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A B S T R A C T

The global phenomenon of climate change-induced shifts in precipitation leading to “wet regions
getting wetter” and “dry regions getting drier” has been widely studied. However, the propa-
gation of these changes in atmospheric moisture within stream channels is not a direct re-
lationship due to differences in the timing of how changing precipitation patterns interact with
various land surfaces. Streamflow is of particular interest in the Colorado River Basin (CRB) due
to the region’s rapidly growing population, projected temperature increases that are expected to
be higher than elsewhere in the contiguous United States, and subsequent climate-driven dis-
turbances including drought, vegetation mortality, and wildfire, which makes the region more
vulnerable to changes in hydrologic extremes. Here, we determine how streamflow extremes
have shifted in the CRB using two statistical methods—the Mann-Kendall trend detection analysis
and Generalized Extreme Value (GEV) theorem. We evaluate these changes in the context of key
flow metrics that include high and low flow percentiles, maximum and minimum 7-day flows,
and the center timing of streamflow using historical gage records representative of natural flows.
Monthly results indicate declines of up to 41% for high and low flows during the June to July
peak runoff season, while increases of up to 24% were observed earlier from March to April. Our
results highlight a key threshold elevation and latitude of 2300 m and 39° North, respectively,
where there is a distinct shift in the trend. The spatiotemporal patterns observed are indicative of
changing snowmelt patterns as a primary cause of the shifts. Identification of how this change
varies spatially has consequences for improved land management strategies, as specific regions
most vulnerable to threats can be prioritized for mitigation or adaptation as the climate warms.

1. Introduction

Increased greenhouse gas emissions have caused a worldwide rise in both temperature means and extremes (Easterling et al.,
2000). Global temperatures have risen by an average of 1 °C since the preindustrial age (Hansen et al., 2006), while increases in
extremes have resulted in the maximum (minimum) historical means from the early 20th century occurring at greater (less) reg-
ularity during the latter part of the 20th century (Alexander et al., 2006). Given the expected increase in greenhouse gas emissions
over the next century, such temperature trends are only anticipated to continue or even accelerate (Meinshausen et al., 2011). Indeed,
comparisons of extreme temperatures from Global Climate Models (GCMs) to observed temperature data over the latter half of the
20th century support this conclusion (Zwiers et al., 2011). Understanding the direction, magnitude, and seasonality of impacts from
these temperature changes on hydrology and associated ecosystems is thus paramount to mitigating risk from climate change
(McDowell et al., 2017, in review).

The reported increases in mean and extreme temperatures have led to substantial changes in hydrology, resulting in a loss of
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hydrologic stationarity (Milly et al., 2008). This has manifested itself in all aspects of the water cycle above and below the ground
surface, causing shifts in the mean and extreme values of precipitation (Karl et al., 1995; Karl and Knight, 1998; Asadieh and
Krakauer, 2015), runoff and streamflow (Lins and Slack, 1999; Dai et al., 2009), evapotranspiration (Szilagyi et al., 2001; Szilagyi
et al., 2001; Jung et al., 2010), water vapor (Seager et al., 2010), and soil moisture (Andreadis and Lettenmaier, 2006; Albergel et al.,
2013). Groundwater is similarly affected, although the quantification of associated impacts are less clear due to the difficulty in
isolating the competing impacts from land use change, such as the intensification of groundwater use for irrigation (Taylor et al.,
2013). Given the motivation of understanding how water and energy supplies as well as associated critical infrastructure might be
affected—as these are particularly vulnerable to floods and droughts—we focus our efforts here in understanding how historic
streamflow extremes have already shifted. Ultimately, the results of these efforts will be used to compare with how streamflow
extremes will change in the future.

Trends in extreme streamflow are often not as pronounced as extreme precipitation in areas where runoff is dominated by
snowmelt. This is due to the offsetting effects of simultaneous declines in snowpack, which have been observed in areas such as the
mountainous western United States (U.S.) (Mote, 2006). For example, there is a strong connection between high streamflow and the
incidence of heavy precipitation events where they are becoming more common in the eastern U.S. (Groisman et al., 2001). However,
due to the concurrent decreases in snowpack and snow cover extent in the more mountainous west, no such pattern exists in this part
of the country in spite of the increase in heavy precipitation episodes also occurring in the region (Prein et al., 2016). The strong
association with elevation and observed shifts in western U.S. streamflow center timing further indicates that snowmelt changes are
largely contributing to this transformation (McCabe and Clark 2005; Regonda and Rajagopalan, 2004; Stewart et al., 2005; Mote,
2006; Clow et al., 2010; Dudley et al., 2017), likely offsetting any appreciable gains to high streamflow events from an increase in the
frequency of heavy precipitation.

