Indicators of Climate Change in California (2022)

SNOW-WATER CONTENT

The amount of water stored in the state’s snowpack varies greatly from year to year,
reflecting the variability in the amount and form of precipitation over California’s
mountain areas. Average statewide snow-water content—a measure of the amount of
liquid water contained in the snowpack—is about 28 inches. It has ranged from a high
of about 240 percent of average in 1952 to a record low of 5 percent in 2015. In 2022,
snow-water content was 35 percent of average.

Figure 1. Statewide April 1 snow-water content based on snow courses*
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Source: DWR, 2022a
*Snow courses are permanent locations where snow-water content is measured by weighing cores of snow
pulled from the entire depth of the snowpack at a given location. The measurements represent snowpack
conditions at a given elevation in a given area.

What does the indicator show?

Since 1950, statewide snow-water content has been highly variable, ranging from more
than 200 percent of average in 1952, 1969 and 1983, to 5 percent in 2015 during the
multi-year drought (2012 to 2016) (Figure 1). The past decade included years that were
among the lowest (2013, 2014, 2015 and 2022) and the highest (2011, 2017, 2019) on
record. In 2022, snow-water content was 35 percent of average. The historical average
snow-water content on April 1, based on the water years 1991-2020, is about 28
inches.

Snow-water content — also referred to as snow water equivalent — is the amount of
water contained in snowpack. It represents the depth of water that would cover the
ground if the snow cover was in a liquid state (NWS, 2018). It is traditionally measured
by weighing the mass of a core of snow — from snow surface to soil — collected by an
observer (snow gauger) in the field. The weight of snow is a measure of how much
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liquid water would be obtained by melting the snow over a given area. Manual
measurements are taken near the first of the month starting about January 1 and
ending in May. The most important one is taken around April 1, near the time when the
snowpack has historically been deepest on a monthly scale. The statewide values are
based on measurements taken at about 260 snow course stations from the Trinity Alps
and Mount Shasta in northern California, and throughout the Sierra Nevada down to
the Kern River basin in the south (see map in Technical Considerations).

This indicator tracks how much water is locked up in the state’s snowpack, which
accumulates from October through March in the Sierra Nevada and southern Cascade
Mountains. Although some of this water will be lost to direct evaporation and
transpiration, most will be available to percolate into soils or run off into streams and
rivers as temperatures rise. Sierra Nevada snowpack provides the primary source of
streamflow in the Central Valley. The snowpack supplies water to meet human needs
such as domestic and agricultural uses and hydroelectric production. It also supports
ecosystems, for example by providing suitable aquatic habitat and moisture for forest
vegetation. Snowpack is also vital for winter recreation and tourism (Hatchett and
Eisen, 2018).

Historically, California’s snowpacks contained the most water (about 15 million acre-
feet) between mid-March and mid-April of each year, and the Sierra Nevada snowpack
added about 35 percent to the reservoir capacity available in the state. While the date
of maximum snow-water content may vary from year to year and place to place,
measurements taken on April 1 have been used to estimate how much water stored in
the state’s snowpacks will be released as snowmelt later in the year.

Monitoring snowpack is key to managing both the state’s water supplies and flood
risks. California’s water managers have developed a strategy of maintaining empty
space in major reservoirs during winter, so that flows can be captured or at least
reduced during large storms to prevent floods. By about April 1, flood risks generally
decline considerably as large winter storms stop impacting California. At this time,
reservoir managers change strategies and instead capture and store as much
streamflow as possible in reservoirs for the summer when water demands are highest.
This strategy works primarily because, during winter, the state’s snowpacks are holding
copious amounts of the winter’s precipitation in the mountain watersheds, only
releasing most of it as runoff after about April 1. In big snowpack years like 2017 and
2019, some of the early portion of the snowmelt is released in March and April prior to
the normal peak snowmelt. The gradual release of snowmelt during the spring
precludes the need for overly high-volume reservoir releases later in the runoff season.
Forecasts of runoff volume and timing based on snow-water content data are a critical
tool to guide reservoir operations. (Forecasts are published by the Department of
Water Resources in Bulletin 120)
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The series of maps in Figure 2 showing early March snowpack clearly illustrate the
variability over the last six years in the Sierra Nevada: record low snowpack in 2015, an
average year in 2016, two of the highest snowpack years in 2017 and 2019, and two
years at about 60 and 50 percent of average — 2018 and 2020, respectively.

