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3. Abstract
Data were collected along elevation gradient in the western United States in order to
determine whether US Geological Survey (USGS) gauge stations adequately depict hydrologic trends
at high elevation areas within their drainage basins. The Pacific Crest Trail (PCT) was used to access
mountainous areas within USGS drainage basins. Metrics were developed that compared stream level
on the date of collection to the stream level of the site during its historic flood stage. This allowed for
data to be compared between high elevation PCT sites and their downstream USGS gauge stations. In
some drainage basins there were discrepancies in hydrology, high elevation PCT sites often had
stream levels that were closer to their flood stage than USGS sites. This occurred when the PCT sites
had greater snow volumes per area in their watersheds, which indicates that USGS gauge stations
may have varying precipitation regimes within their catchment and do not always show hydrologic
trends higher in their watersheds. Developing a more extensive monitoring networks in mountainous
regions may give us a better understanding of how stream discharge varies along elevation gradients
in the western United States.

4. Background
The hydrologic cycle in the western United States is greatly influenced by snowpack.
This is because snow acts as a reservoir, creating time lags between precipitation events in
the winter and snow melt in the spring. However, snowpack in western states has been
reduced over the past century. This reduction can be attributed to the increasing atmospheric
temperatures associated with climate change (Hamlet et al. 2005, Knowles et al. 2006, Mote
2006, Pierce et al. 2008). As atmospheric temperatures have risen, the ratio of total snowfall
to total precipitation has decreased, which has resulted in more precipitation falling as rain
(Knowles et al. 2006). The impact of this change in precipitation regime varies along
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elevation gradients. Previous research has broken down these elevation gradients into rain(1000m and below), transient-(between 1000m and 2000m) and snow-dominated zones
(above 2000m) (Elsner et al. 2010). Historic data indicates that transient elevation zones,
where precipitation falls as a mixture of snow and rain, will see the greatest reduction in
snowpack as atmospheric temperature increases (Mote 2006). This is because transientdominated zones have atmospheric temperatures near freezing in winter months, which
means that they receive precipitation as a mixture of rain and snow. As atmospheric
temperatures increase transient zones precipitation regime will shift to resemble raindominated zones and they will therefore receive precipitation as rain not snow. (Barnett et al.
2008, Elsner et al. 2010). High elevation zones will warm, but their atmospheric
temperatures are low, so rising temperatures associated with climate change will not change
their temperature enough to reduce snow accumulation. Understanding this change is
important because reduced snowpack limits the amount of water that is stored in watershed,
resulting in alterations to the hydrology of streams in late spring and summer months
(Barnett et al. 2008).
Reductions in snowpack have altered the hydrology of watersheds by increasing
stream temperature and reducing summer stream flow. The impact of this change is elevation
dependent and is directly related to changes in snow storage. Over the past century, rain- and
snow-dominated watersheds have shown little change in hydrography, while transient zones,
where the precipitation regime is changing, have seen significant alterations (Mantua et al.
2010). Reduced snowpack in these transient zones has resulted in earlier occurrences of peak
snowmelt (Regonda et al. 2005), increased low flow periods (Luce and Holden 2009) and
increased stream temperature (Null et al. 2012) in summer months. Models predict that the
5

hydrology of transient-dominated zones and some snow-dominated zones will resemble raindominated watersheds as temperatures increase (Elsner et al. 2010, Mantua et al. 2010). This
would mean that there would be earlier occurrence of peak flow in transient-dominated
watersheds, resulting in increasing low flow periods in summer months (Elsner et al. 2010,
Mantua et al. 2010).
Main-stem USGS gauge stations have allowed changes in snow storage and
hydrology to be assessed over large geographic regions. Historically, high elevation areas in
the Sierra Nevada have seen the highest percentage of precipitation as snow (63%), while
transient elevations zones in the Pacific Northwest have seen lower percentages (50%)
(Serreze et al. 1999). However, transient zones are more susceptible to increasing
atmospheric temperatures. As their temperatures increase they will likely have earlier
occurrences of peak discharge, resembling rain-dominated zones (Elsner et al. 2010), which
means that hydrology of transient-dominated zones in the Oregon and Washington (Pacific
Northwest) will be impacted the most by climate change (Mote 2006).

5. Introduction
Current monitoring networks are sparsely distributed at low elevations. This allows
change in snow storage and hydrology to be analyzed between basins, but does not allow for
a more sophisticated understanding of how change may occur within drainage basins,
resulting in a reliance on modeling to predict stream temperature and flow at high elevation
sites. Studies use main-stem data to project how higher elevation sites will be influenced by
warming. For example, Elsner et al. 2010 looked at three basins in Washington in order to
analyze how changes in climate impact drainage basins in snow-, transient- and rain6

dominated zones. Using main-stem data, they project that the transient- and snow-dominated
watersheds will shift significantly under future climate change scenarios and will eventually
resemble rain-dominated zones (Elsner et al. 2010). However, in order to make these
conclusions the drainage basins that were used had to be classified into a single precipitation
regime. This forced the assumption that high elevation areas within a basin would respond in
the same way as lower elevation sites where data were collected. This may create problems
for the models made by Elsner et al. 2010 because low elevation USGS gauge data cannot
always predict hydrologic trends at higher elevations within their drainage basins.
Main-stem data may not be able to discern hydrologic patterns higher in their
catchments. Research examining discharge across elevation gradients in a single drainage
basin, indicate that main-stem gauge data may not detect the timing of melt events higher in
the gauge stations catchment. For example, Tennant et al. 2015 looked at stream flow across
sub-watersheds in high, mid and low-elevations in the greater Salmon River basin in Idaho.
Stream flow was calculated using stage information and data loggers across each
precipitation gradient (snow-, transient- and rain-dominated). This was done because the
USGS gauge stations in the basin were concentrated at lower elevations and did not provide
adequate depiction of the different precipitation regimes. Tennant et al. 2015 found that lags
in in precipitation and stream flow were shorter at lower elevations. This was because the
high elevation sites stored snow for up to fifty days longer than low elevation areas. The low
elevation main-stem gauges were not able to identify the timing of this snows melt (Tennant
et al. 2015). This indicates that main-stem gauging stations do not always show differences in
water level within their drainage basins.

