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ABSTRACT
EFFECTS OF SNOW WATER EQUIVALENT PRODUCTS ON STREAMFLOW
VOLUME FORECASTS AND CLIMATE IN THE COLORADO RIVER BASIN
by
Zachariah J. Butler
Plymouth State University, May 2021

The Colorado River Basin (CRB) provides water resources to millions of
people in the western United States and northern Mexico. Efficient and effective water
management is needed to sustain the economy, human life, and the environment. The
water cycle in the CRB is dominated by high elevation snowpack, seasonal (April
through July) snowmelt-driven runoff, and is critical for hydrologic forecasters and
water managers. Anthropogenic climate change combined with natural variability are
warming and drying the CRB, which has put new stresses on the water cycle. The
Colorado Basin River Forecast Center (CBRFC) forecasts streamflow within the CRB
to provide actionable decision support tools and information to resource managers
within the basin. To properly forecast and model the hydrology in the region, frequent
spectral and temporal data is needed. The CBRFC currently uses the SNOW-17
accumulation and ablation model to develop and forecast mean areal snow water
equivalent (SWE) values. A relatively new SWE dataset is available from the
University of Arizona, the Snow Water Artificial Neural Network (SWANN). With
help from the CBRFC, SWANN and SNOW-17 SWE datasets are run through the
CBRFC’s framework to model spring streamflow volumes in headwater basins

throughout the CRB from 1982-2015. Observed streamflow volumes are compared

XVi



with model results to determine that SNOW-17 proves to be more accurate, although
the two SWE datasets are statistically similar. The two SWE datasets are used with
observed streamflow volumes to show declines throughout the CRB. Additional in-
situ datasets are used to confirm warming and drying through observed temperature,
precipitation, and SWE through the year 2020. Model SWE and observed in-situ data
show warming and drying are affected more at higher elevations and lower latitudes.
Minimum temperatures are shown to be warming more than maximum temperatures.
Finally, upper-level atmospheric reanalysis data of 500 hPa geopotential heights and
300 hPa scalar winds are analyzed to show and confirm the warming and drying trends
observed in the CRB. This study illuminates the uses of SWE datasets combined with
hydrologic and meteorologic data to relate climate changes impacts on the region,
which the CBRFC can use to inform the public and stakeholders. Results from this
study are supported by past documentation of climate trends in the CRB which are
critical to properly manage and understand with a growing need and concern for water

management.
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CHAPTER 1

1. Introduction

a. Background of Research Goals

Accurate measurements of snow water equivalent (SWE) in a region have
immense impacts on hydrologic forecasts. Throughout the world, humans depend on
water resources provided by SWE and springtime snow melt (Cline et al. 2005;
Kunzi et al. 1982; Liu et al. 2015; Kongoli et al. 2019; Leuven 2019; Lukas and
Payton 2020). Environmental and atmospheric conditions greatly affect SWE
accumulation and ablation, especially in remote mountainous terrain. Specifically, in
the Colorado River Basin (CRB) of the United States (US), mountain snowpack
drives critically important spring runoff in relation to water resources and human
survival (Barros and Lettenmaier 1993; Serreze et al. 1999; Barnett et al. 2005; Bales
et al. 2006; Broxton et al. 2015; Liu et al. 2015; Lukas and Payton 2020). Rapid
flooding, droughts, and other water processes have enormous impacts for water
supply, agriculture, biogeochemical fluxes, soil moisture, transportation,
environmental goals, and power generation (Kunzi et al. 1982; Bowman 1992;
Brooks et al. 1999; Campbell et al. 2000; Brooks et al. 2001; Storck 2002; Fagre et
al. 2003; Bishop et al. 2004; Cline 2005; Cline et al. 2005; Williams et al. 2008;
Molotch et al. 2009; Brooks et al. 2011; Trujillo et al. 2012; Bender et al. 2014;
Broxton et al. 2015; Liu et al. 2015; Kongoli et al. 2019; Leuven 2019). Successful
resource management dependent on snowpack requires accurate data to predict the
timing and magnitude of snowmelt. Anthropogenic climate change and natural

variability are warming and drying the western US (Nowak et al. 2012; Udall and



Overpeck 2017; McCabe et al. 2017; Barsugli and Livneh 2018; Lettenmaier et al.
2018; Hoerling et al. 2019; Lukas and Payton 2020). Water resource strain in a
changing climate is making it paramount to have accurate hydrologic forecasts and

to optimize water management (Liu et al. 2015).

In the intermountain west, the Colorado River Basin River Forecast Center
(CBREFC) of the National Weather Service (NWS) issues operational forecasts of
streamflow for watersheds within the CRB and eastern Great Basin, at multiple
temporal scales (Bender et al. 2014). Reservoirs are used throughout the CRB and
surrounding areas to store and manage water use for millions of people. The CRB
has two major reservoirs, Lake Powell and Lake Mead (Maupin et al. 2018). Lake
Power and Lake Mead together contain approximately 85% of all CRB water storage
when at maximum capacity and are the two largest reservoirs in the US (USBR
2015; Kirk et al. 2017; Stanford 2020). During the summer and fall when
precipitation is scarce, snowmelt driven runoff and storage into reservoirs is critical

for water resources.

CRBFC stakeholders depend on accurate hydrologic forecasts to make water
management decisions. To accurately predict streamflow volumes, the CBRFC relies
on in-situ and remotely sensed data from hydrological, environmental, and
meteorological sources. The hydrologic model that the CBRFC uses is the
Sacramento Soil Moisture Accounting Model (Sac-SMA) paired with the SNOW-17
snow accumulation and ablation model (Anderson 1976, 2006). CBRFC forecasters

interact with these models through the Community Hydrologic Prediction System



(CHPS). The variable with the largest impact to successfully simulate accurate
streamflow conditions during the spring melt season is SWE observations. An
additional SWE dataset Snow Water Artificial Neural Network (SWANN, Zeng et
al. 2018) is compared with SNOW-17 and CHPS to compare spring streamflow

volumes in the CRB.

b. Snowpack’s Impact on Hydrology, the Environment, and the Atmosphere

I Snowpack’s Impact on Hydrology

During the spring melt season in the CRB, water is quickly moved
downstream from high mountain areas. The rate to which snowpack’s build and melt
are affected by hydrology, the environment, and the atmosphere. Antecedent soil
conditions prior to and during snowpack buildup effect the rate of snowmelt
infiltration and ablation. Once a snowpack starts going through the ablation
processes, evaporation and sublimation greatly affect the magnitude of snowmelt

runoff.

Evapotranspiration (ET) affects how much of a snowpack and moving water
will evaporate into the atmosphere. Several studies have shown the influences of ET
in the western US related to runoff timing and effects on snowpack properties
(Hamlet et al. 2005; Foster et al. 2016; Milly and Dunne 2020). Hamlet et al. (2005)
used the Variable Infiltration Capacity (VIC) hydrologic model over the western US
from the period 1916-2003, to show that trends of ET in the spring and summer are
determined primarily by trends in precipitation and snowmelt, which determine

water availability (Liang et al. 1994). From April-June (1916-2003), ET increased,



which is due primarily to increases in temperature causing earlier snowmelt and
earlier emergence of snow-free ground (Hamlet et al. 2005). Field studies and
modeling suggest that the equivalent of 10-20% of peak SWE over the CRB basin is
lost to sublimation during the spring season (Hood et al. 1999; Phillips 2013; Foster
et al. 2016; Hultstrand and Fassnacht 2018; Lukas and Payton 2020). Sublimation
and ET losses vary greatly depending on environmental and meteorological

conditions (COMET 2007-2020).

ii. Snowpack’s Impact on the Environment

The environment of a snowpack’s distribution greatly affects accumulation
and ablation through the aspect of an area, elevation, slope, and vegetation cover
(Dingman 2002; Storck 2002; Harpold et al. 2013; Broxton et al. 2014; Broxton et al.
2015; Tennant et al. 2017). Tennant et al. (2017) studied areas in the western US
with light detecting and ranging (LIiDAR) to examine the effects of elevation, aspect,
slope, and vegetation on snowpack depth and ablation. In forest and shrub areas,
elevation captured the greatest amount of variability in snow depth (SD) (16-79%)
but aspect explained most variability (11-40%) in alpine areas. Impacts from forest
clearings, vegetation type, and the distance from clearing or forested areas have a
noticeable influence on SWE accumulation and ablation (Dingman 2002; Storck
2002; Broxton et al. 2014). Broxton et al. (2014) used LIiDAR to examine snow
cover in relation to the heterogenous canopy in Arizona forests. They showed that
open areas <15 m from tree canopies have more snow and more variability than

areas >15m from tree canopies. Modeled and observed data showed that net SWE



was found to be higher in areas with fewer trees. Harpold et al. (2013) investigated
areas of forest fire burns before and after to show the effects that forest fires have on
snow accumulation and ablation. Larger SDs were observed after snowfall events in
burned areas with the forested areas intercepting 25 to 45% of the snowfall. Despite
this, a larger peak SD was observed in the forested areas, and roughly 10% more
water was available. The lack of vegetation in burned areas led to less variability at
peak snowpack and a shift towards topographically controlled variability, caused by
differences in elevation and aspect. The consistent importance of aspect, elevation,
and forecast ecology indicates that changes in SWE have widespread and varied

effects on western US snowpack.

iii. Snowpack’s Impact on the Atmosphere

Atmospheric conditions have a large impact on the rate to which snowmelt
occurs. Albedo, precipitation type, and temperatures are the three major
meteorological factors that affect snowmelt and snowpack properties. The albedo of
a snowpack has a major impact on local and region weather, as well Earth’s energy
balance. Hall and Robinson (2013) found that Earth’s energy balance is affected by
snow’s albedo, which can range from 50% to 85%. The amount of snow cover can
create a positive feedback with springtime radiation and thermodynamic balances
(Hall and Robinson 2013; Orsolini et al. 2019). The influence of albedo’s effects in
relation to snowpack, atmospheric circulations, and streamflow have been examined
in dust on snow research projects (Painter et al. 2010; Skiles et al. 2015; Clow et al.

2016; Painter et al. 2018; Skiles et al. 2018). The Colorado Dust-on-Snow Program,



the University of Utah, and the National Aeronautics and Space Administration
(NASA) Jet Propulsion Laboratory (JPL) have examined dust on snow’s relation to
climate and hydrologic prediction. Snow dusted with dark particles absorbs a greater
fraction of the Sun's rays and therefore melts faster (CIRES 2020). Earlier snowmelt
then lets the growing season of snow-covered vegetation start earlier and more water

is lost through ET (CIRES 2020).

