthest south is the Tulare Precipitation Index. These stations recorded a slight decrease in precipitation of approximately 0.1 in/decade.



• Sacramento River
• San Joaquin River
• Tulare Basin

Major Watersheds

Source: Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA,
USGS, AeroGRID, IGN, and the GIS User Community

Presenter
Presentation Notes
�KG_snow_survey_48990_12_20_19.jpgSean de Guzman (right), chief of California Department of Water Resources (DWR) Snow Surveys and Water Supply Forecasting Section, leads the second snow survey of the 2020 season at Phillips Station in the Sierra Nevada Mountains. Helping with the survey are Jeremy Hill (left), chief of DWR Operations Support Branch and Andy Reising, water resources engineer with DWR in Snow Surveys and Water Supply Forecasting Section. The survey site is approximately 90 miles east of Sacramento off Highway 50 in El Dorado County. Photo taken January 30, 2020.Kelly M. Grow / California Department of Water Resources, FOR EDITORIAL USE ONLY



Presenter
Presentation Notes
The next few slides cover features of California’s geography and climate that I will reference throughout my presentation. The Sierra Nevada Mountains run along the eastern border of the state.  Generally, the mountains increase in elevation as you travel North to South along the range. The Central Valley is located between the Sierra Nevada Mountains and the coast. The three basins outlined here are the Sacramento River in yellow, San Joaquin River in blue, and Tulare Lake in red. The Sacramento River forms near Mt Shasta and flows south along the Central Valley to Sacramento. The San Joaquin River starts near Yosemite National Park and flows North along the Central Valley and converges with the Sacramento River to form the Sacramento-San Joaquin Delta about 40 mi. inland from SF Bay. Tulare Lake basin refers to the watersheds of the Kings, Kern, Kaweah and Tule Rivers in the Southern Sierra Nevada. The rivers used to form Tulare Lake, but the lake dried up from overuse in the early 1900s.



Presenter
Presentation Notes
The watershed area-elevation relationships of the Sacramento River, San Joaquin River, and the Tulare Lake Basins can be useful in understanding the rainfall and snowmelt runoff in the Sierra Nevada Mountains. This figure shows the watershed-elevation curves and watershed area-elevation relationship for each basin. The watershed elevation curves provide a comparison of percentage of watershed area at elevations throughout the basins. 



Significant decrease <2500m Little change >2500m

Presenter
Presentation Notes
The watershed elevation curves show the Sacramento Basin has a greater portion of its watershed area at elevations lower than the San Joaquin and Tulare Lake Basins. Approximately ninety-nine percent of the San Joaquin and Tulare Lake Basins are located below 3,500 m compared to 2,500 m in the Sacramento Basin. Additionally, the Sacramento Basin is approximately 8 million acres larger than the San Joaquin and Tulare Lake Basins. The San Joaquin and Tulare Lake Basins have similar watershed elevation curves and watershed area–elevation relationships.



Presenter
Presentation Notes
These next few slides provide visual context to the results of the linear regression. April 1 SWE trends are displayed graphically here by snow course elevation. Overall, 78% of the snow courses have a negative trend, with lower elevation snow courses dominating the negative trends. 



Presenter
Presentation Notes
Moving onto the San Joaquin Basin SWE trends. Most San Joaquin snow courses are higher in elevation than the Sacramento snow courses, so these snow courses show fewer and smaller magnitude negative April 1 SWE trends. Most trends are between -0.1 in/year and 0.05 in.year.



Presenter
Presentation Notes
Finishing with the Tulare Lake Basin SWE trends, you can see these snow courses are the highest in elevation. Most of these snow courses are above 2500 m. The snow courses below 2500 m tend to show negative April 1 SWE trends. The Trends are mostly between -0.1 in/year and 0.05 in/year.



Source: CA DWR

Presenter
Presentation Notes
Starting in the North, we have the Sacramento River Basin SWE trends. Most of the snow courses are below 2500 m have negative trends between -0.25 in/year and 0 in/year. 



Source: CA DWR

Presenter
Presentation Notes
While precipitation has increased in the Sacramento River Basin, April - July runoff has decreased. This figure from the California Hydroclimate Report for 2019 shows there has been a decrease in April - July runoff at a rate of 9 percentage points per century in the Sacramento River.
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Presenter
Presentation Notes
The San Joaquin River Basin has also experienced an increase in precipitation and a decrease in April - July runoff at a rate of 9.8 percentage points per century. The decreases in April – July runoff indicate a shift in earlier snowmelt runoff.



Western Hydrologics was created in 2018 by Jeff Meyer and Jared Emery who have over 
45 years of combined experience working in Sierra Nevada Watersheds. We specialize in 
assisting our water supply and hydropower clients address complex environmental planning, 
resource management, economic, and operational challenges. Our mission is to develop 
creative, innovative and comprehensive solutions to these challenges. Our services include:

• Water Supply and Operations Planning

• Hydropower Operations Forecasting

• Hydro-Economic Modeling

• Water Rights

• Stream Gaging

• SB 88 Compliance
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