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Elevation-dependent responses of streamﬂow to climate warming Christopher J. Tennant,* Benjamin T. Crosby and Sarah E. Godsey Department of Geosciences, Idaho State University, 921 S. 8th Ave. Stop 8072, Pocatello, ID, 83209-8072, USA



Abstract: Warming will affect snowline elevation, potentially altering the timing and magnitude of streamﬂow from mountain landscapes. Presently, the assessment of potential elevation-dependent responses is difﬁcult because many gauged watersheds integrate drainage areas that are both snow and rain dominated. To predict the impact of snowline rise on streamﬂow, we mapped the current snowline (1980 m) for the Salmon River watershed (Idaho, USA) and projected its elevation after 3 °C warming (2440 m). This increase results in a 40% reduction in snow-covered area during winter months. We expand this analysis by collecting streamﬂow records from a new, elevation-stratiﬁed gauging network of watersheds contained within high (2250–3800 m), mid (1500–2250 m) and low (300–1500 m) elevations that isolate snow, mixed and rain-dominated precipitation regimes. Results indicate that lags between percentiles of precipitation and streamﬂow are much shorter in low elevations than in mid- and high-elevation watersheds. Low elevation annual percentiles (Q25 and Q75) of streamﬂow occur 30–50 days earlier than in higher elevation watersheds. Extreme events in low elevations are dominated by low- and no-ﬂow events whereas mid- and high-elevation extreme events are primarily large magnitude ﬂoods. Only mid- and high-elevation watersheds are strongly cross correlated with catchment-wide ﬂow of the Salmon River, suggesting that changes in contributions from low-elevation catchments may be poorly represented using mainstem gauges. As snowline rises, mid-elevation watersheds will likely exhibit behaviours currently observed only at lower elevations. Streamﬂow monitoring networks designed for operational decision making or change detection may require modiﬁcation to capture elevation-dependent responses of streamﬂow to warming. Copyright © 2014 John Wiley & Sons, Ltd. KEY WORDS
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INTRODUCTION Mountainous terrain gives rise to some of the most pronounced climatic gradients on Earth. It is not uncommon for high elevations to receive as much as ﬁve times more precipitation than nearby low-elevation topography (Sinclair, 1994; Katzfey, 1995a,1995b; Roe, 2005). Large temperature gradients and orography generate strong contrasts in the amount and phase of precipitation and the duration of snow cover at different elevations (Rolland, 2003; Lundquist and Cayan, 2007; Minder et al., 2010). Heterogeneous patterns of precipitation and energy in mountain systems (Niu and Yang, 2004; Beniston, 2006) are also inﬂuenced by high spatial variability in topographic characteristics such as slope and aspect (Poulos et al., 2012), as well as biotic characteristics such as vegetation type and spatial extent (Niu and Yang, 2004). The meteorological and topographic characteristics typical of mountainous terrain produce strong contrasts in the timing, magnitude and frequency of streamﬂow events within different elevation zones (Hunsaker et al., 2012), however, few studies consider *Correspondence to: Christopher J. Tennant, Department of Geosciences, 921 S. 8th Ave. Stop 8072, Idaho State University, Pocatello, ID 83209-8072, USA. E-mail: [email protected]



Copyright © 2014 John Wiley & Sons, Ltd.



