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ANALYSIS OF THE IMPACT OF CHANGING
WEATHER PHENOMENA ON THE TIMING AND
DISCHARGE OF THE UNCOMPAHGRE, SAN
MIGUEL, AND ANIMAS RIVERS, COLORADO

KayTtan A. KELKAR!, JouN R. GIARDINO" 2, JOHN VITEK'>2, AND GARRETT GAMACHE?

"High Alpine and Arctic Research Group (HAARP), Department of Geology and Geophysics, Texas A&M University, College Station,
TX 77843, kaytank@tamu.edu;
*Water Management and Hydrological Science Graduate Program, Texas A&M University, College Station, TX 77843;
3Consultant, Santa Barbara, CA 93101.

ABsTRACT—The limited availability of fresh water coupled with growing agricultural and urban demands in the western United States is
forcing cities and towns to be heavily dependent on montane water resources for domestic supplies. Thus, predicting the impact of weather
trends and variability on water resources is necessary to ensure that current and future demands for water can be met. Understanding the
hydrologic response related to weather phenomena in montane regions, requires an answer to the question: Do weather phenomena reduce or
shift the timing and volume of montane streamflow regimes? Time-series analysis and General-Least-Squares (GLS) regression were used
to determine if a link exists between weather phenomena and the timing and volume of discharge for the Uncompahgre, San Miguel, and
Animas Rivers in southwestern Colorado. Time-series analysis did not reveal significant (0. = 0.05) trends in the timing of streamflow for
the three drainage basins. With GLS regression, at a level of 0.99 significance, the selected variables explained that 56% of the variance was
associated with the onset date of the spring-pulse, 84% of the variance was associated with the timing of peak streamflow, and 82% of the
variance was associated with the date at which elevated streamflow ends, or subsides. Our research illustrates the necessary foundation that
can be used to determine site-specific changes in streamflow regimes to make critical water resource management decisions more accurate.

INTRODUCTION

Water resources in montane areas are approaching excessive
liability. The problem of reduced water resources is being ac-
celerated by the decreasing volume of readily available fresh-
water and increasing population. This dependence has made
montane river systems worldwide the subject of significant re-
search focusing on vulnerability and variability associated with
climate change (Nolin, 2012). Recent studies conducted by the
Intergovernmental Panel on Climate Change (IPCC) suggest
that some of the most crucial and already observable impacts
of climate change are changes in seasonal stream-flow patterns
attributed to earlier seasonal snowmelt and diminishing accu-
mulation of annual snow fall (Bernstein, 2007; Nolin, 2012).

When considering the impact of weather on stream-flow,
changes in the patterns of stream-flows have typically been
attributed to earlier snowmelt and the reduction of snowpack
(Tague and Grant, 2009; Viviroli et al., 2011). Although snow
accumulation and melt are the primary hydrologic inputs from
a montane stream-flow perspective, several other first-order
controls affect the spatial variability of the hydrologic re-
sponse to weather phenomena (Jasper 2004; Uhlenbrook et al.,
2005; Tague et al., 2008; Tague and Grant, 2009; Viviroli et
al., 2011).

Our research focuses on three watersheds in the San Juan
Mountains, southwestern Colorado (Fig. 1) with primary re-
search objectives of determining if the timing of streamflow
regimes has indeed shifted, and if so, to what extent is it related

to specific weather phenomena. By analyzing three separate
watersheds, our research demonstrates the extent to which the
effects of weather phenomena on streamflow are site-specific.

With human demand continuously exceeding supply, the
Upper Colorado River Basin (UCRB), generates approximate-
ly 90% of the total flow of the Colorado River, which is the
principal source of water and hydropower in the southwestern
U.S. (Ficklin et al., 2013; McCabe and Wolock, 2007). Multi-
ple studies (Ficklin et al., 2013; McCabe and Wolock, 2007;
Timilsena et al., 2009) have shown that water availability in
the UCRB could significantly decline as a result of changing
weather patterns. Based on predictions from the General Cir-
culation Model (GCM), a 3.5° to 5.6°C increase in surface
temperature, median spring stream-flow is projected to decline
by 36% by the end of the 21* century, for the UCRB (Ficklin
et al., 2013). More importantly, summer stream-flows for the
UCRB are projected to decline with median decreases of 46%.
Further research shows that stream-flow in the UCRB is also
highly sensitive to inter-annual and inter-decadal phenomena
(Timilsena et al., 2009). Ficklin (2013) suggests that an in-
crease in stream-flow occurs during El Nino and a decrease in
stream-flow occurs during La Nina.