7

The purpose of this study is to investigate whether main-stem USGS gauge data can
be used to predict hydrologic trends at higher elevations within their drainage basins.
Tennant et al. 2015 showed that USGS gauge data could not be used to identify lag times
between precipitation events and snow melt in high elevations areas within the Salmon River
drainage basin in Idaho (Tennant et al. 2015). In my study the Pacific Crest Trail (PCT) was
used to access high elevation portions of multiple USGS drainage basins in California,
Oregon, and Washington. This regional approach was taken in order to determine the extent
to which other drainage basins might have varying stream levels like the drainage basin
studied by Tennant et al. 2015. Understanding how the water cycle may differ between high
and low elevation zones is important because it may help us understand how climate change
is causing heterogeneous hydrologic change along elevation gradient within drainage basins
in the western United States.

6. Methods
6.1 Study Design
Data were collected at two types of site in this study, sites on the PCT and sites at
downstream USGS gauge stations (Fig. 1). Stream temperature, depth, wetted width and dry
width were collected at 90 PCT sites between April 22 and August 7, 2016. After field
sampling was completed, USGS gauge data were collected using online databases. The
maximum annual discharge, ten-year mean discharge, mean daily discharge, and mean daily
temperature, were collected for USGS sites using the US geologic survey’s National Water
Information System: Web Interface (USGS 2016). Then, ArcGIS was used with the NorWest
Stream Temperature Model (USFS 2015) and Snow Data Assimilation System (SNODAS)
8

Figure 1: GPS locations where data were collected at USGS gauge stations (n= 70) and PCT stream
sites (n=90).
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(NSIDC 2016) to determine the volume of snow per square kilometer in a sites catchment,
the size of the sites watershed and the percent canopy cover, stream slope, mean annual
precipitation, latitude, and base flow index at the location of each study site.
Streams on the PCT were selected for sampling when they had USGS gauge stations
in their watercourse. This was done so connections could be made between the two sites
along elevation gradients in order to determine whether USGS sites could predict hydrologic
trends in stream level and temperature higher in their watershed. The upstream PCT sites
were used to represent the hydrology of high elevation areas, while the downstream USGS
sites were used to represent the hydrology of low elevations areas. In order to identify
potential study sites, GIS was used to map PCT streams waypoints and USGS gauge
waypoints in relation to National Hydrologic Dataset (NHD) streamlines. Stream waypoints
for PCT sites were obtained from Halfmile’s PCT Maps (Halfmile 2016). The waypoints for
USGS gauge stations and streamlines were obtained from the National Hydraulic Dataset
(NHD) (USGS 2015). PCT and USGS sites were selected for sampling when streamlines
connected PCT stream waypoints and USGS gauge waypoints. Not all of the selected PCT
sites were sampled. However, data from all of the corresponding downstream USGS sites
were collected on the date that I traveled across the upstream PCT sites. Data were also
collected at some PCT sites that did not have downstream USGS gauging stations. This was
done in order to identify regional trends and identify outliers when there weren’t enough PCT
streams with downstream USGS gauge stations in a particular region. However, stream
temperature and discharge were only compared between USGS and PCT sites when data
were collected in the upstream and downstream site on a given stream course.
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6.2 Geographic Description of the Study
The Pacific Crest Trail (PCT) is a long distance hiking trail in the Western United
States. The PCT roughly follows the highest points of the Sierra Nevada and Cascade
Mountain ranges, crossing California, Oregon and Washington (Fig. 1). The elevation of the
trail varies greatly, ranging between 50 and 4,009 meters. The first 700 miles of the trail are
located in southern California, which is characteristically dry. The mean annual precipitation
of the PCT sites in the first 700 miles was 301 mm and the mean August air temperatures of
these sites was 22 °C. The mean annual precipitation of the USGS gauge stations in the first
700 miles was 580 mm and the mean august temperature was 22.9 °C. However, few streams
were sampled in the first 700 miles because there were almost no naturally occurring water
sources in this section of the trail. Between mile 700 and 1000 the trail moves into the high
elevation areas of the Sierra Nevada mountain range (elevations above 2000 m). Mean
annual precipitation at the PCT sites in this region was 263 mm and mean August
temperatures of these sites was 20.9 °C, whereas USGS sites in this area had mean annual
precipitations of 432 mm and mean August air temperatures of 20.6 °C. The elevation of the
trail diminishes between mile 1000 and 2650 (the end of the trail). In these sections of
northern California, Oregon and Washington the weather is temperate. Mean annual
precipitation of PCT sites in this area was 1818 mm and the mean August temperature of the
PCT sites was 17 °C, whereas the mean annual precipitation of USGS sites in this section
was 1032 mm, with mean August air temperature of USGS sites was 17.8 °C. This shows
that in summer months the southern part of the trail in California is hotter and drier than the
temperate regions that are located to the north. Snow accumulation on the trail varies along
elevation gradients. Due to their high elevation, areas in the southern Sierra receive the
11

largest amounts of snow (Serreze et al. 1999). The Sierra are dry, as shown by the mean
precipitation and temperature between mile 700 and 1000, which is 263 mm, but the
watersheds in these areas are predominantly located in snow-dominated zones so
precipitation in winter months falls as snow. The northern Sierra and Cascade mountain
ranges usually have less snow, because they are located at lower elevations in transientdominated zones. For this reason they usually receive a higher proportion of their annual
precipitation as rain (Serreze et al. 1999).