how this elevation-driven heterogeneity complicates our understanding of how rising snowlines could modify elevation-dependent streamﬂow patterns. Recent warming (Intergovernmental Panel on Climate Change (IPCC), 2008, 2009) has caused an increase in rain during winter months (Knowles et al., 2006), reduced spring snowpack (Mote et al., 2005; Bedford and Douglass, 2008; Stewart, 2009) and changed the timing and magnitude of peak and mean annual ﬂows (Stewart et al., 2005; Luce and Holden, 2009; Stewart, 2009). These trends could be exacerbated by anticipated global warming in the range of 2 to 5 °C (Intergovernmental Panel on Climate Change (IPCC), 2008, 2009). In cold regions, this warming results in earlier and reduced runoff as more precipitation falls as rain instead of snow (Christensen and Lettenmaier, 2007; Elsner et al., 2010; Jin and Sridhar, 2012; Tang and Lettenmaier, 2012; Tang et al., 2012; Vano et al., 2012). These changes have the potential to increase drought and wildﬁre activity (Westerling et al., 2003), impact water management practices (Mote et al., 2003) and alter the character of disturbances in snowmelt-dependent ecosystems (Hauer et al., 1997; Rieman et al., 2007; Davis et al., 2013; Isaak and Rieman, 2013).
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Most studies of climate-driven changes in streamﬂow typically employ discharge records from large, mainstem channels in order to detect trends or to calibrate hydrologic models (e.g. Muttiah and Wurbs, 2002; Barnett et al., 2004; Stewart et al., 2005; Christensen and Lettenmaier, 2007; Hamlet and Lettenmaier, 2007; Rauscher et al., 2008; Luce and Holden, 2009; Stewart, 2009; Fritze et al., 2011; Tang and Lettenmaier, 2012). These mainstem mountain channels typically integrate waters sourced from a large range of elevations where there is high spatial variability in the amount, dominant phase and timing of precipitation as well as its delivery to the channel. While discharge records from large drainage area channels will remain useful for understanding how integrated land areas respond to changes, there is little research evaluating whether mainstem signals are representative of processes occurring throughout the basin or only in discrete regions. We expect that streamﬂow records from mainstem channels limit our ability to (1) isolate and map the diversity of precipitation and streamﬂow conditions that exist within mountain watersheds, (2) clearly understand how precipitation phase inﬂuences local streamﬂow characteristics; and (3) make accurate predictions of how changes in the snowline elevation will affect streamﬂow patterns and water resource availability in different elevation zones in mountainous topography. To address these limitations, we designed and implemented a streamﬂow monitoring network in elevation-stratiﬁed tributaries of the Salmon River watershed (SRW) located in central Idaho, USA (Figure 1). The network was speciﬁcally designed to measure streamﬂow from high-, mid- and low-elevation catchments that isolate regions where precipitation is either snow dominated, a mixture of rain and snow, or rain dominated, respectively. Collectively, our study catchments span the full relief of the



SRW, yet unlike mainstem gauging networks, the discharge records from our network are sourced from distinct elevation bands/precipitation regimes (Figure 1a). We explore elevation-dependent streamﬂow responses in three ways. We ﬁrst evaluate the sensitivity of the SRW to loss of snow-covered area by identifying the contemporary snowline elevation and its potential shift after 3 °C of warming. Second, we compare this sensitivity analysis of snow-covered area with streamﬂow patterns observed in our elevation-stratiﬁed network. We discuss differences in precipitation and streamﬂow under current climate conditions and the anticipated changes under a warmer climate. Finally, we demonstrate that the not all elevation zones within the SRW are well represented by the existing regional streamﬂow network. In response to these ﬁndings, we discuss the suitability of mainstem gauge networks for making predictions regarding climate warming impacts on streamﬂow patterns.



NETWORK DESIGN AND SITE CHARACTERISTICS Network design



High-relief watersheds are characterized by large temperature gradients (Smith, 1979; Roe, 2005) that result in varying proportions of rain and snow at different elevations. To limit this variability, we selected tributary watersheds contained within limited elevation ranges that isolate different temperature regimes (Figure 1a). These 12 watersheds are evenly divided between high-, midand low-elevation zones and differentiate basins that are either snow dominated, receive a mixture of rain and snow or are rain dominated, respectively. Though all 12 selected watersheds cross the deﬁned boundaries of individual precipitation regimes (Figure 1a), the mean,



Figure 1. (a) Spindle plots of elevation distributions for our 12 study watersheds and the entire Salmon River watershed. Within each spindle, the mean (white square) and median elevations (grey circle) are displayed. The current snowline (~1980 m, dashed line) and its potential rise (to ~2440 ± 80 m with 3 ± 0.5 °C warming, dotted line with light shading showing uncertainty) are shown. (b) Color-shaded map showing aerial extent of precipitation domains, the locations of study watersheds, the Salmon River and its major tributaries (black lines), the USGS Salmon River at Whitebird, ID mainstem gauge (circle with shaded cross in upper northwest corner; gauge elevation is 430 m) and our snow-dominated (SD, stars), mixed rain and snow (MRS, squares) and rain-dominated (RD, triangles) study sites. The location of the Salmon River watershed in central Idaho is shown beneath the color shaded map
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median and interquartile range of each basin is within the speciﬁed range. Veriﬁcation of the meteorological divisions of watersheds as snow dominated, mixed rain and snow and rain dominated is provided below. Regional setting