In spite of some evidence for weaker extreme streamflow trends due to the observed competing changes in snow, broad spatial
and temporal patterns have still been recognized across North America. For example, increases in streamflow were generally reported
for minimum flow percentiles over much of the conterminous U.S. (Lins and Slack, 1999) or centered in the eastern U.S. (McCabe and
Wolock, 2002; Ahn and Palmer, 2015), while decreases were observed in the Pacific Northwest (Ahn and Palmer, 2015; Kormos et al.,
2016). Such trends were more variable for maximum flow percentiles, although a tendency towards increased variability in high
flows was noted for the continental U.S. (Ahn and Palmer, 2015). By contrast, in Canada a greater number of decreases in streamflow
maximums were observed, while the direction of trends were more variable for streamflow minimums (Zhang et al., 2001; Burn et al.,
2010). The reduction in maximum flows is again related to decreases in or earlier peak snowmelt, which leads to a more gradual rise
in peak streamflow and dampening of the overall hydrograph (Zhang et al., 2001). Similar to what was found across Canada, within
boreal basins of Alaska and the Yukon Territory decreases in annual maximum streamflow were particularly pronounced in snow-
melt-dominant basins, while more statistically significant increases were observed in minimum flows (Bennett et al., 2015).

The Colorado River Basin (CRB) is located within the intermountain region of the western United States and serves as an excellent
setting to analyze shifts in hydrologic extremes for a variety of factors. The region recently underwent one of the largest droughts
observed in the historical record (Piechota et al., 2004) and based on future temperature increases simulated in Global Climate
Models (GCMs), more severe droughts than what have been observed in the paleoclimate record are anticipated by 2100 (Woodhouse
et al., 2010). Other climate change impact studies indicate a CRB-wide reduction of 8–11% in streamflow due to changes in climate
(Christensen and Lettenmaier, 2007), as well as a 6–11% decline in annual streamflow by 2100 from vegetation and climate dis-
turbances in the San Juan sub-basin of the CRB (Bennett et al., 2017, in review). Even higher reductions were projected using a range
of emission scenarios for other CRB sub-basins (Ficklin et al., 2013). Additional impacts include a ∼30% decline in runoff (Barnett
and Pierce, 2009), and longer-lasting, higher-severity droughts (Cayan et al., 2010; Woodhouse et al., 2016). Moreover, the high rate
of population growth coupled with the projected temperature increases are expected to further strain water supplies and make critical
water and energy supply infrastructure particularly vulnerable to floods and droughts (MacDonald, 2010; Stewart et al., 2015).

Two leading statistical methods used to understand changes in hydrologic extremes include the non-parametric Mann-Kendall
trend analysis (Mann, 1945; Kendall, 1975) and the Generalized Extreme Value (GEV) theory (Coles, 2001). The Mann-Kendall trend
analysis has been applied in previous studies to understand shifts in hydrologic extremes (Lins and Slack, 1999; Zhang et al., 2001;
Miller and Piechota, 2008; Villarini et al., 2009; Burn et al., 2010; Cheng et al., 2014; Sagarika et al., 2014; Bennett et al., 2015).
However, as this statistical method was not specifically developed for analysis of extremes and provides no means of determining
changes in the probability of different flow magnitudes—both of which are important for quantifying risk in water resource man-
agement and engineering design—the GEV analysis offers a good compliment to this approach. GEV theory can be applied to de-
termine changes in extreme streamflow metrics in either a stationary or nonstationary setting by using time-dependent parameters in
the GEV distribution (Katz, 2013). As such, similar to the Mann-Kendall analysis, the GEV is also used to detect trends in extremes.

In this study, we evaluate changes in extreme streamflow in the CRB using the Mann-Kendall and GEV statistical approaches. The
Mann-Kendall trend analysis was applied to extreme streamflow metrics and the center timing of streamflow, which were derived
from historical daily discharge to determine the size and direction of changes at annual, seasonal, and monthly timescales. Next, the
Generalized Extreme Value (GEV) analytical approach was used to estimate how the high- and low-flow tails of streamflow maxima
and minima are changing in the region and to assess changes in extreme flow return intervals (Zhang and Zweirs, 2013). The Mann-
Kendall and GEV results were both evaluated against the respective elevation and latitude of the streamflow gages to identify shifts
associated with changing snow and snowmelt patterns due to their strong spatial dependency. We examined changes in extremes
using exclusively unimpaired gages to isolate the source of the change to climatic factors alone due to the high vulnerability to
impacts from changing climate within the CRB region.