6.3 Data Collection in the Field
Temperature
Temperature was measured in degrees Celsius at PCT sites using an H-B Enviro-Safe
B60570-0400 thermometer. In order to standardize data collection temperature was taken at
the middle of each stream near the surface of the water. This point was identified using a
rope with pre-measured marks at 5 cm intervals, which was stretched across the wetted width
of the stream. Due to the linear nature of my hike, it was not possible to measure
temperature multiple times during the day. For this reason, stream temperature should be
viewed as a rough approximation of the streams temperature on the date when data were
collected.

Depth

Depth was measured at streams along the PCT using a hiking pole and the same rope
that was used to measure stream temperature. The rope was attached to the tip of the hiking
pole and pulled taut. The pole was then placed in the stream at a single point where the depth
was uniform. The recorded measurement of depth was an estimate based on the closest 5 cm
12

interval of the rope. Ideally multiple measurements would have been gathered throughout
the day, however, this was not possible. Therefore this measurement is a rough estimate of
depth and was used to provide a rough estimate of the cross sectional area of each streams
watercourse.

Wetted Width

Wetted width was measured at streams along the PCT using the same rope that was
used to measure depth and temperature. I took this measurement directly above where the
trail crosses each stream. This was done because the stream course is often altered at the
stream crossing. The measurement was taken by pulling the rope across the stream at the
point where the bank met the water on each side of the stream. This measurement was
collected in order to give a rough estimate of the water level of each sites on the date that
data were collected. It was used with the dry width to approximate each streams proportion
of bank full.

Dry Width

Dry width was measured at streams along the PCT using the same method and
location as the wetted width. The rope was pulled tight and used to measure from edge to
edge at obvious flood or high water marks, where the bank had been scoured away during the
streams historical flood stage. Therefore, the dry width was measured as a metric for the
water level of the stream during this flood stage. It was used with wetted width to calculate
the proportion of bank full for each stream on the date that data were collected.
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Proportion of Bank Full
Proportion of bank full is a metric that I created in order to understand the water level
in the stream on the date that I collected data. It was calculated using the dry and wetted
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ

width (

𝐷𝐷𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ

= proportion of bank full). The wetted width was used as a metric for the

water level of the stream on the day that data were collected. Whereas, the dry width was
used as a metric for the water level of the stream during its flood stage. By comparing the
two values I intended to compare the current water level of the stream to the water level of
the stream during historical flood events. I assumed that a stream had a high water level
when the wetted width was close in value to the dry width because this signified that the
streams water level was near its flood stage. Similar metrics were calculated for USGS sites,
which allowed for the water level of USGS sites and to be compared to PCT sites in relation
to each sites flood stage.

6.4 Acquisition of Non-field Data

Mean Daily Temperature
Mean daily temperature was collected for downstream USGS Gauge stations using
the USGS National Water Information System: Web Interface (USGS 2016). For each date
that data was collected on an upstream PCT site, the mean temperature was obtained from the
downstream gauge station. This was done so that stream temperature at USGS gauge stations
could be compared to upstream PCT sites in order to determine whether stream temperature
varied along elevation gradients within drainage basins. It is important to note that the mean
daily temperature takes into account daily variations in stream temperature. The single datum
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collected at the upstream PCT sites did not. However, the data were still compared between
sites because they were the best values that could be produced in this study.

Mean Daily Discharge
Mean daily discharge was also collected for each USGS site using the USGS National
Water Information System: Web Interface, on the date that data were collected at upstream
PCT sites. This value was used as a metric for the water level at the site on the date that data
were collected at the sites. It was collected so that it could be used with the maximum annual
discharge to calculate a metric for the water level at each USGS site in relation to its flood
stage.

Maximum Annual Discharge
The maximum annual discharge was found for each USGS site using the USGS
National Water Information System: Web Interface. This data represents the highest mean
daily discharge that was recorded in 2016 at a given site. It was collected in order to serve as
a metric for the water level in a sites stream during the streams flood stage and was therefore
assumed to be a comparable metric to the value of dry width that was measured at upstream
PCT sites. It was used with the mean daily discharge of a site to calculate the proportion of
maximum annual discharge so that water levels could be compared between the PCT and
USGS sites that were in the same drainage basins.

Proportion Maximum Annual Discharge
The proportion of the maximum annual discharge was calculated for each USGS site
on the date that data were collected at upstream PCT sites.
15

(

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

) = proportion of maximum annual discharge). The

mean daily discharge was a metric for the water level of the stream on the date that data were
collected. The maximum annual discharge was viewed as a metric for the stream level during
the streams flood stage. By dividing the mean daily discharge by this value I intended to
compare the current water level of the stream to its flood stage (maximum annual discharge).
When the mean daily discharge near in value to the maximum annual discharge the stream
level was considered to be high because the streams discharge was close to the streams
discharge during flood stage. The proportion of bank full and the proportion of maximum
annual discharge were considered to be comparable metrics because they both related the
current water level of a site to the sites historic flood stage.

Physical Properties of Each Sites Watershed
Data for watershed area, percent canopy cover, stream slope, mean annual
precipitation, mean August air temperature, latitude, and base flow index were obtained from
the USFS NorWest Stream Temp Model (USFS 2015). Analysis of the NorWest Stream
Temp data was completed in GIS. First, NorWest Stream Temp streamline data was imported
into ArcMap. Then PCT and USGS waypoints were imported over the top of this file. The
stream segments that these waypoints overlaid were selected and made into a separate layer.
Each stream segment in this layer corresponded to a USGS or PCT site and contained the
data watershed area, percent canopy cover, stream slope, mean annual precipitation, mean
August air temperature, latitude, and base flow index for that site. Once exported into Excel
the data could be compared to the other data collected in this study. This was done to
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determine whether the physical properties of a site impacted stream temperature or water
level.