Some studies (Rangwala and Miller, 2010) show that the
San Juan Mountains have experienced a net warming of 1°C
between 1895 and 2005. Most of this warming occurred be-
tween 1990 and 2005. Any evident hydrologic impact in the
San Juan Mountains may serve as a good indicator of what
will occur further downstream; the San Juan Mountains con-
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FIGURE 1. Location of Uncompahgre (HUC: 14020006), Animas (HUC:
14080104), and San Miguel (HUC: 14030003) River watersheds, located in
the San Juan Mountains, Colorado.

tribute significantly to the annual flow of the Colorado and Rio
Grande Rivers (Rangwala and Miller, 2010).

Although a significant amount of research addresses the
UCRB as a whole, little research has focused on specific mon-
tane rivers and changes associated with them. No research has
studied changes in stream-flow and weather phenomena for the
Uncompahgre, San Miguel, and Animas rivers.

STUDY AREA

The study area encompasses adjacent watersheds of the Un-
compahgre, San Miguel, and Animas Rivers located in the San
Juan Mountains of southwestern Colorado (Fig. 1).

These watersheds are most suitable for this study because
they represent varying hydrologic, geologic and topographic
conditions and have sufficient periods of record. Because of
varying geographic orientations and topography of each wa-
tershed, variations in weather patterns impact streamflow re-
gimes.

The three watersheds are semi-arid with a low relative hu-
midity and primary sources of precipitation in the watershed
are winter snowfall and late summer monsoonal thunderstorms
(Toney and Anderson, 2006). Average temperatures range
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from -12°C in the winter to 27°C in the summer (Uncompah-
gre Watershed Partnership, 2013). Annual precipitation aver-
ages over 76 cm in the high mountains, with 350 cm of snow in
Ouray each year (Uncompahgre Watershed Partnership, 2013).
Average monthly snowpack is greatest in March and April. Ap-
proximately 40% of the Animas River watershed is above 2400
m, allowing snowpack to accumulate from late fall to early
spring (Ray et al., 2008).

UNCOMPAHGRE RIVER WATERSHED

The Uncompahgre River Watershed (Hydrologic Unit Code
(HUC): 14020006) (38°N, 107°W) is located north of the An-
imas River Watershed. The Uncompahgre River Watershed
drains about 2888 km? (Nydick et al., 2012), and the river
flows to the north from its headwaters near Ouray joining the
Gunnison River near Olathe. In total, the Uncompahgre River
flows ~120 km over an elevation loss of ~ 2100 m, resulting in
a relatively steep gradient.

ANIMAS RIVER WATERSHED

The Animas River Watershed (HUC: 14080104) (37°N,
107°W) is located to the south of the Uncompahgre River
Watershed. The Animas River flows south, draining 3515 km?
from its headwaters north of Silverton and flows through Du-
rango, CO to Aztec, NM. Elevations range from greater than
4300 m at the headwaters to less than 1830 m at the confluence
with the San Juan River near Aztec, NM.

SAN MIGUEL RIVER WATERSHED

The San Miguel River Watershed (HUC: 14030003) (37°N,
107°W), located to the west of Animas and Uncompahgre Wa-
tersheds, drains about 4050 km?®. The river begins above Tel-
luride, at elevations above 4000 m, and flows about 145 km
northwest, to its confluence with the Dolores River. The San
Miguel River System is considered one of the few remaining
intact river systems in the U.S. (Inyan, 2001). With the excep-
tion of the effects of acid mine drainage, little research has
focused on the San Miguel Watershed (Inyan and Williams,
2001).