Figure 2. Snow-water equivalents across the Sierra Nevada in early March,
2015 to 2020
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Maps developed by the University of Colorado’s Center for Water, Earth Science, and Technology. Data
are derived from ground-based data, computer models, and satellite imagery. They incorporate a data
set from the Jet Propulsion Laboratory called the MODIS Snow Covered Area and Grain-size
(MODSCAG), which uses data from NASA'’s Terra satellite to determine properties of the snow—things
like the area covered, grain size, and albedo—that are useful for deriving accurate estimates of snow-
water equivalent.

Adaptive strategies employing advanced observations, forecasts, and system
management perspective are needed to maintain the functionality of the existing water
management infrastructure in the face of climate change. Current management
practices for water supply and flood management in California will need to be revised
for a changing climate (Siirila-Woodburn et al., 2021). This is in part because such
practices were designed for historical climatic conditions, which will continue to change
as the climate warms. Adapting to a warming climate will bring numerous challenges to
both supply and demand sides (Sterle et al., 2019), however planning for a future
characterized by less water availability is prudent based on the state of climate
science.
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What factors influence this indicator?

Factors that affect snow-water content include winter and spring precipitation, air
temperature, and elevation. Colder air temperatures at higher elevations generally
mean higher snow accumulations compared to lower elevations. The influence of
elevation is evident in an analysis of snowpack trends in the Sacramento River, San
Joaquin River, and Tulare Lake Basins (see Figure 3; Riddlebarger et al., 2021).

Figure 3. 60-year trends in April 1 snow water equivalent at
Sierra Nevada and Cascade Mountain snow courses, by elevation
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The 60-year trend at each snow course is represented by each dot. Over this period, snowpack has
declined at 78 percent (129 of 166) of the snow courses: snow courses at elevations below 2,500 meters
showed negative trends at an overall average of --0.07 inch/year; at higher elevations, the trends
clustered between -0.05 and +0.05 inch/year.

The snow courses that make up the northern Sierra group in Figure 2 are at lower
elevations (average 6,900 feet) compared to the southern group (average 8,900 feet).
In the past 70 years, the proportion of precipitation as snow has decreased at the rate
of 4 percent per decade over lower and middle elevation regions of the northern Sierra
Nevada, while the highest elevations of the southern Sierra Nevada, where
temperatures remain at or below 0°C during winter and spring, showed no declines
(Lynn et al., 2020). In an analysis of data on April snow-water content and temperature
from 1985 to 2016, the northern Sierra Nevada was found to be more vulnerable to
warming than the southern region (Huning and AghaKouchak, 2018). Over the past
decade, the average snow level (the altitude where precipitation changes from snowfall
to rain) along the western slope of the northern Sierra Nevada has risen over 1,200
feet (Hatchett et al., 2017).
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A study of trends in the Sierra Nevada snowpack found warm daily maximum
temperatures in March and April to be associated with a shift toward earlier timing of
peak snow mass by 0.6 day per decade since 1930; this earlier trend is associated with
snow melting earlier, which also results in trends toward lower snow-water equivalent
(Kapnick and Hall, 2010). Under climate change, warming is likely to lead to less
snowpack if precipitation does not increase too markedly (Knowles and Cayan, 2004).
If precipitation increases, snow-water content could increase in those areas above the
retreating snowlines that are still cold enough to receive snowfall; if precipitation
decreases, snow-water content may be expected to decline even faster than due to
warming alone.

The term “snow drought” refers to anomalously low snow-water content (Cooper et al.
2016). Snow drought occurs under conditions that reflect either a lack of winter
precipitation (“dry” snow drought) or near-normal winter precipitation when
temperatures prevent accumulation of snowpack (“warm” snow drought) (Harpold et
al., 2017). During water years 1951 to 2017 in the northern Sierra Nevada, snow
droughts have originated and evolved in various ways, including from extreme early
season precipitation, frequent rain-on-snow events, low precipitation years, lower
fractions of precipitation falling as snow, and midwinter peak runoff events (Hatchett
and McEvoy, 2018). Consecutive snow drought years, which currently occur in the
western United States at about 7 percent of the time, are projected to become more
frequent in the mid-215t century, occurring at about 42 percent of the time under a high
greenhouse gas emissions scenario (Marshall et al., 2019).

The record low snowpack in 2015 was accompanied by the warmest winter
temperatures as well as the fifth lowest precipitation volume since 1950 (see Air
Temperature and Precipitation indicators). In addition to enhancing the likelihood of
rain instead of snow, warm temperatures increase the frequency of melt events,
leading to a reduction of snow-water content. Across western North America, early
snowmelt has increased at over one-third of the long-term snow stations studied; at
these locations, snowmelt occurred before peak snow accumulation (Musselman et al.,
2021). The same study found decreased snow-water content at about 11 percent of
snow stations. Snowmelt trends were found to be highly sensitive to temperature, while
trends in snow water equivalent were more sensitive to variability in precipitation.

