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Reconstructing Snowmelt Runoff in the Yukon River Basin Using 
the SWEHydro Model and AMSR-E Observations  

JOAN M. RAMAGE1 AND KATHRYN A. SEMMENS2 

ABSTRACT 

Snowmelt timing and snow water equivalent (SWE) from the Advanced Microwave Scanning 
Radiometer for EOS (AMSR-E) are used as inputs to the SWEHydro model to simulate spring 
snowmelt runoff in high-latitude, snow-dominated drainages. AMSR-E data from 2003 to 2010 
are used to determine the timing of melt onset and snow saturation based on changes in brightness 
temperature (Tb) and diurnal amplitude variations (DAV). Pre-melt SWE data are combined with 
terrain information and melt rate estimates to calculate runoff. After melt onset there is a “melt 
transition period” with daytime melt and nocturnal refreeze. The melt transition is characterized by 
high Tb oscillations (high DAV). At the end of high DAV (EHD), the snowpack is melting at a 
higher rate. The model uses four parameters: snowmelt rate during and after melt transition 
(defined by Tb and DAV thresholds), and flow timing during and after melt transition. The model 
effectively simulates spring freshet, peak timing and magnitude, and volume (between days 50-
180) in basins lacking sufficient meteorological measurements for conventional models. We 
compare the model response in the Pelly and Stewart Rivers, tributaries to the Yukon River, to 
evaluate model parameters in broadly similar basins under varying conditions. Simulated freshet 
timing is strongly related to snowmelt timing, and the modeled hydrograph is most sensitive to the 
flow timing parameter. This observationally based model has potential as a module for quantifying 
spring snowmelt runoff and timing in physically based models. 
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INTRODUCTION 

Global warming is being felt most dramatically at high latitudes (e.g. ACIA, 2004; IPCC, 2007) 
through changes in snowpack, melt timing and patterns, permafrost coverage, and clouds, all of 
which determine the flux of fresh water from drainage basins. Ecosystems, biogeochemical cycles, 
the hydrological cycle, and ocean productivity are expected to respond to these global warming 
driven hydrologic changes (e.g. White et al., 2007). Studies of high latitude rivers show that both 
annual and seasonal discharges are changing due to both natural causes and human infrastructure 
such as dams. Snow distribution and melt timing correspond well with snowmelt runoff and are 
largely responsible for observed seasonal changes (Kane et al., 2000; White et al., 2007 and 
references therein).  

This research uses Advanced Microwave Scanning Radiometer for EOS (AMSR-E) satellite 
observations of spatially distributed snow characteristics such as snow water equivalent (SWE) 
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and melt timing (onset and saturation) to model runoff in large, remote northern basins. There is a 
need to study in real-time the rapidly changing arctic on a landscape and basin-wide scale, 
something that can only reasonably be done with satellite observations. We have developed a 
simple, flux-based model consisting of four parameters constrained by passive microwave remote 
sensed data. The SWEHydro model uses spatially distributed passive microwave observations of 
SWE and snowmelt timing to estimate the freshwater flux throughout the entire basin from the 
onset of melting through the melt season. The important contribution of SWEHydro is that it uses 
actual observations of the snow distributed throughout the basin that are otherwise difficult to 
determine (Yan et al., 2009). The snowmelt runoff calculations are driven by multiple daily 
observations of when and how intensely each pixel is melting. This approach offers a simple, but 
transformative way to observe and model rapid and significant melt dynamics in poorly-
instrumented northern drainage basins. Input data and model parameters encompass high latitude 
processes such as redistribution by wind, snow interception, sublimation, snowmelt, infiltration, 
hillslope runoff, evaporation, and radiation exchange (Pomeroy et al., 2007).  

 

Figure 1. Digital Elevation Model map of part of the upper Yukon River basin showing Stewart (red) and 
Pelly (blue) River basins with gauge locations in teal. Grid overlay shows 12.5 km EASE-Grid pixels. At 

right, the Yukon River basin is gray; the border between Alaska and Canada is the dashed red line. 