While atmospheric conditions affect snowmelt, snowpack distribution have
been well documented to effect micro, meso, synoptic, planetary and climate patterns
around the world (Segal et al. 1991; Walland and Simmonds 1997; Storck 2002;
Cline 2005; Vavrus 2007; Hall and Robinson 2013; Betts et al. 2014; Dawson et al.
2016; Broxton et al. 2017; Bellaire and Lehning 2018; Orsolini et al. 2019).
Snowpack can influence local and regional temperatures on multiple temporal scales
as well as alter storm tracks and climate patterns for regions or even the globe.
Storck (2002) and Broxton et al. (2014) showed how forecast canopy can affect
SWE accumulation and distribution. These affects can influence localized
temperatures and therefore effect snowpack accumulation and melt. Snowpack’s
microscale distribution and temperature effect are observed over meso, synoptic, and
planetary scales as well. Betts et al. (2014) evaluated 13 climate stations in the
Canadian Prairies with cloud cover and SD, to analyze the winter climate transitions
with snow. They found that surface temperature falls by about 10°C with fresh
snowfall and rise by a similar amount with snowmelt. For every 10% decrease in
days with snow cover over the Canadian Prairies, the mean October-April climate is

warmer by about 1.4°C. Walland and Simmonds (1997) used the Coupled Model



Intercomparison Project phase 3 (CMIP3) multimodel dataset to show how changes
in snowpack will alter cyclone tracks and tropospheric temperatures over the
Northern Hemisphere (NH). A snowpack’s spatial extent will influence surface
temperatures, boundary layer processes, and cyclone tracks over several distance and
time scales (Walland and Simmonds 1997; Dawson et al. 2016; Broxton et al. 2017).
Changes in snowpack over the CRB have consequences for the region and NH over

seasons and even years.
c. Measurement Techniques

To show snowpack, hydrologic, and meteorologic trends, data are needed to
predict and reanalyze these variables. The CBRFC utilizes three measurement
techniques to forecast the hydrology for the CRB. In-situ data are gathered from data
networks and providers throughout the region. Remotely sensed data are gathered
from satellites and LIiDAR. These measurement techniques are the three pillars the

CBRFC needs to produce accurate forecasts.
i. In-situ

The SWANN and SNOW-17 SWE datasets use a combination of in-situ data
sources. In-situ measurements are the simplest measurement technique and date back
to the 1500s when SD, snowpack, and snowfall data were first being observed in
Europe and North America (Dong 2018). SD and SWE measurements became
widespread by 1950 in the mountainous regions of western North America and
Europe (IPCC 2007). In the CRB and throughout the western US, the Natural

Resource Conservation Service (NRCS), SNOwpack TELemetry Network



(SNOTEL) provide a network of meteorological and snow properties data (USDA,
NRCS 2020). Additional in-situ snow data are available from the COoperative
Observer Network (COOP) and the Community Collaborative Rain, Albedo, Hail, &
Snow Network (CoCoRaHs) (NCDC 1980; Reges et al. 2016). These two networks
use citizen science throughout the US to record meteorological and snow property
data. Other in-situ data comes from the NWS, snow surveys, state mesonets, and
international stations on the borders of the US (Fall et al. 2017). In-situ data
networks use a variety of measurement tools. They can be as simple as a simple ruler
stick by a COOP or CoCoRaHs observer or as complex as a snow pillow or universal
gage which is often used by SNOTEL. Table 1.1 from Dingman (2002) describes the
parameter of measurement interest and associated instruments that measure depth,
water equivalent, and the areal extent of the parameter. Additional in-situ networks,
such as National Oceanic and Atmospheric Association’s (NOAA) Citizen Weather
Observer Program and the Community Snow Observations network use citizen
science to gather SD measurements throughout the US (CWOP 2014; Hill et al.

2018).

ii. Remote Sensing

Remote sensing observations of snowpack are measured via satellites and
LiDAR that receive outgoing radiation from Earth’s surface. Satellites have been
gathering snow cover data since 1966 using a variety of sensors (Andreas et al. 2012;
Leuven 2019). The advanced very high-resolution radiometer (AVHRR), the

Advanced Microwave Scanning Radiometer 2 (AMSR2), the Geostationary



Operational Environment Satellite (GOES), the Moderate Resolution Imaging
Spectroradiometer (MODIS), and the Special Sensor Microwave Imager/Sounder
(SSMIS) are the current satellites that NOAA operates to estimate snow coverage,
SD, and other properties (Bitner et al. 2002; Maurer et al. 2002; Romanov and
Tarpley 2004; Andreas et al. 2012; Frei et al. 2012). Satellites use microwaves
signals, visible, and infrared imagery to map snowpack properties. Microwave
signals can mostly see-through clouds and distinguish SD and SWE (Dingman 2002;
Romanov and Tarpley 2004). There are exceptions to microwave radiation accuracy.
The largest error is caused by vegetation, which confounds detection algorithms
because trees raise the scene brightness and cause underestimates (Frie et al. 2012;
Hall and Robinson 2013). Methods have been created to compensate for forest cover
problems that use percentage of forest cover to parameterize the effect of vegetation
cover (Foster et al. 2005). Satellites use visible and infrared detection to detect the
areal extent of snow cover. The MODIS Snow Covered Area (SCA) and Grain-size
(MODSCAG) detects fractions snow cover, grain size, and SWE on a 500 m or 0.05°
grid (Painter et al. 2009). The CBRFC utilizes MODSCAG and MODIS data to help
make a more accurate depiction of snow for hydrologic forecasts. They use JPL
“viewable” (MODIS) and “canopy-adjusted” (MODSCAG) to add more snow cover
where MODIS is not able to see under canopy covers (Bender et al. 2014). This
technique improved hydrologic forecasts at select locations in select cases (Bender et

al. 2014).

Aircraft retrieval is used to gather additional data of snow properties. Certain

aircraft carry gamma radiation detectors that can gather snowpack properties through



transmitting and receiving signals, known as LIiDAR (Andreas et al. 2012, Deems et
al. 2013; Kongoli et al. 2019). This detecting system can retrieve high spatial
resolutions of terrain, SD, and SWE in rough and forested areas (Deems et al. 2013).
The Airborne Snow Observatory (ASO) from NASA JPL utilizes LiDAR via aircraft
to recreate high resolution of snowpack properties in remote areas throughout the
western US (Painter et al. 2017; NSIDC 2021). This tool is extremely useful but is

cost and resource heavy due to the availability of aircraft in remote areas.

iii. Snow and Hydrologic Modeling

The most accurate depiction of snowpack properties is through modeling,
which can only be obtained by using a combination of in-situ observations and
remotely sensed data. In-situ measurements have the greatest reliability and are
essential to successful modeling, but they often fail to capture the local heterogeneity
due to either a sparse network or the wrong observing locations (Dong 2018).
Remote sensing products have optimal spatial coverage but have fewer snow
parameters, errors, and sometimes coarser resolutions (Dong 2018). Snow and
hydrologic modeling use a combination of the above two methods to improve the
accuracy of snowpack and snow-related processes in hydrological and
meteorological analyses. The CBRFC has utilized the current modelling paradigm
(CHPS) since 2011 and is based on a continuous, lumped, and conceptual basis and
has two main components, soil moisture and SWE. Soil moisture is modeled through
the Sac-SMA hydrologic model (Burnash et al. 1973; Burnash 1995). SWE is

modeled through SNOW-17 which is distributed and uses air temperature and
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precipitation as index features (Anderson 2006). Both CHPS and SNOW-17 rely on
in-situ data. An additional SWE dataset (SWANN) is modeled in this study to

compare SWE’s effect on CHPS hydrologic forecast.

Increasing accuracy and spatial extent of remote sensing and in-situ
observations have improved snowpack and hydrologic modeling. Several studies
have shown the integration of snow models into hydrologic forecasts (Mote et al.
2005; Liu et al. 2013; Liu et al. 2015; Dozier et al. 2016). Dozier et al. (2016)
analyzed in-situ measurements from snow pillows, MODIS interpolated SCA data,
ASMR2 satellite SWE data, SNODAS, and ASO data to interrelate the methods to
model snowpack properties in the Sierra Mountains of California. They concluded
the benefit of each method as well as the combination of methods that produce the
most accurate SWE depiction. Liu et al. (2013) assimilated satellite-based snow
products into the Noah land surface model, as well as bias-adjusted versions
compared to in-situ observations. This study along with many others have concluded
that the assimilation of bias-corrected snow data consistently improves snow and
streamflow predictions (Miller et al. 2011; Liu et al. 2015; Pierce et al. 2016; Dong
2018; Zahmatkesh et al. 2019). The CBRFC uses bias-correction in many of their
precipitation, snow, and hydrologic prediction systems. Bias-correction is utilized in

this study to improve SWE observations based on past trends.

The wealth of data and data potential has allowed for complete analyses on
snow, hydrologic, and meteorological systems in the US and around the world. In the

CRB, the CBRFC has utilized increasing accuracy and spatial heterogeneity of in-
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situ, remote sensing, and hydrologic modeling to accurately predict the hydrology in
the region. With climate change’s increasing effects in and around the CRB, as well
as increasing human population, snow processes in the environment are critical to

understand.

d. Climate in the CRB

i. Past and Future Analysis of SWE

The CRB hydrological and meteorological conditions have been well
documented since early 1900s. Dr. James E. Church began studying snowpack
properties related to hydrologic consequences in 1906, and by 1934, at least nine
independent snow surveys were being conducted in the western US (Church 1908;
Helms et al. 2008, Sturm 2015; NRCS and NWCC, 2020). SNOTEL stations have
been in place since the 1970s and have allowed for snowpack and other climatic data
to be collected automatically in near-real time. COOP stations have data records
since the late 1800s and early 1900s. Before SNOTEL and COOP stations records
began, paleoclimatological methods provide estimates of past climate conditions and
can put in perspective the direct observational trends since the 1800s. Hoerling et al.
(2013) reconstructed paleoclimate records of temperature for the CRB and indicated
that the period since 1950 has been warmer than any time in the past 600 years. They
went on to discuss that the period since 2000 has been warmer than at any time in the

past 2000 years.

Anthropogenic climate change has been a high area of concern and a research

priority in the CRB due to potentially detrimental consequences for water resources.
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Numerous studies have examined in-situ observations, remote sensing data, and used
hydrologic and meteorological models to examine climate change’s past and future
impacts in the western US and CRB (Nash and Gleick 1991; Wood et al. 2004;
Barnett et al. 2005; Hamlet et al. 2005; Mote et al. 2005; Knowles et al. 2006; Mote
2006; Hamlet et al. 2007; NRC 2007; Barnett et al. 2008; Garfin 2009; Clow 2010;
Hoerling et al. 2010; MacDonald 2010; Stoelinga et al. 2010; Miller et al. 2011;
Nowak et al. 2012; US Bureau of Reclamation 2012; Hoerling et al. 2013; Miller et
al. 2013; Hamlet et al. 2014; Harpold et al. 2014; Kirk et al. 2017; USGCRP 2017;
Mote et al. 2018; Hoerling et al. 2019; Lukas and Payton 2020; Tillman et al. 2020).
Several studies have documented the decline in snowpack and earlier melt by
analyzing April 1t SWE amounts (Clow 2010; Fyfe et al. 2017; Mote et al. 2018;
Zeng et al. 2018; Evan 2019). Clow (2010) attributed the decline in Colorado, April
1%t SWE to increasing spring temperatures as well as decreases in winter
precipitation from 1978-2007. Zeng et al. (2018) showed that October-March mean
temperature and accumulated precipitation largely explain the temporal variability of
April 1%t SWE and considering temperature alone would exaggerate the warming
effect on SWE decrease. They also showed that the annual maximum SWE and snow
season are decreasing, in some areas significantly (Clow 2010; Zeng et al. 2018).
Trends in snowpack illuminate the impact of anthropogenic climate change on

warming and drying occurring throughout the western US and CRB.
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ii. Temperature and Precipitation Trends

It is well documented that recent warming and drying trends in the CRB are
leading to earlier snowmelt (Garfin 2005; Mote et al. 2005; Knowles et al. 2006;
Hamlet et al. 2014; Vose et al. 2014; Kirk et al. 2017; Vose et al. 2017; Mote et al.
2018; Lukas and Payton 2020; Tillman et al. 2020). These studies use varying
datasets and methodology to show increases in temperatures are leading to earlier
snowpack melt and causing a higher rain to snow ratio. This study utilizes slightly
different data and methodology to confirm warming trends, but to different degree
and locations in the CRB. Lukas and Payton (2020) and Tillman et al. (2020) show
pronounced warming trends of the annual average temperature in the CRB, which is
noticeable since the 1980s (Fig. 1.1). Tillman et al. (2020) used 97 Coupled Model
Intercomparison Project phase 5 (CMIP5) ensemble members from WY 1951-2099
to show variable precipitation and significant temperature trends in the CRB.
Significant increases (P-Value<0.05) of temperature are expected to continue in the
UCRB and LCRB. Precipitation amounts in the UCRB through the rest of the
century are expected to be the same or slightly higher than 1951-2015 historical
period. In the LCRB through the rest of the century, precipitation amounts are
expected to the same or slightly less than the 1951-2015 historical period (Tillman et
al. 2020). Like Tillman et al. 2020, additional studies have suggested that human-
caused climate change is exerting a long-term tendency toward reduced precipitation
in the CRB, though this tendency is small enough to be overwhelmed by natural
variability and is undetectable from the observed record of precipitation alone (Guo

et al. 2019; Hoerling et al. 2019; Lukas and Payton 2020; Tillman et al. 2020). The
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increases in temperatures and decreases in precipitation in recent time are leading to
earlier snowmelt, which is leading to decreases in streamflow volumes and
contributing to increased water demands (Nash and Gleick 1991; Ng and Marsalek
1992; Risbey and Entekhabi 1996; NRC 2007; Barnett et al. 2008; Clow 2010;
Hoerling et al. 2010; MacDonald 2010; Kormos et al. 2016; Kirk et al. 2017; Evan
2019; Lukas and Payton 2020; Tillman et al. 2020). The separation of temperature

and precipitation effect on snowpack and streamflow remain critical to understand.
iii. Upper Air Atmospheric Trends

The final component in the relation from surface meteorological variables to
snowpack and streamflow trends, is the impact of upper-level atmospheric variables.
Increases in temperature, changes in precipitation, and decreases in streamflow/SWE
are highly correlated to increases in 500 hPa geopotential height and a movement of
the NH jet stream (Mass and Bond 1996; Chien et al. 1997; Archer and Caldeira
2008; Tang et al. 2014; Brewer and Mass 2016; Kirk et al. 2017). Increases in
geopotential height will create more synoptic ridging, which makes drier and warmer
conditions more frequent in the western US (Meehl and Tebaldi 2004; Screen and
Simmonds 2014; Brewer and Mass 2016; Kirk et al. 2017). Kirk et al. (2017)
examined reservoir levels at Lake Powell and Lake Mead from 1982-2012 with
atmospheric circulation patterns to show how 500 hPa geopotential heights correlate
to CRB wet and dry periods. Reservoir levels correlated with troughs (more water)

and ridges (less water). Recent trends in the 21°% century have shown decreasing
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reservoir levels due to a higher frequency of ridges, and the “21% century drought”.

