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II. ABSTRACT 
 
Rising temperatures are widely regarded as the cause of declining snowpacks in the 

western United States. Variability in precipitation also poses risk to snowpacks but has not 

received attention in Arizona – where this research finds that variability in precipitation accounts 

for the majority of the decline in snowpack observed over the period 1981-2017.  These findings 

are relevant in the Salt and Verde watersheds in central Arizona which provide approximately 

40% of the water used in the Phoenix area annually, and may be used to better inform water 

management decisions in the area. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 



 
8 

III. INTRODUCTION 
 
Recent trends in U.S. snowpack include reductions in peak snowpack and earlier melting. 

Mote et al., 2018 found that in the western U.S., rising temperatures attributed to anthropogenic 

climate change are linked to an average snowpack loss of 21% over the last 100 years. More than 

90% of the 600+ stations sampled in the research showed losses in snowpack. These researchers 

and others also noted a shift toward an earlier onset of snowmelt (Harpold et al., 2012). Reduced 

total snowpack and earlier onset of snowmelt reduce overall streamflow (Barnhart et al., 2016), 

and therefore have implications for water resources, especially in regions that are highly 

dependent on this streamflow like the southwestern United States.  

 Mote et al., 2018 identified rising temperature as the key contributing factor influencing 

snow regimes across all regions in the western United States. However, many regions in the 

West are significantly different from each other in snow timing, elevational extent, and depth. 

Therefore, regional analysis to identify the root cause(s) of change is necessary. A regional 

understanding of the causes of change is valuable for water resource managers who must 

understand these drivers to inform methods for mitigating any impacts these changes might 

cause. One region that is highly dependent on winter snowpack is central Arizona.   

 Approximately 40% of the water used in Phoenix, Arizona originates as snowpack 

dominated streamflow from alpine areas of the Salt and Verde watersheds (Ellis et al., 2008). In 

these watersheds, roughly 70-80% of total streamflow arrives as a result of spring snowmelt. 

Further compounding reliance on the Salt and Verde watersheds, snowpack from these areas 

accounts for the majority of recharge in the aquifers of underlying Phoenix (Ellis et al., 2008, 

Knowles et al., 2015), and 20-30% of water used in Phoenix comes from aquifer draw. 
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Ultimately, changes to snow regimes in the alpine areas of central Arizona pose risks to the 

water supply of millions of people living in Phoenix (Ellis et al., 2010). 

 This research will characterize the snow regime in Arizona, and seek to identify the 

underlying causes of change in the snowpack by analyzing 36 years (1981-2017) of daily Snow 

Water Equivalent (SWE) data from nine NRCS SNOTEL stations across the Mogollon Rim of 

Central Arizona, paired with temperature data acquired from the PRISM Climate Group. The 

research seeks to gain an understanding of the underlying causes of change because these are 

likely to impact decisions made by water resource managers in Arizona. 

Ahead the reader will find a broader review of literature regarding the impacts of 

changing snowmelt regimes, including the expected impact on water resources in the Salt and 

Verde basins. The reader will also find a review of the elements that impact snowpack in 

Arizona. This will be followed by the body of research conducted by the author.  
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IV. IMPACTS OF CHANGING SNOW REGIMES   

Snow regimes influence a wide variety of ecosystem properties and services. Changes in 

the duration, depth, timing, or consistency of snow cover have been demonstrated to influence 

several ecosystem properties including nutrient cycling, forest cover, streamflow, and 

groundwater recharge (Fitzhugh et al., 2001, Edwards et al., 2007, Barnhart et al., 2016, 

Blankinship and Hart, 2012). These impacts can have cascading effects that further influence the 

environment (Edwards et al., 2007). Ahead, the reader will find details on how changing snow 

regimes can influence streamflow and groundwater recharge.  

A. Streamflow and Groundwater Recharge  

Streamflow and groundwater recharge are directly related to precipitation and 

evapotranspiration – in winter months, when ET is lower, and snow covers the surface, 

groundwater recharge and streamflow (upon melt) are highest (Godsey et al., 2014, Harpold et 

al., 2015, Moore et al., 2011). Therefore, winter precipitation is critically important for water 

resources. When snowpack is reduced, both groundwater recharge and streamflow are reduced 

(Godsey et al., 2014, Moore et al., 2011). Furthermore, the timing of snowmelt may impact 

streamflow. As western snowpack begins to melt earlier under warmer climate scenarios, the rate 

of snowmelt is decreased because solar radiation is weaker earlier in the season (Harpold et al., 

2012, Harpold and Brooks, 2018). Slower snowmelt is linked to reductions in streamflow, 

because soil field capacity (and thus subflow) is reached more slowly (Barnhart et al., 2016), and 

more water is lost to evaporation. Ultimately, changes in timing, depth, and extent of snowpack 

have potential to impact water resources. 

 
 
 
 



 
11 

V. CLIMATE CHANGE AND SALT/VERDE WATER RESOURCES 
 
A. Overview of Changing Climate in Arizona 

 
The U.S. Southwest is accustomed to prolonged periods of drought followed by 

significant precipitation. While this periodic aridity and high variability is normal, broader scale 

climate projections suggest this cycle may become magnified (IPCC, 2013).  In other words, 

climate variability in this region is expected to increase.  In addition, the IPCC forecasts with 

high certainty that the net annual temperature in this region is likely to increase by as much as 5F 

by 2100 (Garfin et al., 2013).  Furthermore, the average length of freeze-free season is excepted 

to increase by as much 30 days in central Arizona (IPCC, 2013). This has far-reaching 

implications on water demand because agricultural seasons may be prolonged and natural flora 

are likely to use greater water, increasing the overall water demand (Hu et al., 2010). As a whole, 

the region is expected to become more aridic, but seasonal fluctuations in precipitation may 

mean that some seasons are wetter or drier than they were historically. Ultimately, these changes 

are anticipated to impact water resources significantly in the Salt and Verde basins, which 

provide water for millions of people (Ellis et al., 2008).  

Summer monsoons do not contribute significantly to the Salt or Verde Watershed runoff, 

but play an important role because they provide some water during peak use in Phoenix and peak 

evapotranspirative demand, and account for slightly more than half of the net annual 

precipitation that falls over the basins (proportionally higher in the Salt Basin) (Ellis et al., 2008). 

Monsoons also contribute to the perennial nature of these rivers, provide ecological benefits, and 

promote ecotourism (VRBP, 2017). Monsoons also play a key role in net evapotranspiration 

rates because cloud cover reduces evapotranspiration (Hawkins et al., 2015). 
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  High resolution projections of future monsoon activity in the region indicates that 

monsoons are expected to add additional precipitation over higher elevation regions that already 

receive heavy monsoon precipitation like the Mogollon Rim and southeastern Arizona (Luong et 

al., 2017).  However, monsoon activity in lower deserts is expected to decrease – but the storms 

are expected to be stronger and include rapid downbursts that provide greater runoff (and flood 

potential) and less infiltration (Luong et al., 2017). Increased temperatures will lead to uplift 

earlier in the day, leading to prolonged events – especially over higher elevations areas like the 

Mogollon Rim (Luong et al., 2017). Due to this, some models expect that overall precipitation in 

Verde and Salt Basin could increase, however, given the relatively insignificant influence of 

summer precipitation on streamflow in these basins, these changes are likely to have little impact 

on water resources for human consumption (Luong et al., 2017) because summer precipitation 

only accounts for 10-20% of overall streamflow (Ellis et al., 2008). Therefore, the focus of water 

resources for human and environmental use in this region must emphasize winter climatology 

(Ellis et al., 2008, Svoma, 2011).  

