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Hydrology over the western 
United States is highly seasonal

• Much of the area 
semi-aris/arid

• Mountain water 
towers

• Summer dry 
season (May –
October)

• Drought cycles

• Annual 
precipitation 
arrives with a few 
winter storms 
(atmospheric 
rivers)



California is the most extreme case in point. The overexploitation of 
groundwater has led to arguably the most complex water system in 

the world 

California Department of Water Reources (2006)



Warmer temperatures by the end of the 20th century 
have led to earlier snowmelt runoff timing

• Warming in region is 
above global average

• Changes in timing are in 
addition to variability 
due to PDO/ENSO

• CT = Center Timing or 
timing of the center of 
mass 

Stewart et al. (2005), JoC



Using CT measurements to distinguish changes in 
snowmelt to rain-dominated regime

• Timing of spring 
pulse in late 
spring/early 
summer 

• “False positives” 
are avoided if ratio 
of positive to 
negative 
departures from 
mean >=1

Fritze, Stewart, Pebesma (2011)



Changes from 
snowmelt to more 

rain-dominated 
regimes for lower 
altitude/southern 

streams

Fritze, Stewart, Pebesma (2011)



What further changes  to streamflow are 
likely under projected climatic changes?

Model

Modeled western North 
American Mountain ranges, 
focus here on Sierra Nevada



Model calibration & validation



Ensemble of climate projections: 
Warming by up to 5.5 C

Variability in precipitation magnitude and direction, indication towards 
greater drying



Development of a new stream 
temperature module for SWAT

• Stream T not only based on air 
temperature relationship

• Incorporate upstream snowmelt 
fluxes and their temperatures



Modeled monthly streamflow,
Historic, 2050s, 2080s

Western and eastern Sierra Nevada Watersheds
Earlier melt, less snowmelt runoff

Ficklin, Stewart, Maurer, JAWRA 2012



Earlier snowmelt 
affects timing and 

magnitude of other 
components of the 

hydrologic cycle

• Earlier subsurface flow

• Decrease in summer soil 
water

• Ecological impacts and 
wildfires



Decreases in spring and summer 
streamflow and snowmelt

Ficklin, Stewart, Maurer, JAWRA (2012)



Increases of spring and summer stream temperature

Ficklin, Stewart, Maurer (2013)



Increases in winter streamflow as more precipitation 
arrives as rain and due to earlier melt



Colorado River Watershed is the largest source 
of water in the arid southwest

• Water generating 
part in the upper 
altitudes



Water in the 
Colorado River is 
overcommitted, 
even in a good 
year

Source: USGS Fact Sheet No. 202004-3062

Years used to 

calculate how 

much water can 

be allocated



Model results show similar trends as in Sierras
Warmer temperatures and increases in ET dominate over some 
precipitation increases in water generating high elevation areas



Reductions in snowmelt (% of historical, 
especially at lower elevations by end of century



Changes in the aridity index
• Shrinkage in 

the size of the 
water 
generating 
region

• Increases in 
the size of the 
arid and semi-
arid region



Increases in the frequency of extremes

Sierra Nevada

Winter flow > 150 
% of historical 
average

Summer flow 
< 50% of 
historical ave

Summer stream 
temp > 3 °C 
historical ave

Stewart, Ficklin, Carrillo, Russell (2015)
Impacts for water supplies and environmental 
flows


