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Detecting the Effects of Sustained Glacier Wastage on Streamflow in Variably Glacierized Catchments
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This study focused on the effects of glacier wastage on streamflow in the Canadian portion of the Columbia River headwaters over the period 1977 to 2017. Between 1985 and 2013, glacier coverage decreased by up to 2% of catchment area for the 35 study catchments. The mean wastage flux contribution to streamflow had a positive relation with fractional glacier coverage and an inverse relation with catchment water yield. Glacier mass change estimates suggest that wastage flux contributions declined between 1985–1999 and 2000–2018, but the estimates are subject to substantial uncertainty. Annual wastage flux contributions over a four-year period for two study catchments ranged from 8 to 13% of annual water yield for a catchment with 17% glacier cover, with glaciers extending below treeline, and 9–19% for a smaller alpine catchment with 57% glacier cover. After accounting statistically for climatic forcing and non-glacial contributions to streamflow, August runoff from glacierized catchments decreased through time at a rate that was linearly related to loss of glacier cover. The analyses suggest that glacier-melt contributions to August runoff have already have passed peak water, and that these reductions have exacerbated a regional climate-driven trend to decreased August streamflow contributions from unglacierized areas.
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1. INTRODUCTION

Glaciers make significant contributions to streamflow and water resources in many parts of the world (Barnett et al., 2005; Kaser et al., 2010). Contributions of glaciers to streamflow are particularly important during periods of warm, dry weather, and have been detected even for glacier cover as low as about 1 or 2% (Stahl and Moore, 2006; Huss, 2011). Glaciers in many regions are experiencing sustained negative mass balance conditions, which are expressed to varying degrees by thinning and/or terminal retreat (Zemp et al., 2015; IPCC, 2019), and the hydrological consequences are of interest for both scientific and practical reasons.

It is generally accepted that glacier contributions to streamflow in the presence of climatic warming should follow a trajectory that begins with an initially increasing phase associated with rising snowlines and loss of firn, with streamflow eventually peaking and then declining as glaciers retreat either until they disappear or reach a new glacio-climatic equilibrium (Jansson et al., 2003; Moore et al., 2009; Baraer et al., 2012). An important question relates to the duration of the various phases, particularly when using historical hydrological records to plan for future land use, water allocation or infrastructure development. Based on a review of 15 studies from around the world, Casassa et al. (2009) observed that increasing trends tended to be found in high-elevation catchments or those with high glacier coverage, while decreasing trends tended to be found in low-elevation catchments or those with low glacier coverage. In simulations using future climate projections, Huss and Hock (2018) found that peak water occurs later in basins with larger glaciers and higher ice-cover fractions. Carnahan et al. (2019) developed a numerical model using idealized glacier geometry and climatic forcing to explore the time scale of the peak water cycle, including the effect of vegetation succession on deglaciated forelands. Their study suggests that the duration of the rising phase can last from a few decades to over a century and scales with glacier response time, which they found to vary with climatic conditions and basin slope.

The modeling domains of Huss and Hock (2018) and Carnahan et al. (2019) focused on the drainage area associated with the outlet of the glacier at the start of the simulation period, although their simulations did include the effects of runoff generation from the deglaciated areas exposed by glacier retreat. However, neither study explored how glacier changes, in conjunction with trends in streamflow production from pre-existing non-glacier areas, would be expressed as streamflow variability at the outlets of partially glacierized catchments.

Recent studies that applied detailed process-based numerical models with dynamic glacier routines and realistic boundary conditions (e.g., vegetation, topography, and atmospheric forcing) to partially glacierized catchments suggest that the response of streamflow to climate-forced glacier changes may be more complex than the simplified “peak water cycle” outlined by Jansson et al. (2003) and Moore et al. (2009). Frans et al. (2016) and Frans et al. (2018) demonstrated that decadal-scale climatic variability can generate secondary cycles superimposed on that generated by a longer-term climatic trend. They also demonstrated that there can be substantial variation among catchments within a region.

Model-based approaches, such as applied by Frans et al. (2018), explicitly resolve effects of both glacier retreat and trends in streamflow production from unglacierized parts of a catchment. However, they involve substantial investments in time and expert resources, and are also subject to a range of uncertainties related to model structure, model parameterization, and input data. Unfortunately, due to the significant computing time required to run process-based, spatially distributed models, it is not feasible to conduct comprehensive multi-objective testing and uncertainty analyses as is possible with simpler models (Schaefli and Huss, 2011; Jost et al., 2012; Finger et al., 2015).