 It is anticipated that winter precipitation will decrease in the future, primarily because the 

jet stream is expected to remain north for longer periods of the year due to increasing ridging 

over the western U.S. caused by higher temperatures (IPCC, 2013). Additionally, earlier arrival 

of spring streamflow by as much as one month is expected (Stewart et al. 2005). Earlier arrival 

of spring streamflow represents an issue for central Arizona snowpack because winter systems 

that normally carried precipitation during this period (March-April) may no longer provide vital 

precipitation in this timeframe.  Instead, associated ridging could generate warmer temperatures 

and higher potential evapotranspiration – leading to greater snowmelt in the early spring (Svoma, 

2011), and an associated reduction in streamflow (Barnhart et al., 2016). Ultimately, reduced 
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precipitation, higher ET, and earlier snowmelt is problematic for both the Salt and Verde basins, 

but each could behave differently under variable climate scenarios. Ahead is a discussion of 

these differences. 

B. Basin Specific Impacts  
 

Both the Salt and the Verde Basin contain areas of lowland desert, but receive the 

majority of precipitation in higher elevation forested area along the Mogollon Rim, which 

separates each basin from the Little Colorado Basin (Figure 1). Streamflow is dominated by 

winter precipitation in each, and this accounts for 70-80% of the total precipitation (Ellis et al., 

2008). Winter precipitation in the Salt Basin is lower on average because it is farther south and 

east than the Verde basin and sees fewer benefits from winter systems carried south by the jet-

stream (Svoma et al., 2011). However, the Salt basin benefits from areas of relative higher 

elevation (the White Mountains rise as high as 11,400ft) and maintains larger snowpacks, and 

therefore accounts for approximately 61% of the total streamflow of the combined Salt-Verde 

Basin (Ellis et al., 2008, Svoma, 2011). Therefore, both the Salt and the Verde watersheds still 

constitute a significant source of water with potential to supply the Phoenix area with 

approximately 24% and 16% of the water used in Phoenix annually, respectively (Ellis et al., 

2008). However, differences in infrastructure (storage) in each basin lead to disparities in actual 

water use. 
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Figure 1 – Salt, Verde, and Little Colorado River Basins. Source: NWCC, 2018.  
 

 The Salt basin has five reservoirs, and accounts for 88% of the total storage in the 

combined Salt-Verde Basin (2.35 million acre-feet), the majority of which is stored in Lake 

Roosevelt Reservoir (AWDR, 2014). The Verde Basin’s three reservoirs combined hold just 

302K acre-feet of water, roughly equivalent to 2 months of water the Phoenix area’s water 

supply. This amount is less than the annual flows of the watershed, which averages 

approximately 390K acre-feet (AWDR., 2014, Ellis et al., 2008). In addition, some of water 

collected in the Verde Basin is used in the other cities, like Prescott (AWDR., 2014). Ultimately, 

this disparity poses a risk in the event of extreme drought, like that of the 12th century – which is 

estimated to have spanned more than 40 years (Woodhouse et al., 2010). Currently, Verde river 

water that exceeds the reservoir capacity is not collected and allowed to run downstream toward 

the Colorado River (AWDR., 2014), partially as a mechanism to prevent flooding. Meanwhile, 

water from the increasingly unreliable Colorado River is pumped and conveyed across the state 

to Phoenix and Tucson (ADWR., 2014). Ultimately, the lack of available storage in the Verde 
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poses unnecessary pressure on these other sources of water in the event of prolonged drought or 

changing climate. 
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VI. INFLUENCES ON SNOWPACK IN ARIZONA 

Arizona snowpack differs from other snow regimes in the Western United States because 

it is geographically separated and receives higher total solar radiation than snowpack in more 

northern regions (Harpold and Brooks, 2018). In addition, it has unique elevational and 

topographic characteristics that affect precipitation and has an ENSO signal that is distinct to the 

region (McCabe and Dettinger., 1999, Painter et al., 2007, Trujillo and Molotch, 2014). Ahead is 

a discussion about the factors influencing snowpack in Arizona.  

A. Regionality 

Arizona’s primary snow region (ranging from south of the Mogollon Rim to north of the 

North Rim of the Grand Canyon, just south of Utah) extends from approximately 33°N to 37°N 

in latitude, and is farther south than any other snow accumulation region in the Western United 

States, besides New Mexico - which has similar influences on its snowpack (Serreze et al., 

1999). Snowmelt is most significantly dependent on solar radiation (Harpold and Brooks, 2018). 

Given Arizona’s relatively low latitude, greater solar radiation initiates snowmelt earlier than in 

more northern regions – further complicating any Western-U.S.-wide analyses of snowpack that 

depend on April 1 SWE measurements for evaluation. Furthermore, temperatures in this region 

are generally warmer than areas at higher latitudes (although maritime climates are often warmer 

in the winter if at roughly the same latitude) – and temperature affects both ablation and the 

phase of precipitation (Trujillo and Molotch, 2014).  

Continentally bound regions in the western United States tend to have lower total 

snowfall due to lower precipitation. However, continental locations have longer accumulation 

seasons than maritime regions where the reverse is generally true – partially because lower 

winter temperatures in continental locations lead to higher SWE to Precipitation Ratios. (Trujillo 



 
17 

and Molotch, 2014). In more northern regions, snow level is generally lower, especially if 

continentally bound. Consistent winter snow cover is generally found at higher elevation regions 

in Arizona (Trujillo and Molotch, 2014). Snow ablation is also different in maritime and 

continental climates. Snowmelt tends to begin earlier in maritime regions because there is a shift 

towards lower SWE/Precipitation ratios earlier in the season – and rainfall diminishes snowpack 

(Trujillo and Molotch, 2014), however, the authors of this research noted that their snow ablation 

results were not conclusive for snowpack in Arizona and New Mexico because of the difficulty 

of characterizing the “intermittent and shallow” nature of the snowpack. Serreze et al., 1999 

analyzed west-side snowpack using SNOTEL stations and noted that Arizona and New Mexico 

snowpack is more similar to maritime locations like the Pacific Northwest than other continental 

locations because it is heavily dependent on temperature’s control over the SWE/Precipitation 

ratio. However, these regions differ in that precipitation is the most variable in Arizona and New 

Mexico (of any of the 8 regions identified by the authors) and is highly consistent in the Pacific 

Northwest.  Maritime snowpack may also melt at faster rates than continental snowpack because 

the higher humidity environment forces greater atmospheric moisture deposition, which releases 

latent heat that warms the snowpack faster than sublimation dominated drier environments 

(Harpold and Brooks, 2018).  

Arizona’s snowpack also relies less on atmospheric rivers than maritime locations in the 

West. However, cool season atmospheric rivers are more common along the coast of the 

Southwestern US than the Northwestern U.S., and these systems can reach Arizona (Neiman et 

al., 2008). A significant flooding event in Arizona in January 2010 was attributed to atmospheric 

river induced rain-on-snow. The AR and orographic induced precipitation led to major flooding 
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as lower elevation rain-on-snow produced rapid melting. At higher elevations, large increases in 

snowpack were recorded (Neiman et al., 2012.) 