Numerous models exist that can be used in high latitude environments; existing models depend 
on meteorological information which is scarce at high latitudes (e.g. Martinec and Rango, 1986; 
Ferguson, 1999; Schmugge et al., 2002; Woo and Thorne, 2006). We developed the SWEHydro 
model to take advantage of snowmelt timing and SWE data from AMSR-E to simulate the spring 
melt water pulse (freshet) at high latitudes where meteorological data are sparse or absent (Yan et 
al., 2009). This new model does not depend on meteorological data, and uses actual daily satellite 
observations of the snow distribution and melt state to estimate melt and depletion.  

In this study we modified the SWEHydro model (Yan et al., 2009) to better encapsulate the 
flow distances and routing. Slope, flow direction, and distance provide accurate routing to 
determine more realistically the distance that melt water will take from the pixel to the mouth or 
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gauge. We apply the modified model to the Pelly and Stewart Rivers, tributaries to the Yukon 
River basin (Figure 1).  

Results for the two adjacent and broadly similar basins are compared to each other and to 
observed discharge for 2003 to 2010 to determine the extent to which the model varies over space 
and time. The Pelly River is 49,000 km2, 530 km long, with an average discharge of 700 m3/s. The 
Stewart River, on the northern flank of the Pelly, is 51,000 km2, 530 km long, with an average 
discharge of 850 m3/s. Both basins are roughly similar in slope and aspect frequencies; though the 
Pelly has more needleleaf forest and less lichen land cover than the Stewart (Figure 2). Both are 
headwater tributaries to the Yukon River, and make up more than 10% of the Yukon River volume 
(Brabets et al., 2000). 

 
Figure 2. Terrain data comparing Stewart and Pelly River basins. (A) Slope, (B) Aspect, and (C) Land Cover. 

Data from 1:250,000 DEM (Environment Yukon) and Brabets and Long (2002).  
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DATA AND METHODS 

Input data (DEM and satellite observations)  
SWEHydro relies on melt timing derived from AMSR-E L2A Global Swath Spatially-

Resampled Brightness Temperatures (Ashcroft and Wentz, 2006) and pre-melt-onset SWE 
determined from AMSR-E 5-day L3 Global Snow Water Equivalent Equal Area Scalable Earth 
Grid (EASE-Grid) (Brodzik and Knowles, 2002). All data are in the EASE-Grid format. AMSR-E 
5-day L3 Global Snow Water Equivalent SWE (Kelly et al., 2003, Tedesco et al., 2004) was 
imported as a GeoTIFF using the HDF-EOS Conversion Tool provided by NSIDC so that SWE 
values could be extracted to EASE-Grid pixels (Figure 3A). We are aware that the global SWE 
algorithm is not optimized for this region, and efforts have been undertaken to improve the SWE 
retrievals in remote, forested, mountainous terrain (Kasurek et al., 2011). Peak magnitudes and 
volume reconstructions are likely affected by over- or under-estimates of SWE, but to date, these 
are the best available spatially distributed observations. For one figure (Figure 7), we arbitrarily 
scale the SWE observations to show the effect of systematically under or overestimating 
snowcover.  

 

Figure 3: (A) SWE from AMSR-E Level 3 data, (B) Melt onset date from AMSR-E Tb and DAV thresholds, 
(C) Sustained melt from Tb and DAV thresholds for years 2003-2010, (D) Flow length map showing distance 

(m) melt water flows from the pixel centroid to the channel and ultimately to the mouth with lighter colors 
indicating a longer path length. Flow routing is determined from a 1:250,000 DEM and ESRI’s Spatial 