This has caused earlier snowmelts and smaller streamflow volume accumulations.

Additional impacts of atmospheric ridging have led to changes in the jet
stream and associated storm tracks, which several studies have documented (Archer
and Caldeira 2008; Tang et al. 2014; Brewer and Mass 2016). Archer and Caldeira
(2008) examined historical trends of the jet stream from 1979-2001 to show that in
general, the jet streams around both hemispheres have risen in altitude and moved
poleward. Tang et al. (2014) examined the atmospheric response to Arctic sea-ice
and snow decline. The atmospheric changes reveal widespread upper-level height
increases, a more amplified upper-level pattern, and a general northward shift in the
jet stream. They go on to conclude that more frequent extreme summer heat events
over midlatitude continents are linked with reduced sea-ice and snow through these
circulation changes. Some studies have questioned the amplification of the
atmosphere’s upper-level characteristics due to the short observation records of
midlatitude circulations that could be attributed to natural variability (Screen and
Simmonds 2013; Walsh 2014; Barnes 2013; Brewer and Mass 2016). The
conclusions from the scientific community reveal more frequent ridging and changes
in jet stream characteristics and associated storm tracks to be attributed to

anthropogenic climate change and natural variability.

Connecting upper-level atmospheric features with surface environmental
impacts remains critical to understand in the CRB because of the immense

consequences warming and drying have on water resource management for millions
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of people and the environment. This study utilizes a unique data and methodology to
confirm warming and dry trends but to varying degrees and locations when
compared to other studies. The SNOW-17 and SWANN SWE datasets are run
through the CHPS hydrologic modelling framework to see which SWE product
produces a more accurate spring streamflow volume in the CRB from 1982-2015.
Eight headwater basins in the UCRB are examined as well as three headwater basins
in the LCRB. The goal is to compare, contrast, and improve streamflow volume
forecasts by exploring the two SWE datasets in the CRB. Model SWE is then used to
show SWE declines in headwater basins of the CRB that also observe streamflow
declines from 1982-2015. Different elevation zones are explored to see which have
the most influence on SWE and streamflow declines. Additional analyses using in-
situ meteorological data through the SNOTEL and COOP network further confirm
SWE declines at varying elevations and locations in the CRB, while also
illuminating precipitation and temperature declines. Finally, upper-level atmospheric
reanalysis data is used to connect surface meteorological and hydrological impacts to
500 hPa geopotential height increases and changes in the 300 hPa jet stream over the
eastern Pacific Basin and western US. These analyses provide a unique data and
methods to explore warming and drying in the CRB, which can be attributed to

anthropogenic climate change and natural variability.
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Table 1.1. Methods for measuring SD, SWE, areal extent of precipitation, snowfall,
snowpack, and snowmelt water output. From Dingman (2020).
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Annually averaged temperature for the Colorado River Basin, 1895-2019, shown as departures from

3 1970-1999 average. The gray line is a 10-year running average plotted on the 6" year, A 40-year
linear trend (dashed yeliow line) shows 2.4"F of warming from 1980-2019. (Data: NOAA NCEI)
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Figure 1.1. Annual average temperatures and summed precipitation in the CRB.
From (a) Lukas and Payton (2020) and (b) Tillman et al. (2020).
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Chapter 2
2. Data and Methods

a. Area of Study

i. Background

The CRB was the focus area of this study. This region covers roughly 246,000
mi?and has a large variability in the hydroclimate from high mountain alpine
environments to sea-level deserted and arid basins (Kirk et al. 2017; Maupin et al.
2018). The hydrologic regimes within the CRB range from snowmelt dominated
basins in Wyoming, Colorado, and Utah, to rainfall-dominated, flash-flood
conditions in Arizona and New Mexico (Bender et al. 2018). The CRB provides
seven US states and northwestern Mexico with water for irrigation, power
generation, and municipal/personal use (USBR 2012; Kirk et al. 2017). Nearly 40
million people are located within the basin and the surrounding area (USBR 2012;
Kirk et al. 2017). Farmers irrigate 5.5 million acres of land using water from the
CRB (including lands outside the CRB), and provides water for at least 22 federally
recognized Tribes, sever National Wildlife Refuges, four National Recreation Areas,
and 11 National Parks (Maupin et al. 2018). The basin is estimated to provide $1.4
trillion worth of economic activity (James et al. 2014; Dawson et al. 2016). The

water of the CRB has monumental impacts for its people and the environment.

The CRB is split into two macro basins, the Upper and Lower CRB (Fig. 2.1).
The UCRB has a drainage area of 277,000 km?, an elevation range of 975-4260 m,
and an average elevation of 2150 m, while the LCRB has a drainage area of 346,000

km?, with an elevation range of 0-3771 m, and an average elevation of 1310 m
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(Serreze et al. 1999; Dressler et al. 2006). Some areas in the UCRB receive well over
1.5 m of annual precipitation with annual temperatures below freezing, while other
areas in the LCRB do not see more than 10 cm of precipitation with maximum
temperatures reaching over 120°F (Kirk et al. 2017). The UCRB contributes about
92% of the total CRB natural streamflow (Lukas and Payton 2020). The headwaters
of the Colorado River account for 15% of the total basin’s areca which contribute
85% of the annual runoff (Lukas and Payton 2020). More of the annual precipitation
in the UCRB falls as snow and is stored throughout the winter season (Serreze et al.
1999; Dressler et al. 2006). Some of the highest elevations see an average over 1.8 m
per year based on 1981-2010 averages (Tillman et al. 2020). Monthly precipitation in
the UCRB is fairly uniform throughout the year, with an average of 28-36 mm per

month for all months except June, which receives about 20 mm (Tillman et al. 2020).

The LCRB’s climate and environment is deserted and arid with some areas
receiving as little as 7 cm of annual precipitation (Kirk et al. 2017; Maupin et al.
2018; Lukas and Peyton 2020; Tillman et al. 2020). Monthly precipitation varies
considerably during parts of the year, with 20-30 mm per month from September-
March, declining to a low of 7.8 mm in June, then increasing during the monsoon
season in July and August with 44-50 mm per month (Tillman et al. 2020). The
LCRB depends much less on snowpack and precipitation storage than the UCRB.
Less precipitation falls and when it does, it is primarily intense rain during the
summer monsoon season (Maupin et al. 2018; Tillman et al. 2020). The differences

in the UCRB and LCRB are clear with respect to hydrologic and climate conditions.
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The interrelation between the basins is vital to understand for water resource

management.

ii. Basins of Interest

In this study, 11 basins within the CRB were used to test the incorporation of
SWE datasets into the CHPS hydrologic model. Of the 11 basins, eight were in the
UCRB (ALEC2, DRGC2, ENMC2, OAWU1, RCYC2, TPIC2, TRACZ2, and
WBRW?4) and three were in the LCRB (BPPA3, EWFA3 and WHTAZ3) (Fig. 2.1).
These test basins represent headwater features in the CRB and are minimally
impacted by anthropogenic influences like, diversions, unmeasured depletions,
imports, exports, and unmeasured return flows. The basins in the CRB are divided
into elevation zones (Upper, Middle, and Lower). The elevation for each zone is
based on vegetation and where the rain/snow elevation typically is (for LCRB basins
mostly). Figure 2.2 shows the ALEC2 elevation zones. While every basin’s elevation
zones are not the same, they remain similar. Table 2.1 shows each basin’s elevation
zone and corresponding elevation. Some basins just have an upper and lower zone
(EWFA3, TRAC2, and TPIC2). These basins are smaller and a limited elevation

range. These basins still correlate with vegetation and the rain/snow elevation line.

b. Datasets

i. SWE Data (SNOW-17 and SWANN)

SNOW-17 is an important component for the National Weather Service River
Forecast Centers across the US (Anderson 2006). The SNOW-17 model depicts the

amount of snow and snow processes in a basin. The model is a distributed snow
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hydrologic model with two input index features. Air temperature is used as the sole
index to determine the energy exchange across the snow-air interface. The other
input variable is precipitation which adds snow in snowfall events and melts it in
rainfall or mixed precipitation events. These inputs use mean areal precipitation
derived from measurements. The model predicts snow cover outflow which includes
rain-on-snow events. The SNOW-17 model evolved from two earlier snow models,
Anderson and Crawford (1964), and Anderson (1968). It was updated in 1973 and
remains very similar with minor updates recently. Figure 2.3 shows the SNOW-17

flow diagram developed by Anderson (2006).

The CBRFC uses model and calibrated SWE from SNOW-17. The model
SNOW-17 SWE is the raw output data. The calibrated SNOW-17 SWE stores
historical precipitation, temperature, and flow time series for each basin. The data is
forced by 35 years (1981-2015) of six hourly precipitation and temperature.
Calibration parameters are used to help force the model which are a snow correction
factor, max and min melt factors, wind function, snow cover index, areal depletion
curve, temperature indexes, and minor melt parameters. The calibrated SNOW-17
data is more accurate and useful for the CBRFC because of the incorporation of
historical information and calibration parameters. For this study, the calibrated

SNOW-17 SWE was used from 1982-2015.

The SWANN SWE is used to model hydrologic flow volumes in the CRB.
The SWANN dataset uses in-situ and Parameter-elevation Regressions on

Independent Slopes Model (PRISM, Daly et al. 1994) data to create a reanalysis of

23



snow cover extent, SD, and SWE from September 1981 to the present (Zeng et al.
2018). The data is available in 1 and 4 km. The 4 km data is archived from
September 1981-2016 and the 1 km data is available in real-time. For this study, the
4 km data was used from 1982-2015. The temporal resolution of the data is 1 day.
The spatial coverage of that data is N: 50, S: 24, E: -66.5, W: -125. The coordinate

system is WGS 84°. The data format is in NetCDF.
ii. Observed River Flow Volume

The observed river flow volume data is from United States Geologic Survey
(USGS) stations at each of the 11 basins (Fig. 2.4). An additional 10 headwater
basins were examined to show additional flow volume trends in the CRB (Fig. 2.4).
The hydrologic stations capture the total hydrologic flow out of each respective
basin. The streamflow volumes used were measured in thousand-acre feet (KaF).
Each USGS station calculates a daily streamflow volume. The CBRFC seasonal
volumetric streamflow forecasts are based on current conditions, forecasted weather,
and historical climate conditions. Springtime flow volume accumulations were
calculated in the UCRB for the periods of April 1 - July 31 (AJY) and May 1% -
July 31 (MJY). In the LCRB, springtime flow volumes were calculated for the
period of March 1% - June 30" (MJN) and April 1% - June 30" (AJN). The UCRB
flow volumes were calculated at a later time period because the basin is further

north, receives more snow, and melts later in the spring.
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iii. CHPS model

The CHPS modelling framework is used daily by the CBRFC to produce
hydrographs and flow volume forecasts in the CRB. The model is based on a
continuous, lumped, and conceptual basis. It has two major model components, Sac-
SMA, and SNOW-17. The soil moisture model used is the Sac-SMA hydrologic
model, which a conceptual model that attempts to represent soil moisture
characteristics to effectively simulate runoff that may become streamflow in a
channel (Burnash et al. 1973; Burnash 1995). Figure 2.5 shows a schematic of the
Sac-SMA from Khakbaz et al. (2007). The Sac-SMA determines the soil moisture
conditions and the SNOW-17 model determines the amount of SWE available. Both

models are ingested into CHPS to model hydrologic properties.