While empirical approaches may be, in some ways, easier to apply than model-based analyses for studying the glacier-driven peak water cycle, a complication in trying to use empirical approaches is that measured streamflow represents the integrated contributions from both the glaciers and the unglacierized portions of a catchment. While it is possible to separate these contributions using tracers, as done by Nolin et al. (2010), such information is not widely available, especially for regional scales and multi-decadal time series. Another complication with empirical studies is that trends associated with glacier changes can be confounded by trends in climatic forcing. Therefore, any interpretation of empirical trend analyses must explicitly address both these sources of variability.

The objective of this study was to determine the current status of streamflow trends in glacier-fed catchments in the Canadian portion of the Columbia River headwaters, which have glacier-cover fractions from 0 to almost 0.2, and which have experienced widespread glacier retreat over the last four decades (Bolch et al., 2010). This study uses a regional statistical approach to gain insights into the effect of glacier changes relative to the effects of streamflow contributions from the unglacierized portions of the catchments. However, unlike the regional studies by Fleming et al. (2006) and Stahl and Moore (2006), who only drew upon streamflow and climatic data, we also draw upon information on glacier area and mass changes during the study period to help inform the interpretation of streamflow trends.



2. DATA AND METHODS


2.1. Study Area

This study focused on the Canadian portion of the upper Columbia River basin, located in southeastern British Columbia, Canada (Figure 1). The topography of the Columbia River headwaters is dominated by the Columbia Mountains, which comprise the Monashee, Selkirk, and Purcell Mountains (in order from west to east), with the western slope of the Rocky Mountains defining the eastern boundary. Elevations range from below 1,000 m above sea level (masl) in the main valley bottoms to over 3,000 masl on the mountain peaks.


[image: Figure 1]
FIGURE 1. The study area showing hydrometric stations used in this analysis, including gauge locations and associated catchment divides along with major rivers, lakes, and reservoirs (blue lines and polygons), glaciers (blue filled polygons), and the boundary of the study domain (red polygon). Symbols for gauging station locations and catchment divides are colour-coded based on the percent glacier cover in the catchment. The inset map shows the study area located within British Columbia, Canada. The letters “Z” and “N” indicate the locations of Zillmer Glacier (within the Canoe River catchment) and Nordic Glacier.


The regional climate is dominated in autumn and winter by the passage of frontal-cyclonic weather systems that travel eastward across the north Pacific before traversing southern BC. In summer, anticyclonic systems tend to dominate, leading to extended spells of clear, dry weather (Moore et al., 2010). The mountain chains are oriented roughly perpendicular to the dominant westerly circulation. The Monashees, Selkirks, and the west slope of the Purcells are dominated by cool to cold, moderately wet winters and warm, moderately dry summers (Chilton, 1981). The east slope of the Purcells and the Rocky Mountains tend to be drier with colder winters than the western part of the catchment.

Based on outlines from 2005, there were 2,078 glaciers in the Columbia River basin covering 1,750 km2 (Bolch et al., 2010). These glaciers ranged from 1,300 to 3,140 m a.s.l. with a mean elevation range of 2,290–2,700 m a.s.l. Glacier areas ranged from the minimum mapped area of 0.05 km2 to a maximum of 44 km2, with an average of 0.84 km2. Using the ice thickness estimates of Farinotti et al. (2019), estimated ice volume for year 2000 in the upper Columbia River basin was 103 km3.

The dominant vegetation cover is coniferous forest that extends up to about 1,800 masl. Forest cover characteristics reflect the effects of disturbances associated with mining and forest harvesting, which extend back over a century, as well as fires and, over the last two decades, mortality associated with Mountain Pine Beetle.



2.2. Streamflow Data

This study was based on records of streamflow at gauges operated by the Water Survey of Canada (WSC), which were obtained through Environment and Climate Change Canada's National Water Archive (Environment Climate Change Canada, 2018). Hydrometric data were accessed using the R package tidyhydat.

Analyses focused on the period from 1977 to present to avoid potential complications associated with the 1976–1977 shift in the Pacific Decadal Oscillation, which influenced streamflow throughout western North America (Whitfield et al., 2010). The period from 1977 to present has been dominated by persistently negative mass balance throughout western North America (Moore et al., 2009; Naz et al., 2014; Pelto, 2018; O'Neel et al., 2019). Use of a common period of record within a region helps to ensure that all catchments experienced similar climatic variability.