Analyst. Flow distances are the realistic distance melt water in each pixel would have to travel to the gauge. 
During the melt-refreeze period, flow timing ranges from 2.5-4 days/10 km and after the snow is consistently 
melting, flow rates increase to 0.3-1.5 days/10 km. The latitude, longitude, and relative scale are the same for 

all color maps as shown in D. All parameters are scaled to the overlaying 12.5 km EASE-Grid. 
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Level 2 AMSR-E Tb data is 12.5 km spatial resolution and Level 3 AMSR-E SWE data is 25 km 
spatial resolution; both data sets are provided by the National Snow and Ice Data Center (NSIDC). 
To determine melt onset, we gridded the Tb data using the AMSR-E Swath-to-Grid toolkit 
provided by NSIDC. Then, Tb data for each wavelength were arranged sequentially in an array, 
and the daily difference between the maximum and minimum were used to generate diurnal 
amplitude variations (DAV). DAV is an effective tool to evaluate snowpack evolution with regard 
to melt and refreeze, and takes advantage of the high temporal frequency of observations. Melt 
onset is determined using the co-occurrence of the 36.5 GHz vertically polarized Tb ≥ 252 K and 
|DAV| ≥ 18 K (Apgar et al. 2007). Melt onset is defined as the first date when three of five 
consecutive days meet the thresholds (Figure 3B). The period between melt onset and the end of 
the high DAV period is the transition period. The end of high DAV (Figure 3C) marks the shift 
between low and high melt rates (see below), after which snow becomes saturated and depleted.  

A 90 m DEM was used to calculate flow routes for each 12.5 km EASE-Grid cell. In ArcGIS, 
Spatial Analyst was used to find flow length to the basin mouth and values were extracted to 
EASE-Grid pixel centers (Figure 3D).  

Ground observations  
Daily streamflow observations were used to determine base flow values for each river and to 

compare with modeled streamflow. Discharge data are from the Water Survey of Canada at the 
Pelly River at Pelly Crossing gauge (62°49’47”N, 136°34’50”W) and the Stewart River at the 
Mouth gauge (63°16’56”N, 139°15’16”W). Base flows based on historic values are ~55-60 m3/s 
for the Pelly River at Pelly Crossing and ~65 m3/s for the Stewart River at the Mouth. Snow water 
equivalent maps provided by the Yukon Snow Survey (Environment Yukon, 2008-2010) were 
used to determine whether snowpack was low, normal, or high in different parts of the basins 
(Table 2). 

Modeling  
To run SWEHydro, we map the snow distribution, simulate the volume of released water per 

day for each pixel based on satellite observations of melt onset and the transition to more intense 
melting, and then route the water to the channel using digital topography. The model depletes the 
SWE and accumulates runoff for all pixels and adds the daily runoff to base flow to generate the 
overall basin hydrograph. Four parameters, snowmelt rates 1 and 2 and flow timing 1 and 2, are 
allowed to vary between specified ranges estimated from the literature (see Yan et al., 2009 for 
discussion). The snowmelt rate changes (increases) between the transition period and the full melt 
period (smr1 and smr2, respectively) and the flow timing also changes (decreases; note this is 
counter intuitive because units are in d/km not km/d; essentially it is a measurement of how fast it 
takes the melt water to travel one kilometer) when the melt state progresses (ft1 and ft2, 
respectively) (see Yan et al., 2009 for full details). Modifications were made to improve the 
representation of pixel-to-channel distances. 1000 Monte Carlo runs were processed for each year 
and basin. Daily maximum and minimum values are shown (Figure 4), and the results of 
individual runs are compared to observed discharge to determine the ten best fits (Figure 4). Error 
is calculated by normalizing the square of the difference between observed and modeled values for 
total discharge from Julian day 50 to 180, date of flow increase (freshet), peak date, and peak 
magnitude. We then determine the ten best fit curves by ranking curves from smallest to largest 
total error. For the gauged basins shown here we then compare modeling results to actual 
discharge observations.  