The SRW (Figure 1) and its tributaries have no major dams, diversions or withdrawals, and there is little direct human alteration of the landscape. The mainstem Salmon is one of the longest free-ﬂowing rivers in the contiguous US, second only to the Yellowstone River. Streamﬂow within the basin provides a natural laboratory to investigate its sensitivity to changes caused by increases in air temperature (Kunkel and Pierce, 2010; Tang et al., 2012; Davis et al., 2013; Sridhar et al., 2013). Much of the SRW is underlain by Idaho batholith granites and a mixture of metamorphic, sedimentary and extrusive volcanic rocks comprise the remainder of the basin (Lund, 2004; Lewis et al., 2012). The USGS currently operates 23 streamﬂow gauges within the SRW, 14 of which are located on mainstem rivers draining high-relief topography that mixes inputs from multiple phases of precipitation. The remaining 9 gauges primarily measure streamﬂow from high-elevation, snow-dominated watersheds. There are currently 22 SNOTEL stations in operation within the SRW; 14 of these stations are located at elevations greater than 2000 m. The lowest elevation station is at 1600 m, and the mean elevation of all 22 sites is 2600 m. Because most of these sites are located well within snow-dominated elevations, they provide little information about conditions at elevations near the transient snowline, the region most likely to be sensitive to future warming (Trujillo et al., 2012). The Paciﬁc Northwest and Intermountain West is predicted to warm as much as 3 to 5 °C by 2090 (Muttiah and Wurbs, 2002; Christensen and Lettenmaier, 2007; Sridhar et al., 2013), which motivates our exploration of elevationdependent streamﬂow patterns and their sensitivity to warming. We explore how these potential changes could alter streamﬂow in high- (~35% of SRW drainage area), mid- (~50% of SRW drainage area) and low-elevation (~15% of SRW drainage area) domains. Snow-dominated watersheds (SD)



The snow-dominated (SD) watersheds selected for this study are contained within the upper elevations of the SRW (~2250–3800 m; Figure 1a and b) and receive an average annual precipitation of 1120 mm. Approximately 70% (± 6%) of this precipitation falls as snow, with a mean annual peak snow water equivalent (SWE) of 670 mm (Figure 2; Table I). Peak SWE is lower than the total annual snowfall because some snow melts or sublimates during the winter. The percentages of precipitation falling as rain or snow (~ 30% and 70%, respectively) are Copyright © 2014 John Wiley & Sons, Ltd.



Figure 2. (a) Mean daily snow water equivalent and (b, inset) the percentages of precipitation that fall as rain or snow (indicated by solid colors and snowﬂakes, respectively) for the SD, MRS and RD watersheds between 2004 and 2011. Note that the axis for snow water equivalent in the RD watersheds is reduced by a factor of 20 compared to those for the MRS and SD watersheds. Also note that the dotted standard deviation around the mean daily snow water equivalent in RD watersheds always crosses the zero line, indicating that even when these catchments experience snow cover, they are not completely snow covered; the lowest elevations remain snow free



calculated based on the cumulative totals during a year (Table I). The uplands of these watersheds are either bare rock or well forested, with lodgepole pine dominating (Whitlock et al., 2011); the lower valley ﬂoors are vegetated by grasses and sage, with riparian zones composed of various species of alder and willow. The SD watersheds generally have the highest mean slope and the greatest area with slopes greater than 50% (Table I). While high slopes are present in the watershed uplands, our gages are located in wide, low-slope, open valley bottoms that have experienced several episodes of glaciation between the Pliocene and early Holocene (Meyer et al., 2004; Thackray et al., 2004), and are thus ﬁlled with thick deposits of coarse-grained alluvium. We recognize that because our gages are located in regions of highly permeable alluvium some portion may be lost to shallow groundwater, thus leading to ﬂow underestimation. The mean annual temperature in the SD catchments is ~2 °C. More importantly, the average temperature during the dominant precipitation season (December–May) is 4 °C; as a consequence, warming in the range of 3 to 5 °C is likely to increase the proportion of rain during winter and spring months. Mixed-rain-and-snow watersheds (MRS)