Stations were selected from the WSC network based on the following criteria: (1) currently active, (2) established prior to 1977, (3) unregulated flow, (4) drainage area less than 10,000 km2, and (5) at least 36 years of record from 1977 to present to maximize statistical power and ensure the stations represent a common period of record. In addition, this record length permits the application of multiple regression models with three predictor variables. A total of n = 35 stations met all the criteria (Figure 1).

The subset of hydrometric gauges selected for analysis monitor varying contributions from glaciers, from non-glacierized to a maximum of 19% glacier cover in 1985 (for Canoe River, WSC station number 08NC004) (Figure 2). Generally, gauges on non-glacierized catchments are located in the southwestern portion of the Columbia Basin and have lower median elevations (Figures 1, 2). Catchments with glacier cover are generally greater than 100 km2 in area and have median elevations above 1,600 masl (Figure 2). Further information on the catchments is provided in the file “cbt_metadata.xlsx,” which has been posted on the zenodo.org repository (see data availability statement for the URL).


[image: Figure 2]
FIGURE 2. Scatterplot of median catchment elevation vs. drainage area for the subset of catchments used in this analysis. Symbol color indicates catchment glacier cover.




2.3. Climate Data

Time series of monthly mean air temperature and total monthly precipitation for each gauging station were extracted from the ClimateWNA application for locations corresponding to the gauging stations (Hamann et al., 2013). ClimateWNA is based on the PRISM gridded climate product (Daley et al., 2008), and can generate monthly time series for 1899 to near present for air temperature, precipitation, and several derived variables for specified point locations via interpolation from the baseline grid. Because these values were used only as indices of the interannual variability of climatic conditions rather than as representative values for the catchment area, it was deemed not necessary to correct for elevation differences.



2.4. Glacier Extent

The earliest glacier extents and elevations used in this analysis were based on photogrammetric analysis by the BC Government through the Terrain Resource Information Management (TRIM) program (Schiefer et al., 2007). The aerial photographs spanned the period 1982–1988, with a median date weighted by mapped area of 1985. Bolch et al. (2010) corrected these glacier polygons for gross errors and used them with additional polygons derived from Landsat imagery to yield glacier extents for the period 1985 and 2005. We updated extents determined by Bolch et al. (2010) using the same methods (ratio of Landsat bands 5 and 7). The uncertainties will be similar to those described in Bolch et al. (2010).

Fractional glacier cover within the study catchments was calculated by intersecting the glacier polygons with catchment polygons, which were accessed via Government of Canada (2019). All spatial analyses were conducted within R using the raster and sf packages. In some of the analyses described below, we used an approximate mean glacier cover over the period, computed as the average of the values for 1985 and 2013.



2.5. Glacier Mass Change

Glacier mass change for gauged catchments within the Columbia River headwaters was derived through differencing of sequential digital elevation models (DEMs) for two periods, 1985–1999 and 2000–2018. For both periods, height changes were converted to mass changes per unit area by multiplying by an assumed glacier density of 850 kg·m−3 (Huss, 2013).

For the 2000–2018, we used repeat stereo imagery from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) visible and near infrared instrument for the period of 2000–2018 and trend analyses from them (Menounos et al., 2019). For 1985–1999, we used results derived by Schiefer et al. (2007). For 1985, Schiefer et al. (2007) used the TRIM DEM, which was derived from aerial photography with a horizontal resolution of 25 m. The reported horizontal and vertical accuracies of TRIM elevation data are ± 10 and ± 5 m, respectively (British Columbia Ministry of Environment, Land and Parks, 1992). For 1999, Schiefer et al. (2007) used the Shuttle Radar Topography Mission (SRTM) DEM. As described in Schiefer et al. (2007), the SRTM DEM likely reflects the elevation of the glaciers at the end of the 1999 ablation season. Height changes derived by Schiefer et al. (2007) were converted to mass changes per unit area by multiplying by an assumed glacier density of 850 kg·m−3 (Huss, 2013).

Radar penetration associated with the STRM DEM could cause an overestimate in mass loss from the 1985 to 1999 period estimated by Schiefer et al. (2007), as penetration up to 10 m may have occurred in the accumulation zones (Rignot et al., 2001). Schiefer et al. (2007) bias-corrected the SRTM elevations by removing elevation trends off glaciers, but there remains the possibility that some positive bias exists in the estimates of mass loss in regions of substantial radar penetration.