CHPS was run separately with SNOW-17 and SWANN SWE to compare river
flow volume predictions. The CHPS model was initialized on 30 September 1981
and run every six hours for basins in the UCRB and hourly for basins in the LCRB.
The LCRB was run hourly because of rapid changes in streamflow’s due to the
hydrology in the region. The output from CHPS produced two separate hydrologic

flow volumes based on SNOW-17 and SWANN SWE.

iv. SNOTEL and COOP Stations

SNOTEL and COOP stations were analyzed to understand meteorology
impacts in relation to temperature, precipitation, and SWE. The NRCS maintains the
SNOTEL network which observes meteorological and snow property data

throughout the US (USDA, NRCS 2020). The COOP network uses citizen science
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and provides a temperature record to the early 1900’s (NCDC, 1980). Figure 2.6
shows the locations of each SNOTEL and COOP per basin. During this analysis,
larger basins were used to group stations together. These forecast groups are used by
the CRBFC for the grouping of hydrologic basins. In this study, the Gunnison, San

Juan, UpperCO, and the White-Yampa forecast groups were used (Fig. 2.6).

SNOTELSs were used to analyze minimum temperature (MinT), maximum
temperature (MaxT), daily precipitation, and SWE. COOPs were used to analyze
MinT and MaxT. The data record of SNOTEL stations dates to the 1970s, 1980s, and
1990s. The COOP record begins in the early and mid-1900s. Each SNOTEL and
COOP station had different start times for temperature and precipitation/SWE. The
whole period of record per station was used to develop linear trends of the data
through 2020. Table 2.1 shows each SNOTEL and COOP stations hame
identification, forecast group, elevation, latitude/longitude, and when the stations

record of data started per variable.

vi. NCEP/NCAR Reanalysis

The NCEP/NCAR Reanalysis data is a global atmospheric analysis from 1948
until the present with 17 pressure levels (5 sigma levels) (Kalnay et al. 1996). It is
updated monthly and was used to analyze 500 hPa geopotential heights and 300 hPa
scalar winds from 1981-2020 over the area covering 20-75 degrees North and 200-
300 degrees West. The NCEP/NCAR Reanalysis provided atmospheric data to
analyze upper-level features to relate meteorologic and hydrologic data observed at

the surface.

26



c. Methods

The following methods describe the processes used to determine which SWE
product produces the most accurate CHPS spring streamflow volume accumulation
forecast, as well as analyzing warming and drying trends in the CRB. CHPS
streamflow volumes between the SWANN and SNOW-17 SWE datasets were
compared from 1982-2015. In order to obtain a streamflow volume accumulation
from CHPS, the SWANN SWE had to be bias corrected. Both SWE products were
averaged for each basin’s elevation zone. SNOTEL data was also bias corrected
because of errors in station location and sensors. The culmination of observed
streamflow, SWANN/SNOW-17 SWE, SNOTEL/COOP data, and NCEP/NCAR
Reanalysis upper air trends from the illuminates the changing climate in the CRB

from the 1980s-2020.

i. Bias Correction

The Raw SWANN (RSWANN) data had to be bias corrected to obtain a more
accurate SWE based on past trends. Bias corrected SWANN SWE (BCSWANN)
was calculated based on a linear trend between the calibrated SNOW-17 SWE and
RSWANN SWE. The BCSWANN was created for each basin and elevation zone.
For a given basin, SNOW-17 SWE per elevation zone was plotted on the x-axis and
the RSWANN on the y-axis (Fig. 2.7). Based on each elevation zone’s linear trend,
the RSWANN was filled in as “x” for the y = mx + b slope equation. Figure 2.7

shows the ALEC2 and BPPAS3 basins with elevation zones color coded and
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associated slopes. The y-intercept (b) is not shown in the figure but was included in

the BCSWANN calculation.

Bias correction was also applied to select SNOTEL sites because of significant
systematic and random bias (Julander et al. 2020). The installment of temperature
sensors at SNOTEL sites was poorly done. This included poor mounting techniques,
sensor changes, location changes, aspirator changes, vegetation changes, and
electronic errors (Julander et al. 2020). Another issue is the documentation of these
changes has been inconsistent throughout the network (Julander et al. 2020). The
errors of temperature at SNOTEL sites were primarily sourced to the 1980°s and
early 1990’s which suspected to record much warmer temperatures than occurred
(Julander et al. 2020). The CBRFC has documentation of changes at most SNOTEL
site in the CRB, which has allowed for precise bias correction of temperature (MinT

and or MaxT) at selected stations.

ii. Flow Volume Comparison

Each SWE product was averaged for each basin’s respective elevation zone. One
SWE value for each SWE product and basin elevation zone were ingested into
CHPS, that then returned a flow volume output for the whole basin. A streamflow
volume accumulation was calculated for monthly periods. In the UCRB, AJY and
MJY flow volume periods were used. In the LCRB, MJN and AJN flow volume
periods were used. The BCSWANN and SNOW-17 SWE outputs from CHPS were

subtracted from the observed flow volume per same monthly period for each spring
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season from 1982-2015. The two monthly periods for the UCRB and LCRB were

used to investigate whether the accuracy changes as melt timing changes per basin.

Simple statistics were calculated to show each SWE products error in relation to
the observed streamflow volume accumulation. The mean absolute error (MAE) and
standard deviation (STD) were calculated to show which SWE product had a smaller
error per flow volume period. Additionally, an ANOVA single factor test to
determine P-Value, F-Value, and F-Critical was calculated to examine each SWE

products error for statistical significance between each other.

Once the SWE product with the most accurate flow volume accumulation was
determined, a percent success of SWE product was calculated based on the 34 years
(n-value) of data from 1982-2015. Each flow volume was rounded to the nearest
whole number, which caused some flow volumes to be the same between datasets. If
flow volume differences were the same, both SWE datasets would count as a
success, and an additional n-value was added to the total calculation. Depending on
how many years were the same, the success percentage between the two SWE

datasets would add up to 100% per basin.

Flow volume forecasts were also assessed for the RSWANN SWE. The same
method described above was completed between the RSWANN and SNOW-17 flow
volume accumulations in the UCRB and LCRB. No improvements were discovered

from using the RCSWANN, therefore the BCSWANN was used.
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iii. Wet vs Dry Years

Wet and dry years were analyzed to show additional uses of the BCSWANN and
SNOW-17 datasets. Is BCSWANN more useful during wet or dry years? To do this,
wet and dry years were labeled as the lower (dry) and upper (wet) quartiles of the
observed flow volume accumulations per monthly period. In the UCRB wet and dry
years were analyzed for AJY and in the LCRB wet and dry years were analyzed for
MJN. If the observed flow volume was a wet or dry year, each SWE dataset’s flow
volume was subtracted from the observed flow volume. This allowed for a
comparison between BCSWANN and SNOW-17 SWE during wet and dry years.
The percent success of data described above was applied to the wet vs dry year

analysis.
v. Melt out and Peak SWE

Snowpack trends using the SNOW-17 and BCSWANN SWE are correlated with
flow volume trends in the CRB. This was done by analyzing melt out and peak SWE
for each of the 11 basins studied from 1982-2015. Melt out SWE in this thesis is
defined as the theoretical date when SWE and snowpack will start or go through the
ablation process. Two different dates were used per UCRB and LCRB to analyze
SWE trends throughout the spring melt season. The melt out SWE amounts were
analyzed based on April and May 1% (UCRB) and March and April 1(LCRB). The
melt out SWE amounts were an average of each basin’s elevation zones. The average
between BCSWANN and SNOW-17 was calculated to develop a linear trend of melt

out SWE dates from 1982-2015. The peak SWE amount and the date of which the
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peak SWE occurred was analyzed for each basin and elevation zone. Both the
BCSWANN and SNOW-17 SWE were calculated separately to develop a linear

trend per SWE dataset.
V. Observed and Reanalyzed Meteorological Data

SNOTELs, COOPs, and the NCEP/NCAR Reanalysis were analyzed to show
and relate warming and drying trends in the CRB that were evident in snowpack and
streamflow volume decreases. The data was analyzed in three separate seasons:
Winter, Spring, and Summer. The winter season was November 1% - March 31, the
spring season was April 1% - June 16™, and the summer season was June 16" -
September 30". These three seasons were used to show the influence on winter,
snowpack building trends; spring, snowpack melting and streamflow volume trends;
and summer, drying trends. These three seasons were examined per water year so

they could be grouped together.

Additional quality control was completed once SNOTELSs and COOPs were split
into the three seasons. A seasonal record needed at least 75% of data to be
considered in the trend analysis. This was determined to make sure a season and
SNOTEL/COOP would not skew data with limited information for a given season
and water year. Additionally, if a seasonal record had 20 consecutive days of “bad”
data, the season was discarded in the trend analysis. “Bad” data consisted of missing
values and erroneous numbers. Stations with more than five individual seasons of
bad data were eliminated from data analysis. A SNOTEL or COOP seasonal record

of a variable was averaged (temperature and SWE variables) or summed
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(precipitation) to achieve one value for each water year for the station until 2020.

Linear trends were calculated for time series of these variables.

The NCEP/NCAR Reanalysis 500 hPa geopotential height and 300 hPa scalar
winds data were used to assess the atmospheric patterns associated with the warming
and drying trends observed in the CRB, per winter, spring, and summer season as
described earlier. A composite map was created each year per season from 1981-
2020 over the 20-75-degree north and 200-300-degree West area. Mean and anomaly
plots were created to show each year’s upper-level pattern as well as the anomaly
based on the 1981-2010 climatology. Additionally, decadal trends were created for
each season of the mean and anomaly. The years used in the decadal trends followed
as 1981-1990, 1991-2000, 2001-2010, and 2011-2020. The NCEP/NCAR Reanalysis
was the final step to show and document a changing climate in the CRB in relation to

streamflow, SWE, temperature, and precipitation trends.

Vi. Statistical Analysis

Linear trends were calculated by using a simple linear equation to find the

slope (m):

y=mx +b

where y is the dependent variable, m is the slope of the line of best bit (linear), x is
the dependent variable, and b is a constant (y-intercept). Once linear trends were
calculated for each variable and time periods listed above, a statistical test was
computed to determine the significance of the trends. A simple linear regression (test

statistic) was completed to obtain a two-tailed P-Value. The test statistic was
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calculated by computing the slope and standard error (SE). The SE value was

obtained by the following equation:
SE =sqrt [ Z(yi — ¥i)?/ (n-2) ]/ sqrt [ Z(xi - X)? ]

where vyi is the value of the dependent variable for observation i, yi is estimated value
of the dependent variable for observation i, x; is the observed value of the
independent variable for observation i, X is the mean of the independent variable, and

n is the number of observations. The test statistic was then obtained by:
t=m/SE

where t is the test statistic, m is the slope from the linear trend line, and SE is the
stand error. The test statistic value then allowed for the determination of the p-value
based on a t distribution table. P-values <0.1 were determined as statistically
significant trends. This linear regression statistical test was applied to observed

streamflow volumes, melt out/peak SWE, and SNOTEL/COOP station data.

The BCSWANN and SNOW-17 SWE datasets are used to compute
hydrologic flow volume accumulations during the spring melt season from 1982-
2015. Observed flow volumes are compared to CHPS model output to determine
which SWE dataset produces a more accurate flow volume accumulation. Linear
trends of observed flow volume and SWE are computed to show climate changes
impact on the hydrology of the CRB up until 2019. SNOTEL/COOP stations and the
NCEP/NCAR Reanalysis upper air data is then used to show climate changes impact
on the CRB. Warming and drying linear trends are evident to varying degrees and

locations based on statistical analysis for the period of record.
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Table 2.1. Basin’s elevation zones (m). Some basins have an upper, middle, and
lower zone and others only have an upper and lower zone. See Figure 2.2 for a
visualization of the ALEC?2 elevation zones.