The mixed-rain-and-snow (MRS) watersheds are contained within mid-elevation zones (~1500 m–2250 m; Figure 1a and b) and receive a mean annual precipitation of 987 mm, ~50% (± 5%) of which falls as snow resulting in a mean annual peak SWE of 304 mm (Figure 2; Table I). Higher elevation portions of these watersheds are consistently snow covered through winter months, while lower elevations experience transient snow cover. The MRS watersheds have the greatest relief (average of 1286 m) (Figure 1b) and the greatest percent of forest cover of the 3 regimes (Table I). Densely forested areas are predominantly at higher elevations and are composed Hydrol. Process. (2014) DOI: 10.1002/hyp
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Elevation data (10 m) from USGS National Elevation Dataset, percent forest area from USGS StreamStats calculated using the National Land Cover Dataset 2006 Meteorological parameters calculated using SNODAS products, 2004-2011 (see Meteorological Methods for details) c Flow characteristics are for the 2009-2011 water years
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Table I. Physical, meteorological and runoff characteristics for the snow-dominated (SD), mixed rain and snow (MRS) and rain-dominated (RD) watersheds
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of a mixture of ponderosa pine, lodgepole pine and Douglas ﬁr (Doerner and Carrara, 1999). The mean annual temperature of these watersheds is ~6 °C, with average December–May temperatures around 0 °C. Expected warming of 3 to 5 °C will likely change the dominant form of precipitation from a nearly equal mixture of rain and snow to one dominated by rain. Rain-dominated watersheds (RD)



The rain-dominated (RD) watersheds are located in lowelevation regions of the SRW (~300 m–1500 m; Figure 1a and b) and receive a mean annual precipitation of 480 mm with ~20% (± 5%) in the form of snow; the mean annual peak SWE is 29 mm (Figure 2; Table I). Snowfall in these watersheds primarily occurs in the upper elevations and persists only for short periods of time. Vegetation is primarily composed of grasslands and deciduous tree species, with some conifers in the uplands. The raindominated watersheds have the lowest amount of forestcovered area (Table I). The mean annual temperature of the RD watersheds is ~10 °C, with temperatures between December and May averaging ~5 °C. Predicted warming will likely eliminate the scarce amount of snow that falls within the highest elevations of these watersheds.



METHODS Meteorological methods



Because this study demanded ﬁner spatial scale precipitation data than is available through instrumental records, we used the National Weather Service’s Snow Data Assimilation System (SNODAS) (Carroll et al., 2001; Barrett, 2003; Carroll et al., 2003). This freely available, spatially distributed climate product was used to estimate the meteorological inputs to our study watersheds at 1 km2 resolution and to identify the snowline elevation for the SRW. The model utilizes an energy and mass-balance approach that synthesizes observations from ground stations, satellites and airborne platforms to provide daily estimates of precipitation and snowpack. Data from SNODAS grids were clipped to the extents of our study watersheds to derive daily values for SWE, liquid, and solid precipitation. To conﬁrm the accuracy of these data, we compared the modeled precipitation and SWE values from SNODAS against the closest available instrumental records and found good agreement in the amount and timing of meteorological events; annual totals were within ±10% and the timing of peaks occurred on the same days between 2004 and 2011. Throughout this paper, we report SNODAS values for each precipitation domain that are calculated in a two-step process. We calculated the daily mean value of all cells contained within each study watershed and then calculated the mean of the 4 watersheds Copyright © 2014 John Wiley & Sons, Ltd.



in each precipitation zone. This was done to maximize the representativeness of our precipitation characterization and to minimize the effect of any spurious model cells. The average annual snowline for the SRW (water years 2004–2011) was calculated by identifying the elevation where there is a 50% probability of encountering an annual average SWE value greater than zero. Hantel and Maurer (2011) deﬁned the snowline in a similar way to address the transience of snow cover associated with individual storm events. Evaluating the snowline on an annual basis provides an unbiased and relevant metric for how climate affects streamﬂow patterns. To calculate the snowline, daily SNODAS grids of SWE were paired with corresponding elevation grids at the same resolution. The probability of snow cover was calculated by identifying the number of days where SWE was greater than zero for each year. We then calculated the average probability as the mean number of snow-covered days per year for all points within each elevation range. Our calculations of snowline elevation and precipitation metrics (mean annual totals, mean annual SWE and the proportions of rain and snow) were calculated from SNODAS data from water years 2004 through 2011. Average annual and winter temperatures were calculated using the closest Cooperative Observer Program stations, run by the National Oceanic and Atmospheric Administration (records used are from 1950 to 2006). Hydrologic methods