The model does not incorporate summer precipitation, groundwater flux, or infiltration, so our 
results are limited to the spring period, typically through the end of June. Late season results are 
unrealistic. Other assumptions and limitations are discussed in Yan et al. (2009). 

Subsequently, we analyzed the distribution of parameter values for the ten best fits for each 
basin and year, as well as the average value for all years and both basins (Figure 5). We ran a 
sensitivity analysis for each parameter by holding three parameters fixed at the averages (Figure 6) 
and varying the fourth systematically to see how model results respond to incremental increases in 
parameter value. Results for the Pelly are shown, and are similar in the Stewart.  
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The average parameter values of the best fit hydrographs for both basins and all years (160 runs) 
were used to run the model to evaluate it for predictive purposes (Figure 4). Finally, in order to 
determine the significance of possible over or under-estimates of SWE, we show the results of 
modeling runoff using 0.5x, 1.0x, and 1.5x AMSR-E observed SWE for 2008-2010 in the Pelly 
River. This subset of years was selected to represent normal (2008), high (2009), and low (2010) 
snow conditions in the Pelly River basin (Environment Yukon 2008, 2009, 2010) (Table 2, Figure 
7). To summarize our results and evaluate model performance, the correspondence between the 
best fit, fixed value, and observed results are shown in Figure 8. 

RESULTS 

The SWEHydro model is able to generate a suite of observationally based hydrographs for 
boreal basins, including several tributaries of the Mackenzie and Yukon Rivers (Pelly and Stewart 
Rivers are discussed here). The modified SWEHydro model effectively reconstructs spring 
discharge including the timing of freshet and peak timing (Figure 4). Specifically, it does a 
reasonable job reconstructing freshet timing in the Stewart, peak magnitude in both basins, and 
total discharge (through day ~180) in the Pelly.  

Discrepancies in volume and peak magnitude are most likely due to limitations of the SWE 
input. This can be evidenced in the SWE sensitivity analysis discussed later (Figure 7). The range 
and mean for all parameters from the ten best fit curves for each basin for each year are shown in 
Table 1 and Figure 5. Snowmelt rates have similar ranges for both basins. Parameter ft1 has a 
narrow range and is similar in both basins and all years, indicating this parameter can be held 
constant in future model development.  

Table 1 Parameter ranges and means for the ten model runs per year and basin that best fit observed 
discharge. Last lines show basin averages and overall averages.  

  SMR1 (mm/d) SMR2 (mm/d) FT1 (d per 10 km) FT2 (d per 10 km) 