UCRB Elevation Zones (m)
Lower Middle Upper

ALEC?2 2443-2896 2896-3353 3353-4333
DRGC2 1985-2896 2896-3353 3353-4279
ENMC?2 2007-2592 2592-3050 3050-3708
OAWU1 2028-2591 2591-3048 3048-3633
RCYC2 2109-2896 2896-3353 3353-4292
TPIC2 2798-3353 n/a 3353-4244
TRAC2 2846-3353 n/a 3353-4129
WBRW4 2278-2591 2591-3048 3048-4200

LCRB Elevation Zones (m)
BPPA3 1746-2134 2134-2591 2591-3476
EWFA3 1817-2591 n/a 2591-3479
WHTA3 1331-2134 2134-2591 2591-3459
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Table 2.2. SNOTEL and COOP station information for each forecast group. Shown
is the station elevation (m), latitude (°N)/longitude (°W), and the start time of the
period of record for temperature (Temp), precipitation (Precip), and SWE. All the
start times go until 2020. For Temp start times, some stations have two different
years because the station had a different start year for one or more seasons. Precip
and SWE had the same start time for each station.

SNOTEL and COOP Start Times per Variable
Basin, Stations Elevation (m) Latitude, Temp Precip/SWE
Longitude
Gunnison
CBUC2 (COOP) 2698 38.87, -106.98 1910/11 No Data
MCPC2 2896 39.13, -107.29 1995/96 1981
OVRC2 2999 39.09, -107.64 1990 1990
PKCC2 2926 38.82, -106.59 1995/96 1981
SLMC2 3487 39.02, -107.05 1996/97 1981
SOSC2 3261 37.99, -107.20 1986 1986
San Juan Elevation (m) Latitude, Temp Precip/SWE
Longitude
BRTC2 3536 37.71,-107.51 1989/90 1983
CHANS 2560 36.96, -106.66 1989 1980
CMBC2 3287 37.44,-108.02 1997/98 1995
IDRC2 9800 37.93,-107.68 1995/96 1981
LIZC2 2987 37.80, -107.92 1993/94 1981
MINC2 3060 37.85, -107.73 1986/87 1980
RMPC2 3414 37.89,-107.71 1987/88 1981
SLVC2 (COOP) 2828 37.81, -107.66 1905 No Data
SPSC2 3249 37.70, -107.78 1987/88 1987
usJjc2 3109 37.49, -106.84 1986/87 1980
VALC2 3316 37.49,-107.51 1989/90 1987
UpperCO Elevation (m) Latitude, Temp Precip/SWE
Longitude
CLXC2 (COOP) 3442 39.37,-106.19 1953 No Data
CPMC2 3216 39.49, -106.17 1995/96 1979
HOOC2 3475 39.36, -106.06 1995/96 1981
IDPC2 3231 39.08, -106.61 1995/96 1981
KLNC2 2926 39.32, -106.61 1995/96 1981
LBAC2 3475 39.67, -105.90 1994 1993
LKIC2 3261 40.41, -105.82 1986 1980
LYNC2 2707 40.08, -106.67 1988/89 1981
NLSC2 2804 39.08, -107.14 1986 1986
PHTC2 2752 40.40, -105.85 1992/93 1981
SCsc2 2658 40.23, -105.92 1995/96 1986
VLMC2 3139 39.62, -106.38 1988/89 1979
WLLC2 2908 40.35, -106.09 1995 1979
White-Yampa Elevation (m) Latitude, Temp Precip/SWE
Longitude
BLSC2 3316 39.76, -107.36 1986 1986
BUFC2 2816 40.23, -106.60 1996 No Data
BURC2 2865 39.88, -107.60 1990/91 1980
DRLC2 2560 40.53, -106.78 1994/95 1981
DVDW4 2707 41.30, -107.15 1987 1981
ELKC2 2652 40.85, -106.97 1989/90 1979
RCPC2 3152 40.11, -107.29 1994/95 1987
TOWC2 3200 40.54, -106.68 1995/96 1980
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Figure 2.1. Map of the CRB with associated features on an elevation map (m) with
state boundaries. The Colorado River and other major rivers are highlighted. Both
the UCRB (green) and LCRB (red) basin boundaries are color coded. The purple star
represents the division point of the UCRB/LCRB at Lee’s Ferry in Arizona. The
eight basins in the UCRB and three in the LCRB analyzed in this thesis.
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Figure 2.2. ALEC2 basin’s elevation zones (m). Red is the upper zone (3353 — 4209
m), yellow is the middle zone (2743 — 3352 m), and green is the lower zone (2447 —

2742 m).
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Figure 2.4. Map of the CRB with USGS stations highlighted in blue triangles. The 11
basins studied in the SWE/flow analysis are color coded and labeled. The additional
10 headwater basins are labeled “River Basins”. The ENMC2 flow volume data
began in 1990 and the TRAC2 data began in 1988. Each station measures flow
volume in KaF.
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SNOTEL and COOP Locations
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Figure 2.6. Location of SNOTEL and COORP stations. The four forecast groups are
highlighted as well, Gunnison, San Juan, UpperCO, and White-Yampa.
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Figure 2.7. Raw SWANN versus SNOW-17 calibrated SWE (mm) by elevation zone
for (a) ALEC2 and (b) BPPA3 basins. The linear trend per elevation zone, [upper
(red), middle (blue), and lower (green)], was used to calculate the Bias Corrected
SWANN (BCSWANN), set as y in the y = mx + b equation.
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CHAPTER 3
3. Results

a. Flow Volume Comparison and Trends

In the UCRB, the SNOW-17 AJY and MJY flow volume accumulation error
is smaller than BCSWANN (Fig. 3.1, Table 3.1). SNOW-17 has a smaller MAE
between the AJY and MJY periods in nearly every basin except for WBRW4 in AJY
(Tables 3.1). SNOW-17 has a smaller STD, except for AJY WBRW4, when SNOW-
17 and BCSWANN are the same (Tables 3.1). The MAE and STD for both flow
volume periods reveal SNOW-17 is more accurate. While SNOW-17 is more
accurate than BCSWANN, the ANOVA single factor tests reveal the two SWE
datasets flow volume errors are not statistically significant (Tables 3.1). The P-
Value>0.5 for each basin, which reveals a lack of statistical significance between the
two flow volumes for each basin for each monthly period. Additionally, the F-
Value<F-Critical for each basin and flow volume period (Table 3.1). Therefore, the
null hypothesis is accepted, which means the BCSWANN and SNOW-17 flow

volumes are statistically equal.

The final determination of SNOW-17 versus BCSWANN accuracy for spring
flow volume forecasts are observed in Table 3.2. SNOW-17 has a more accurate
spring flow volume forecast in the 7/8 (AJY) and 8/8 (MJY) basins (Table 3.2a).
Again, the AJY WBRW4 basin shows the BCSWANN performing better (Table
3.2a). For dry years, SNOW-17 has a more accurate spring flow volume forecast in
4/8 basins, with the RCYC2 having a 50/50 split (Table 3.2b). For wet years,

SNOW-17 has a more accurate spring flow volume forecast in 6/8 basins (Table
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3.2b). During wet and dry years in the UCRB, SNOW-17 continues to consistently

produce more accurate flow volume forecasts.

In the LCRB, the BCSWANN and SNOW-17 MJN and AJN flow volume
accumulation errors is very similar (Fig. 3.11, Table 3.3). Table 3.3 show that the
MAE and STD are very similar between BCSWANN and SNOW-17. The MJN
period shows BCSWANN performing better in the EWFA3 and WHTA3 basins
while in the AIJN period, SNOW-17 performs better between the three basins (Tables
3.3). The P-Value>0.75 for each basin, which reveals a lack of statistical significance
between the two flow volumes for each basin for each monthly period. Additionally,
the F-Value<F-Critical for each basin and flow volume period (Table 3.3).
Therefore, the null hypothesis is accepted, which means the BCSWANN and

SNOW-17 flow volumes are statistically equal.

Table 3.4 shows the benefits of BCSWANN in the LCRB. For both MJN and
AJN, the BCSWANN performs better in the EWFA3 and WHTAS basins, while
SNOW-17 performs better in the BPPA3 basin (Table 3.4a). Table 3.4b shows
BCSWANN performing more accurately in the EWFA3 and WHTA3 during wet and
dry years, while SNOW-17 continues to perform better in the BPPA3 basin. In wet
and dry years, the LCRB does not change its overall results when compared to the

whole period of record from 1982-2015.

Observed flow volume trends were examined in the 11 basins discussed above
between the SWE datasets as well as 10 additional headwater basins from 1982-2019

(Fig. 2.4). The UCRB basins were examined for the AJY period and in the LCRB,
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the MJN period was used. In the UCRB, 15/18 basins show a decrease in streamflow
volume, and 7/15 basins show a statistically significant decrease (Fig. 3.12a). In the
LCRB, all three basins show a decrease in streamflow volume, which are statistically
significant (Fig. 3.12b). All basins except for the ENMC2, TRAC2, and WBRW4 in
UCRB show a decrease in observed flow volumes from 1982-2019 (Fig. 3.12a). The
later start times of the ENMC2 and TRAC?2 basins reveal the impact that the early
1980s wet period have on the trends. The WBRW4 basin is the most north basin
analyzed and in the UCRB and shows a slight increase in flow volumes. The average
decline between all UCRB basins is a decrease of 1.33 KaF/year and in the LCRB an

average decline of 1.89 KaF/year (Fig. 3.12).

b. Melt out and Peak SWE Analysis

Melt out SWE amounts, peak SWE amounts, and the date of peak SWE show
decreases throughout the CRB from 1982-2015 (Fig. 3.13). In the UCRB, all eight
basins show a decrease in melt out SWE, where 6/8 basins show a statistically
significant decrease (Fig. 3.13a). The average decrease between all basins in the
UCBR is 4 mm/year (Fig. 3.13a). In the LCRB, all three basins show a significant
decrease in melt out SWE with an average decrease of 5.2 mm/year (Fig. 3.13b).
Peak SWE amounts and the date of peak SWE show decreases for each elevation
zone (Fig. 3.14 and 3.15). The upper elevation zone shows all 11 basins with a
decrease of peak SWE, where 8/11 basins show a statistically significant decrease
(Fig. 3.14a). The average decrease in the upper elevation zone between all basins is

5.3 mm/year (Fig. 3.14a). The middle elevation zone shows all eight basins with a
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decrease of peak SWE, where 5/8 basins show a statistically significant decrease
(Figure 3.14b). The average decrease in the middle elevation zone between all basins
is 3.2 mm/year (Fig. 3.14b). The lower elevation zone shows a decrease in 10/11
basins, where 4/11 basins show a statistically significant decrease (Fig. 3.14c). The
average decrease in the lower elevation zone between all basins is 1.6 mm/year (Fig.
3.14c). The date of peak SWE per basin and elevation zone show similar trends (Fig.
3.15). The upper elevation zone shows 5/11 basins with a statistically significant
decrease, the middle elevation zone shows a significant decrease in 4/8 basins, and
the lower elevation zone shows a significant decrease in 4/11 basins (Fig. 3.15). The
upper elevation zone has the most variability in linear trends (Fig. 3.15a). The
average peak SWE date is earlier in each elevation zone based on the period of
record (34 years). This equivalates to 9 days, 20 days, and 13 days earlier for each
respective elevation zone (Fig. 3.15). SNOW-17 SWE has a later date of peak SWE
for the ENMC2, RCYC2, and TRAC2 basins, where both BCSWANN and SNOW-
17 show a later date of peak SWE for the WBRW4 basin (Fig. 3.15a). Between the
melt out SWE, peak SWE amount, and date of peak SWE, a majority of the basins
and elevation zones show a decline in SWE that is often statistically significant. The
BCSWANN and SNOW-17 observations of SWE declines are further supported by

in-situ station data.

c. SNOTEL and COOP Trends

SNOTEL and COQRP stations period of record per variable for the winter, spring,

and summer season show warming and drying in the UCRB. 35 SNOTELSs and three
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COOPs were analyzed with different start times of a variables period of record
(Table 2.2). Figure 3.16 shows an example of the spring linear trends for the OVRC2
SNOTEL in the Gunnison basin. The OVRC2 basin shows a temperature trend of
.11°F (MaxT) and .07°F (MinT). This is an average increase of .11°F and .07°F each
year or an average increase of 3.3°F and 2.1°F based on the period of record from
1990-2020 (Fig. 3.16a). Precipitation accumulation and SWE average for OVRC2
shows -1.28 mm (precipitation) and -2.24 mm (SWE) (Fig. 3.16b). This is an
average decrease of 1.28 mm of precipitation and 2.24 mm of SWE each year or an
average decrease of 38.4 mm of precipitation and 67.2 mm of SWE from 1990-2020

(Fig. 3.16b).