Watershed Area
The area of each site’s watershed was calculated using NHD and GIS (USGS 2015).
First the NHD for Oregon, Washington and California was imported into GIS. Then NHD
water shed boundary data was mapped against flow lines and each site’s waypoint. For each
site’s waypoint the upstream watershed boundary was selected and clipped in order to create
an individual layer. GIS was then used to measure the area of each watershed. The watershed
area found for each site using this method was graphed against the watershed area obtained
from the NorWest model in order to check the accuracy of each method. The resulting graph
produced a linear relationship with a slope of near 1, so the method using GIS was viewed as
an accurate way to determine the watershed area. Watershed boundaries were obtained so
that the volume of snow in each site’s watershed could be found and so watershed size could
be used to analyze stream temperature and water level of each site in relation to its flood
stage.

Snow Volume per Area
The volume of snow per area in each sites watershed was found using SNOWTEL
data (NSIDC 2016) and GIS. First, SNOWTEL data was downloaded for all of the dates
when data were collected. Then the data for snow depth on these dates was imported into
GIS. The watershed boundaries, that had been clipped while finding the watershed area, were
used to clip the snow data that corresponded with the date that data collection occurred at
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sites within in the given watershed. This produced watershed boundaries with snow depth in
square kilometer increments. The volume for each square kilometer was calculated by
multiplying the area of each segment by the depth of snow in that square kilometer segment.
These values were then added to obtain the total snow volume in each watershed on the day
that data were collected in that watershed. The total volume of snow in the watershed was
then dived by the area of the watershed. This was done in order to normalize the data so that
snow volume per kilometer could be compared between sites.
Most studies use Snow Water Equivalent (SWE) instead of snow volume. This is
because SWE is a measurement of how much water there is in snowpack, which means that it
is a better measurement of how much water is stored in a watershed. In this study I intended
to measure snow volume per area and SWE. However, given time constraints I was unable to
undertake the calculation of SWE. Future studies, which include SWE data, may contribute
to a more complete picture of snowpack within a watershed.

7. Results
Physical Characteristics

PCT sites were concentrated at higher elevations and had smaller watersheds than
USGS sites. PCT and USGS sites had large variations in elevation, with some sites located in
rain-(elevations less than 1000m), transient- (elevations between 1000m and 2000m) and
snow- (elevations greater than 2000m) dominated zones. However, the distribution of
elevations differed greatly between PCT and USGS sites, with 16.5% of all PCT sites in raindominated zones, 67% of PCT sites in transient-dominated zones, and 16.5% of all PCT sites
in snow-dominated zones. USGS sites were distributed at lower elevations, with 81% of sites
in rain-dominated zones, 15% of sites in transient-dominated zones, and 4% of all sites in
18

snow-dominated zones (Fig. 2) Watershed size was related to elevation; low elevation USGS
sites usually had larger watersheds than high elevation PCT sites (Fig. 3).

Snow Volume per Square Kilometer

The snow volume per square kilometer in a site’s catchment was related to the site’s
elevation. PCT sites in snow-dominated zones had a higher mean snow volume per square
kilometer ((790,076 ± 211,910) m / km , n= 15) than sites in transient- ((432,052 ± 193,016)
3

2

m /km , n= 60) and rain-((154 ± 99) m / km , n=15) dominated zones. Snow volume per
3

2

3

2

square kilometer in USGS drainage basins followed a similar pattern. USGS sites in snowdominated zones had higher mean snow volume per square kilometer ((270,194 ± 126,082)
m / km , n=3) than sites in transient-((99,724 ± 35,144) m / km , n=10) and rain-((12,029 ±
3

2

3

2

7358) m / km , n=57) dominated zones. However, PCT sites with snow in their watershed
3

2

had a much higher mean snow volume per square kilometer ((1,111,077 ± 326,905) m / km ,
3

2

n=34) than USGS sites with snow in their watersheds ((67,391 ± 20,098) m / km , n=37).
3

2

Furthermore, when the snow volume per square kilometer of sites within the same drainage
basin was compared directly, PCT sites had much larger snow volumes per square kilometers
than USGS sites (Fig. 4). This shows that high elevation PCT sites had larger volumes of
snow than low elevation USGS sites.
There were differences in snow volume per square kilometer between PCT sites and
their downstream USGS sites. Some PCT sites were able to maintained large volumes of
snow into late July and early August (Fig. 4). This was true for PCT sites in transientdominated zones, but not for rain-dominated zones, where USGS sites had more snow than
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PCT sites of comparable elevation. When USGS sites in rain-dominated zones had snow the
PCT sites that were located within the same drainage basins had higher volumes of snow per
area (Fig. 5). This indicates that some high elevation PCT sites were able to maintain higher
volumes of snow per square kilometer that their downstream USGS sites.
Other physical aspects of the USGS and PCT sites varied, but were not clearly related
to the differences in snow volume per square kilometer that were observed. The mean annual
precipitation of USGS sites ((874 ± 777) mm/year, n=70) and PCT sites ((1628 ± 735)
mm/year, n=57) was highly variable, but did not show a clear relationship with snow volume
per square kilometer (R = .011, n = 160). The average slope and canopy cover at PCT sites
2

was also higher than at USGS sites, but these parameters also had no clear relation to the
snow volume per square kilometer in a sites watershed (slope vs. volume of snow per square
kilometer; R = .0006, n = 160) and (percent canopy cover vs. snow volume per square
2

kilometer; R = .0000, n = 160). This shows that the physical aspects of the USGS and PCT
2

sites did not have a clear relationship with snow volume per kilometer

Stream Temperature
Most USGS sites did not collect stream temperature data. For this reason, it was
difficult to directly compare stream temperature between USGS and PCT sites. However,
trends in stream temperature were still evaluated separately between PCT and USGS sites.
For the PCT and USGS sites where temperature data was collected, there was no relationship
found between stream temperature and percent canopy cover, snow volume per square
kilometer, precipitation, or slope. However, water temperature was elevation-dependent for
all USGS sites (Fig. 6). The strength of this relationship increased for USGS sites when sites
20

with snow were plotted or when sites that were sampled early in the season were plotted (Fig.
6 and 7). This relationship was also true for PCT sites that were sampled early in the season
and for PCT sites that had snow (Fig. 7 and 8). However, there were large variations in
stream temperature for PCT sites that were sampled in July and August (Fig. 6). This
variation was not elevation dependent, which means that this result differs from the results
found for stream temperature at USGS sites and early season PCT sites.