B. El Nino Southern Oscillation  

The magnitude of Arizona’s snowpack is heavily influenced by the El Niño phase of 

ENSO (McCabe and Dettinger, 1999). El Niño airflow often causes an eastward shift of ridging 

over the Rockies and allows maritime airflow (Svoma, 2011, Shepard et al., 2002) and generally 

leads to warmer and wetter conditions over Arizona (Higgens et al. 2002). Meanwhile, the La 

Niña phase of ENSO tends to bring cooler and drier conditions to Arizona (Shepard et al., 2002). 

In a study of the elevation of snow level in the western United States, Svoma, 2011, found that 

snow level tended to be higher during El Niño events, and unchanged during La Niña. Given 

this, ENSO also impacts SWE/PRE ratio and must be considered in observations of changing 

SWE/PRE ratios over time (Svoma, 2011). Ultimately, trends in ENSO have potential to 

significantly influence results in any time series analysis, and will be considered in the research 

ahead.  

C. Topography and Elevation  

Topographic influences play a large role in precipitation and snowfall in Arizona, with 

heavier amounts falling at higher elevation areas with rising slopes (McCabe and Dettinger, 

1999). Higher elevation sites tend to receive greater total precipitation than those directly 

adjacent, but lower. Generally, higher ratios of snow to total precipitation occur at higher 

elevations (Feng and Hu, 2007). Svoma, 2009, found that low elevation locations in the Salt and 

Verde watersheds were more likely to receive rainfall than higher elevation locations during the 

same precipitation event. Furthermore, over the period of this study (1960-2007), lower elevation 

locations where snowfall is relatively common in winter months (between 1095 m and 2166 m), 
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saw decreases in the amount of snowfall to precipitation observed over the period of record, 

while the highest elevation locations (>2166 m) saw no change in the ratio of snow to 

precipitation over time, primarily because these stations are “cold enough that they rarely receive 

rainfall during the cold season” (Svoma, 2009). Ultimately, snow level and the SWE/PRE ratio 

are highly influenced by temperature, which cools with elevation.  
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VII. METHODOLOGY 

A. Data Collection  

Precipitation and Snow Water Equivalent data were acquired from nine NRCS SNOTEL 

stations along the Mogollon Rim in Arizona, broadly representing the Salt and Verde 

Watersheds. Stations included are detailed in Table 1 below, and shown on the map in Figure 2. 

These stations range in latitude and longitude from approximately 33N to 35N and 109W to 111 

W, and in elevation from 6900 feet to 9200 feet, and for the purposes of elevational analysis, are 

broken in three categories (< 7500ft, 7500ft to 8500ft, > 8500ft). Each elevational category is 

represented by three stations.  

 
Table 1 – SNOTEL stations used in research. *Maverick Fork station borders Salt River Basin, but drains 
into Little Colorado Watershed. 

 

	 Station	 Elevation	 Watershed	 Latitude	 Longitude	

High	Elevation	
									>	8500ft	

Maverick	Fork	 9200’	 Little	CO*	 33.92	N	 109.46	W	

Badly	 9125’	 Salt	 33.98	N	 109.50	W	

Hannagan	Meadows	 9020’	 Salt	 33.65	N	 109.31	W	

Medium	Elevation	
7500ft	-	8500ft	

Promontory	 7930’	 Salt	 34.37	N	 111.01W		

Wildcat	 7850’	 Salt	 33.76	N	 109.48	W	

Mormon	Mountain	 7500’	 Verde	 34.94	N	 111.52	W	

Low	Elevation	
<	7500ft	

Baker	Butte	 7300’	 Verde	 34.46	N	 111.41	W	

Fry	 7200’	 Verde	 35.07	N	 111.84	W	

Workman	Creek	 6900’	 Salt	 33.81	N	 110.92	W	
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Figure 2 – Map of SNOTEL station locations, by elevational category.  Source: Google Maps 
 
 

There are more than 800 SNOTEL stations in the Western US that provide daily (and 

hourly) weather measurements including, temperature, precipitation, and Snow Water Equivalent 

(SWE) – the estimated amount of water (in inches) held in the snowpack (NRCS, 2018). Some 

SNOTEL stations also measure solar radiation and wind speed, but this is not the standard, and a 

more recent advent (few stations have a long period of record for this data). Length of the period 

of record was a key factor in the choice of these locations because trends are difficult to identify 

in climatological studies with short periods of record. Daily precipitation and SWE data are 

available from 1982 to present at seven of the nine stations used in this study, and are available 

beginning in 1984 and 1985 at the remaining two stations. Missing temperature values are 

SNOTEL Stations

High Elevation > 8500ft

Baldy - 9200'

Maverick Fork - 9125'

Hannagan Meadows - 9020'

Med. Elevation 7500ft to 8500ft

Promontory - 7930'

Wildcat - 7850' 

Mormon Mountain - 7500'

Low Elevation < 7500ft

Workman Creek - 6900'

Baker Butte - 7300'

Fry - 7200'
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common due to instrumentation error or damage, or loss of signal that connects the site to the 

NRCS database. Missing temperature data (presumably due to instrumentation error) were 

especially common in the early period of temperature record at the locations analyzed (late 

1980’s to early 1990’s) (Harpold et al., 2012). To combat these errors (and lengthen period of 

record), PRISM temperature data were used in place of SNOTEL temperature data for the full 

period of record.  

The PRISM dataset uses reanalysis data to generate temperature at 4km resolution for a 

given (average) elevation within in the cell (NACSE, 2018).  Several potential problems with 

pairing SNOTEL and PRISM data are worth noting. Since PRISM relies on multiple sources of 

data for temperature reanalysis, error is less likely. However, some specificity (microclimate) 

may be lost. While this is potentially notable for melt conditions, this is not as relevant for the 

accumulation data this research seeks to study because broader conditions like temperature aloft 

largely control the phase of precipitation (Svoma, 2009). Furthermore, the specificity of this 

research does not depend on hourly controls of temperature, and instead focuses on daily and 

monthly changes – which require more general temperature trends that are established by PRISM 

data. To ensure trend accuracy, pairing of SNOTEL and PRISM temperature data were tested for 

significance using randomly selected years, and correlations for each pairing were significant (p 

< 0.01).  

Other potential problems with use of SNOTEL data includes specious SWE additions. 

Large false SWE losses are most common in summer because solar heating of the snow pillow 

results in false negatives (Sereeze et al. 1999). To combat this (and to contain focus to winter 

season), only data beginning October 1 (day 1 of water year and snow season) and ending May 

31 were included in this analysis. While the snow season generally ends (expiration defined as 



 
23 

total melting of the seasonal snowpack) in Arizona before May 1, snow events are still relatively 

common in May, especially at high elevation sites – with SWE additions (snow accumulation) 

occurring an average of 12% of the time (across all sites) during the month of May. This data has 

potential relevance when considering changes in the phase of precipitation over time. 

Furthermore, May data is highly relevant for snowmelt – with snowmelt occurring in 75% of 

Mays at the three highest elevation sites. Additional measures to prevent use of erroneous 

recordings were taken and are described later in this section.  

B. Derivation of Data  

SNOTEL data can be used to artificially derive information about a number of conditions 

that affect snowpack, including rain-on-snow, SWE/Precipitation ratio (monthly and annually), 

Winter and Spring seasons, length of snowpack season, monthly ablation and snowfall, and even 

size of precipitation event (Sereeze et al., 1999, McCabe et al., 2007, Harpold et al., 2012). 