METHODOLOGY

Time-series analysis was used to identify any significant
trends in the timing of montane streamflow regimes for Un-
compahgre River Watershed (URW), San Miguel River Wa-
tershed (SMRW), and Animas River Watershed (ARW). Thus,
selected time periods for analysis were based on the longest
consecutive period of available data. The URW was analyzed
from 1937 to 2012, the SMRW was analyzed from 1943 to
2011 and the ARW was analyzed from 1914 to 2012.

Daily streamflow data for each watershed was obtained
through USGS, Hydro-Climate Data Network (HCDN) (Slack
and Landwehr, 1994). Daily-mean streamflow data for each of
the three watersheds were used to model the annual flow re-
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gime (Table 1). Flow regimes were modeled using calendar
years rather than water years because water years (October, 1
to September, 30) split the streamflow record such that it did
not accurately represent fall precipitation.

Daily temperature and precipitation data were obtained
through the National Oceanic and Atmospheric Administra-
tion (NOAA). NOAA weather stations were selected based on
proximity to the three watersheds as well as length of record
(Table 2). The weather data that we used were average monthly
maximum and minimum temperatures, and average monthly
precipitation for each month over the entire period of record.

Flow regimes extended from beginning peak to end of an-
nual stream-flows. The beginning of annual streamflow rep-
resents the onset of the spring-pulse, which is defined as the
date at which the variance of the daily streamflow increases
significantly (Stewart et al., 2004). Spring-pulse onset was
identified using a moving five-day streamflow variance meth-
od, which establishes the date at which the variance within
any five-day-period exceeds a threshold of 5% of the annual
maximum variance. The moving five-day streamflow variance
method was also used to determine the end of annual stream-
flow. Our study defines the end of streamflow as the date at
which the variance of the daily streamflow decreases signifi-
cantly. In general, the moving variance method identifies the
date, for each annual hydrograph, at which streamflow sub-
stantially increases and decreases, for the beginning and end of
annual streamflow, respectively.

The moving variance method avoids bias created by using
the standard percentile method (McCabe and Clark, 2005),
which does not capture the desired information. The standard
percentile method describes annual hydrographs by the date at
which certain percentages (typically 25%, 50% and 75%) of
total streamflow are achieved. This method is not suitable for
our study because the percentages are inherently dependent on

TABLE 1. Stream-gage locations for the analyzed river watersheds.

211

total streamflow. The moving variance method determines the
timing of flows (beginning, peak and end) independently of
each other. This is crucial when considering montane stream-
flow because the timing of the onset of the spring-pulse is
primarily dependent on snowmelt and not on summer or fall
precipitation.

Similar to other studies, (McCabe and Clark, 2005; Regon-
da et al., 2005; Stewart et al., 2004) we characterized the peak
flow by the calendar date at which fifty percent of the annual
flow volume was reached. Data processing were completed
using R®, a statistical computing environment capable of pro-
cessing large data sets (Team, 2005).

For each stream gauge, autocorrelation and partial autocor-
relation functions were used to identify dependency within the
data. Further analysis involved General-Least-Squares (GLS)
regression methods to find relationships between weather phe-
nomena and timing and volume of the stream-flow regimes.
Average monthly maximum and minimum temperatures and
average monthly precipitation were chosen as independent
explanatory variables. A least-squares regression analysis was
used to model each of the following response variables: the
beginning, peak, and end of annual stream-flows (according to
the previous definitions).

We did additional regression analysis to model correlations
between the predictor variables and the total annual streamflow
values. This analysis requires streamflow data to be logarith-
mically transformed prior to the development of the regression
model to normalize the distribution.

RESULTS

Time-series analysis was employed to identify significant
trends in the timing of montane streamflow regimes for the
Uncompahgre River Watershed (URW), San Miguel River

lsltf:ltlil()):r Station Name Drai?l?f:z)Area Latitude Longitude Data Duration Source
09147500 Uncompahgre River at Colona 1160 38.33 -107.78 1937-2012 USGS
09361500 Animas River at Durango 1792 37.28 -107.88 1914-2012 USGS
09172500  San Miguel River near Placerville 803 38.04 -108.13 1942-2011 USGS
TABLE 2. Weather-station locations for the examined river watersheds.