This study differs from previous studies by providing the first investigation of streamflow extreme shifts and the drivers of change
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while focusing on the CRB. Unlike previous examinations of streamflow extremes elsewhere, we also incorporated all of the following
methods: 1) the analysis was conducted for multiple extreme streamflow metrics as well as the center timing of streamflow; 2) trends
were analyzed at multiple temporal scales and related to elevation and latitude to assess which part of the annual hydrograph is
contributing most to the observed changes and provide multiple lines of evidence to demonstrate how and when these changes are
occurring; and 3) gage stations used in the analysis were grouped according to record length and four groups were used to minimize
potential bias from single climatic events on the overall results. Application of this suite of methods is vital for gaining a robust
understanding of historic extreme streamflow changes in the CRB so that we may ultimately examine how water and energy supplies,
as well as critical infrastructure, will be affected under future climate conditions by running simulations in hydrology models and
GCMs.

2. Methods

2.1. Data

Historical daily streamflow gage records were obtained using only sites listed in the United States Geological Survey (USGS)
Geospatial Attributes of Gages for Evaluating Streamflow version II database (GAGESII, Falcone et al., 2010). GAGESII consists of a
subset of USGS national streamflow gage records that were targeted based on the relatively long length of record and minimal
influence from upstream water resources management. Only those gages listed as ‘reference’ gages with negligible upstream flow
alterations were used to increase the likelihood that reported shifts in hydrologic extremes could be attributed to changes in climate.
Furthermore, only gages with a minimum of 30-years of data and less than 25% missing values were selected to ensure long records
were used and consistency was maintained so comparison of results among each group could be justified.

The Mann-Kendall trend analysis was run without data gap filling to avoid bias. However, gaps were filled for the GEV analysis
using the mean of two adjacent data points, as the GEV method applied necessitated the use of continuous records. As such, gages
with two or more consecutive records missing were omitted from the study and fewer gages were used in the GEV with respect to the
Mann-Kendall trend analysis. Gages were further filtered to include only those situated within our study region; the upper and lower
CRB (located within 2-digit, USGS Hydrologic Unit Classification (HUC) basins 14 and 15). USGS streamflow data is available for
download at waterdata.usgs.gov.

Gage station records were grouped according to record length (Fig. 1) and results presented in terms of the mean changes
observed per group. Four record length groups were used, which consisted of 30, 40, 50, and 60 years (hereafter referred to as station
groups) with each terminating at the end of 2014. This technique was implemented to remove the effects of single climatic (e.g. El
Niño Southern Oscillation) or storm events from having too much of an influence on the overall results, which would have been more
of an issue if the analysis was conducted over a single period (Hannaford et al., 2013; Salas and Obeysekera, 2014). Summary spatial
statistics of the data and the number of gage stations used per station group and streamflow metrics analyzed are presented in
Table 1.

2.2. Mann-Kendall trend analysis

The Mann-Kendall trend analysis was used to identify trends for three different flow indices: percentiles [maximum (Q100),
minimum (Q0), Q95, and Q05], 7-day flows, and streamflow center timing. Due to the high degree of similarity between the high
flow (Q100 and Q95) and low flow (Q05 and Q05) percentiles, we only show trend results for the Q100 and Q0 flows. Trend analysis
of percentiles was conducted at annual, seasonal, and monthly timescales. Pre-whitening measures were not employed to avoid
dampening the signal of trends, as the trend magnitude was high enough or was derived from sufficient observation quantities to
make autocorrelation effects negligible (Bayazit and Önöz, 2007). For the purposes of this study, the seasons are defined as the
Northern Hemisphere winter (JFM), spring (AMJ), summer (JAS), and fall (OND).

The 7-day maximum and minimum flows that had a 1:10 (7Q10) and 1:2 (7Q2) probability of occurrence were also evaluated
using the Mann-Kendall trend analysis. Of these, the 7Q10 minimum flow is the most widely reported due to its relevance for the
survival of fish species (Richter et al., 1996). Moreover, this metric has significance for water quality, as it is used to establish
pollutant discharge limits in the U.S. by the Environmental Protection Agency (Kormos et al., 2016). The 7Q10 maximum flow was
included for its importance to different engineering design criteria (Mishra et al., 2011). The 7Q2 minimum flow was also tested due
to its application in Mantua et al. (2010) and its maximum flow counterpart was incorporated as well to maintain consistency.
Maximum and minimum 7Q10 and 7Q2 flows were calculated based on the log-Pearson Type III probability distribution of annual 7-
day flows over 10 years using a 10-year moving window. The number of observations used in the calculation of the 7-day flow trends
was necessarily reduced by nine relative to that of the percentiles due to application of the 10-year moving window. Seasonal 7Q2
flows were omitted from the results due to similarities with the 7Q10 flows.