Derivation of many of these can be done with ease, and others with less simplicity. For example, 

a more difficult to quantify event is rain-on-snow. For an event to qualify as rain-on-snow four 

conditions must be met; it must precipitate and this must be liquid phase precipitation, existing 

snowpack must be on the ground, and there must be a net loss in the snowpack (McCabe et al., 

2007). Using these conditions alone, there is potential for rain-on-snow events to be missed 

because rain could reduce snowpack prior to new snowfall that leads to greater total snowpack 

(for example from a warm front followed by a cold front, common in many cyclonic systems that 

impact Arizona in the winter months). For example, an inch of new precipitation might lead to 

1/10 on an inch of net SWE gain. In this scenario, 9/10 of an inch of precipitation is essentially 

ignored, and much of this likely arrived as rain. McCabe et al., 2007 argues that only events that 

result in the absolute loss of snowpack are important hydrologically. However, in-light of 
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differences in phase of precipitation in a warming climate, these modest reductions have 

potential to reduce overall snowpack and ultimately impact water resources, given that timing of 

snowmelt impacts streamflow (Barnhart et al., 2016). In this study, the fourth condition (loss of 

snowpack) has been changed so that “Rain-on-Snow” also includes events in which SWE rises 

by less than accumulated precipitation (in-conjunction with other three conditions).  

 Several variables measured or calculated in this analysis are detailed in the following 

paragraphs. First Snowfall is measured as the first snowfall that leads to a continuous snowpack 

for the snow season. Continuous Snowpack is the longest period of continuous snowfall during 

the season from October 1 to May 31 (Harpold and Brooks, 2018). Within this continuous 

period, three key periods or dates are defined – Peak Snowpack, Winter (accumulation) Season, 

and Spring (melt) Season. Winter (accumulation) season begins on the first date of the longest 

continuous snowpack of the season, and ends when snowpack reaches its peak (during this 

period). Spring (melt) season begins the day winter season ends, and is terminated when 

snowpack from the continuous period reaches zero (Harpold and Brooks, 2018). The day on 

which continuous snowpack reaches zero is herein termed the Snow Free Date. Maximum Snow 

Water Equivalent (Max SWE) can occur within or outside of this continuous period of 

snowpack. Most often, Max SWE occurs within this period. However, in drier years, when peak 

snowpack is very low (typically bottom 20% of all years), Max SWE sometimes occurs during a 

late season snowstorm. For the purposes of this research, this late season addition would 

constitute the seasonal Max SWE because it is the highest seasonal SWE and represents the 

maximum storage for the season.  

 Additional variables used in this analysis include, Days Snow on Ground, Days of 

Continuous Snowpack, SWE/PRE ratio, Dry Ablation, and Melt Rate, and are calculated as 
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follows. Days Snow on Ground represents the amount of days in the period between Oct 1 and 

May 31 that snow covers the ground, regardless of continuity. Days of Continuous Snowpack 

includes only the longest continuous period over which snow covers the snow pillow. SWE/PRE 

ratio roughly represents the proportion of precipitation that falls as snow (Trujillo and Molotch, 

2014). SWE/PRE is measured as the Maximum SWE divided by the total precipitation during 

the period from October 1 to May 31. A weakness of this approach is that Maximum SWE only 

roughly represents the total snowfall during the year, as there is typically some ablation (either 

dry-atmospheric, or from rain-on-snow) prior to the year’s Maximum SWE – and therefore does 

not perfectly represent the net snowfall divided by the total precipitation. Furthermore, maximum 

SWE always occurs prior to the end of the measurement period (May 31), and therefore does not 

account for late season precipitation. However, the SWE/PRE ratio still provides useful insight 

into the broader trends over the period of record. To improve upon the SWE/PRE ratio, the 

author collected precipitation and SWE data for each month over the period of record, and 

calculated the ratio of snowfall to precipitation for each month during that timeframe. Dry 

ablation is the snowmelt that occurs when no appreciable precipitation has occurred (therefore 

cannot constitute rain-on-snow). Like rain on snow, Dry Ablation can only occur if total SWE is 

greater than zero. Melt Rate represents the rate at which the peak snowpack falls to zero (over 

the “Spring” season), and is measured in inches/day – and calculated by dividing maximum 

snowpack during the continuous season by length of the melt season.  

 Once all data was collected for each of the nine stations along the Mogollon Rim, data for 

the above mentioned variables were aggregated over the period of the 1980’s and 1990’s, and 

were compared to the 2000’s and 2010’s, using pooled t-tests for significance (p<.05).  T-tests 

were conducted for the following variables: change in precipitation, change in temperature, 
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change in the yearly SWE/PRE ratio, change in Maximum SWE, change in Continuous 

Snowpack, Days snow on Ground, First Snow Date, Snow-Free Date, Winter Season, and Spring 

Season. T-tests for these variables were conducted for all stations, as well as for pooled averages 

of these stations in the following categories: Low, Medium, and High Elevation, and Salt and 

Verde locations. Low stations are those below 7500’ and include Baker Butte (7300’), Fry 

(7200), and Workman Creek (6900’). Medium stations are those that sit between 7500’ and 

8500’ in elevation, and include Promontory (7930’), Wildcat (7850’), and Mormon Mountain 

(7500’). High stations include Maverick Fork (9200’), Baldy (9125’), and Hannagan Meadows 

(9020’). Stations were also divided into East-West counterparts as this area (Mogollon Rim) 

covers more than 2.5 degrees in longitude (area also covers nearly 2 degrees in latitude but 

stations are not naturally separated, as they are longitudinally). There is more than a degree of 

separation in longitude between the west-most East station (Baldy) and the east-most West 

station (Workman Creek). Given this natural separation, it was deemed useful to perform pooled 

t-tests for each of these variables. Finally, pooled t-tests that looked for bi-decadal differences 

between stations in the Salt and Verde watersheds were conducted because differences in the 

watershed performance over time has major implications for those living in the Phoenix area and 

beyond (Ellis et al., 2008).  

 Finally, data were segmented by the phase of ENSO using ONI data gathered from 

NOAA (CPS, 2018). For each winter season, ONI was averaged over the Months from OCT-

MAY, and this value was linked to the associated snow season. Average ONI was chosen 

because the data had the highest correlation with maximum SWE across all sites used in this 

research.  
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VIII. RESULTS AND DISCUSSION  

A. Observations and Trends  

i. Precipitation  

Pooled t-tests for all stations comparing 1980’s and 1990’s values to 2000’s and 2010’s 

values were conducted. Key findings are highlighted in Figure 2 below. Average precipitation 

across all stations during the 1980s and 1990s over the period from Oct 1 to May 31 was 22.5 

inches – with stations farther north and west logging higher than average precipitation. The two 

highest precipitation stations, Promontory and Workman Creek, (each averaging 28.5 inches of 

precipitation in the 1980’s and 1990’s period), sit near natural highpoints and benefit from 

topographic influences. Stations with the lowest average precipitation sit along the far eastern 

portion of the Mogollon Rim near the New Mexico border. On average, Wildcat received just 

17.6 inches of precipitation during the 1980s and 1990s, and is the lowest recording station 

during this period.  