Station Station ID Latitude Longitude Data Duration Elevation (m)

Ouray GHCND:USC00056203 38.02 -107.668 1937-2012 2389.6

Silverton GHCND:USC00057656 37.808 -107.663 1914-2012 2830.1

Telluride 4WNW GHCND:USC00058204 37.949 -107.873 1942-2011 2635.3
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Watershed (SMRW), and Animas River Watershed (ARW).
The URW was analyzed from 1937 to 2012, the SMRW was
analyzed from 1943 to 2011 and the ARW was analyzed from
1914 to 2012.

The timing of flow regimes was characterized by the begin-
ning, peak, and end of annual streamflows. The beginning of
annual streamflow represents the spring-pulse onset, it is the
date at which the variance of the daily streamflow increases
significantly (Stewart et al., 2004). Similarly, our study defines
the end of annual streamflow as the date at which the variance
of the daily streamflow decreases significantly. Similar to other
studies (McCabe and Clark, 2005; Regonda et al., 2005; Stew-
art et al., 2004), the peak is characterized by the calendar date
where fifty percent of the annual flow volume is achieved.

Table 3 shows that no strong trends in the timing of stream-
flow were observed for the three selected locations. Luce and
Holden (2009) explain that the lack of a trend is likely a result
of the non-linear relationship between snow accumulation and
timing of snowmelt. Substantial year-to-year variance is also
largely responsible for the poor model fit and low coefficients of
determination (R?). Regardless of poor linear fits, the slope and
relative nature of the trends provide valuable insight concerning
shifting flow regimes. The time series analysis can be best un-
derstood in analyzing plots of dates of the beginning, the peak,
and the end of annual streamflows for each individual location.

Of the three observed watersheds, the URW experienced the
most change throughout the period of record (Fig. 2). For the
URW, spring-pulse onset occurred approximately 15 days ear-
lier in 2012 than it did in 1937. This negative trend in spring
streamflow is in agreement with most research concerning
snow-dominated streams. A positive trend was observed at
fifty percent of annual flow volume and end of annual flow.
For the URW, in general, the date at which fifty percent of the
annual flow volume was achieved occurred approximately ten
days later in 2012 than it did in 1937. Streamflow ended ap-
proximately 25 days later suggesting that streamflow may be
extending longer into the year.

For the SMRW, less change was observed, but the pattern
in trends was similar to that of URW (Fig. 3). For the SMRW,
the onset of the spring-pulse and when fifty percent of total
flow volume occurred was approximately ten days earlier in
2011 than in 1943. The end of streamflow, however, showed a
positive trend, ending approximately 15 days later in the year.

The ARW observed the least amount of change in flow re-
gime throughout the period of study (Fig. 4). A negative trend

TABLE 3. Time-series analysis results for the beginning, peak and end of
annual streamflow for the URW, SMRW and ARW. Model fit is described by
coefficient of determination (R?).

Model Coefficient of Determination (R?)
URW SMRW ARW
Beginning 0.21 0.26 0.19
Peak 0.52 0.49 0.46
End >0.01 >0.01 > 0.01
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FIGURE 2. URW historic streamflow regime. URW time-series analysis for
beginning, peak, and end of annual streamflow from 1937 to 2012.
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FIGURE 3. SMRW historic streamflow regime. SMRW time-series analysis
for beginning, peak, and end of annual streamflow from 1943-2011.
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FIGURE 4. ARW historic streamflow regime. ARW time-series analysis for
beginning, peak, and end of annual streamflow from 1914 to 2012.
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was observed for the onset of the spring-pulse and the date
when fifty percent of total flow volume occurred. Both events
occurred approximately five days earlier in 2012 than in 1914.
No substantial change occurred in the ending dates of annual
streamflow.