The Mann-Kendall trend analysis was also applied to the center timing of streamflow, which represents the Julian Day of each
year when half of the total annual streamflow has passed the gage. Unlike the other metrics, the streamflow center timing was applied
to daily data arranged according to the water year rather than calendar year due to its strong relation to peak snowmelt timing
(Stewart et al., 2005; Clow, 2010). Although not considered to be an extreme streamflow metric, the center timing was still analyzed
due to its strong connection to snowmelt and to assess how overall shifts in annual flow towards earlier or later in the season may
have contributed to a higher or lower incidence of extreme seasonal flow events.

Two sets of plots were used for presentation of the Mann Kendall results. Annual, seasonal, and monthly percentile, as well
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streamflow center timing trends were presented in the form of box plots for each station group to provide a general overview of
changes occurring across the whole CRB, rather than specific sites, which is one of our aims of the study. Annual and seasonal Q0 and
Q100 streamflow changes were also presented with respect to elevation and latitude for each individual gage station. This was done
for the 40-year station group, which consisted of the most gage stations and was representative of the changes observed among other
station groups.

Following application of the Mann-Kendall trend analysis, the magnitude of trend is estimated (Sen, 1968). Trends were deemed
statistically significant if p < 0.33, given the likely existence of a trend below this threshold (Hirsch et al., 2015). The percentage of
significant trends for each station group is reported to provide an overall indication of statistical robustness for the given trend.

2.3. Generalized extreme value analysis

Upon completion of the Mann-Kendall trend analysis, the GEV analysis was used to detect stationary and non-stationary changes
in high and low streamflow at the annual and seasonal timescales. With some notable exceptions, the approach outlined in Bennett
et al. (2015) was applied to calculate the GEV distribution using the R-project GEVcdn package explained in Cannon (2010, 2011).

Fig. 1. Study site map showing USGS gage station locations along with corresponding record length and elevations within the Colorado River Basin (CRB).
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Here, we summarize some of the main points of this method, which are described in Bennett et al. (2015) in greater detail.
The GEV is based on the premise that samples of block maxima from a large enough sample size will approach the GEV dis-

tribution, which can be used to obtain the frequency and magnitude of high and low streamflow (Coles, 2001). The GEV distribution
is defined by the cumulative distribution function, shown in Eqs. (1) and (2):
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where μ is the location parameter, a is the scale parameter defining the deviation around μ; and κ is the shape parameter that
determines the tail of the distribution (also shown in Bennett et al., 2015). These parameters are estimated using the maximum
likelihood (ML) measure, which is described using the probability density function (pdf) calculated in Eqs. (3) and (4) (also shown in
Bennett et al., 2015):
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The shape parameter is estimated using a penalized version of ML that uses a prior distribution based on conditions observed in
nature (Cannon, 2010; Bennett et al., 2015).

In this study, the Q05 and Q95 flows with ten-year return periods at the annual and seasonal timescales were employed as block
maxima and minima. The Q05 (Q95) flows were used over the Q0 (Q100) flow percentiles and 7Q10 minimum (maximum) flows
because streamflow in some of the Lower CRB gages is representative of ephemeral conditions and zero-flow events make GEV
parameter estimation impossible (Katz, 2010). Note that other studies of climate extremes also consider more moderate extreme
values than the maxima (Mannshardt-Shamseldin et al., 2010).

GEV model selection was limited to three types: stationary (S), non-linear stationary (NLS), and non-linear non-stationary (NLNS).
Selection of the stationary model assumed model parameters were independent with time, while parameter values vary linearly and
log-linearly for the NLS model. Additional parameters were used if the NLNS model was selected to constrain the magnitude of
nonlinearity. For example, scale parameters had to be above 15% of the range of streamflow values to prevent over-fitting to outliers
(Cannon, 2012). To best-fit model parameters to the optimum model, the Akaike Information Criterion corrected (AICc) for small
sample sizes was applied (Burnham et al., 2011). Selected model types along with the magnitude and direction of change were
plotted against both latitude and elevation to investigate potential causal factors of the change.