  min max mean min max mean min max mean min max mean 

2003 Pelly 0.08 0.89 0.58 8.19 12.25 9.99 0.30 0.38 0.34 0.11 0.12 0.12 

  Stewart 0.03 0.71 0.22 9.47 12.89 10.92 0.25 0.38 0.31 0.08 0.09 0.08 

2004 Pelly 0.00 0.10 0.04 8.60 12.38 10.50 0.25 0.33 0.29 0.04 0.05 0.04 

  Stewart 0.03 0.53 0.17 9.82 12.93 11.91 0.25 0.38 0.33 0.04 0.05 0.05 

2005 Pelly 0.01 0.11 0.05 8.13 12.56 10.99 0.24 0.38 0.32 0.06 0.08 0.07 

  Stewart 0.02 0.41 0.18 9.91 12.83 11.51 0.25 0.38 0.33 0.04 0.05 0.04 

2006 Pelly 0.47 0.89 0.71 8.03 9.50 8.66 0.25 0.39 0.34 0.12 0.13 0.12 

  Stewart 0.04 0.79 0.51 8.04 10.20 8.78 0.27 0.36 0.32 0.05 0.07 0.05 

2007 Pelly 0.01 0.89 0.49 9.96 12.93 12.13 0.31 0.39 0.35 0.04 0.09 0.07 

  Stewart 0.01 0.65 0.23 11.34 12.97 12.10 0.24 0.37 0.31 0.04 0.05 0.05 

2008 Pelly 0.11 0.89 0.58 8.01 8.90 8.44 0.25 0.37 0.29 0.08 0.10 0.09 

  Stewart 0.17 0.61 0.38 9.05 10.50 9.53 0.24 0.37 0.32 0.13 0.14 0.14 

2009 Pelly 0.14 0.89 0.60 8.75 12.89 10.73 0.24 0.38 0.31 0.08 0.10 0.08 

  Stewart 0.53 0.87 0.74 11.70 12.92 12.38 0.26 0.39 0.33 0.04 0.05 0.05 

2010 Pelly 0.47 0.89 0.69 8.01 10.75 9.54 0.30 0.39 0.36 0.17 0.19 0.18 

  Stewart 0.11 0.89 0.60 8.12 10.37 9.06 0.25 0.36 0.31 0.12 0.14 0.13 
2003-
2010 
Ave. 

Pelly 0.00 0.89 0.47 8.01 12.93 10.12 0.24 0.39 0.32 0.04 0.19 0.10 

Stewart 0.01 0.89 0.38 8.04 12.97 10.77 0.24 0.39 0.32 0.04 0.14 0.07 

Overall Average 0.01 0.89 0.42 8.03 12.95 10.45 0.24 0.39 0.32 0.04 0.17 0.08 
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Figure 4. Modeled and observed discharge. Comparison of the observed discharge (black line) and the ten 
best fits (clustered red lines) for the Stewart River (left) and Pelly River (right) for 2003-2010. Maximum and 
minimum daily modeled flows are also shown in orange. Modeled discharge using fixed average parameter 

values (both basins, all years) are overlain in blue. Base flow: Pelly ~55-60 m3/s, Stewart ~65 m3/s. 
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Figure 5. Annual distribution of parameter values for ten best fits for each year for the Pelly and Stewart 
Rivers. (A) Snowmelt rate 1 (SMR1) in mm/d, (B) Snowmelt rate 2 (SMR2) in mm/d, (C) Flow timing 1 
(FT1) in d/10 km, (D) Flow timing 2 (FT2) in d/10 km. Range and mean for each parameter are shown. 
Colors represent each year; upper line of each pare is the Stewart River, lower line is the Pelly River. 

Similar to previous results in the Ross River (upper part of the Pelly) shown in Yan et al. 2009, 
model results in both the Pelly River (Figure 6) and the Stewart River (not shown) are most 
sensitive to the variations in the ft2 parameter, suggesting that a greater understanding of the 
components driving the flow rates to the channel, such as infiltration variability, landscape 
characteristics, vegetation and land cover are crucial for effectively modeling runoff with this tool.  
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Figure 6. Model sensitivity to systematic variation in each parameter in the Pelly River basin. Three 

parameters were held fixed at the average value and the fourth was incrementally varied within the allowed 
range. FT2 is the parameter to which the model is most sensitive. Results are similar in the Stewart River 

basin, but in the interest of space the figure is not included. 
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Varying SWE by 0.5, 1.0 and 1.5 times the AMSR-E SWE values improves the simulated 
hydrograph results depending on whether it is an anomalously low or high snow year (Table2). 
Figure 7 shows that in the “normal” year 2008, when low elevation conditions were normal with 
respect to average snowpack conditions and mid to upper elevations had higher than average 
snowpack, the 1x SWE was the best representation of the hydrograph. Numbers in the upper right 
corner of Figure 7 panels show the minimum difference between volume of runoff from days 50-
180 in the model and observed volume, which can be viewed as a proxy for fit with SWE. This 
comparison indicates if the model is accurately capturing both the amount and timing of discharge 
during the critical part of the hydrological cycle when snowmelt runoff peaks. For 2008, the 
smallest difference (lowest error) is the 1x SWE simulation but the 1.5x simulation does 
reasonably well, especially in matching the early runoff timing. In the “high” snow year 2009, all 
elevations were above average as observed by the ground snow surveys, and the best model 
representation (the one with the lowest error) is the 1.5x SWE, though 1x SWE is also a 
reasonable match (Figure 7). For the “low” year 2010 when all elevations had lower than average 
snowpack, the 0.5x SWE is the best fit. These results suggest that incorporating a scaling of SWE 
values based on ground snow surveys will improve model performance. Scaling snowpack, melt 
rate, and flow timing to elevation is a future objective for model improvement. 