All stations saw decreases in precipitation from the 1980s and 1990s to 2000s and 2010s, 

and more than half of these decreases were significant (p < .05), including Maverick Fork, 

Hannagan Meadows, Wildcat, Baker Butte, and Workman Creek. While the others did not 

achieve this level of significance, p-values were close to 0.05 mark, no station exceeded a p-

value of 0.125, and all stations saw reductions in precipitation. Our data included fewer than 20 

data points (years) in each pool (for individual analysis), which made capturing significance 

difficult. However, the length of the period of record was sufficient to demonstrate statistically 

significant changes in precipitation in more than half of the stations tested. When seasonal 

(OCT-MAY) precipitation is averaged across all stations, a change in precipitation on a regional 

basis is significant (p < 0.05). 
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Table 2 –  Paired differences 
(1980’s & 1990’s) and (2000’s 
& 2010’s) using pooled t-tests. 
80’s & 90’s value represents 
the average value from the 
1980’s and 1990’s, pooled 
across all stations. Change 
column indicates the 
magnitude and direction of 
shift. Significant variables (p < 
0.05) are highlighted in Green. 
 

 

 

 

 

 

 

 Changes in precipitation across months were not equally distributed. Across the basin, 

largest losses in precipitation occurred in March, November, and February (Figure 3). In the 

1980s and 1990s, March was the largest precipitation month – but received roughly 60% of this 

amount in the 2000s and 2010s, and fell below December, January, and February in total 

precipitation. A notable finding consistent with recent research on snow and precipitation in 

California involves a “sharper” seasonal precipitation regime that includes a greater difference 

between the core winter precipitation months (DEC-FEB) and the months on the fringe of the 

winter season (Swain et al., 2018). The authors of this study noted that changes are already 

 All	Stations	

Variable	 80’s	&	90’s	
Value	

00’s	&	10’s	
Value	 Change	

Precipitation	 22.5	in.	 17.7	in.	 -4.8	in.	

Max	SWE	 10.3	in.	 7.7	in.	 -2.6	in.	

SWE	/	PRE	Ratio	 0.46	 0.44	 -0.02	

Temperature	 3.6	°C	 4.9	°C	 +	1.3	°C	

Days	Snow	on	
Ground	 137	days	 115	days	 -22	days	

Continuous	
Snowpack	 124	days	 100	days	 -24	days	

First	Snow	Date	 12/8	 12/19	 +	11	days	

Snow	Free	Date	 4/3	 3/21	 -13	days	

Winter	Season	 93	days	 74	days	 -19	days	

Spring	Season	 34	days	 30	days	 -4	days	
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occurring in California, and are primarily attributed to changes in atmospheric circulation that 

lead to a northward shift in the Jetstream during these months (Swain et al., 2018). 

 
Figure 3 – Precipitation regime and changes across all stations in study area.  

 

ii. Temperature  

Across all stations, temperature increased significantly (p < 0.05). On average 

temperature rose from 3.6°C in the 1980s and 1990s to 4.9 °C in the 2000s and 2010s during the 

annual period from Oct 1 to May 31. All stations except Fry increased by more than 1°C, (Fry 

only increased by 0.7°C). In general, lower elevation stations saw less of an increase in 

temperature. The magnitude of differences in temperature was not as notable as changes in 

precipitation across all months, with temperature rising relatively evenly over the full season. 

However, some differences exist, and monthly changes in temperature correlate with changes in 

precipitation, with the largest losses in precipitation (November and March) coinciding with the 

greatest increase in temperature (Figure 4).  
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Figure 4 – Changes in SWE, Precipitation, and temperature across all locations from the 80’s & 90’s to 00’s & 10’s.  

 

iii. Maximum Snow Water Equivalent   

 A decrease in Maximum SWE was observed at all stations from the 1980s and 1990s to 

2000s and 2010s. On average across all stations, Maximum SWE in the 1980s and 1990s was 

10.3 inches, and fell to 7.7 inches in the 2000s and 2010s. This change is significant (p <0.05). 

Five of nine stations saw significant decreases in Maximum SWE over this timeframe. Four 

stations that did not see significant changes are Promontory, Mormon Mountain, Fry, and 

Workman Creek. In general, monthly snowfall totals also fell – partially accounting for this 

change in maximum SWE. Changes in snow accumulation patterns appear to mirror changes in 
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precipitation patterns, with the greatest losses in snowfall occurring March, February, and 

November (Figure 5).  

 
Figure 5 – Snow accumulation regime and changes across all stations in study area. 

 
 

iv. SWE/PRE Ratio 

The SWE/PRE Ratio did not change significantly when all stations were pooled, and the 

majority of stations saw no significant change in SWE/PRE Ratio over the timeframe specified 

in this research. Just one station saw a significant (p < 0.05) change over this timeframe – 

Hannagan Meadows. This ratio varies widely depending the elevation, but is generally lower at 

lower elevations because temperature is typically higher. For example, the ratio was as high as 

0.7 at Hannagan Meadows (elevation 9020 feet), and as low as 0.31 at Workman Creek 

(elevation 6900 feet) during the 1980s and the 1990s. The ratio also varies greatly across the cool 

season – with values as low as 0.03 in May, and as high as 0.92 in January (across all stations) 

(Figure 6). While the sum of yearly SWE/PRE did not change significantly, the month of April 
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saw a notable (and significant) decrease in SWE/PRE ratio, while no other monthly change was 

significant.  

 

 
Figure 6 – SWE/PRE ratio regime and changes across all stations in study area. 

 

v. Days Snow on Ground  

 Across all stations, the number of days over the period (OCT - MAY) on which snow 

covered the ground fell from the 1980s and 1990s to the 2000s and 2010s. On average this 

variable fell from 137 days in the 1980s and 1990s to 115 days in the 2000s and 2010s. The 

change in this variable was significant (p < 0.05) at six of nine stations. This change was not 

significant at Mormon Mountain, Fry, and Workman Creek (the three lowest elevation stations), 

and ranged from 107 days to 161 days in the 1980s and 1990s, and from 92 days to 137 days in 

the 2000s and 2010s.  
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vi. Continuous Snowpack 

Continuous Snowpack relates closely to Days Snow on Ground, but differs because 

Continuous Snowpack measures only the longest period over which snowpack covers the 

ground. Similar to Days Snow on Ground, Continuous Snowpack decreased most significantly at 

higher elevation stations, and at locations farther east. Six of Nine stations had significantly 

lower total days of continuous snowpack during the 2000s and 2010s, compared to the 1980s and 

1990s. The three lowest stations did not have significant changes in snowpack over this period, 

but saw decreases. An average loss of 24 days of continuous snowpack across all stations was 

found to be significant (p < 0.05) over the timeframe specified in this research. 

 

vii. First Snow Date 

 The date on which the first snow accumulation of the year’s continuous snowpack fell 

“First Snow Date” did not, on average, change significantly (p < 0.05) from the 1980s and 1990s 

to 2000s and 2010s. However, all stations saw this variable occur later in more recent decades. 

Only two of these changes were significant – at Hannagan Meadows and Mormon Mountain. On 

average, the First Snow Date occurred 11 days later during the 2000s and 2010s, compared to the 

1980s and 1990s. 

 

viii. Snow Free Date 

 The date on which the longest continuous period of snow cover reached zero “Snow Free 

Date” occurred earlier on average when all stations were pooled, and this finding is significant (p 

< 0.05). In the 1980s and 1990s the Snow Free Date was on average April 3, and during the two 

most recent decades this date fell back 13 days to March 21st – a fitting start to spring. The 



 
34 

change in this date was significant at the five highest elevation stations, and was not at the four 

lowest elevation stations. These dates vary widely depending on the elevation. At the three 

higher elevation stations this date occurred during mid to late April in the 1980s and 1990s. The 

Snow Free Date occurred as early as March 10 at the lowest elevation station during the same 

period, on average. 