To monitor surface ﬂow, we installed vented pressure loggers (In-Situ Level Troll 500) in 2-in diameter perforated stilling wells that recorded stage level at 10-min intervals. Pressure loggers were installed in the spring of 2009 and were maintained throughout the 2011 water year. We used an YSI-Flowtracker Acoustic Doppler Velocimeter to measure discharge within the channel at a variety of ﬂow conditions following the methods outlined by Blanchard (2004). Erroneous stage data were removed, and any offsets in stage data caused by changes in channel geometry (i.e. scour or deposition) were shifted to match the starting datum. Power law regressions were used to calibrate the relationship between stage and discharge as described by Rantz (1982). To assure robust stage-discharge relations >20 discharge measurements, spanning high- and low-ﬂow conditions were made over 3 years at each site. To facilitate comparisons against USGS streamﬂow and SNODAS data, we integrated the 10-min data into daily discharge measurements, as reported in this paper. RESULTS AND DISCUSSION In this section, we discuss snowline sensitivity to changing climate, highlight contemporary differences in Hydrol. Process. (2014) DOI: 10.1002/hyp
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streamﬂow from our elevation-stratiﬁed monitoring network (Figure 1a) and then couple a space-for-time substitution (Budyko, 1974; Dooge, 1992; Dooge et al., 1999; Harman et al., 2011; Sivapalan et al., 2011) with our snowline analysis to explore how warming could alter elevation-dependent streamﬂow patterns. We close by demonstrating that our elevation-stratiﬁed streamﬂow gauging network offers insights into elevation-dependent streamﬂow patterns (Figure 4) that are not well represented in existing regional gauging networks. Snowline elevation and the effect of a warmer climate



Changes in the elevation of the snowline and its variability through time will inﬂuence streamﬂow patterns and their local response to a warmer climate. To better estimate this sensitivity, we mapped the snowline elevation of the SRW and how it may shift in response to predicted warming. The average snowline elevation from 2004 to 2011 was ~1980 m (Figure 3). On an annual basis, any elevation above this value has more than a 50% probability of having snow cover. Using a conservative estimate of 3 °C warming (Muttiah and Wurbs, 2002; Christensen and Lettenmaier, 2007; Sridhar et al., 2013) and typical lapse rates of 0.65 °C per 100 m (Barry and Chorley, 2003; Blandford et al., 2008), the snowline is likely to rise from its current location of ~1980 m to an elevation of ~2440 m (± 80 m with ± 0.5 °C uncertainty; Figure 1a). Under the current snowline elevation ~60% of the SRW has a >50% probability of being snow covered on an annual basis. In other words, on average, 60% of the watershed area is snow covered for at least 6 months out of the year. If warming of 3 °C drives the snowline to an elevation of 2441 m, only 18% of the SRW area will have a 50% or greater probability of being snow-covered for