Table 2 Percent of average SWE for the Pelly River Basin. Data from Environment Yukon Snow 
Survey Bulletin 2004-2010. 

Year Lower Basin Middle Basin Upper Basin 
2004 111-130% 91-110% 111-130% 
2005 111-130% 91-110% 91-130% 
2006 91-110% 71-90% 71-90% 
2007 111-130% 91-110% 91-110% 
2008 91-110% 111-130% 131-150% 
2009 131-150% 131-150% >150% 
2010 51-70% 71-90% 71-90% 

 

 

Figure 7: Hydrograph sensitivity to variations in SWE. AMSR-E derived SWE was multiplied by a factor of 
0.5, 1.0, and 1.5 to determine the role of SWE in affecting hydrograph output. Results are only shown for the 
Pelly River basin. Number in the upper right of each plot is the difference in volume estimated by the model 
between days 50 and 180 compared to the actual volume from gauge data. Lower values indicate the model 

has less error and is a closer match to actuality. Best fit simulation are demarcated with a red star. 



135 
 

Finally, we compare the best fit hydrographs and the hydrograph resulting from running the 
model with parameter values fixed at the average of all years and basins with the observed 
hydrograph to determine performance on each of the important characteristics: freshet timing, peak 
timing, peak magnitude, and day 50-180 total discharge. The best fit comparison is expected to be 
good, and is excellent, especially for the peak discharge. The model results using average values for 
all parameters give good results for freshet and peak timing in the Stewart basin, but show the 
model is not yet ready to predict volume, likely in part due to the inability to consistently image 
SWE in complex terrain (Figures 4, 8).  

 

Figure 8. Summary comparison of modeled vs. observed relationship for the best fit (left column) and fixed 
average (right column) hydrographs. Model performance on matching freshet timing, discharge volume from 

Julian day 50-180, and peak discharge are shown with Stewart in red and Pelly in blue. Each symbol 
represents the results for one year. 
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CONCLUSIONS 

Forecasters, climate scientists, and northern communities need to know about snow distribution, 
melt, runoff magnitude and timing in remote, high latitude basins. Spatially distributed input data 
such as daily passive microwave observations are a key input for improving remote, high latitude 
modeling of snowmelt processes and runoff. By relying on such remote sensed data, SWEHydro is 
an effective tool for reconstructing daily spring stream discharge in northern snow dominated 
drainage basins where there are few meteorological data. It is generally successful at 
reconstructing the timing of freshet onset, discharge, and peak(s) timing and peak magnitude in 
basins similar to the basin in which the model was originally developed. Volume between Julian 
day 50-180 is also reasonably well reconstructed. Runoff after the snowmelt period is not accurate 
because the model does not incorporate groundwater, infiltration on thawed soils, or rain.  

The SWEHydro model’s predictive abilities are compromised by parameter variation across 
basins and time, although overall ranges and means are similar in these two basins (Table 1, 
Figure 5). Continuing improvements will reduce the effects of this limitation, and further 
refinement through scaling of inputs and parameters based on elevation will serve to improve 
model results. The model is most sensitive to the flow timing parameter after snow saturation and 
adjustments to the SWE input also impacted the skill of the model which improved according to 
SWE scaling based on high or low snow years (determined from ground snow surveys). We 
anticipate that improvements in SWE and characterization of the basins such as permafrost, 
vegetation, and soil distribution and characteristics will further advance the model. This technique 
of using distributed observations is proposed as a module within other physically based models. 
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