Annual geodetic balance for the Nordic Creek and Canoe River catchments was calculated from 2015 to 2018 using coregistered late summer DEMs derived from Lidar and distributed estimates of density based on surface classification of ice, snow, and firn surfaces. See Pelto et al. (2019) for details of the methods.



2.6. Wastage Flux Contribution to Streamflow

When glaciers experience a net mass loss at the catchment scale, the lost glacier storage represents a net contribution to catchment outflow. Some of this glacier wastage may be lost to evaporation (e.g., from lakes downstream of the glaciers), and some may exit a catchment as groundwater. If evaporation of glacial meltwater and losses via groundwater are negligible, then the wastage flux contribution to streamflow, Qwf, can be assumed to equal −ΔSg, where ΔSg is the net mass change from glaciers over some time interval. When viewed as a streamflow contribution, ΔSg is commonly expressed as an average depth of water over the catchment area.

Wastage flux contributions were computed from glacier storage changes determined for the periods 1985–1999 and 2000–2018, as described in the preceding section. The value of the wastage flux contribution to streamflow for each catchment was then converted to a fraction of the total outflow from the catchment for each period, Q, computed from streamflow data and expressed as an average depth of water.

To explore the interannual variability of wastage flux contributions, they were also calculated on an annual time step using geodetic mass balance for the Canoe River and Nordic Creek catchments (Table 1). In this analysis, catchment-scale glacier storage change was computed as
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where fg is the fractional glacier coverage in the catchment and Ba is the annual specific glacier net balance (mm) derived by Pelto et al. (2019).


Table 1. Catchment characteristics for Canoe River and Nordic Creek, including Water Survey of Canada station number, catchment area, fractional glacier coverage and the minimum (z0), median (z50) and maximum (z100) elevations.
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2.7. Regression Analysis of August Streamflow

This analysis broadly followed the approach applied to all of BC by Stahl and Moore (2006). However, whereas Stahl and Moore (2006) standardized monthly streamflow data and predictor variables, we converted each monthly streamflow value from a mean discharge in m3s−1 to a runoff depth in mm, and retained the predictor variables in their original units.

Following Stahl and Moore (2006), we focused on August streamflow for two reasons. First, glacier-melt contributions to streamflow generally peak in August due to the combination of relatively high energy supply and high snowlines. Earlier in the year (May–July), seasonal snowmelt is a major cause of streamflow variability from year to year, and can obscure the role of glacier-melt contributions. Later in the year (September and October), energy supply declines and the influence of precipitation (both rain and snow) increases in the study region. Second, August is often a period of low flows and high water temperatures in unglacierized catchments, so that glacier-melt contributions can become critical in terms of water supply and fish habitat, particularly for cold- and cool-water species such as salmon (Moore, 2006; Moore et al., 2013; Parkinson et al., 2016).

Regression analysis was used to understand the drivers of interannual variability in August runoff (QAug) (mm) by relating it to the following predictor variables: runoff in the preceding month (QJul) (mm), mean August air temperature (TAug) (°C), and total August precipitation (PAug) (mm). The underlying logic is that the inclusion of July runoff helps to account for effects of carry-over storage, air temperature is an index of the magnitude of snow and ice melt as well as evapotranspiration from non-glacierized surfaces, and August precipitation represents the streamflow contribution from rainfall.

The regression model is:

[image: image]

where ai are the estimated coefficients, t indicates year, and e(t) is the residual from the regression.

Drawing on the degree-day melt model concept as an analogy, the sensitivity of glacier melt runoff to air temperature can be expressed as follows:

[image: image]

where MAug is the glacier meltwater contribution to streamflow in August (mm), km is an apparent degree-day factor (mm · d−1 °C-1), and nd is the number of days in August (31), and T0 is a base temperature, below which there is no glacier melt (oC). Based on the assumption that the air temperature term in Equation (2) represents the contribution of glacier melt, and if the value of km is assumed to be approximately constant across glaciers, we can equate the coefficient a2 with km·nd·fg to compute an apparent degree-day factor by combining Equations (2) and (3) and differentiating with respect to fg:

[image: image]

where da2/dfg is the slope of a linear relation between a2 and fg. We acknowledge that the analogy is not perfect when using monthly mean temperatures because the effect of daily temperatures lower than T0 is not explicitly accounted for. In addition, the value of km will reflect the combination of both snow and ice melt in proportions that vary from year to year.