3. Results

The Mann-Kendall trend analysis showed the majority of annual Q100 flows as well as the maximum 7Q10 flow metrics are
decreasing (Fig. 2), indicating a trend towards lower water availability in the CRB. The median and majority of the interquartile

Table 1
Summary spatial statistics per analysis for different station groupings.

Station Group Number Stations Latitude Range (dec deg) Longitude Range (dec deg) Elevation Range (m) Analysis

1985 n = 41 31.36 to 43.03 −115.30 to −105.91 428 to 3179 Mann-Kendall – Percentiles
n = 26 31.36 to 42.11 −115.30 to −105.91 536 to 3179 Mann-Kendall – Min 7Q2 & 7Q10
n = 31 31.36 to 42.11 −112.60 to −105.91 536 to 3179 Mann-Kendall – Max 7Q2 & 7Q10
n = 41 31.36 to 43.03 −115.30 to −105.91 428 to 3179 Mann-Kendall – Center Timing

1975 n = 42 31.36 to 43.03 −115.30 to −105.91 536 to 3179 Mann-Kendall – Percentiles
n = 30 31.36 to 42.11 −112.60 to −105.91 536 to 3179 Mann-Kendall – Min 7Q2 & 7Q10
n = 33 31.36 to 42.11 −112.60 to −105.91 536 to 3179 Mann-Kendall – Max 7Q2 & 7Q10
n = 42 31.36 to 43.03 −115.30 to −105.91 536 to 3179 Mann-Kendall – Center Timing
n = 23 33.06 to 42.11 −112.60 to −105.91 536 to 3179 GEV – Q05
n = 27 33.06 to 42.11 −115.30 to −105.91 536 to 3179 GEV – Q95

1965 n = 20 31.36 to 43.03 −115.30 to −105.97 536 to 2850 Mann-Kendall – Percentiles
n = 14 31.36 to 43.03 −115.30 to −105.97 536 to 2850 Mann-Kendall – Min 7Q2 & 7Q10
n = 15 31.36 to 42.11 −111.54 to −105.97 536 to 2850 Mann-Kendall – Center Timing
n = 20 31.36 to 42.11 −111.78 to −105.97 536 to 2850 Mann-Kendall – Max 7Q2 & 7Q10

1955 n = 8 31.36 to 43.03 −110.81 to −106.27 829 to 2789 Mann-Kendall – Percentiles
n = 6 31.36 to 42.11 −110.71 to −106.27 1408 to 2789 Mann-Kendall – Min 7Q2 & 7Q10
n = 6 31.36 to 42.11 −110.71 to −106.27 1408 to 2789 Mann-Kendall – Max 7Q2 & 7Q10
n = 8 31.36 to 43.03 −110.81 to −106.26 829 to 2789 Mann-Kendall – Center Timing
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Fig. 2. Box plots of annual percentile and 7Q10 streamflow Mann Kendall trend results for each station group. The percent of statistically significant (p < 0.33)
stations is also shown.
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range (IQR) of changes were negative for these flow types among the four station groups. In contrast, the annual low flow metrics
exhibited weaker changes overall, as the median IQR of changes were much closer to zero. An exception is the 30-year station group
of the low flow metrics, as the IQR of changes were consistently negative among all annual minimum flow metrics. However, we note
that much stronger decreases for the 30-year station group was not observed for the high flow metrics, meaning that the cause was
specific to low flows. The percentage of statistically significant trends tended to be higher overall for the 7Q10 flow changes and Q0
over the Q100 flows.

At the seasonal scale, results indicate the majority of Q100 flows increased in three of four station groups during the winter, but
were more stable or decreased among the four station groups during the other seasons (Fig. 3). In contrast, the majority of Q0 flows
increased in three of four station groups during the spring, but decreased or displayed an overall more neutral change among the four
station groups during the other seasons. Similar to the annual results, the 30-year station group showed a stronger decreasing trend
most pronounced during the winter for both high and low flow metrics. Thus, the same factors listed as a potential cause of this
pattern for the annual flow trends are also applicable here during the winter. Similar to the annual results, the levels of statistical
significance were greater for the 7Q10 than the other flow metrics, which is likely caused by a difference in how the 7Q10 flows were
calculated and the fewer observations used to compute each trend.

The Q100 trend results at the monthly scale reveal majority increases in three of the four station groups during March and April
by up to 21% and 14%, respectively, for the median values (Fig. 4). Stronger majority decreases were observed for Q100 flows in
June and July in all station groups by up to 26% and 41%, respectively for the median values. Majority increases and decreases were
also observed in three of four station groups during January and August, respectively, but these changes were weaker in magnitude
and at a much lower level of statistical significance overall. Q100 changes were weaker or more neutral during the other months.