Across the western United States, a broad pattern of declining snowpack has been
reported (e.g., Siirila-Woodburn et al. 2021; Musselman et al., 2021; Mote et al., 2018;
Mote, 2003; Barnett et al., 2008). Declining trends have been observed across all
months, states, and climates, but are largest in spring, in the Pacific states, and in
locations with mild winter climate (Mote et al., 2018). By removing the influence of
natural variability, investigators showed a robust anthropogenic decline in western U.S.
snowpack since the 1980s, particularly during the early months of the accumulation
season (October—November) (Siler et al., 2019).
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To a lesser extent, snow-water content may be influenced by the amount of solar
radiation that falls on the snowpack in each season, which, in turn, depends on
cloudiness and timing of the beginning of the snowmelt season (Lundquist and Flint,
2006). Cloudiness decreases solar radiation on the snowfields, and would tend to
result in less wintertime snowmelt and thus more snow-water content left by April 1 (the
opposite would occur if cloudiness declines in the future).

A potential confounding factor in the variation and trends in snowpack is the effect of
dust and air pollutants (including black carbon, a component of soot) on both the initial
formation of mountain snowpack and on snowmelt timing. Field measurements and
modeling have shown that the presence of dust in the atmosphere, including dust from
Asia and the Sahara carried to California by high-altitude winds, may increase snowfall
over the Sierra Nevada by serving as ice nuclei, which in turn could contribute to
increased snowpack (Ault et al., 2011; Cremean et al., 2013). Recent studies in the
Colorado River Basin have helped to quantify important influences on snowmelt timing
and, ultimately, amounts that are due to springtime snow albedo (reflectivity) changes
associated with dust (mostly from within the region) falling onto snow surfaces across
the Western US (e.g., Painter et al., 2010). Black carbon, which in burned forests is
deposited onto the snow surface, has been measured in the Sierra Nevada snowpack
at concentrations sufficient to increase surface temperatures and increase snowmelt
(Hadley et al., 2010). These factors likely play roles in past and future variations of
April 1 snowpack amounts, but the long-term past and future trends in these additional
factors in California remain largely unknown at present.

Data characteristics

Statewide snow-water content is based on observations from permanent snow
courses. At these locations, snow-water content is measured by weighing cores of
snow pulled from the whole depth of the snowpack at a given location. Since the
1930s, within a few days of the beginning of each winter and spring month,
measurements have been taken along snow course locations that represent snowpack
conditions at a given elevation in a given area.

Measurements are taken by skiing or flying to remote locations and extracting 10 or
more cores of snow along 2 mile-long pre-marked “snow course” lines on the ground.
The depth of snow and the weight of snow in the cores are measured. The weights are
converted to a depth of liquid water that would be released by melting that weight of
snow, and the results from all the measurements at the snow course are averaged to
arrive at estimates of the snow-water content at that site (Osterhuber, 2014). More than
50 state, federal and private entities pool their efforts in collecting snow data from over
250 snow courses in California (see Figure 4 for locations).
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Figure 4. Location of snow courses
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The map shows permanent snow courses where snow-water content is measured
during regular snow surveys (more details in text).
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Data from monthly snow surveys are supplemented by daily information from an
automatic snow sensor network (often called snow pillows), developed and deployed
over the last 30 years. They serve as a valuable check on the representativeness and
accuracy of the snow-course measurements. The snow sensors measure the
accumulation and melting cycles in the snowpack, providing data on the effect of
individual storms or hot spells. In addition to tracking changes during the snow
accumulation season, snow sensor data help greatly in forecasting water volumes
involved in the late-season filling of reservoirs. There are approximately 130 snow
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sensor sites from the Trinity Alps to the Kern River, with 36 sites included from the
Trinity area south to the Feather and Truckee basins, 57 sites from the Yuba and
Tahoe basins to the Merced and Walker basins, and 36 sites from the San Joaquin and
Mono basins south to the Kern basin.

Snow-water content data for snow courses and snow sensors can be downloaded from
the Department of Water Resources’ California Data Exchange Center.

Strengths and limitations of the data

The measurements are relatively simple, and the methods have not changed since
monitoring started. Averaging of the 10 or more measurements at each course yields
relatively accurate and representative results for each survey.
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