2.8. Trend Analyses

Trend analyses for the August runoff time series were conducted by computing the Spearman correlation coefficient between August runoff and year, which requires no assumptions about data distributions or linearity of trends. The test has similar power to the Mann–Kendall test (Yue et al., 2002). Trend magnitudes were estimated using the Theil–Sen slope estimator, which is robust to outliers and lack of normality of the residuals (Helsel and Hirsch, 2002).

A trend analysis was also performed for the residuals from the regression model. The logic underlying this analysis is that the three predictors account for external hydroclimatic influences and non-glacial storage influences, and that the residuals should contain information about any effects caused by internal changes in the catchment, particularly glacier retreat.




3. RESULTS


3.1. Hydroclimatic Variability Over the Study Period

Variations in August air temperature and precipitation display a high degree of regional coherence, especially for air temperature, while July and August runoff are somewhat less consistent among stations (Figure 3). August air temperature exhibited positive trends ranging from 0.022 to 0.032oC · yr−1, with a median value of 0.025oC · yr−1. These trends represent an increase of about 1oC over the 41-year study period. However, none of the trends is significant at p < 0.05.


[image: Figure 3]
FIGURE 3. Time series of August precipitation, August air temperature, and July and August runoff from 1977 to 2017. Each trace represents a station. Time series for each station were standardized prior to plotting by subtracting the mean and dividing by the standard deviation.


Trends for August precipitation ranged from −1.09 mm · yr−1 to −0.43 mm · yr−1 with a median value of −0.78 mm · yr−1, equivalent to a decrease of about 30 mm over the study period. Of these trends, 31 of 35 were significant at p < 0.05.



3.2. Changes in Glacier Extent and Volume

In 1985, fractional glacier cover ranged among catchments from 0 to 0.19. Figure 4 presents the magnitude of the change in glacier cover in 2005 and 2013, relative to 1985. Although glaciers in one catchment appeared to advance slightly from 1985 to 2005 (Δfg > 0), the rest exhibited retreat of up to about 0.02. However, the apparent increase in glacier cover is probably a reflection of measurement uncertainty, given that there is no evidence that any glaciers advanced during the study period. By 2013, all glaciers retreated, with all showing a net negative change relative to 1985. With the exception of the heavily glacierized Canoe River catchment, the amount of change in glacier cover generally varied linearly with the glacier cover in 1985, representing about a 20% decrease in glacier coverage between 1985 and 2013. Between 1985 and 1999, mass changes derived from the digital elevation models indicate a mean rate of glacier storage loss that varied among catchments from about 0.1–0.9 m w.e. a−1, with a mean of 0.55 ± 0.13 m w.e. a−1.


[image: Figure 4]
FIGURE 4. Changes in glacier cover between 1985 and 2005, and 1985 and 2013, plotted against glacier cover in 1985.




3.3. Glacier Contributions to Streamflow

Figure 5 illustrates daily streamflow responses for 2 years with contrasting climatic conditions. For both years, catchments with and without glacier cover track reasonable well during the snowmelt freshet up to about the time of the freshet peak flow. Following the peak, streamflow for the glacier-fed catchments diverges from that for the unglacierized catchments and eventually converges in October. These composite hydrographs suggest that glaciers make substantial contributions to streamflow beginning some time in June and extending through September. However, some of the apparent contribution represents the extended snowmelt from the high-elevation portions of the glacier-fed catchments, as well as orographically enhanced rainfall. The contribution from glaciers is least complicated by rainfall and carry-over storage from the preceding month in August. Only a portion of the apparent contributions from glaciers constitutes a non-sustainable wastage flux; the remainder represents a lag in response to precipitation associated with transient glacier storage on seasonal to interannual scales.


[image: Figure 5]
FIGURE 5. Composite daily hydrographs of unit discharge for catchments with and without glacier cover. (A) is for 2003, a year dominated by summer drought conditions; (B) is for 1999, a year with heavy winter snow accumulation and more frequent summer rainfall.


Glacier mass loss between the mid-1980s and 1999 translates into wastage flux contributions that range up to just over 0.06 as a fraction of annual water yield (Figure 6). The distribution of points above and below the best-fit relation indicates that the fractional contribution to streamflow by glacier wastage is inversely related to annual water yield.