The Q0 trend results revealed majority increases of up to 19% in the median for three of four station groups during April, and
decreases of up to 26% and 41%, respectively, in the median among all station groups in June and July. Decreases were also observed

Fig. 3. Box plots of seasonal percentile and 7Q10 streamflow Mann Kendall trend results for each station group. The percent of statistically significant (p < 0.33)
stations is also shown.
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among all station groups in August and September, but these changes were weaker in magnitude and at a much lower level of
statistical significance overall. Higher levels of statistically significant trends for both high and low flows tended to occur during late
winter to spring months. The 30-year station group again showed stronger decreasing trends for most of the months relative to other
station groups. The same factors are likely causing this distinction as in the seasonal and annual trend results. Moreover, this
highlights the importance of conducting the analysis for more than one period. Q0 changes were weaker or more neutral during the
other months.

Distinct spatial patterns exist with the annual and seasonal trend results presented in Figs. 5 and 6 . With the exception of one gage
station, all gages exhibiting an increase in Q0 flows at all seasons and annually occurred at high elevations (> 2300 m). Decreasing
and neutral flow trends dominated at low elevations (< 2300 m) at all seasons and annually, and even at high elevations during the
summer. Similar patterns were observed for the Q100 flow changes, except decreases dominated at high elevations in spring with
fewer decreases at lower elevations during this season. An equal number of statistically significant trends (p < 0.33) were dis-
tributed throughout the latitude and elevation ranges that were tested, although the number of statistically significant trends is
slightly higher during the spring and summer than other seasons and annually.

Trends in the annual center timing of streamflow reveal there is a tendency towards streamflow occurring earlier in the season
among all station groups (Fig. 7). The majority of gage stations in each group showed a decreasing trend in center timing with the
largest median reduction of 10 days (2.5 days/decade) occurring for the 40-year station group. The percent of stations showing
statistically significant trends (p < 0.33) ranged from 50 to 62%.

The AICc-minimized model along with the magnitude and direction of trends for the ten-year return periods are shown with
respect to elevation and latitude for the GEV analysis of Q05 (Fig. 8) and Q95 (Fig. 9) seasonal and annual flows. Similar to the Mann-
Kendall results, the Q05 flow results show a distinct temporal pattern where flows shifted from mostly increasing or stable trends at
upper elevation (> 2300 m) stations during the winter and spring to a higher prevalence of stationary or decreasing trends during the
summer. Flow decreases and neutral changes are in the majority for lower elevation stations (< 2300 m) during the summer and fall,
resulting in an overall decrease in flows at most lower elevation stations during the annual timescale.

The Q95 GEV results showed a much stronger spatiotemporal pattern during the winter and spring, as winter flow increases
dominated at high elevations (> 2300 m), while flow trends above this elevation in the spring were stable or decreased. Flow
decreases were of higher magnitude and more prevalent at low elevations (< 2300 m) during the spring than any other season. Low
elevation sites during the summer, fall, and annual timescales exhibited much less change overall, with most stations showing
stationary trends. The spatiotemporal patterns for both high and low flows, particularly during the winter, spring, and summer,
support a lot of the Mann-Kendall trend results shown in Figs. 5 and 6. The exception is that more neutral changes are shown at high
elevations for high spring and summer flows in the GEV, while more decreases are shown in the Mann-Kendall trend analysis.

4. Discussion

The results support strong temporal variability in streamflow changes where part of the year shows more increases and other parts
show decreases. Such findings indicate a diminishing water supply at critical times for the region, which could result in shortages for
the generation of power or regional water supplies. For example, the shift in peak runoff observed from the spring and summer
towards the winter, particularly at high elevations (> 2300 m) shown in Fig. 6, suggest that reservoir water drawdown from annual
maximum storage will occur earlier, increasing the likelihood of future water and energy shortages during the summer and fall—-
exactly when these resources are needed the most due to higher warm season energy demands for cooling and elevated water
demands from agriculture. Indeed, reservoir water and energy delivery shortages from decreasing water availability have already
been projected in the CRB (Christensen and Lettenmaier, 2007; Barnett and Pierce, 2009), leading to investigation of improved

Fig. 4. Box plots of monthly percentile Mann Kendall trend results for each station group. For the Q0 results (top), the mean monthly percent of statistically significant
(p < 0.33) stations ranged from a minimum of 42% in October to a maximum of 72% in April. For the Q0 results (top), the mean monthly percent of statistically
significant (p < 0.33) stations ranged from a minimum of 31% in September to a maximum of 60% in April.
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operation strategies to mitigate water and energy supply risk (Rajagopalan et al., 2009). In addition, the falling low flow conditions
occurring at all elevations in summer through the fall for low elevations (< 2300 m) will make it more difficult for reservoir op-
erators to meet minimum low-flow requirements that are essential for sustaining downstream fisheries (Richter et al., 2003).