Further analysis involved GLS regression to identify more
explicit correlations between specific weather phenomena and
the timing of montane stream-flow regimes. Average monthly
maximum and minimum temperatures and average monthly
precipitation were selected as independent explanatory vari-
ables, and the beginning, peak and end of annual streamflow
were used as response variables. Study of the model determi-
nation coefficients in Table 4 shows that, in general, regression
analysis is more suitable for modeling the timing of the peak
and end of streamflow than the beginning.

GLS regression determined at a level of 0.99 significance,
that the selected explanatory variables explained 56% of the
variance associated with the date when the spring-pulse onset
occurred (Fig. 5). For the beginning of annual streamflow mod-
el, the R? value was 0.56 and an adjusted R? was 0.35 (Table 4).

Table 5 shows that the most significant variables in deter-
mining the onset of the Spring-pulse are the average maximum
February temperature, and average precipitation in April. These
results suggest that on average, an increase of 1°C for the aver-
age maximum February temperature will result in the onset of
the spring-pulse occurring approximately three days later, and
an average precipitation increase of 0.1 mm for April typically
results in the onset of the spring-pulse occurring approximately
one day later. In general, increases in average maximum tem-
peratures for winter months have the most substantial effect
in terms of shifting the onset of the spring-pulse later and an
increase in average minimum temperatures for spring months
have the most substantial effect in terms of shifting the on-
set of the spring-pulse earlier. This impact is likely because
an increase in average winter maximum
temperatures prevents precipitation from
falling as snow, resulting in less available
snowpack come time for spring snow-

TABLE 4. GLS model results for the beginning, peak and end of streamflows
for URW, SMRW and ARW. Model fit is described by coefficient of determi-
nation (R2).

Model Mean Coefficients of Determination
R? Adj. R?
Beginning 107 (17 April) 0.56 0.35
Peak 165 (14 June) 0.89 0.71
End 234 (22 Aug) 0.82 0.31
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FIGURE 5. Spring-pulse onset model. GLS model fit for the date at which the
average onset of the spring-pulse occurs (in number of days after 1 Jan), for all
three watersheds. The mean of the response is demonstrated by the horizontal
dotted-line, and the limits of the 0.90 confidence intervals are represented by
the diagonal-dotted-lines.

TABLE 5. GLS beginning of streamflow model. Individual explanatory variable estimates (in days)
with corresponding p-values, for all three watersheds (Levels of significance: * o= 0.05; ** a=0.01).

melt. Conversely, an increase in average

Average Tmax.

Average Tmin. Average Precipitation

.. . Month
minimum temperatures for spring months Estimate P-value Estimate P-value Estimate P- value
fesu“; in eaflie?jpfﬁng Sn.owmelt.ﬁ . January 0.32 132 033 20.15 0.60

When considering _site-specific _ef- February 0.04* 137 0.29 -0.13 0.55
fects on the onset of spring-pulse, Table March 0.27 19 0.17 0.2 0.2
6 shows that the San Miguel River Water- are ’ ‘ ' e e
shed was the only one that had a signifi- April 0.85 -2.32 0.25 0.73 0.001
cant affect (0<0.95) on the timing of the May 0.85 -3.33 0.14 0.22 0.44

onset of the spring-pulse. For the evalu-

ated time period, the SMRW, on average,

experienced the onset of the spring-pulse about 15 days earlier
than the average for the three watersheds. This is likely the
result of the SMRW having a larger percentage of lower ele-
vation area.

Regarding the date when peak streamflow occurred, GLS
regression determined at a level of 0.99 significance, that the
selected explanatory variables explained 84% of the variance
(Fig. 6). For the peak streamflow model, the R? was 0.84 and
an adjusted R? was 0.68.

TABLE 6. GLS beginning of streamflow mod)el site-specific estimates with
corresponding p-values. Estimates in days, for all three watersheds (Levels of
significance: * a = 0.05).

Site Estimate P- value
URW 16.83 0.10
ARW -1.56 0.84

SMRW -15.27 0.02*
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FIGURE 6. Peak streamflow model. GLS model fit for the date at which the
average peak streamflow occurs (in number of days after 1 Jan), for all three
watersheds. The mean of the response is demonstrated by the horizontal-dot-
ted-line, and the limits of the 0.90 confidence intervals are represented by the
diagonal-dotted-lines.