Proportion of Bank Full and Maximum Annual Discharge
Variation in the proportion of bank full did not match the variation in proportion of
maximum annual discharge over time (Fig 9). This shows that there were differences in
water levels between PCT and USGS sites in relation to their flood stage. Early in the season
the proportion of bank flow at PCT sites was high (Fig. 9). This meant that the wetted width
of the stream was close to the dry width, indicating a high proportion of the historic flood
stage. Later in the season in July and August, there was greater variability in the proportion
of bank full at PCT sites, which meant that some sites had high proportions of their flood
stage, while others did not (Fig. 9). USGS sites did not show similar trends in variation
through time. There was high variability in the proportion of maximum annual discharge
during all months that data were collected (Fig. 9). This indicates that water levels were
variable for USGS sites throughout the year, while water levels at PCT sites started high and
then declined in some sites.
Proportion of bank full and the proportion of max annual discharge were related to
the volume of snow per square kilometer in a site’s watershed. There was large variability in
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the proportion of max annual discharge of USGS sites early in the season. However, the sites
that did have high proportions of maximum annual discharge were concentrated at high
elevations and had large volumes of snow per kilometer in their watershed (Fig. 10).
Similarly, the PCT sites that had high proportions of bank full also had high volumes of snow
per area in their watersheds (Fig. 10). When there was no snow in the USGS and PCT sites
watershed there was large variability in the proportion of bank full and max yearly discharge
(Fig. 10). This indicates that the volume of snow per square kilometer in a site’s catchment
had a controlling influence on the water level in streams. Streams with large volumes of
snow had high water levels in relation to their flood stage, while streams with low snow
volumes had highly variable water levels.
The proportion of yearly max discharge at USGS sites could not always predict the
proportion of bank full at upstream PCT sites (Fig. 11). This shows that there were
discrepancies in water levels along elevation gradients in some drainage basins. Some PCT
sites maintained large volumes of snow in transient-dominated zones in late July (Fig. 5),
while their downstream USGS sites did not (Fig. 5). When the volume of snow per area
differed between upstream PCT sites and their downstream USGS sites there were
differences between proportion of bank full and the proportion of maximum annual
discharge. The upstream PCT sites, which were able to maintain snow volume had high
water levels in relation to bank full, while their downstream USGS sites did not (Fig. 11).
This shows that the water level at downstream USGS sites did not always reflect the water
level higher in their drainage basins.
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Figure 2: the distribution of site elevations. A: USGS sites (n=70) and B: PCT Sites (n=90).
Precipitation regimes were classified as snow-dominated zones (2000 ≤ meters), transient-dominated
zones (1000 ≤ 2000 meters) and rain dominated zones (≤ 1000 meters).
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Figure 3: watershed area versus watershed elevation for all study sites (n= 160). Blue datum represent
PCT sites, while Red datum represent USGS sites. Precipetation regimes were classified as snowdominated zones (2000 ≤ meters), transient-dominated zones (1000 ≤ 2000 meters) and raindominated zones (≤ 1000 meters).
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Figure 4: The volume of snow per area in a site’s watershed versus the elevation of the site. A: USGS
sites (n=70), B: PCT sites (n=90). The color of each datum represents the date on which the data were
collected at a site. Precipetation regimes were classified as snow-dominated zones (2000 ≤ meters),
transient-dominated zones (1000 ≤ 2000 meters) and rain-dominated zones (≤1000 meters).
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Figure 5: the snow volume per area of PCT sites (x-axis) versus the snow volume per area of
downstream USGS sites (y-axis). A: includes outliers. B: outliers have been removed so the snow
volume per area at the other sites can be interpreted.
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Figure 6: the temperature of site versus the site’s elevation for all measured sites. Sites within the first
700 miles of the trail were excluded as outliers because there were few naturally occurring water
sources. Existing water sources usually came out of pipes, which indicates that they were fed by
artesian wells that had been drilled into underlying aquafers. A: PCT sites (p< .0001, n= 90), B:
USGS Sites (p= .0007, n= 18). The color of the datum represents the date on which data were
collected at the site. Precipetation regimes were classified as snow-dominated zones (2000 ≤ meters),
transient-dominated zones (1000 ≤ 2000 meters) and rain-dominated zones (≤1000 meters).
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Figure 7: the stream temperature of sites versus the site’s elevation, for all of the sites with snow.
Sites without snow were excluded. Sites within the first 700 miles of the trail were excluded as
outliers because there were few naturally occurring water sources. Existing water sources usually
came out of pipes, which indicates that they were fed by artesian wells that had been drilled into
underlying aquafers. A: PCT sites (p= .0016, n=37), B: USGS Sites (p=.0017, n=13). The color of the
datum represents the date on which data were collected at the site. Precipetation regimes were
classified as snow-dominated zones (2000 ≤ meters), transient-dominated zones (1000 ≤ 2000 meters)
and rain-dominated zones (≤1000 meters).
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Figure 8: the stream temperature of sites versus the site’s elevation for all sites with snow that were
sampled before July. Sites within the first 700 miles of the trail were excluded as outliers because
there were few naturally occurring water sources. Existing water sources usually came out of pipes,
which indicates that they were fed by artesian wells that had been drilled into underlying aquafers. A:
PCT sites (p< .0001 n=23), B: USGS Sites (p= .0053, n= 8). The color of the datum represents the
date on which data were collected at the site. Precipetation regimes were classified as snowdominated zones (2000 ≤ meters), transient-dominated zones (1000 ≤ 2000 meters) and raindominated zones (≤ 1000 meters).
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Figure 9: the proportion of bank full or the proportion of the maximum annual discharge versus the
date on which data was collected at each site. A: PCT sites (n=86). B: USGS (n=70). Blue datum
represent sites without snow, red datum are the sites with snow. Sites within the first 700 miles of the
trail were excluded as outliers because there were few naturally occurring water sources. Existing
water sources usually came out of pipes, which indicates that they were fed by artesian wells that had
been drilled into underlying aquafers.
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Figure 10: proportion of bank full and maximum annual discharge at a sites versus the volume of
snow per area in the sites watershed. A: USGS sites (n=70). B: PCT sites (n=90).
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8. Discussion
Snow Volume per Square Kilometer
Snow volume per square kilometer varied along elevation gradients in this study (Fig.
4). This result reflects the findings of past research, which has broken down precipitation
regimes into snow-(greater than 2000 meters), transient-(between 1000 and 2000 meters) and
rain-dominated zones (below 1000 meters) (Elsner et al. 2010). Elsner et al. 2010 broke
down precipitation regimes in this way because atmospheric temperature decreases as
elevation increases. In winter months, this means that watersheds at higher elevations in
snow- and transient-dominated zones maintain cooler temperatures than watersheds in rain31