Although not explicitly investigated here, the spatiotemporal patterns identified in these streamflow changes are indicative of the
strong influence of changing snow and snowmelt patterns. The reduction in spring-summer flows and increase in winter flows at high
elevations (> 2300 m) and latitudes (> 39°N) is suggestive of a shift in flows from the traditional peak runoff to the melt season of
the CRB. Increased melting or more rain-on-snow events earlier in the year, leading to higher peak flows during winter and spring and
lower flows during the summer, could cause such a shift. Such findings are bolstered by the overall negative trends observed in the
center timing of streamflow, providing additional evidence of a shift in streamflow extremes towards earlier in the year. Note that

Fig. 5. 40-year seasonal and annual Mann-Kendall trend results with respect to elevation and latitude for Q0 minimum flows. Circle size and color correspond to
magnitude and direction of trend, while closed circles represent statistically significant trend (p < 0.33).
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these conclusions could not have been derived without conducting the analysis at multiple temporal scales for several high and low
flow metrics and relating some of the observed changes to both elevation and latitude, which distinguishes this study of CRB
streamflow extreme shifts from others already conducted in the basin.

The idea that changing snow and snowmelt patterns are leading to changes in streamflow extremes we identified is supported by
other climate trends reported in the literature. Strong reductions in snow-to-rain fractions were reported during March (Knowles
et al., 2006), corroborating with our observation of higher peak streamflow during this month and the winter season. Increasing
temperature and precipitation trends reported for the region were strongest for January to March (temperature) and February
(precipitation) (Miller and Piechota, 2008), further promoting higher flows during this time of year. Declines in snow albedo caused
by increased dust loading from agricultural development is also contributing to the shift, as the reduction in albedo has shortened the

Fig. 6. 40-year seasonal and annual Mann-Kendall trend results with respect to elevation and latitude for Q100 maximum flows. Circle size and color correspond to
magnitude and direction of trend, while closed circles represent statistically significant trend (p < 0.33).
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duration of snow cover in the Upper CRB by several weeks over the 20th century (Painter et al., 2010). Although not necessarily
related to changes in snow, at least some of the decreasing trends observed in this study are likely related to overall declines in water
availability in CRB streamflow due to warming (Woodhouse et al., 2016).

The elevation threshold of 2300 m identified in this study that demarks a shift in the direction of streamflow change due to the
stronger influence of changes in snow at higher elevations is also supported in the literature. This same elevation threshold is used to
define the transition from rain-dominated to snow-dominated streamflow regimes (Kampf and Lefsky, 2016). Snow is reported to be
the dominant form of precipitation in the CRB just above the elevation threshold at 2500 m (Clow, 2010). In addition, the transitional
snow cover zone, or the region where snow cover is expected to experience the most variability during the winter and spring, is
defined as being between 2550 and 3050 m (Richer et al., 2013). Thus, the persistence of snow and seasonal changes in its con-
tribution to streamflow within this region is more vulnerable to temperature increases. This notion is supported by the winter and
spring streamflow increases and summer decreases that were located within or just below this elevation band down to 2300 m.
Moreover, reductions in the contribution of snow to streamflow were reported in this transition zone (Kampf and Lefsky, 2016),
suggesting that more precipitation is occurring as rain and favoring higher peak runoff earlier in the year, which aligns with our
results.

Further providing support for our findings is the similarity to conclusions drawn from a number of comparable studies that
evaluated streamflow changes in western North America. Reductions in annual maximum flow were also observed in boreal Canadian
and Alaskan streams (Bennett et al., 2015), which, similar to here, are due to strong changes in snowmelt that accounts for a large
proportion of the annual water budget in the two regions. Given the strong covariance between mean and extreme streamflow
(McCabe and Wolock, 2014), good agreement was also found with the results of Miller and Piechota (2008), who observed increasing
trends in mean CRB winter streamflow and a corresponding decline during the spring. Strong shifts towards earlier season snowmelt
runoff and streamflow center timing were also observed in the upper CRB (McCabe and Clark, 2005; Clow 2010). Similar to the
changes in streamflow noted here, the snowmelt shifts in those studies were strongly related to elevation and latitude.