  

ix. Winter Season  

 When all stations were pooled, Winter Season decreased significantly (p<0.05) from the 

1980s and 1990s, to the two more recent decades. On average, the winter season shrunk by 19 

days, from an average of 93 days during the 1980s and 1990s. This change was significant at five 

of the nine stations, with the three lowest, and Maverick Fork, not showing significance, but still 

decreasing from the 1980s and 1990s to the 2000s and 2010s.  

 

x. Spring Season 

 The change in the length of the spring season was not significant (p < 0.05) for the pooled 

data, but did significantly decrease at three stations – Fry, Wildcat, and Maverick Fork, from the 

period of 1981-1999 to 2000 - 2017. Harpold et al., 2012 found the length of the spring season 

was not changing on average across the mountain west because snowmelt tends to occur more 

slowly if initiation is earlier since solar radiation is weaker. So, despite the fact that Maximum 

SWE is generally reduced when earlier melting begins, earlier melting results in a slower rate of 

decline, and the length of the spring season, while shifted earlier, tends to remain similar in 

length.  

B. SWE/PRE  
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At all stations, increases in temperature, and decreases in total precipitation were noted 

over the period of record. All temperature changes were significant (p < 0.05), and five of nine 

stations saw significant changes in precipitation. Of the five stations that saw significant 

decreases in in Maximum SWE, four had significant decreases in precipitation. Only one station 

had both significant changes in SWE. A question central to this research is, are variables besides 

temperature impacting SWE? In the next several sections we will attempt to answer this 

question.  

The SWE/PRE ratio represents the proportion of snow stored as storage (SWE) over the 

period of cold season precipitation (OCT-MAY). This ratio is rough approximation of the 

amount of snow falling over the period of the season to the amount of precipitation that falls in 

that timeframe (Feng and Hu, 2007), and may also be used to approximate snow level (Svoma, 

2009) a given percentage of the time. For instance, Hannagan Meadows had a SWE/PRE ratio of 

0.70 during the 1980’s and 1990’s. Given this, it can be estimated that roughly 70% of the 

precipitation during the period from OCT-MAY fell as snow. However, several flaws in this 

approximation are apparent. First, precipitation falling as snow after the season’s Maximum 

SWE will not be recorded in this total. Second, melting prior to the peak of the season obscures 

this value. Despite these problems, the annual SWE/PRE ratio is frequently used as an 

approximation for the ratio of snowfall to total precipitation because the timeframe used is static 

and therefore provides some useful information about phase of precipitation over time (Feng and 

Hu, 2007, Abatzoglou, 2011). Fortunately, temporal data used in this research allow a closer 

look at the SWE/PRE ratio by using monthly SWE/PRE ratios, allowing for a modestly better 

understanding of how this is changing over time.  
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Trends in the SWE/PRE ratio have been used as a proxy for impacts of rising 

temperatures on snowpack by Feng and Hu, 2007, and changes in temperature were found to 

account for approximately half of the changes in the SWE/PRE ratio (Pierce et al., 2008, Barnett 

et al., 2008). Other factors contributing to the changes in SWE/PRE ratio include PNA 

variability (Abatzoglou, 2011), and ENSO variability; Svoma, 2011 confirmed that snow level 

was higher during the El Niño phase of ENSO, and posited that SWE/PRE ratio should also 

decrease under the El Niño phase of ENSO. 

 The lack of significant changes in the SWE/PRE ratio in this dataset (less April) provides 

some evidence that temperature may not be impacting the phase of precipitation significantly 

during the accumulation season (across all stations). One exception to this is April, in which the 

phase of precipitation appears to be greatly influenced by temperature. A hypothesis for this 

change is that because April is the third warmest month during the cool season (October and 

May are warmer, and receive little to no snow), temperatures may have reached a critical point at 

which snow falling can no longer reach the ground before melting. Given that April is more than 

2C warmer than both November and March, and is approximately this much cooler than October 

and May – April appears to be the only month suitable across this timeframe to lose snowfall due 

to changes in temperature (or at minimum should be the first month to do so). Clearly, 

temperature is influencing late-season snowpack in Arizona, and this is well-documented across 

the west (Harpold et al., 2012, Mote et al. 2018). However, given the lack of evidence of change 

in the SWE/PRE ratio during the accumulation season, other factors must also be contributing to 

the SWE losses observed at all stations.  

 The SWE/PRE ratio has also been used a proxy for Rain-on-Snow events (Dettinger et 

al., 2005), with warmer temperatures leading to greater incidence of Rain-on-Snow events 
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(McCabe et al., 2007). However, a marked decline in Rain-on-Snow events were observed 

between the two periods in this research (Figure 7). Rain-on-Snow events and precipitation are 

highly correlated, and the authors of the original Rain-on-Snow research (McCabe et al., 2007) 

recorded increases in Rain-on-Snow events during a significant uptick in precipitation in the 

Western United States (the late 1990’s) – potentially brought on by an increase in the frequency 

of El-Nino events. In this body of work, there is a significant relationship between the El-Niño 

phase of ENSO (marked by greater precipitation) and Rain-on-Snow. Ultimately, precipitation 

variability has a larger influence on rain-on-snow events than does temperature.  

 

 
Figure 7 – Average Change in SWE lost to Rain-on-Snow from the 80s & 90s to 00s and 10s. 
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C. Precipitation 

Using yearly data from all sites, Multiple Regression was used to identify factors 

influencing maximum SWE. X-variables in the regression included Total Precipitation, Average 

ONI (average ONI from OCT to MAY), Average Temperature, and Elevation. The following 

regression was developed  

 

Max SWE = -14.533 + 0.567 * ONI + 0.453 * P - 0.261 * T + 0.00193 * Elev. (ft) 

 
 

All variables in the regression were significant (p < 0.05), except Temperature, which had 

a p-value of 0.058. The choice to keep this value in the regression was made given its proximity 

to the p-value – however, users should note the lack of significance, and may prefer to use an 

alternative regression that withholds Temperature, included below:  

 

Max SWE = -19.705 + 0.657 * ONI + 0.457 * P + 0.0024 * Elev. (ft) 

 

While these regressions provide value because they mathematically characterize a 

relationship between Maximum SWE and several of the factors that influence it, covariance 

between these variables is notable, especially between Temperature and Elevation (See Figure 8 

below). While this covariance weakens the regression, interaction between variable in the natural 

environment is normal, and the regression still provides an understanding of the fundamental 

relationship between Max SWE and other variables.  
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Figure 8 – Covariance of factors that influence SWE. Highlighted values indicate notable covariance.  

 

Given these regressions, it is clear that precipitation has the most profound impact \on 

maximum SWE, and ultimately, significant losses in Precipitation – as found at five of the nine 

stations – is likely a contributor to losses in SWE. Furthermore, other factors like ENSO and 

Elevation have impacts on yearly Maximum SWE, however these are well-noted in the regional 

literature (Shepard et al., 2002, Svoma, 2009, Svoma, 2011). Similarly, the impact of 

precipitation on Maximum SWE is well noted in the literature, but was not regionally considered 

in Mote et al. 2018’s broader analysis of changing Maximum SWE under warming climate 

conditions. Temperature’s weak significance speaks to the need to better understand the factors 

influencing Snowpack in Arizona. In the following sections, data from these sites are further 

segmented to add additional insights, beginning with a discussion about elevation. 