Temperature trends are warming at a majority of stations, with MinT warming
faster than MaxT (Fig. 3.17, 3.18, and 3.19). This is evident in steeper slopes of the
linear trends as well as more MinT trends being statistically significant each season
(Fig. 3.17b, 3.18b, and 3.19b). The three COOPs began recording data in 1905,
1910, and 1953. These three long-term stations show smaller linear trends compared
to the 35 SNOTELSs used (Table 2.2). MaxT COOP trends per winter, spring, and
summer are significantly positive for 1/3, 2/3, and 1/3 stations respectively (Fig.
3.17a, 3.18a, and 3.19a). MaxT COOP trends per season are significantly negative
for 1/3, 0/3, and 0/3 (Fig. 3.17a, 3.18a, and 3.19a). MinT trends per winter, spring,
and summer seasons are significantly positive for 0/3, 0/3, and 2/3 stations
respectively (Fig. 3.17b, 3.18b, and 3.19b). Finally, MinT COOP trends per season
are significantly negative for 1/3, 0/3, and 0/3 (Fig. 3.17b, 3.18b, and 3.19b). MaxT

significant trends of COOP stations between all seasons show 4/9 positive trends and
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1/9 negative trends. MinT significant trends of COOP stations between all seasons

show 2/9 positive trends and 1/9 negative trends.

For SNOTELSs, the winter, spring, and summer MaxT trends show statistically
significant warming at 21/35, 2/35, and 9/35 stations for each season respectively
(Fig. 3.174a, 3.18a, and 3.19a). MinT trends show statistically significant warming at
32/35, 30/35, and 34/35 stations per winter, spring, and summer season, respectively
(Fig. 3.17b, 3.18b, and 3.19b). The spring season was the weakest degree of
warming, where only MaxT stations showed cooling at 15/35 stations, and 9/35
stations show no trend (0.0) (Fig. 3.18a). All MaxT cooling trends in the spring are
not statistically significant. The summer season MinT trends shows the strongest
degree of warming at every station with 34/35 stations statistically significant (Fig.
3.19b). Between the three seasons with SNOTELSs and COOPs combined, MaxT
trends are significantly positive at 31.6% of the stations, with a 0.067, 0.02, and
0.036°F/year average increase for winter, spring, and summer, respectively. This
equivalates to an increase of 6.7, 2.0, and 3.6°F increase per 100 years. MinT trends
are significantly positive at 86.8% of the stations between the three seasons with a
0.121, 0.088, and 0.085°F increase each year per each season. This equivalates to an
increase of 12.1, 8.8, and 8.5°F increase per 100 years. Between all stations and all
seasons, statistically significant warming trends are occurring at 59.2% of stations

for MinT and MaxT combined.

Precipitation and SWE decreases are observed in the UCRB at a majority of

stations, yet at least one station every season shows an increase in precipitation and
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SWE (Fig. 3.20, 3.21, 3.22, and 3.23). During the winter season, 27/35 stations show
drying (5/27 statistically significant) and 8/35 stations show no trend or increases in
precipitation (0-2 mm/year) (Fig. 3.20). During the spring season, 29/35 stations
show drying (7/29 statistically significant) and 6/35 stations show no trend or
increases in precipitation (0-2 mm/year) (Fig. 3.21). During the summer season,
34/35 stations show drying (17/34 statistically significant) and 1/35 show no trend or
increases in precipitation (0-2 mm/year) (Fig. 3.22). During the winter, spring, and
summer seasons there is an average decrease of precipitation at all stations of -0.95

mm/year, -0.86 mm/year, and -1.49 mm/year for each respective season.

Given the decreases in precipitation and increases in temperature, it is not
surprised SWE decreased (Fig. 3.23). During the winter season, 18/35 stations show
drying (5/18 statistically significant) and 17/35 stations show no trend or increases in
precipitation (0-4 mm/year) (Fig. 3.23a). During the spring season, 28/35 stations
show drying (9/28 statistically significant) and 7/35 stations show no trend or
increases in precipitation (0-4 mm/year) (Fig.3.23b). During the winter and spring
seasons there is an average decrease of SWE between all stations of -0.75 mm/year

and -2.27 mm/year, respectively.

d. Elevation and Latitude Trends

SNOTEL stations elevation and latitude were plotted with MinT, MaxT,
AvgT, precipitation, and SWE. Two groups were created to split up the start times of
stations per variable. COOP stations were eliminated from this analysis due to

significantly longer period of records with only three stations to compare. During the
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winter season, the linear trend of temperature decreases with increasing elevation
(Fig. 3.24). For the 1992-1998 station start period, the AvgT and MaxT trends are
statistically significant (Fig. 3.24b). For the spring and summer seasons, the linear
trend of temperature slightly increases with increasing elevation (Fig. 3.24). For
1992-1998 station start periods, the spring and summer AvgT is statistically
significant (Fig. 3.24b). During the winter, lower elevations are warming faster while
in the spring and summer, higher elevations are warming faster (Fig. 3.24). Figure
3.25 shows temperature trends decreasing with increasing latitude each season and
each start time. The spring season is the most significant where each temperature
variable in Figure 3.25a is significant, as well as AvgT and MinT in Figure 3.25b.
The southern parts of the UCRB are warming faster than the northern parts,

specifically the San Juan basin.

Figure 3.26 shows elevation versus precipitation and SWE trends. During the
spring and summer seasons, negative precipitation trends increase with increasing
station elevation (Fig. 3.26). The spring season in Figure 3.26b is statistically
significant. The winter precipitation trend in Figure 3.26a differs from other seasons
because it shows a positive increase with increasing elevation. SWE trends show an
increase in negative linear trends with increasing station elevation (Fig. 3.26). The
winter season in Figure 3.26b is statistically significant. The higher elevations are
drying more except for winter precipitation (Fig. 3.26a). Precipitation and SWE
trends decreased with decreasing latitude (Fig. 3.27). In Figure 3.27a, all
precipitation trends are statistically significant. The winter and summer precipitation

trends are significant in Figure 3.27b, while just winter SWE trends are significant in
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Figure 3.27b. The southern parts of the UCRB are drying faster than the northern

parts, specifically the San Juan basin.

e. Atmospheric Reanalysis

The NCEP/NCAR Reanalysis anomalies of 500 hPa heights and 300 hPa scalar
winds reveal increasing ridging patterns and a northward shift of the jet stream from
1981-2020 (Fig. 3.28 and 3.29). Every season shows an increase in height anomalies
from the climatological mean, with the summer season showing the largest increase
over the western US (Fig. 3.28c). Figure 3.29 shows 300 hPa scalar wind speed
anomalies from the 2011-2020 decade subtracted from the 1981-1990 decade for the
winter (a), spring (b), and summer (c). Figure 3.30 shows the 1981-2010
climatological 300 hPa scalar wind speed mean values. For the winter and spring
season, a positive anomaly is observed over the CRB (Fig. 3.29a/b). For all seasons,
a positive anomaly is observed above a negative anomaly over the pacific jet (Fig.
3.29). The following results illuminate changes in the 500 hPa geopotential heights
and 300 hPa wind speeds from 1981 to 2020. The next chapter will discuss this result

in relation to anthropogenic climate change, natural variability, and other literature.
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Table 3.1. Statistics for UCRB basins from 1982-2015 for (a) April-July and (b)
May-July flow volume accumulations in KaF. Differences in flow volumes are
SWANN - Observed flow volume and SNOW-17 — Observed flow volume from
Figure 3.1a. Mean Absolute Average (MAE), Standard Deviation, and ANOVA
single factor P-value, F-Value, and F-Critical number is shown.

UCRB Flow Volume Statistics

a) April-July, 1982-2015

ALEC2 | DRGC2 | ENMC2 | OAWUL | RCYC2 | TPIC2 | TRAC2 | WBRW4
MAE
BCSWANN [ 156 [306 |404 [128 [131 [82 |51 |225
SNOW-17 [105 [245 [353 |96 92 |65 [36 |228
Standard
Deviation

BCSWANN | 20.5 36.9 50.5 18.2 16.1 9.3 6.2 31.7

SNOW-17 | 135 29.8 44.7 14.6 12.8 8.5 4.6 31.7

ANOVA:
Single
Factor

P-Value 0911 [(0.995 |[0.653 |[0.927 |0.638 |0.637 |0.816 [ 0.738

F-Value 0.013 [ 0.000 |0.204 ]0.008 |0.224 [0.225 [0.055 |0.113

F-Critical | 2783 [2.783 |2.809 |2.783 |2783 |2783 |[2.801 |2786

UCRB Flow Volume Statistics

b) May-July, 1982-2015

Statistics ALEC2 | DRGC2 | ENMC2 | OAWU1 | RCYC2 | TPIC2 | TRAC2 | WBRW4

MAE

BCSWANN | 18.0 33.8 35.8 17.1 19.5 8.2 4.8 28.5

SNOW-17 | 10.7 25.5 27.8 9.5 8.8 6.6 3.4 21.7

Standard
Deviation

BCSWANN | 21.7 43.3 45.0 19.3 215 12.1 5.8 34.6

SNOW-17 | 13.2 29.7 34.1 13.2 11.7 8.6 4.3 30.5

ANOVA:
Single
Factor

P-Value 0.897 10.601 |]0.711 ]0.588 |0.511 |0.967 [0.524 | 0.936

F-Value 0.017 ]10.276 |]0.139 ]0.297 |0.438 |0.002 {0.412 | 0.007

F-Critical | 2,783 | 2.783 | 2.809 [2.783 [2.783 |2.783 [2.801 |2.786
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Table 3.2. Comparison of BCSWANN and SNOW-17 flow volume forecast in the
UCRB from 1982-2015 for the (a) April-July and May-July flow volume periods and
(b) wet vs dry years. The success percent are determined by which SWE product had
a more accurate forecast for a given year.

UCRB Success of SWE data flow forecast

a) 1982-2015

Basins and ALEC2 DRGC2 ENMC2 OAWU1 RCYC2 TPIC2 TRAC2 WBRW4
SWE Data

April-July

BCSWANN | 44.1 41.7 46.2 44.7 29.4 36.6 41.9 61.1

SNOW-17 | 55.9 58.3 53.8 55.3 70.6 63.4 58.1 38.9

May-July

BCSWANN | 38.2 38.9 38.5 21.6 17.6 40.0 33.3 44.1

SNOW-17 61.8 61.1 61.5 78.4 82.4 60.0 66.7 55.9

b) UCRB Wet vs Dry year, Success of SWE data flow forecast
April-July, 1982-2015

Basins and ALEC2 DRGC2 ENMC2 OAWU1 RCYC2 TPIC2 TRAC2 WBRW4
SWE Data
Dry Years
BCSWANN

33.3 63.6 66.7 42.9 50.0 57.1 30.0 25.0
SNOW-17

66.7 36.4 33.3 57.1 50.0 42.9 70.0 75.0
Wet Years
BCSWANN

30.0 30.0 20.0 18.2 11.1 66.7 28.6 54.5
SNOW-17

70.0 70.0 80.0 81.8 88.9 33.3 71.4 45,5
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Table 3.3. Statistics for LCRB basins from 1982-2015 for (a) March-June and (b)
flow volume accumulations in KaF. Differences in flow volumes are SWANN —
Observed flow volume and SNOW-17 — Observed flow volume from Figure 3.11a.
MAE, Standard Deviation, and ANOVA single factor P-value, F-Value, and F-
Critical number is shown.

LCRB Flow Volume Statistics

a) March-June, 1982-2015
Statistics BPPA3 EWFA3 WHTA3
MAE
BCSWANN 17.3 2.6 15.2
SNOW-17 15.6 2.9 17.1
Standard
Deviation
BCSWANN 19.9 3.3 18.7
SNOW-17 18.2 3.9 23.8
ANOVA:
Single Factor
P-Value 0.978 0.959 0.750
F-Value 0.001 0.003 0.102
F-Critical 2.783 2.783 2.783

LCRB Flow Volume Statistics

b) April-June, 1982-2015
Statistics BPPA3 EWFA3 WHTA3
MAE
BCSWANN 13.0 3.0 17.1
SNOW-17 12.0 2.8 13.9
Standard
Deviation
BCSWANN 17.4 3.93 29.0
SNOW-17 15.0 3.63 19.2
ANOVA:
Single Factor
P-Value 0.881 0.930 0.843
F-Value 0.022 0.008 0.040
F-Critical 2.783 2.783 2.783
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Table 3.4. Comparison of BCSWANN and SNOW-17 flow volume forecast in the
LCRB from 1982-2015 for the (a) March-June and April-June flow volume periods
and (b) wet vs dry years. The success percent are determined by which SWE product
had a more accurate forecast for a given year.