dominated zones. Consequently, more precipitation falls as snow in these areas, which results
in more snow accumulation (Serreze et al. 1999, Knowles et al. 2006)
Watersheds in snow-dominated elevation zones had the highest volumes of snow per
square kilometer. This is most likely because watersheds in snow-dominated elevation zones
maintain atmospheric temperatures below freezing in winter months (Serreze et al. 1999,
Knowles et al. 2006). This means that most of the precipitation that falls in snow-dominated
zones falls as snow, which results in large volumes of snow accumulation. Watersheds in
transient-dominated zones had less snow than watersheds in snow-dominated zones (Fig. 4).
This was most likely due to differences in atmospheric temperatures between the
sites. Transient-dominated zones are at lower elevations than snow-dominated zones. This
means that the transient-dominated zones have warmer atmospheric temperatures in winter
months. These temperatures hover around zero degrees Celsius, so transient-dominated zones
have a highly variable precipitation regime, with precipitation falling as a mixture of rain and
snow (Serreze et al. 1999, Knowles et al. 2006). The precipitation that falls as rain is not held
in the system as snow. Therefore transient watersheds have less snow accumulation than the
snow-dominated watersheds with similar annual precipitation. Regional differences in mean
annual precipitation could have caused the differences in snowpack that were observed
between transient and snow-dominated zones. However, no relationship was found between
the mean annual precipitations of a site the snow volume per area in transient- or snowdominated zones. This means that differences in temperature most likely explain why the
snow-dominated zones in this study had more snow than the transient-dominated zones. The
differences in snow volume that were observed between the snow- and transient-dominated
zones shows that the volume of snow per square kilometer in this studies watersheds
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followed previously established research, which has broken down precipitation regimes
along elevation gradients (Hamlet et al. 2005, Knowles et al. 2006, Mote 2006, Elsner et al.
2010).
Rain-dominated PCT sites had no snow. However, some USGS sites in raindominated zones did (Fig. 4). This was most likely because USGS sites had varying
precipitation regimes within their drainage basins along elevation gradients. Rain-dominated
watersheds should have no snow accumulation in their catchments because they maintain
temperatures above freezing in winter months, therefore precipitation falls as rain not snow
(Serreze et al. 1999, Knowles et al. 2006). Rain-dominated sites on the PCT followed this
pattern; no snow was found in their watersheds. However, snow was present in some raindominated USGS sites watersheds. This finding can be explained by the PCT sites, which
were located higher in the USGS sites drainage basins. When rain dominated USGS sites had
snow, the upstream PCT sites had much larger volumes of snow per area (Fig. 5). Other
studies have acknowledge acknowledged that some parts of rain-dominated basins can be
located in transient zones (Elsner et al. 2010). It is likely that this was the case in this study,
which explains why the PCT sites had more snow. They were at higher elevations and
therefore followed a different precipitation regime than their downstream USGS gauge
stations. This meant the PCT sites watersheds maintained cooler temperatures in winter
months, which resulted in more precipitation falling as snow.
Differences in snow volume per square kilometer between the high elevation PCT
sites and their corresponding downstream USGS sites may signal differences in hydrologic
trends within individual drainage basins. The amount of snow in a site’s drainage basin has
been shown to have an impact on stream discharge and water temperature (Regonda et al.
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2005, Luce and Holden 2009, Elsner et al. 2010, Mantua et al. 2010, Null et al. 2012). This is
because water is held in the system in the form of snow. When this snow melts it can
maintain high water levels into summer months (Elsner et al. 2010). Rain-dominated zones
have earlier occurrences of peak discharge (Regonda et al. 2005). This is because
precipitation falls as rain in their watersheds in winter months. This rain is not held in the
system resulting in short lag times between rainfall and discharge (Elsner et al. 2010). This
means that the high elevation PCT sites that were located in transit-dominated zones could
have higher stream levels than their downstream USGS sites.