Even though the study returned results that are well-aligned with existing literature on CRB streamflow changes, it is important to
highlight some caveats from our study. The number of statistically significant trends for the 7-day flows was greater than the flow
percentiles or center timing results. Moreover, unlike the flow percentile results, most of the 7Q10 maximum and minimum flows
exhibited more decreasing trends during the winter and 7Q10 minimum flows increased during the spring. These differences were
likely due to the smaller number of stations employed or calculation of 7-day flows using ten-year moving windows, which reduced
the number of observations used to calculate the trends relative to the flow percentile trends or GEV results. Thus, the 7-day flow
trends should be treated separately from the percentile trends and results provided from the GEV. Even still, the importance of the 7-
day trends should not be underestimated due to the practical use of this metric to inform engineering design practices within
floodplains, river flow management for fish species survival, and establishment of pollutant discharge limits by the EPA. As such,
professionals using these metrics should take the changes presented here into account for future related planning purposes in their
respective fields.

Some of the annual, seasonal, and monthly trends were much more negative for the 30-year station groups. This dissimilarity
could have resulted due to effects from more pronounced warming or extreme weather events affecting the region in the latter part of
the record (Piechota et al., 2004; Kampf and Lefsky, 2016), differing influence from macroscale climate events (e.g. ENSO) (Salas and
Obeysekera, 2014), or difference in the gage stations used relative to the other station groups.

In contrast to the results shown or implied in this study, negligible advancement of CRB spring streamflows and variable changes
in snowmelt were reported in Regonda and Rajagopalan (2004). This disparity occurred likely due to the difference in stations that
were selected for analysis in that study. We also note that Murphy and Ellis (2014) observed no trends in mean streamflow within the

Fig. 7. Box plots of annual streamflow center timing Mann Kendall trend results. The percent of statistically significant (p < 0.33) stations for each station group are
as follows: 1955 = 50%, 1965 = 50%, 1975 = 62%, 1985 = 50.

K.C. Solander et al. Journal of Hydrology: Regional Studies 12 (2017) 363–377

373



CRB. This discrepancy could be caused by the use of different stream gage data with longer record lengths or because 8 of 10 gage
stations used in their analysis are listed as non-reference gages within the GAGES II database, whereas only reference gages were used
in this study.

Fig. 8. 40-year seasonal and annual minimized GEV models with respect to elevation and latitude for Q05 minimum flows. Circle size and color correspond to
magnitude and direction of trend for flows with 1:10 probability of occurrence, respectively. Shape denotes favored minimized model type.
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5. Conclusions and recommendations

Our aim with this work was to evaluate the extent and magnitude of historical shifts in streamflow extremes in the CRB at
multiple temporal scales. Annually, most of the maximum and minimum flow trends for the different metrics among the station
groups indicate reduced flows, which could lead to shortages at critical times of the year. Seasonal and monthly results indicate

Fig. 9. 40-year seasonal and annual minimized GEV models with respect to elevation and latitude for Q95 minimum flows. Circle size and color correspond to
magnitude and direction of trend for flows with 1:10 probability of occurrence, respectively. Shape denotes favored minimized model type.
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temporal heterogeneities exist, with stronger basin-wide decreases in summer (and spring for low flows) and increases during winter
(and spring for high flows). Monthly results indicate changes were strongest and more statistically robust in the snowmelt season, as
the basin-wide median of maximum and minimum streamflow was observed to decrease by up to 41% during the traditional peak
runoff months of June and July and increase by up to 24% during March and April. The 2300 m elevation and 39°N latitude
thresholds of winter and spring streamflow changes identified in both the Mann-Kendall and GEV analysis indicate that changing
snow and snowmelt patterns are the likely primary cause of changes during these periods. The strong spatial link of our results to both
latitude and elevation and findings from other studies suggests warming-induced accelerated snowmelt or increases in the quantity of
rain with respect to snow as well as overall increases in February precipitation are the likely primary causes of these changes.

Given the prognosis of future climate impacts on hydrologic extremes, more research is necessary to assess how these changes will
further contribute to shifts in streamflow extremes and affect associated water and energy supplies in the CRB. Causes of streamflow
extreme shifts should be quantified for different elevations and latitudes and related to changes in snow. In addition, the causes as
well as changes in extremes should be simulated in GCMs and hydrology models to estimate future water and energy resource
vulnerabilities from changes in the timing and magnitude of high and low flows. Such work is critical to prioritize locations for better
management of water resources, energy, and critical infrastructure so appropriate steps are taken to avoid major economic losses
under a warmer regime.
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