) LCRB, Success of SWE data flow forecast

a 1982-2015

Basins and SWE BPPA3 EWFA3 WHTAS3

Data

March-June

BCSWANN 36.1 56.8 52.9

SNOW-17 63.9 43.2 471

April-June

BCSWANN 47.6 535 53.8

SNOW-17 52.4 46.5 46.2

b) LCRB Wet vs Dry year, Success of SWE data flow forecast
April-July, 1982-2015

Basins and SWE BPPA3 EWFA3 WHTAS3

Data

Dry Years

BCSWANN 333 53.8 54.5

SNOW-17 66.7 46.2 455

Wet Years

BCSWANN 36.4 60.0 70.0

SNOW-17 63.6 40.0 30.0
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a) Upper Basin April-July Streamflow Differences
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Figure 3.1. Flow volume accumulation (KaF) comparisons for UCRB basins.
Differences in flow volumes are SWANN — Observed flow volume (blue) and
SNOW-17 — Observed flow volume (red) for (a) April-July and (b) May-July flow
periods. ENMC2 data is from 1990-2015 and TRAC?2 data is from 1988-2015.
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a) Lower Basin March-june Streamflow Differences
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Figure 3.11. Flow volume accumulation (KaF) comparisons for LCRB basins.
Differences in flow volumes are SWANN — Observed flow volume (blue) and
SNOW-17 — Observed flow volume (red) for (a) March-June and (b) April-June flow
periods.
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a) UCRB Streamflow Volume Trends
1982 - 2019
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Figure 3.12. Observed flow volume trends from 1982-2019 in the (a) UCRB and (b)
LCRB. The trends observed are in KaF per year. ENMC2 data is from 1990-2019
and TRAC2 data is from 1988-2019. The black hatches show which trends are
statistically significant with a P-Value(P)<0.1.
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a) SWE Trends in the UCRB
1982 - 2015
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b) SWE Trends in LCRB
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Figure 3.13. Melt out SWE linear trends in the (a) UCRB and (b) LCRB from 1982-
2015. The linear trends observed are in mm per year. In the UCRB, April and May
1% dates of SWE are used and in the LCRB, March and April 1%t SWE amounts are
used. The SWE amounts are the average of each basin’s elevation zones. The black
hatches show which linear trends are statistically significant (P<0.1).
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Peak SWE Amount Trends
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Figure 3.14. Peak SWE amount linear trends in the CRB from 1982-2015 for the (a)
upper, (b) middle, and (c) lower elevation zones. No middle elevation zone for
TPIC2, TRAC2, and EWFAS basins. The linear trends observed are in mm per year.
The black hatches show which linear trends are statistically significant (P<0.1).
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Date of Peak SWE Trends
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Figure 3.15. Date of Peak SWE linear trends in the CRB from 1982-2015 for the (a)
upper, (b) middle, and (c) lower elevation zones. No middle elevation zone for
TPIC2, TRAC2, and EWFAS3 basins. The linear trends observed are in days per year.
The black hatches show which linear trends are statistically significant (P<0.1).
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a) OVRC2, Spring (April-June 16th) Temperature Trends
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Figure 3.16. OVRC2 SNOTEL from the Gunnison Basin, (a) temperature, (b)
precipitation/SWE plots for the Spring season from 1990-2020. The black line (solid
or dashed) is the linear trend line per variable.
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a)  Winter Maximum Temperature Trends
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Figure 3.17. Winter temperature trends for SNOTELs and COOPs where (a) is MaxT
and (b) is MinT trends. The color is the associated linear trend (°F/year) based on the
stations period of record. The shape of the station is the decade for which the period
of data record started. All stations records ended in 2020. The red check shows
which stations trends are statistically significant based on a linear regression (P<0.1).
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Legend a)  Spring Maximum Temperature Trends
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Figure 3.18. Spring temperature trends for SNOTELs and COOPs where (a) is MaxT
and (b) is MinT trends. The color is the associated linear trend (°F/year) based on the
stations period of record. The shape of the station is the decade for which the period

of data record started. All stations records ended in 2020. The red check shows
which stations trends are statistically significant based on a linear regression (P<0.1).
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?;3“:::, s a)  Summer Maximum Temperature Trends
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Figure 3.19. Summer temperature trends for SNOTELSs and COOPs where (a) is
MaxT and (b) is MinT trends. The color is the associated linear trend (°F/year) based
on the stations period of record. The shape of the station is the decade for which the
period of data record started. All stations records ended in 2020. The red check
shows which stations trends are statistically significant based on a linear regression
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Winter Precipitation Trends
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Figure 3.20: Winter precipitation trends for SNOTELSs. The color is the associated
linear trend (mm/year) based on the stations period of record. The shape of the
station is the decade for which the period of data record started. All stations records
ended in 2020. The red check shows which stations trends are statistically significant
based on a linear regression (P<0.1).
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Spring Precipitation Trends
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Figure 3.21. Spring precipitation trends for SNOTELS. The color is the associated
linear trend (mm/year) based on the stations period of record. The shape of the
station is the decade for which the period of data record started. All stations records
ended in 2020. The red check shows which stations trends are statistically significant
based on a linear regression (P<0.1).

67



Legend
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Summer Precipitation Trends

Figure 3.22. Summer precipitation trends for SNOTELSs. The color is the associated
linear trend (mm/year) based on the stations period of record. The shape of the
station is the decade for which the period of data record started. All stations records
ended in 2020. The red check shows which stations trends are statistically significant
based on a linear regression (P<0.1).

68



a) Winter SWE Trends
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Figure 3.23. SWE trends for SNOTELSs for the (a) Winter and (b) Spring seasons.
The color is the associated linear trend (mm/year) based on the stations period of
record. The shape of the station is the decade for which the period of data record
started. All stations records ended in 2020. The red check shows which stations
trends are statistically significant based on a linear regression (P<0.1).
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Elevation vs Temperature Trends
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Figure 3.24. All stations temperature trends versus the station elevation (m) for (a)
the start times of data that begin in (1986-1991) and (b) start times of data that begin
in (1992-1998) for each season as defined in the paper. The linear trends observed
are the change in degrees Fahrenheit (°F/year) per year from the start time of each
stations record until 2020. The red highlight indicates which variable (trend line)
have a statistically significant trend based on a linear regression statistical test
(P<0.12).
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Latitude vs Temperature Trends
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Figure 3.25. All stations temperature trends versus station latitude (°N) for (a) the
start times of data that begin in (1986-1991) and (b) start times of data that begin in
(1992-1998) for each season as defined in the paper. The linear trends observed are
the change in °F/year per year from the start time of each stations record until 2020.
The red highlight indicates which variable (trend line) have a statistically significant
trend based on a linear regression statistical test (P<0.1).

71



Elevation vs Precipitation/SWE Trends
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Figure 3.26. All stations precipitation (top) and SWE (bottom) trends versus station
elevation (m) for (a) the start times of data that begin in (1979-1983) and (b) start
times of data that begin in (1986-1993) for each season as defined in the paper. The
linear trends observed are the change in millimeters (mm/year) per year from the
start time of each stations record until 2020. The red highlight indicates which
variable (trend line) have a statistically significant trend based on a linear regression
statistical test (P<0.1).
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Latitude vs Precipitation/SWE Trends
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Figure 3.27. All stations precipitation (top) and SWE (bottom) trends versus station
latitude (°N) for (a) the start times of data that begin in (1979-1983) and (b) start
times of data that begin in (1986-1993) for each season as defined in the paper. The
linear trends observed are the change in mm/year from the start time of each stations
record until 2020. The red highlight indicates which variable (trend line) have a
statistically significant trend based on a linear regression statistical test (P<0.1).
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Figure 3.28. NCEP/NCAR Reanalysis 500 hPa geopotential height anomalies (m)
based on the 1981-2010 climatological mean for the (a) winter, (b) spring, and (c)
summer seasons as defined in the paper. Each plot is the 2011-2020 decade minus

the 1981-1990 decade.
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Figure 3.29. NCEP/NCAR Reanalysis 300 hPa scalar wind speed anomalies (m/s)
based on the 1981-2010 climatology mean for the (a) winter, (b) spring, and (c)
summer seasons as defined in the paper. Each plot is the 2011-2020 decade minus

the 1981-1990 decade.
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Figure 3.30. NCEP/NCAR Reanalysis 300 hPa scalar wind speed (m/s) 1981-2010
climatological mean for the (a) winter, (b) spring, and (c) summer seasons as defined
in the paper.
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CHAPTER 4
4. Discussion

a. Flow Volume Comparison

The SNOW-17 SWE dataset produces more accurate CHPS spring
streamflow volume accumulations in the UCRB, while in the LCRB, BCSWANN
SWE produces more accurate spring streamflow volume accumulations (Table 3.2
and 3.4). Statistical analysis reveals that the BCSWANN and SNOW-17 flow
volume forecasts are statistically similar for all basins (Table 3.1 and 3.3). The
success of both SWE products allows the CBRFC to check SWE and flow volume
forecasts with both datasets. The existing SNOW-17 model used by the CBRFC will
remain in place due to more accurate and consistent flow volumes examined in the
UCRB. In the LCRB, the BCSWANN SWE produces more accurate flow volume

forecasts and should be implemented.

The methods used in this study to implement SWE into the CHPS hydrologic
model remain unique. The simplicity of both SWE models allows for accurate SWE
depictions and flow volume forecasts. Depending on updates of either SWE product,
the SNOW-17 model should continue to be used by the CBRFC. BCSWANN can be
used to check flow volumes and SWE amounts in headwater basins throughout the

CRB.

b. Streamflow Declines

Streamflow declines observed in the CRB are supported by numerous studies

(NRC 2007; MacDonald 2010; Miller et al. 2011; Nowak et al. 2012; Liu et al. 2015;
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Kormos et al. 2016; Kirk et al. 2017; Hoerling et al. 2019; Lukas and Payton 2020;
Milly and Dunne 2020; and Tillman et al. 2020). Streamflow trends show a decrease
in 18/21 basins with 10/18 basins showing a statistically significant decrease (Fig.
3.12). Data records began late (1988 and 1990) for 2/3 basins that show an increase
in streamflow volume (ENMC2 and TRAC2). The third basin (WBRW4) showing
an increase is the northernmost basin in the CRB. The 1980s were a wet period in the
CRB, and past studies have shown that the northern CRB is decreasing less in
precipitation and SWE than other areas since the 1980s (Garfin 2005; Lukas and

Payton 2020). This research further corroborates these trends.

This study uses a unique dataset to examine streamflow trends at 21
headwater basins. Other studies document streamflow volume decreases using
headwater basins, reservoir levels, and or the Lee’s Ferry UCRB/LCRB division
point (Miller et al. 2011; Nowak et al. 2012; Kirk et al. 2017; Hoerling et al. 2019;
Lukas and Payton 2020; Milly and Dunne 2020; Tillman et al. 2020). The connection
between the headwater basins and downstream impacts on reservoir and Colorado
River levels is clear with respect to spring streamflow volume accumulation
decreases. The impacts of streamflow declines during the spring melt season result in
critical water supply forecasting challenges, which the BCSWANN and SNOW-17
SWE have been shown to accurately predict. Spring flow volumes are declining in
the CRB which is attributed to decreasing precipitation and declines in melt out and

peak SWE.
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c. SWE and Precipitation Trends

SWE declines observed in the CRB are supported by numerous studies (Hamlet
et al. 2005; Mote et al. 2005; Knowles et al. 2006; Mote 2006; Hamlet et al. 2007;
Clow 2010; Clow et al. 2016; Fyre et al. 2017; Kirk et al. 2017; Mote et al. 2018;
Painter et al. 2018; Zeng et al. 2018; Evan 2019; Hoerling et al. 2019; Lukas and
Payton 2020; Tillman et al. 2020). Melt out SWE amounts show declines in 11/11
basins with 10/11 basins showing a statistically significant decrease from 1982-2015
(Fig. 3.14). Of these 11 basins, 8/11 basins correlate with streamflow volume
decreases with the exceptions of ENMC2, TRAC2, and WBRWA4. Of the 10/11
basins showing a statistically significant decrease in melt out SWE, 5/11 basins are
correlated with statistically significant decreases in streamflow volumes (BPPA3,
DRGC2, EWFA3, TPIC2, and WHTAZ3). The LCRB shows a stronger degree of
SWE and streamflow declines than the UCRB. This is observed in peak SWE

declines as well.