Stream Temperature
In this study I was trying to determine whether there were differences in stream
temperature between upstream PCT sites and their downstream USGS sites. Clear differences
within drainage basins may have shown that stream temperature varied along elevation
gradients. However, limitations in the data prevented direct connections being made between
downstream USGS sites and their upstream PCT sites. This is because the USGS collects
limited amount of stream temperature data. The USFS has a more extensive stream
temperature monitoring network, but the data collected in 2016 has not been published at this
time. For this reason, only seven PCT sites had downstream USGS gauge stations that
measured stream temperature. This meant that data could only be compared separately
between PCT sites or between USGS sites.
Trends at USGS sites and early season PCT sites indicate that stream temperature was
elevation dependent. The results for these sites shows that high elevation sites had lower
stream temperatures than lower elevations sites (Fig. 6, 7 and 8). Past studies have found
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similar results on large geographic scales; snow-dominated zones are able to maintain lower
stream temperatures because they have more snow in their catchment (Mantua et al. 2010,
Null et al. 2012). This shows that the higher elevation sites in this study may have had lower
stream temperature because they had more snow. However, no clear relationship was found
between water temperature and snow volume per square kilometer in this study. This may
mean that other physical differences between the sites may have impacted stream
temperature.
Some of the physical characteristics measured in this study have been shown to alter
stream temperature. For example, riparian shading can cause variations in stream temperature
within individual streams (Webb and Zhang 1997, Johnson 2004, Moore et al. 2005a, Moore
et al. 2005b), while changes in atmospheric temperatures have been shown to cause variation
in stream temperature over time (Kelleher et al. 2012, Wu et al. 2012, Luce et al. 2014).
However, understanding the influence that riparian shading and atmospheric temperature
have at an individual site may be challenging. This is because both of these factors can
influence stream temperature at once, on different geographic and temporal scales (Webb and
Zhang 1997, Johnson 2003). Early in the season in this study stream temperature was
elevation dependent, but as the seasons progressed variation increased. It is unclear why this
happened, a single physical difference between sites could not explain the variation. This is
not surprising. Given the large geographic scale of the study it was likely that multiple
factors like riparian shading and atmospheric temperature influenced a given site at once.
This would have made it hard to identify what caused variation, which explains why no
individual parameter measured in this study showed definitive trends with stream
temperature.

35

Proportion of Bank Full and Maximum Annual Discharge
The water level at sites in this study was impacted by the volume of snow per square
kilometer within the sites watershed (Fig. 10). This was shown by variation in the proportion
of maximum annual discharge and proportion of bank full, which were used as metrics for
water level in relation to the sites flood stage. Sites with no snow had large variation in
proportion of maximum annual discharge and proportion of bank full, while sites with large
volumes of snow per area had high proportions for both metrics (Fig. 10). This shows that
sites with large volumes of snow per area had high water levels in relation to flood stage,
while sites with low snow volumes per area did not. Past studies have found similar results.
Higher elevation sites maintain flow later in the year because water is stored in their
watersheds in the form of snow (Regonda et al. 2005, Luce and Holden 2009, Elsner et al.
2010, Mantua et al. 2010). Rain-dominated zones do not maintain discharge, because they
have no snow and experience peak runoff earlier in winter months (Regonda et al. 2005,
Luce and Holden 2009, Elsner et al. 2010, Mantua et al. 2010, Tennant et al. 2015a).
Snow volume per area differed within some drainage basins, which explains why
some PCT sites had higher water levels than their downstream USGS sites. Studies that have
looked at discharge along elevation gradients within individual drainage basins, have found
that low elevation gauging stations may not pick up hydrologic trends at high elevations
within their catchments (Tennant et al. 2015a). The results of this study reinforce this idea.
When there were discrepancies in snow volume between PCT sites and their downstream
USGS gauge stations, there were differences in the proportion of maximum annual discharge
and proportion of bank full within individual drainage basins (Fig. 11). This indicates that
main-stem USGS stations could not always be used to predict water levels at higher
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elevations within their drainage basins because the water level in their stream was different
than upstream PCT sites in relation to each sites flood stage.

Issues with Longitudinal Study Designs
The linear nature of my hike prevented data collection at individual sites on multiple
dates. This caused limitations in my ability to compare data between sites over time.
Snowpack, stream temperature and discharge vary with time due to seasonal cycles in
snowmelt. However, I was not able to identify how this may have influenced variation within
my data. For example there were large variation in snow volume per area for sites in
transient- dominated zones (Fig. 4). This variation could have been caused by the fact that
data were collected at the sites on different dates. I hiked through some transient-dominated
watersheds in late May and early June. Peak snowmelt in the western United States usually
occurs during this time period. For this reason, these sites were likely sampled when they had
high water levels and large volumes of snow in their watersheds. However, I hiked through
other transient-dominated sites in July and August, which means that I would have sampled
certain sites after peak snowmelt had already occurred. This difference in time would have
allowed more snow to melt in some watersheds, which would have resulted in their being
less snow per square kilometer relative to others, which may have resulted in the variation
that was observed. However, I was unable to show this because the data was only collected at
a site on a single data, which meant that data had to be used as a snapshot and could not be
used to show how a snow volume per area changed at a site over time.
This studies design can be improved. For example the methods used in this study
could be incorporated into a citizen science program. Citizen science has been shown to be
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an effective way to collect large amounts of data over large geographic areas (Silvertown
2009, Dickinson et al. 2010). On the PCT, a citizen science program would allow multiple
hikers to collect data at sites along the trail on different dates. This could increase data
collection and reduce some of the limitations of the longitudinal study design used in this
study by allowing sites to be compared during similar hydrological events. For example, a
hiker could sample a stream in Washington on the same day that another hiker sampled a
stream in southern California. This would allow for a measurement like snow volume per
area to be compared on the same data, which could limit variation in the data for each site
that was caused by sampling on different dates.
Ultimately, the results of this study suggest that our current monitoring networks that
are comprised of low level gauging networks, are insufficient. They do not always allow for
hydrologic trends to be analyzed at high elevation sites within their catchments because the
water levels at high elevation sites do not always reflect water levels at USGS gauge stations
when compared to flood stage. This study can be improved. Collecting data at individual
sites on multiple date would allow trends to be analyzed over time. Citizen science is a viable
options that could improve data collection along elevation gradients within this study.
However, if citizen science is not developed on the PCT, other studies should try to increase
monitoring along elevation gradients. This will help identify how hydrologic change in
parameters like discharge and stream temperature may vary heterogeneously within USGS
drainage basins.