D. Elevation  
 

In Arizona, elevation has a profound impact on precipitation and temperature, and thus 

impacts snowfall and snow accumulation (Svoma, 2009). Therefore, the author has divided 

stations by elevation into three groups – Low (< 7500ft), Medium (7500ft – 8500ft), and High 

(>8500ft), and each category represents three stations that fall within the elevational range. Key 

findings from this segmentation are presented below and shown in Table 3. 

Max	SWE	 Average	ONI Total	Precipitation Average	T Elevation
Max	SWE	 1
Average	ONI 0.350877757 1
Total	Precipitation 0.680482502 0.347696071 1
Average	T -0.277359808 -0.147059133 0.075629333 1
Elevation 0.203591035 0.003204719 -0.230855211 -0.7383012 1
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Across all categories, a reduction in precipitation was significant between the 1980s & 

1990s and the two latter decades represented in this research. The lowest elevation stations have 

on average the highest precipitation, potentially because these stations are farther north and west 

than other stations, and there is a notable East-West increase in precipitation along the Mogollon 

Rim (Svoma, 2009).   

Although higher elevations stations in this study receive less total precipitation, these 

stations receive higher maximum SWE because lower temperatures allow for greater snow 

accumulation and longer storage. High and Medium elevation stations saw a significant decrease 

in Maximum SWE over this timeframe, but the Low elevation stations did not (although 

directional change was negative). Higher elevation stations on average received greater 

Maximum SWE during the 1980s and 1990s (12.2 inches, 10.2 inches, and 8.5 inches for High, 

Medium, and Low respectively). However, in the more recent decades, the difference between 

these categories has shrunk (now 8.6 inches, 7.4 inches, and 7.1 inches for High, Medium, and 

Low respectively, during the 2000s and 2010s).  
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Table 3 – Paired differences (1980s & 1990s) and (2000s & 2010s) using pooled t-tests. 80s & 90s value represents 
the average value across all stations during that timeframe. Change column indicates the magnitude and direction of 
shift. Significant variables (p < 0.05) are highlighted in Green. 
 

Notably, changes in the SWE/PRE ratio were not significant at any elevation grouping, 

but SWE/PRE changes were most significant in the highest grouping, and the magnitude of 

temperature change was also highest.  

Svoma, 2009’s findings that snow stations at elevations between ~3600ft and ~7100ft 

over the period 1960-2017 saw the greatest change in the ratio of snowfall to precipitation 

(estimated using snow level) is somewhat at odds with recent findings. Given the ten additional 

(and warmer and drier) years that have passed since Svoma’s research, and the differences in the 

beginning of the period and locations of data collected, these differences are acceptable, and 

 High	Elevation	
>	8500ft	

Medium	Elevation	
7500ft	–	8500ft	

Low	Elevation	
<	7500ft	

Variable	 80's	&	90's	
Value	

00’s	&	10’s	
Value	 Change	 80’s	&	90’s	

Value	
00’s	&	10’s	

Value	 Change	 80’s	&	90’s	
Value	

00’s	&	10’s	
Value	 Change	

Precipitation	 19.2	in.	 15.5	in.	 -3.7	in.	 23.8	in.	 18.1	in.	 -5.7	in.	 24.7	in.	 19.3	in.	 -5.4	in.	

Max	SWE	 12.2	in.	 8.6	in.	 -3.6	in.	 10.2	in.	 7.4	in.	 -2.8	in.	 8.5	in.	 7.1	in.	 -1.4	in.	

SWE	/	PRE	
Ratio	 0.62	 0.54	 -0.08	 0.41	 0.39	 -0.02	 0.35	 0.39	 +0.04	

Temperature	 1.7	°C	 3.1°C	 +1.4	°C	 3.4	°C	 4.8 °C	 +1.4	°C	 5.7	°C	 6.8 °C	 +1.1	°C	

Days	Snow	on	
Ground	 154	days	 131	days	 -23	days	 139	days	 108	days	 -31	days	 118	days	 104	days	 -14	days	

Continuous	
Snowpack	 151	days	 124	days	 -27	days	 116	days	 85	days	 -31	days	 104	days	 92	days	 -12	days	

First	Snow	
Date	 11/29	 12/11	 +12	days	 12/11	 12/25	 +	14	days	 12/15	 12/23	 +8	days	

Snow	Free	
Date	 4/16	 4/1	 -15		days	 4/5	 3/17	 -19	days	 3/20	 3/16	 -4	days	

Winter	Season	 116	days	 93	days	 -23	days	 94	days	 65	days	 -	29	days	 71	days	 64	days	 -7	days	

Spring	Season	 35	days	 31	days	 -	4	days	 35	days	 31	days	 -	4	days	 33	days	 28	days	 -5	days	
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have potential to tell a story of increasingly impacted high elevation sites, and an apparent 

resilience of low elevation stations. In this newer research, low elevation stations seem highly 

resilient to changes in both temperature and precipitation.  

 

 
Figure 9 – Changes in SWE, Precipitation, and Temperature for each elevational group, from the 80’s & 
90’s to 00’s & 10’s. 

 

High elevation stations are not nearly as resilient as low elevation stations and appear to 

be more impacted by temperature (the change in the SWE/PRE ratio is closer to significance, and 

much larger, in aggregate, and temperature rose more at high and medium elevation locations) 
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(Figure 9). The author has two hypotheses for these changes. First, higher elevation stations are 

now more impacted by changes in temperature because as the climate continues to warm, the 

length of these seasons are cut more drastically as the fringe seasons of spring and fall warm 

faster than winter (April’s significant change in SWE/PRE - true to for elevation groups). Cool 

months are still cool enough to produce snowfall at lower elevations, but moderate months (like 

April) that are sharply warmer than cool months, and were previously just below the threshold 

for liquid rather than frozen precipitation, are now too warm for snowfall.  Second, Medium and 

High elevation stations tend lie east and south of the lowest stations and have been most 

significantly impacted by changing precipitation (greater significance and greater percentage 

change), therefore, this may be partially a story spatial differences in precipitation over time. 

 

E. El Niño–Southern Oscillation  

ENSO’s influence on Arizona’s Snowpack is well documented (Shepard 2002, Svoma 

2011), and findings include a general increase in snowfall (and increase in snow-level elevation) 

with the El Niño phase of ENSO (Svoma, 2011) because an influx of moist, warm air is 

associated with El Niño (Higgins et al., 2002, Sheppard et al., 2002). La Niña tends to bring 

cooler and drier conditions (Sheppard et al., 2002).  In this research, ENSO’s impacts on 

Maximum SWE were significant. El Niño tended to bring additional snow, and La Niña 

generally led to smaller snowpacks. No relationship between ENSO and elevation could be 

gleaned from this data – possibly because N became too small as data were segmented into 

elevational groups.  

 Some of the precipitation variability noted in this research is likely a result of ENSO. 

Table 4 below notes the differences between the phase of ENSO over the two periods of 
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observation in this research. Notably, there were a greater number of very strong El Ninos during 

the 1980s and 1990s (4 vs. 2 for the most recent decades), and these tended to bring heavy 

precipitation and large snowpacks. Furthermore, 8 La Niñas occurred over the winter months 

from 2000-2017, compared to only 5 during the preceding period. The shift towards more 

frequent La Niñas and weaker El Niños during the most recent decades likely played a role in 

both the temperature and precipitation variability observed. 