Peak SWE amounts decrease in a majority of basins for each elevation zone (Fig.
3.14). The upper elevation zone shows the most statistically significant decreases
(Fig. 3.14). The date of peak SWE shifted earlier in a majority of the basins for each
elevation zone as well (Fig. 3.15). The three LCRB basins show the strongest
signatures of peak SWE declines for all elevation zones. Zeng et al. (2018) showed a
decrease in springtime SWE at higher elevations using the SWANN dataset as well.
The unique data and methods of peak SWE declines for different elevation zones

shows the potential impact higher terrain has on SWE and streamflow declines. The
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decreases in streamflow are highly correlated with SWE declines, most noticeably in

the upper elevation zone and LCRB based on Figures 3.14 and 3.15.

SNOTEL observations further confirm the larger decreases in SWE at higher
elevations in the UCRB (Figure 3.26). In-situ SNOTEL SWE is also shown to have a
larger decrease with decreasing latitude in the UCRB (Fig. 3.27). The stations further
south, especially in the San Juan basin, show a stronger signal SWE declines (Fig.
3.23 and 3.27). Clow et al. (2016) and Painter et al. (2018) show declines in SWE
and streamflow in the San Juan basin because of dust-on-snow decreasing albedo
and increasing melt. The declines in SWE, and relation to elevation zone and

latitude are illuminated in this study through model and in-situ observations.

Precipitation trends observed in the CRB are supported by numerous studies
(Barnett et al. 2008; Hoerling et al. 2010; Guo et al. 2019; Hoerling et al. 2019;
Lukas and Payton 2020; Tillman et al. 2020). The UCRB SNOTEL network is
drying at a majority of stations (Fig. 3.20, 3.21, 3.22, and 3.23). The average
precipitation and SWE trends per winter, spring, and summer season between all
stations is negative. Precipitation decreases are most significant during the summer (-
1.49 mm/year) and SWE decreases are most during the spring (-2.27 mm/year).
Declines in precipitation in the UCRB also show larger decreases with increasing
elevation and decreasing latitude (Fig. 3.26 and 3.27). This is most noticeable with

latitude in Figure 3.27 where statistically significant trends are observed.

Lukas and Payton (2020) showed the 1980-2019 UCRB mean annual

precipitation trend is not statistically significant. They go on to show that the
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unusually high precipitation values in the 1980s mean that any trend that starts in the
vicinity of 1980 will tend to be negative. Importantly, the average annual
precipitation over the past 20 years (2000-2019) does not stand out relative to
periods of the same length earlier in the observed record (Tillman et al. 2020). They
also observed a decline but non-significant trend of annual precipitation in the
LCRB. Precipitation trends in this study show declines from the 1980s to 2020 at a
majority of stations, and statistical analysis reveals the winter, spring, and summer
seasons declines are 18.5%, 24.1%, and 50% significant for each respective season.
Each season is observed with increases in precipitation as well, where 22.9%
(winter), 17.1% (spring), and 2.9% (summer) of stations are increasing in
precipitation. Similar stations are also seeing an increase in SWE (Fig. 3.23). No
increases in precipitation or SWE are statistically significant though. Based on the
variability of significant decreases in precipitation, and other studies similar
conclusions, natural variability is likely responsible for at some of the decline
(Barnett et al. 2008; Guo et al. 2019; Hoerling et al. 2019; Lukas and Payton 2020;
Tillman et al. 2020). The summer is drying more in the UCRB but declines in
precipitation throughout other seasons are leading to declines in SWE and

streamflow throughout the year.

d. Temperature trends

Warming temperature trends observed in the UCRB are supported by numerous
studies (Garfin 2005; Mote et al. 2005; Knowles et al. 2006; Hamlet et al. 2014;

Vose et al. 2014; Vose et al. 2017; Mote et al. 2018; Lukas and Payton 2020;
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Tillman et al. 2020). The three COOP stations statistically insignificant trends
combined with the lengths of record make it difficult to draw conclusions from them
alone. Analyzing all stations reveal a significant warming trend, especially with
MinT. While the data and methods in this study remain different from others, similar
conclusions can be examined and compared. Lukas and Payton (2020) showed a
2.4°F increase in average temperatures between 1980-2019 over the CRB based on
data from NOAA NCEI. They went on to say that daily MaxT have warmed more
(+0.65°F per decade) than the AvgT (+0.5°F per decade) or the daily MinT (+0.4°F
per decade). Vose et al. (2017) shows the southwest region (AZ, CA, CO, NM, NV,
and UT) temperatures increased by 1.61°F for MaxT and MinT based on the 1986-
2016 average minus the average of 1901-1960 using the nClimDiv dataset (\Vose et
al. 2014). These results contrast the findings from this study of MaxT vs MinT
temperature trends. Between the three seasons, MaxT trends increase 6.7, 2.0, and
3.6°F/decade. MinT trends increase between the three seasons at 12.1, 8.8, and
8.5°F/decade. Both MaxT and MinT show the strongest degree of warming during
the winter. MaxT trends in spring showed the strongest signature of cooling at 39.5%
of stations, and 26.3% showing no trend, while no cooling trends were statistically

significant. The average MaxT trend for the spring was still +0.02°F per year.

The increases in temperature are supported by past studies however differences
are observed. Possible explanations to these differences in MaxT and MinT trends
can be attributed to the number and location of SNOTEL/COQP stations, as well as
the bias correction of some temperature data. Lukas and Payton (2020) covered the

whole CRB and used NOAA NCEI data from 1980-2019. Vose et al. (2017) covered
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five states and used nClimDiv data from 1986-2016 minus the average of 1901-1960.
Neither of these two studies mention bias correction of their datasets. This study
utilized CBRFC information from Julander et al. (2020) to bias correct select
stations, time periods, and variables based on station movement and sensor errors.
The area examined, bias correction, and the periods of record used (Table 2.2) are
likely reasons why this study’s temperature trends differ from others. This study
illuminates the difficulty in making consistent time and data trends because of the
lack of uniform start times throughout the SNOTEL and COOP network, as well as

movement and errors of station sensors (Juander et al. 2020).
e. Upper Air Trends

The results from 500 hPa geopotential heights show the changes in the
atmospheric patterns over the western US and CRB (Fig. 3.28). Higher heights are
being observed which can be attributed in part to anthropogenic warming (USGCRP
2017; Lukas and Payton 2020). The increases in heights observed can be classified
by more ridging the CRB (Kirk et al. 2017). Higher heights and a higher frequency
of synoptic ridges has been attributed to increases in temperature and decreases in
precipitation/SWE throughout the western US (Brewer and Mass 2016; Kirk et al.
2017). Kirk et al. (2017) classified synoptic circulation patterns to conclude that the
21% century drought in the CRB has seen increases in 500 hPa geopotential heights
which is linked to low reservoir levels and earlier snowmelt. This current study
illuminates the connection of increases in 500 hPa to impacts on streamflow, SWE,

precipitation, and temperature in the CRB. The 300 hPa scalar winds trends are
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consistent with several studies’ documentation of poleward shifts in the NH jet
stream (Archer and Caldeira 2008; Tang et al. 2014; Brewer and Mass 2016). The
poleward shift observed in Figure 3.29 has been supported by Archer and Caldeira
(2008) and Brewer and Mass (2016) to alter cyclone tracks over the western US. The
connection between increases in synoptic ridging and changes in the Pacific jet are
shown to contribute to warming and drying in the western US (Brewer and Mass

2016).

f. Relationship Between Drying and Warming

Streamflow declines, SWE declines, precipitation declines, and temperature
increases in the CRB are consistent with other research. Anthropogenic climate
change has been shown to be the primary cause of warming and drying in the CRB
(Lukas and Payton 2020). Temperatures have warmed and decreases in
precipitation/SWE are drying the region. Lukas and Payton (2020) described that the
observed warming and drying is extremely likely (>95% probability) because of
human influence through greenhouse gas emissions and other sources (USGCRP
2017). While natural variability has been partially attributed to precipitation declines,
documentation has shown that the long-term tendency is toward reduced
precipitation caused by anthropogenic climate changes effects related to more
frequent ridging and changes in the storm track/jet stream (Brewer and Mass 2016;

USGCRP 2017; Lukas and Payton 2020; Tillman et al. 2020).

Temperature trends observe warming in the UCRB, but differences arise

between MaxT and MinT degrees of increase. A greater MinT increase is observed
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at a majority of SNOTELS for the winter, spring, and summer seasons in the UCRB.
This could lead to enhanced snowpack melting because of warmer overnight
temperatures. Additionally, during the spring, SNOTEL observations show an
acceleration in warming temperatures at higher elevations and lower latitudes (Fig.
3.24b and 3.25), which likely led to more rapid declines of SWE at higher elevations
and lower latitudes (Fig. 3.14, 3.15, 3.26, and 3.27). These temperature trends are
consistent with other studies documentation of global elevation-dependent warming
(higher elevations are warming more than lower lying areas) (Clow 2010; Rangwala
and Miller 2012; Pepin et al. 2015). Warming temperatures and declines of SWE at
higher elevations and lower latitudes is supported by SNOTEL precipitation
decreases with increasing elevation and decreasing latitude as well (Fig. 3.26 and
3.27). Warming temperatures are leading to less precipitation falling as snow and
snow melting earlier in the year, especially at higher elevations and lower latitudes.
Warming temperatures, less precipitation falling, and earlier snow melt is leading to
earlier peak SWE as well as a decrease in spring flow volume accumulation. The
NCEP/NCAR Reanalysis 500 hPa geopotential height increases and changes in 300
hPa winds from 1981-2020 further confirm the connection between warming and
drying in the CRB. Increases in synoptic ridging combined with changes in upper-
level winds have altered storm tracks over the CRB and contributed to warming and

drying.
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Chapter 5

5. Conclusion

The interrelation between all aspects of this study illuminate warming and drying
occurring in the CRB while discovering additional ways to successfully model SWE
and streamflow volumes. These results have many implications for the CBRFC and
its stakeholders. Accurate flow volumes can be obtained from the BCSWANN SWE
dataset (especially in the LCRB), although the existing SNOW-17 model is still more
accurate. Using BCSWANN and SNOW-17 SWE along with in-situ
SNOTEL/COOP data shows warming and drying occurring in the CRB to varying
degrees, locations, and elevations. MinT is shown to be increasing more than MaxT
which could contribute to increases in SWE and streamflow declines because of
warmer overnight temperatures. Higher elevations and lower latitudes are warming
more, especially during the spring season, which correlates to model and in-situ
precipitation/SWE declines at the same locations. These surface impacts are
inherently connected to upper-level atmospheric properties of increases in synoptic
ridging as well as changes in the jet stream and storm tracks. The results from this
study have been shown to be largely influenced by anthropogenic climate change.
The combination of this with natural variability in precipitation decreases have
immense impacts on water resources for the millions of beneficiaries in the CRB and
surrounding areas. This study allows the CBRFC to use additional methods to inform
stakeholders and the public of climate changes impacts on water resources in the

region.
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a. Future Work

The techniques used with CHPS to model flow volume accumulations in the
CRB can be replicated with other SWE products. The CBRFC hopes to complete the
same analysis with the Snow Data Assimilation System (SNODAS) (NOHRSC,
2004). Comparing the SNODAS SWE dataset and other SWE datasets would allow
the CBRFC to investigate additional SWE products usefulness in CHPS hydrologic
forecasts. Examining other headwater basins would offer more insights to SWE
products use in CHPS, as well as analyzing SWE trends through each elevation zone
would further confirm trends shown in this study. Additional areas of future work
would cover the SNOTEL/COOQOP stations used. Additional stations throughout the
CRB, especially in the LCRB, would further confirm and relate warming and drying
trends. This study used two SWE products, 35 SNOTELSs, and three COOPs to show
warming and drying trends in the CRB. Adding to each of these three components

would show a greater spatial and temporal analysis to climate trends in the CRB.
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