Table 7 shows that the most significant explanatory vari-
ables for determining the time of streamflow peaks are the av-
erage maximum February temperature and the average max-
imum and minimum May temperatures. The model suggests
that with an average increase in maximum temperature of 1°C
for February, peak streamflow shifts, on average, approximate-
ly one day later. Similar to the effect on the timing of the on-
set of the spring-pulse, a warmer average maximum February
temperature prevents precipitation from falling as snow, result-
ing in less available snowpack pack for spring snowmelt. The
average maximum and minimum May temperatures are also
seen to affect the timing of peak streamflow. In general, an in-
crease in average maximum and minimum temperatures causes
streamflow to peak approximately two days sooner.

KELKAR, GIARDINO, VITEK, AND GAMACHE

TABLE 8. GLS peak streamflow model site-specific estimates with corre-
sponding p-values. Estimates in number of days, for all three watersheds (Lev-
els of significance: * o = 0.05; ** 0= 0.01).

Site Estimate P- value
URW 10.06 0.03*
ARW -11.77 0.002**

SMRW 1.714 0.57

Location has a significant effect on the timing of peak
streamflow for the URW and the ARW (Table 8). Interesting-
ly the shift in timing for the URW and the ARW was oppo-
site. In comparison, the URW, on average experienced peak
streamflow approximately ten days later than the average
peak streamflow date, and the ARW experienced peak stream-
flow approximately twelve days earlier than the average peak
streamflow date. These differences could possibly be the result
of differing aspects.

GLS regression determined at a level of 0.99 significance,
that the selected explanatory variables explained 82% of the
variance associated with the date at when streamflow ended or
substantially subsided (Fig. 7).

The date when streamflow ended, however, was affected by
fewer explanatory variables when compared to the previous
two models. The model for the end date suggests

that the explanatory variable with the highest confidence
level is the average maximum November temperature (Table
9). More specifically, an average increase in maximum tem-
perature of 1°C in November results in streamflow ending on
average eleven days later.

Although site did not prove to be a statistically significant
explanatory variable for predicting the end of streamflow, the
relative magnitude of the estimates should still be taken into
account. For instance, Table 10 shows that the for the URW
and SMRW the timing of the end of streamflow is predicted
to shift on average, approximately forty days earlier and forty

TABLE 7. GLS peak streamflow model. Individual explanatory variable estimates (in days) with corresponding p-values, for all

three watersheds (Levels of significance: * a = 0.05).

Month Average Tmax. Average Tmin. Average Precipitation
Estimate P- value Estimate P- value Estimate P- value

January 0.31 0.61 0.67 0.18 0.00 0.93
February 1.25 0.02* -0.60 0.25 0.02 0.78
March -0.51 0.33 0.00 0.99 -0.09 0.17
April -0.03 0.96 0.80 0.28 0.15 0.06
May -1.55 0.02* -2.06 0.02* 0.07 0.51
June -1.41 0.05 -0.27 0.76 0.03 0.73
July 0.03 0.96 0.83 0.30 0.11 0.23
August 0.61 0.35 0.37 0.64 0.16 0.06
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FIGURE 7. End of streamflow model. GLS model fit for the date at which
streamflow ends (in number of days after 1 Jan), for all three watersheds. The
mean of the response is demonstrated by the horizontal-dotted-line, and the
limits of the 0.90 confidence intervals are represented by the diagonal-dot-
ted-lines.

days later, respectively. In general, we suggest that the most
substantial negative effects for the date at which streamflow
subsides are associated with increases in the average maxi-
mum temperatures during winter and spring months. This is
likely because warmer temperatures earlier in the year cause
less snow accumulation and earlier snowmelt, so less water is
available later in the year.

TABLE 10. GLS end of streamflow model site-specific estimates with cor-
responding p-values. Estimates in number of days for all three watersheds,
individually.