38

9. Literature Cited
Barnett, T. P., D. W. Pierce, H. G. Hidalgo, C. Bonfils, B. D. Santer, T. Das, G. Bala, A. W.
Wood, T. Nozawa, A. A. Mirin, D. R. Cayan, and M. D. Dettinger. 2008. HumanInduced Changes in the Hydrology of the Western United States. Science 319:10801083.
Dickinson, J. L., B. Zuckerberg, and D. N. Bonter. 2010. Citizen science as an ecological
research tool: Challenges and benefits. Pages 149-172 Annual Review of Ecology,
Evolution, and Systematics.
Elsner, M. M., L. Cuo, N. Voisin, J. S. Deems, A. F. Hamlet, J. A. Vano, K. E. B. Mickelson,
S. Y. Lee, and D. P. Lettenmaier. 2010. Implications of 21st century climate change
for the hydrology of Washington State. Climatic Change 102:225-260.
Halfmile. 2016. GPS Downloads. Halfmile's PCT Maps. https://www.pctmaps.net/gps/
Hamlet, A. F., P. W. Mote, M. P. Clark, and D. P. Lettenmaier. 2005. Effects of temperature
and precipitation variability on snowpack trends in the Western United States. Journal
of Climate 18:4545-4561.
Johnson, S. L. 2003. Stream temperature: scaling of observations and issues for modelling.
Hydrological Processes 17:497-499.
Johnson, S. L. 2004. Factors influencing stream temperatures in small streams: Substrate
effects and a shading experiment. Canadian Journal of Fisheries and Aquatic Sciences
61:913-923.
Kelleher, C., T. Wagener, M. Gooseff, B. McGlynn, K. McGuire, and L. Marshall. 2012.
Investigating controls on the thermal sensitivity of Pennsylvania streams.
Hydrological Processes 26:771-785.
Knowles, N., M. D. Dettinger, and D. R. Cayan. 2006. Trends in snowfall versus rainfall in
the western United States. Journal of Climate 19:4545-4559.
Luce, C., B. Staab, M. Kramer, S. Wenger, D. Isaak, and C. McConnell. 2014. Sensitivity of
summer stream temperatures to climate variability in the Pacific Northwest. Water
Resources Research 50:3428-3443.
Luce, C. H., and Z. A. Holden. 2009. Declining annual streamflow distributions in the Pacific
Northwest United States, 1948-2006. Geophysical Research Letters 36.
Mantua, N., I. Tohver, and A. Hamlet. 2010. Climate change impacts on streamflow
extremes and summertime stream temperature and their possible consequences for
freshwater salmon habitat in Washington State. Climatic Change 102:187-223.
39

Moore, R. D., D. L. Spittlehouse, and A. Story. 2005a. Riparian microclimate and stream
temperature response to forest harvesting: A review. Journal of the American Water
Resources Association 41:813-834.
Moore, R. D., P. Sutherland, T. Gomi, and A. Dhakal. 2005b. Thermal regime of a headwater
stream within a clear-cut, coastal British Columbia, Canada. Hydrological Processes
19:2591-2608.
Mote, P. W. 2006. Climate-driven variability and trends in Mountain Snowpack in Western
North America. Journal of Climate 19:6209-6220.
NSIDC. 2016. Snow Data Assimilation System (SNODAS). https://nsidc.org/data/g02158
Null, S. E., J. H. Viers, M. L. Deas, S. K. Tanaka, and J. F. Mount. 2012. Stream temperature
sensitivity to climate warming in California's Sierra Nevada: Impacts to coldwater
habitat. Climatic Change 116:149-170.
Pierce, D. W., T. P. Barnett, H. G. Hidalgo, T. Das, C. Bonfils, B. D. Santer, G. Bala, M. D.
Dettinger, D. R. Cayan, A. Mirin, A. W. Wood, and T. Nozawa. 2008. Attribution of
declining Western U.S. Snowpack to human effects. Journal of Climate 21:64256444.
Regonda, S. K., B. Rajagopalan, M. Clark, and J. Pitlick. 2005. Seasonal cycle shifts in
hydroclimatology over the western United States. Journal of Climate 18:372-384.
Serreze, M. C., M. P. Clark, R. L. Armstrong, D. A. McGinnis, and R. S. Pulwarty. 1999.
Characteristics of the western United States snowpack from snowpack telemetry
(SNOTEL) data. Water Resources Research 35:2145-2160.
Silvertown, J. 2009. A new dawn for citizen science. Trends in Ecology & Evolution 24:467471.
Tennant, C. J., B. T. Crosby, S. E. Godsey, R. W. Vankirk, and D. R. Derryberry. 2015. A
simple framework for assessing the sensitivity of mountain watersheds to warmingdriven snowpack loss. Geophysical Research Letters 42:2814-2822.
USFS. 2015. NorWeST Stream Temp Regional Database and Model.
www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.html
USGS. 2015. National Hydrologic Data Set. http//nhd.usgs.gov/
USGS. 2016. National Water Information System: Web Interface.
http://waterdata.usgs.gov/nwis/rt
Webb, B. W., and Y. Zhang. 1997. Spatial and seasonal variability in the components of the
river heat budget. Hydrological Processes 11:79-101.
40

Wu, H., J. S. Kimball, M. M. Elsner, N. Mantua, R. F. Adler, and J. Stanford. 2012.
Projected climate change impacts on the hydrology and temperature of Pacific
Northwest rivers. Water Resources Research 48.

41