[image: Figure 6]
FIGURE 6. Computed contributions of glacier wastage to streamflow as a fraction of annual water yield (fWF), plotted against the glacier coverage in 1985. The trend line is a linear fit through the origin.


The relative wastage flux contributions to streamflow among catchments were consistent between 1985–1999 and 2000–2018 (Figure 7). It appears that the contributions were lower during the second period, which would be consistent with a post-peak-water scenario. However, we acknowledge that there is substantial uncertainty in geodetic estimates of mass loss. In particular, the effect of radar penetration on the SRTM DEM could cause an overestimate of mass loss for the early period, potentially accounting for the apparent discrepancy in wastage flux between the two periods. Therefore, it is not appropriate to draw a firm conclusion from this analysis.


[image: Figure 7]
FIGURE 7. Comparison of wastage flux contributions to streamflow (qWF) on a mean annual basis for two periods. Wastage is expressed as an average depth of water over the catchment area. Symbol sizes are scaled to fractional glacier coverage in 1985. The dashed line indicates perfect agreement.


Wastage flux contributions to Canoe River streamflow ranged from 8 to 13% of annual water yield (Table 2), higher than the long-term estimate for the mid-1980s to 1999 period (Figure 6), in which Canoe River corresponds to the point with fg = 0.19. Wastage flux contributions in the more heavily glacierized, higher-elevation Nordic Creek catchment ranged from 9 to 19% of annual water yield. The coefficient of variation for annual flow for the 4 years was 0.09 for Canoe River and 0.18 for Nordic Creek. Although the coefficient of variation based on only 4 years of data will be subject to substantial sampling variability, the relative difference between the two catchments should be reasonable considering the use of a common period of record.


Table 2. Glacier contributions to streamflow for Nordic Creek and Canoe River.
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3.4. Multiple Regression Analysis of August Streamflow

The regression model provided reasonable fits for the catchments with no or minimal (fg < 0.01) glacier cover; adjusted R2 ranges from 0.50 to 0.86, with a median of 0.70. The regression fits are less strong for the catchments with fg ≥ 0.01, with a range from 0.37 to 0.56 and a median of 0.49. It appears that a model including measures of climatic forcing and non-glacial storage explains more variability for the catchments with minimal glacier cover.

The fitted regression coefficients exhibit varying relations with fractional glacier cover (Figure 8). Coefficient a1, which represents the effect of carry-over storage and is analogous to a recession constant, averages roughly 0.3 for most catchments, but appears to decline for catchments with greater glacier coverage. This result is consistent with our process understanding, in that high flows in July would be associated, in many years, with heavy snow accumulation and a late disappearance of snow. In unglacierized catchments, late disappearance of snow would be associated with enhanced streamflow in July and August. On the other hand, persistence of snow on glaciers would reduce glacier melt runoff in August due to the higher albedo of snow relative to exposed glacier ice. Another possible cause of the nonlinear relation is that higher-elevation, more heavily glacierized catchments may have less storage potential due to shallower soils and lack of extensive aquifers.


[image: Figure 8]
FIGURE 8. Plot of fitted regression coefficients (ai) against fractional glacier cover (fg), computed as the average of the values for 1985 and 2013. The coefficients a1 to a3 correspond to July runoff, August air temperature and August precipitation, respectively. The trend lines for a1 and a3 were generated using the loess algorithm (span = 1, degree = 1); the trend line for a2 is a linear regression fit.


Coefficient a3, which reflects the effects of rainfall-runoff in August, tends to increase with glacier cover. This relation is consistent with the tendency for more heavily glacierized catchments to have higher elevations, and thus a greater orographic enhancement of precipitation. Note that the relation appears to flatten out for higher fractional glacier coverages. This pattern might reflect a nonlinear relation between precipitation and elevation or the tendency for higher-elevation areas to receive precipitation as snow, which would suppress glacier melt.

Coefficient a2 displays a linear relation with fractional glacier coverage with a slope of 247 mm ·oC−1. That is, the sensitivity of August water yield to August air temperature increases linearly with fractional glacier coverage, consistent with the conceptual model based on a degree-day melt model (Equation 3).



3.5. Trend Analyses

Most stations exhibited negative trends for August streamflow, although only five are significant at p < 0.05 (Figure 9). There is a general tendency to increasingly negative trend with increasing glacier cover, except for the most heavily glacierized catchment (Canoe River).