 

ENSO	Patterns,	1981-2017	 	 	
Winter	Periods	with:	 80's	90's		 00's	10's		
El	Niño	 6	 6	
Very	Strong	El	Niño	(ONI	>	1.5)	 4	 2	
La	Niña		 5	 8	
Very	Strong	La	Niña	(ONI	>	-1.5)	 1	 3	

Table 4 – ENSO Patterns, 1981-2017 

 

F. Salt and Verde Watersheds 

A notable division between stations in the Verde and the Salt watersheds was observed 

(see Table 5 below). There are several factors that potentially contribute to these differences 

including dissimilarities in latitude and longitude, and elevational disparities. In general, the Salt 

river stations sampled are higher in elevation. Given the relatively few options for selection 

(available SNOTEL stations) and that in general, the Salt River Watershed is higher elevation 

than the Verde, the sampling used in this research likely well-represents each basin. A notable 

difference that also likely played a role in the observations noted below is the east-west winter 

precipitation gradient – with greater precipitation falling farther west, in the Verde Basin. 

Only Salt stations saw a significant in decrease in precipitation from the 1980s and 1990s 

to 2000s and 2010s – and this is critical because approximately 88% of storage capacity of these 
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two basins is stored in the Salt (ADWR, 2014). Furthermore, Salt stations saw an average 

decrease of 28% in Maximum SWE.  In addition, in every category but one, the Salt Watershed 

was both more affected by change, and more significantly changed. These striking differences 

pose two questions: 1) What are the underlying causes? 2) What can be done to protect the water 

resources remaining?  

 
Verde	 Salt	

Variable	 80's	&	90's	
Value	

00’s	&	10’s	
Value	 Change	 80’s	&	90’s	

Value	
00’s	&	10’s	

Value	 Change	

Precipitation	 22.9	in.	 18.5	in.	 -4.4	in.	 23.2	in.	 17.7	in.	 -5.5	in.	

Max	SWE	 8.6	in.	 7.0	in.	 -1.6	in.	 11.6	in.	 8.3	in.	 -3.3	in.	

SWE	/	PRE	Ratio	 0.37	 0.37	 0.00	 0.50	 0.46	 -0.04	

Temperature	 4.3°C	 °C	 +1.1	°C	 3.6	°C	 °C	 +1.3	°C	

Days	Snow	on	
Ground	 126	days	 108	days	 -18	days	 141	days	 117	days	 -24	days	

Continuous	
Snowpack	 103	days	 82	days	 -21	days	 133	days	 108	days	 -25	days	

First	Snow	Date	 12/2	 12/14	 +12	days	 11/24	 12/4	 +10	days	

Snow	Free	Date	 3/26	 3/19	 -7	days	 4/7	 3/23	 -15	days	

Winter	Season	 82	days	 65	days	 -17	days	 96	days	 77	days	 -19	days	

Spring	Season	 31	days	 28	days	 -3	days	 36	days	 30	days	 -6	days	
 
Table 5 - Paired differences (1980s & 1990s) and (2000s & 2010s) for Salt and Verde Basin. Significant 
variables (p < 0.05) highlighted in Green. 
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Figure 10 – Changes in SWE, Precipitation, and Temperature for Salt and Verde Basins, from the 80’s & 
90’s to the 00’s & 10’s. 

 

 Multiple Regression was used to identify factors influencing maximum SWE in each 

basin, and included the x-variables Total Precipitation, Average ONI, Average Temperature, and 

Elevation. Using these regressions, it is notable that Maximum SWE is not significantly 

impacted by temperature in the Salt basin – and that the primary contributor to changes in 

Maximum SWE is changing precipitation – see Figure 10 for details of change in each basin. 

Most notably, precipitation loss in December through February (the three coolest months with 

greatest average snowfall), is greater in the Salt basin. In addition to the greater influence of 
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precipitation on this basin, temperature also appears to play a role in the differences between 

changes in these two basins. Temperature rose more in every month at Salt stations than at Verde 

stations. One telling temperature-related observation is the change in the Snow Free Date. While 

both basins saw earlier snow-free dates, the higher elevation Salt stations saw an additional week 

in change, and this change was only significant for Salt stations. This pairs nicely with the 

understanding that late season snowfall is reduced in more recent decades (April SWE/PRE ratio 

is nearing zero). Lower elevation Verde stations do not depend on this snowfall to influence 

Maximum SWE, but Salt stations often do (or did), with many of the peak SWE values in the 80s 

and 90s occurring in April (especially during El Niño). Ultimately, temperature’s influence on 

the fringe period in spring appears to be impacting the Salt basin more than the Verde basin, and 

has implications for water resources, and changes in precipitation are influencing the basins 

differently.  
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IX. CONCLUSIONS 

The objective for this research was to gain an understanding of how and why snowpack 

in Arizona is changing so that changes in water resources can best be managed. It is clear that 

both precipitation variability and rising temperatures are influencing snowpack in Arizona, and is 

different across spatial and elevational gradients. The understanding that not temperature alone is 

influencing snowpack is vital because changes in temperature and precipitation influence 

snowpack differently – with precipitation variability a more direct influence on the core-cold 

accumulation months, and temperature more greatly influencing the fringe seasons on the 

outskirts of the key snow accumulation period. This difference is relevant because at present, 

precipitation variability has a much larger influence on Snowpack – and changes to global 

climate influencing patterns like ENSO or ONI must be monitored to better prepare for changes 

in snowpack and thus water resources. Furthermore, water managers must be aware of historical 

occurrences, like the extensive 11th century drought identified by Woodhouse et al., 2010 – so 

they can prepare for such events. 

From a logistical standpoint, and in light of the second question posed in the Salt and 

Verde Watershed section, “what can be done to protect the water resources remaining?” – a 

potential solution specific to Salt/Verde water resources is outlined below: 

The noted variability in precipitation equates to a need for greater storage – especially in 

the Verde Watershed.  While storage in the Salt Basin is sufficient, recent trends in water 

availability in this basin are increasing the likelihood that other sources of water will be 

necessary to supplement need in Phoenix. Presently, water in the Verde basin that exceeds the 

capacity of the reservoirs is allowed to pass by to prevent flooding (ADWR, 2014). A 

recommendation in light of these findings is to increase storage in the Verde Basin so that it may 
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offset variability in the Salt Watershed. Perhaps groundwater banking could be used as a 

relatively inexpensive and environmentally friendly method for storing excess water. Ultimately, 

the current method of letting this water spill when in excess appears unwise. 

While variation in ENSO is likely having an influence on precipitation variability – few 

other factors influencing these changes are well-noted in the scientific literature. The IPCC’s 

2013 regional climate report notes a likely northward shift in the Jetstream during winter months, 

influencing the position of systems that bring precipitation to Arizona and the Southwest. Swain 

et al., 2018 also notes projections of a northward shift in storm tracks and an increasing 

sharpness in the winter precipitation period as these systems frequent more northerly (rather than 

southerly) western US locations during fringe snow-season months like November and March. 

Ultimately, a deeper understanding of the broader atmospheric conditions influencing 

precipitation variability in Arizona and the Southwest is a much needed next-step following this 

research.  
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