Figure 3. Probability that average annual snow water equivalent is greater than zero at a particular elevation in the Salmon River watershed based on the method proposed by (Hantel and Maurer, 2011). Probabilities were determined by calculating the average fraction of days per year with snow cover at each unique grid elevation for each water year from 2004 to 2011. The elevation where there is a 50% probability of snow water equivalent greater than zero is deﬁned as the snowline elevation (~1980 m). The regression line is a 2nd-degree polynomial and has an adjusted R squared of 0.97
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>6 months of the year (Figure 1a). The hypsometry (elevation–area relationship) of individual watersheds (Figure 1a) will likely exert a strong inﬂuence on watershed-speciﬁc responses to warming and snow cover loss. The diverse hypsometries of our study catchments (Figure 1a) illustrate that measured changes in streamﬂow patterns for the whole Salmon River may under represent the dramatic changes occurring in some sub-watersheds that function as important water sources for anthropogenic and ecological systems. It is important to point out that there is uncertainty in our snow line shift estimate related to seasonal and synoptic variation in lapse rate (Lundquist and Cayan, 2007; Blandford et al., 2008; Lundquist and Lott, 2008; Minder et al., 2010), climatic variations that inﬂuence orographic precipitation enhancement (Luce et al., 2013) and how these variables could change under warmer conditions (Intergovernmental Panel on Climate Change (IPCC), 2008, 2009). The potential for these factors to vary make a precise prediction of snowline increase difﬁcult, nonetheless, we expect that the lapse rate provides a credible, ﬁrst-order metric from which to predict changes in the snowline. Comparison of streamﬂow metrics across elevation bands Number and magnitude of hydrograph peaks. Highelevation, SD catchments generally have one dominant snowmelt hydrograph peak whereas hydrographs for the mid-elevation MRS, and especially low-elevation RD regimes, have multiple peaks (Figure 4). Streamﬂow patterns in the SD watersheds are characterized by long and distinct rising and falling limbs, which tend to remain unpunctuated by ‘ﬂashy’ rain events (Figure 4a). The large pulse of spring snowmelt is preceded and followed by baseﬂow conditions and typically results in a dominant singular peak in the annual hydrograph. In contrast, hydrographs for MRS watersheds tend to have two or more signiﬁcant peaks in discharge. Observations of streamﬂow and precipitation indicate that earlier and more frequent rain, as well as a higher number of snowmelt events, drives the multi-peaked nature of spring melt in mid-elevation MRS catchments (Figure 4a and b). Peak streamﬂow in the SD watersheds tends to be slightly higher (Table I), which is likely caused by the release of a large volume of snowpack over a short time frame (Figure 4a and b). Streamﬂow patterns in the RD watersheds exhibit signiﬁcant contrasts from the MRS and SD catchments. Streamﬂow events are numerous and of short duration; streamﬂow values start low, quickly rise, peak and return to baseﬂow values (Figure 4c). While a seasonal rise and fall in baseﬂow conditions are observable in RD hydrographs, it is much less pronounced than the seasonal baseﬂow increases in MRS and SD catchments (Figure 4). Hydrol. Process. (2014) DOI: 10.1002/hyp
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Figure 4. Streamﬂow, snow water equivalent (SWE) and rainfall for three years in the (a) SD, (b) MRS and (c) RD watersheds. Shading around mean SWE shows the standard deviation. Note that the scale for streamﬂow for the RD watersheds is reduced by a factor of 3 compared to the SD and MRS watersheds. Differences in precipitation phase and amount strongly affect the shape of the hydrographs
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As warming increases, higher probabilities of rapid melt or rain-on-snow events will lead to ﬂashier ﬂows, potentially altering the frequency of sediment transport events and magnitude of bed scour (Hassan et al., 2006; Goode et al., 2013) in mid to high elevations. Lags between precipitation and streamﬂow percentiles. Lags between percentiles of precipitation and streamﬂow provide a metric to evaluate storage (surface or subsurface) of precipitation and are important in gaining insights into variability of precipitation routing to stream channels in different elevation zones. We interpret the lags reported below as a function of the dominant precipitation phase. The lag between the 25th percentile of precipitation and the 25th percentile of streamﬂow provides an indication of how rapidly early season precipitation is transformed to streamﬂow. These lags are 157, 138 and 86 days for the SD, MRS and RD regimes, respectively (comparing Figure 5a to b). These times are generally much longer than lags between the 75th percentiles which are 79, 56 and 3 days, respectively. Because the lags include the storage and melt times for snow, greater snowpack leads to longer melt times and thus longer lags between precipitation and streamﬂow. The lag between 75th percentiles for the RD regime is much shorter because the bulk of ﬂows are fed by rain, with little snowpack storage to delay the response time. If lag times shorten considerably as more of the landscape transitions to higher proportions of rain, it will be valuable to explore whether water residence times will also shift, potentially leading to changes in chemical weathering rates and water quality.



requires 46 days and in the RD catchments, it requires 72 days. RD gages receive the 25th percentile of ﬂow in April, followed by the MRS catchments in early May and the SD catchments in late May. These differences suggest that under a warmer scenario MRS and SD watersheds could experience an earlier rise in streamﬂow by as much as 30–50 days (Figure 5b). Changes in the timing and rates of water movement through the landscape and stream channels could have strong impacts on the resilience and dynamics of snow-melt dominated ecosystems by altering the timing of phenological events and increasing streambed scour during winter months (Hauer et al., 1997; Rieman et al., 2007; Davis et al., 2013; Goode et al., 2013; Isaak and Rieman, 2013).