Site Estimate P-value
URW -46.83 0.35
ARW 2.85 0.95

SMRW 43.98 0.20

DISCUSSION AND CONCLUSION

Changes in the timing and accumulation of snowpack sig-
nificantly affect the hydrology of the western United States.
In many montane regions, variability in weather phenomena
causes a reduction in snowpack and earlier spring runoff that
results in changes in the timing and volume of snowmelt-dom-
inated stream-flow. Shifts in the timing of streamflow have sig-
nificant implications for water management.

Recent studies (Kunkel et al., 2007; Diaz and Bradley, 1997,
Eischeid et al., 1995; Christensen, 2004) have shown that the
mountain region of the interior southwestern United States has
warmed at one of the highest rates in the continental U.S. for
the first part of the 21 Century. It is logical to assume that such
warming will affect the timing of montane streamflow. Unfor-
tunately, the nature of such effects is not fully understood. Un-
derstanding the nature of a potentially shifting flow regime is
crucial for the future of water resource management (Luce and
Holden, 2009).

Time-series analysis and linear-regression models were de-
veloped to identify any potential trends in the timing and vol-

TABLE 9. GLS end of streamflow model. Individual explanatory variable estimates (in days) with corresponding p-values, for all

three watersheds (Levels of significance: * o = 0.05).

Month Average Tmax. Average Tmin. Average Precipitation
Estimate P- value Estimate P- value Estimate P- value

January 3.65 0.49 -3.22 0.44 1.18 0.26
February -5.9 0.29 6.55 0.15 0.00 0.99
March -6.1 0.25 0.30 0.95 -1.26 0.06
April 5.89 0.38 -5.29 0.48 -0.17 0.84
May -7.03 0.28 0.79 0.93 0.09 0.93
June -1.18 0.84 1.42 0.86 -0.23 0.83
July 1.57 0.81 10.6 0.21 -0.19 0.82
August 2.73 0.69 -12.22 0.15 1.25 0.17
September -8.73 0.09 7.75 0.30 1.07 0.09
October -1.75 0.60 6.76 0.22 -0.20 0.72
November 10.56 0.04* -10.63 0.08 0.84 0.36
December -9.52 0.05 4.15 0.47 -0.77 0.36
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ume of streamflow as well as the level of correlation between
selected weather variables. As a result of the considerable in-
ter-annual variability in the timing of streamflow, illustrated in
Figures 2, 3, and 4, none of the observed trends in shifting flow
regimes are significant at the 0.90 significance level. The na-
ture of the observed trends, however, suggests that streamflow
is beginning earlier, peaking earlier and in some cases, possibly
lasting longer into the year. In comparing the observed trends
at each location, it is likely that site specific relationships exist
between weather phenomena and flow regimes.

Multiple highly significant correlations occur between spe-
cific weather phenomena and the timing of streamflow, which
resulted in positive and negative trends. Our general findings
suggest that the timing of montane streamflow regimes can be
sufficiently explained by average monthly maximum and min-
imum temperatures and average monthly precipitation. GLS
regression determined, at a level of 0.99 significance, that the
selected explanatory variables explained 56% of the variance
associated with the date at which the onset of the spring-pulse
occurs, 84% of the variance associated with the timing of peak
streamflow, and 82% of the variance associated with the date at
which streamflow ends, or substantially subsides.

In general, increases in average maximum temperatures
for winter months have the most substantial effect in terms
of shifting the onset of the spring-pulse later and increases in
average minimum temperatures for spring months have the
most substantial effect in terms of shifting the onset of the
spring-pulse earlier. This change is likely because an increase
in average winter maximum temperatures prevents precipita-
tion from falling as snow, resulting in less available snowpack
pack come time for spring snowmelt. Conversely, an increase
in average minimum temperatures for spring months results in
earlier spring snowmelt.

Earlier snowmelt and streamflow are likely to become an
increasingly challenging problem for many water resource
management systems. With changing weather phenomena,
snowmelt dominated streams are becoming less predictable
and less reliable (Dettinger and Cayan, 1995; Dettinger and
Diaz, 2000). Although the complex nature of montane hydro-
logic systems is not fully understood, the ability to characterize
which basins that are impacted by specific weather phenomena
is a crucial step towards understanding future changes and wa-
ter resource vulnerability.
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