[image: Figure 9]
FIGURE 9. Relation between the Sen slope estimator for August streamflow (βs) and the mean fractional glacier cover from 1985 to 2013. Significance is based on the Spearman correlation test for each series.


When the August runoff trends are plotted against the change in glacier cover (Figure 10, left panel), there is a more consistent relation than shown in Figure 9. The model has adjusted R2 = 0.69, and the intercept and slope are −0.093 and 38.2 mm · yr−1, respectively, both significant at p < 0.05. When considering trends for the residuals from the regression model (Equation 2), there is less scatter about the regression line (adjusted R2 = 0.93), and the trends are significant for 11 of the 35 catchments (Figure 10, right panel). The intercept, −0.031 mm·yr-1, is not significantly different from 0 (p = 0.12), while the slope, 51.8 mm·yr−1, is significant at well less than p < 0.001.


[image: Figure 10]
FIGURE 10. Trend magnitudes as a function of the change in fractional glacier cover from 1985 to 2013. The Sen slope estimator (βs) is shown for August streamflow in the left panel, and for the residuals from the multiple regression model in the right panel. Significance is based on the Spearman correlation test for each series. Dashed lines are fitted regressions.





4. DISCUSSION

On a decadal time scale, the fractional contribution of glacier wastage had a positive relation with fractional glacier coverage and an inverse relation with annual water yield. The maximum contributions were about 6 % of annual water yield for the mid-1980s to 1999 period (Figure 6), and were somewhat lower for the 2000–2018 period (Figure 7). While the fractional contribution may seem minor on an annual time scale, the contributions during August would be higher. Based on simulations with and without glacier cover, Jost et al. (2012) concluded that ice melt contributed up to 6% of annual streamflow and up to 25% of August streamflow in the Mica Basin of the Columbia River headwaters, which has about 5% glacier cover.

The annual mass balances for 2015–2018 for the Nordic Creek and Canoe River catchments indicate higher losses than for the two longer-term periods, but this difference likely relates to the fact that August tended to be warmer and drier in recent years compared to longer term conditions (Figure 3). Indeed, results presented by Menounos et al. (2019) suggested that mass loss on a per-unit-area basis in the Columbia headwaters (Region 5 in their Figure 4) was higher in 2009–2018 than in either 1985–1999 or 2000–2009, consistent with the climatic trends shown in Figure 3.

Wastage flux contributions on an annual scale were less variable for Canoe River than for Nordic Creek. This difference likely reflects the fact that glaciers in the Canoe River catchment extend below treeline, such that a substantial portion of bare ice is exposed each summer regardless of the final snowline elevation. At Nordic Creek, on the other hand, where the glacier is entirely above treeline, there is likely to be greater relative interannual variation in the amount of bare ice exposed during the ablation season. This contrasting behavior between alpine glaciers and those extending to lower elevations contributes to inter-catchment variation in the glacier compensation effect, over and above the effect of fractional glacier coverage. The coefficient of variation for Nordic Creek was double that for Canoe River. This contrast is consistent with the high coefficient of variation of annual streamflow for the alpine-glacier-fed Vernagtbach catchment as compared to other catchments in the European Alps, which have glaciers extending to lower elevations (Tiel et al., 2020).

Based on the relation between the a2 coefficient and fractional glacier cover, it appears that fractional glacier coverage of only about 0.01 is required to shift a catchment in this region from being relatively insensitive to August air temperature to having a positive response. This temperature-sensitivity for catchments with low glacier coverage could be partially due to melting of late-lying snow at high elevations, given that catchments with even low levels of glacier coverage tend to be at higher elevations than unglacierized catchments. However, late-lying snow would also reduce melt from the glaciers, so it is difficult to make a definitive statement about its role in the temperature sensitivity of streamflow.

The slope of the relation between a2 and fractional glacier coverage corresponds to an apparent melt factor of km = 7.97 mm · day−1·°C−1. This value is higher than melt factors for ice derived for glaciers in western Canada by Shea et al. (2009), which averaged 4.6 mm · day−1·°C−1. However, the values derived by Shea et al. (2009) were for the entire ablation season, whereas the value of km derived here is based only on August. Also, the temperature-dependence could be higher because, in terms of streamflow production, glacier cover not only provides an ice surface available for melt, but also reduces losses by evapotranspiration that would occur from unglacierized areas (Carnahan et al., 2019).