Timing of streamﬂow. Streamﬂow passes through the SD catchments more quickly and later in the water year than in the MRS and RD catchments (Figure 4 and 5b). On average, the inter-quartile range (IQR) of annual streamﬂow in the SD catchments passes in 36 days whereas the IQR of streamﬂow in the MRS catchments



Extreme ﬂow events. Extreme ﬂow events are typically classiﬁed based on their frequency, intensity or severity (Beniston et al., 2007). Understanding the type(s) of extremes that occur within different elevation zones is important for adapting water management plans to meet the needs of human and ecological systems. We use a statistical approach to deﬁne extreme events; streamﬂow outliers are deﬁned as values below Q25 [1.5 × (Q75 Q25)] or above Q75 + [1.5 × (Q75 Q25)], where Qn is the nth percentile of ﬂow (Tukey, 1977). Both SD and MRS watersheds exhibit a large number of high-ﬂow outliers during the spring and early summer (Figure 3a and b). As a consequence, most of the annual streamﬂow occurs during a relatively brief period. Rain-dominated catchments, on the other hand, only exhibit low-ﬂow outliers (Figure 6). We attribute the increase in low-ﬂow outliers in low-elevation zones to lower amounts of precipitation rather than longer recession times. (Table I). We found the duration of hydrograph recession (time of peak ﬂow – time of minimum ﬂow) to be uncorrelated with the number of low-ﬂow outliers. The SD watersheds also exhibit a small group of outliers at low-ﬂow related to winter freezing events where only a small portion of the



Figure 5. Cumulative distribution plots for the average timing of delivery of (a) precipitation and (b) streamﬂow. Values were calculated by taking the mean for (a) precipitation or (b) streamﬂow for each day of the year for water years 2009, 2010 and 2011. Thicker line sections show the inter-quartile range for precipitation and streamﬂow. Note that this range is transmitted over a much shorter time period in the MRS and SD catchments



Figure 6. Boxplots of streamﬂow for the mainstem Salmon River at Whitebird, ID, and the SD, MRS and RD watersheds. Large black circles display the median value, the edges of the boxes show the 25 and 75 percentiles (left and right edges respectively), the whiskers extend to 1.5 times the inter-quartile range and any values that fall outside of this range are considered outliers. Note that the x-axis is log scale
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channel sustains ﬂow (Figure 6). Low baseﬂow at all sites in early fall is common because of minimal precipitation from June to Oct. (Figure 4a). Like the SD watersheds, the MRS watersheds exhibit a right-skewed distribution, but with far fewer high-ﬂow outliers. Higher proportions of rain in the MRS catchments and warmer winter and spring temperatures increase the probability of water delivery to stream channels throughout the wet winter-spring season. Because ﬂows are more evenly distributed throughout the year, the ﬂush of spring snowmelt has a smaller impact on streamﬂow than in SD watersheds and also drives mid-elevation MRS catchments to have a higher median streamﬂow (Figure 6). Extreme events in RD watersheds are dominated by low-ﬂow or no-ﬂow events, reﬂecting channel drying (Figure 6). Greater variability in streamﬂow and a high probability of channel drying suggests that aquatic ecosystems and riparian plant communities in the RD elevations of mountainous watersheds experience higher frequency of drought-driven disturbance. The characteristics of the low-elevation RD watersheds match what Poff (1996) described as intermittent-ﬂashy streams: channels have greater than 10 days of zero ﬂow, high daily coefﬁcients of variation and low predictability concerning the timing of ﬂood events (Poff, 1996). In contrast, the MRS and SD watersheds have higher magnitude ﬂood events and a greater seasonality of streamﬂow (Figure 4a and b). The larger proportion of high ﬂows in MRS and SD watersheds than in RD ones suggests that these channels have a greater capacity to adjust channel form (Dunne and Leopold, 1978). As warming proceeds and higher proportions of precipitation fall as rain, one might expect fewer ﬂooding extremes as streamﬂow seasonality is reduced. One exception could be an increase of rain-on-snow events (McCabe et al., 2007). Comparison of elevation-stratiﬁed and regional gauging approaches



Regional-scale hydrologic models are used to predict climate driven changes in streamﬂow throughout the world (e.g. Muttiah and Wurbs, 2002; Barnett et al., 2004; Stewart et al., 2005; Christensen and Lettenmaier, 2007; Hamlet and Lettenmaier, 2007; Rauscher et al., 2008; Luce and Holden, 2009; Stewart, 2009; Fritze et al., 2011; Tang and Lettenmaier, 2012) and in the SRW by Tang et al. (2012) and Sridhar et al. (2013). Our ﬁeld-based predictions of change are generally consistent with these modeling results, but we provide new insight into the fundamental differences in the timing, magnitude and patterns of streamﬂow within different elevation bands (see above). Based on our hypsometric analysis (see above) we argue that the magnitude of climate warming impacts on snow-dominated mountain watersheds will be elevation dependent. Copyright © 2014 John Wiley & Sons, Ltd.



Figure 7. Cross correlation of daily mean streamﬂow between the rain dominated (RD, dashed line), mixed rain and snow (MRS, dotted line) and snow dominated (SD, solid line) watersheds and streamﬂow at the mainstem Salmon River at Whitebird, ID (SR@WB, see Figure 1a for gauge locations). The offset of the peak for cross correlation between the rain-dominated and regional-scale (SR@WB) streamﬂow indicates that the regional gage is a poor predictor of changes in the rain-dominated portions of the Salmon River Watershed



To test how well regional streamﬂow gauging networks (typically focused on mainstem channels) reﬂect elevationdependent streamﬂow patterns, we tested the correlation and cross correlation of ﬂow records between our elevation-stratiﬁed network and a regional scale record from the mainstem Salmon River at Whitebird, ID (SR@WB; Figure 1b). We ﬁnd a strong correlation between streamﬂow at mid and high elevations and the mainstem, but a weaker correlation with the low-elevation, rain-dominated watersheds. For example, the average Pearson correlation coefﬁcients between the mainstem and the mid and high MRS and SD watersheds are 0.95 and 0.93, respectively, whereas the mainstem and the lowelevation RD watersheds have an average correlation coefﬁcient of 0.45. The maximum cross-correlation between streamﬂow at the SR@WB and the MRS and SD watersheds occurred with lags of 2 days and 0 days, with correlation coefﬁcients of 0.97 and 0.94, respectively (Figure 7). In contrast, the RD watersheds have a much lower maximum cross-correlation coefﬁcient (0.74), which occurs at a lag of 42 days. The timing as well as the streamﬂow patterns in mid and high elevations are much more strongly correlated with regional ﬂow than low elevations where streamﬂow patterns not only show lower correlation with regional trends but also occur 42 days earlier in the season (Figure 7). Thus, our unique elevationstratiﬁed dataset shows regional-scale ﬂow networks that focus on mainstem observations poorly capture the behaviour of lower elevation catchments.



CONCLUSIONS If temperatures warm by 3 °C, as climate models predict, the current snowline elevation in the SRW may rise from ~1980 to ~2440 m. This warming would lead to a 42% reduction in the snow-dominated area of the basin, Hydrol. Process. (2014) DOI: 10.1002/hyp
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shifting precipitation phase from snow to rain across that area. To understand how streams respond to rain versus snow, we used an elevation-stratiﬁed streamﬂow network to examine how such warming might affect streamﬂow patterns. We found that streamﬂow patterns, the timing of streamﬂow delivery, lags between precipitation and streamﬂow, and the type and frequency of extreme events all differed across elevation zones. We demonstrate that regional, mainstem gauges do not reﬂect streamﬂow patterns across all elevation zones. Thus, models that are calibrated or validated using mainstem ﬂow records may not be capable of predicting lower elevation streamﬂow responses to warming. Increased gaging on lowerelevation, rain-dominated and mixed rain–snow streams may help to improve our ability to detect and adapt to climate change impacts in these mountainous catchments.
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