All but three of the 35 catchments exhibited negative trends in August streamflow (although only five were significant), and the trend magnitudes have a significant linear relation with the change in glacier cover from 1985 to 2013. The intercept of the relation is negative and significantly different from 0, suggesting that there was a climate-driven negative trend in August streamflow for the unglacierized catchments, consistent with the dominance of significant negative trends in precipitation and widespread but not significant positive trends in air temperature. The relation between trend magnitude and Δfg indicates stronger trends for catchments with greater loss of glacier cover, suggesting that decreases in glacier-melt contributions to streamflow augmented the climate-driven decreases from unglacierized portions of the catchments.

After accounting for the effects of external hydroclimatic forcing and non-glacial storage change through the regression model, the residuals had significant trends for 11 of the 35 stations, including most of the catchments that experienced a decrease in fractional glacier coverage of 0.002 or more. The intercept of the relation is not significantly different from zero, suggesting that the regression model has effectively accounted for climate-driven trends for unglacierized catchments.

Projections by Clarke et al. (2015) indicated that peak water in the Columbia River headwaters may occur around 2020 or later, depending on the climate scenario. The pattern of points in Figure 9 suggests that, for all but the most heavily glacierized catchment, declining trends in glacier-melt contributions to streamflow added to the climate-driven negative trend in August runoff for unglacierized portions of the catchments. The most heavily glacierized catchment appears to have experienced a weaker negative trend than the lesser-glacierized catchments. This pattern is broadly consistent with the observations by Casassa et al. (2009) and Huss and Hock (2018) that more heavily glacierized catchments should have a longer rising phase. Overall, it appears that the Columbia River headwaters region is already in the process of beginning a post-peak-water decline, and the magnitude and significance of the declines may get stronger over the coming decades, unless there is an increase in summer rainfall to compensate for reduced glacier melt.

The residual trends indicate that there has been a decrease in what Moyer et al. (2016) called “realized streamflow”; that is, observed streamflow has been declining relative to the streamflow that would have been recorded if glaciers had not been retreating. There are two important implications in relation to a decrease in realized streamflow caused by glacier retreat. The first is that hydrological models based on out-of-date glacier information would tend to over-predict summer streamflow. Therefore, agencies tasked with making streamflow forecasts for glacier-fed catchments should ensure that they use up-to-date glacier cover information when setting up their models, which should be updated on a regular basis. The second is that periods with high air temperature would be accompanied by reduced streamflow, which would likely lead to higher stream temperatures considering that stream temperature response to surface energy exchange is inversely related to discharge (Gu et al., 1998; Webb et al., 2003).



5. CONCLUSIONS

The glacier wastage flux contribution to annual water yield had a positive relation with fractional glacier coverage and an inverse relation with catchment water yield. For catchments with over 10% glacier cover, glacier wastage contributed about 6% of the annual water yield over the period from the mid-1980s to 1999. For the heavily glacierized Nordic Creek and Canoe River catchments, the glacier wastage flux contributed on the order of 10 and 15% of annual water yield, on average, for the period 2015–2019. The fractional contribution varied from year to year, particularly for the high-elevation, highly glacierized Nordic Creek catchment.

Trend analyses suggest that glacier-melt contributions to streamflow have already passed peak water in the Columbia River headwaters. The trend analysis of the residuals from the regression with climate-related variables indicates that there is a clear declining trend in realized streamflow—that is, the streamflow that would have been observed if glaciers had not retreated—which can have implications for streamflow forecasting and summer water temperature response during hot, dry weather.

The study design employed here focused on a set of stations with a range of glacier cover, but with all catchments experiencing similar patterns of climatic variability over a common period of record. This design, along with consideration of climatic variability and changes in glacier cover, facilitated the partitioning of observed streamflow trends into components associated with climate-driven trends from unglacierized areas and those associated with glacier changes. This approach should be useful for application to other regions.

It would be valuable to complement this empirical study with the application of a process-based model, similar to the approach taken by Frans et al. (2018). While the empirical analysis provides robust information about the spatio-temporal patterns of response and permits inferences regarding the roles of glaciers and glacier retreat in those patterns, interrogation of model output and sensitivity analyses could generate more detailed understanding of the hydrological interactions underlying the response and provide a basis for making projections under varying climatic scenarios.
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