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ABSTRACT 

We present scientific and computing improvements to our new reconstruction model compared to a previous 
model. Snow water equivalent (SWE) reconstruction involves building a snowpack up in reverse, from melt out to peak 
SWE, given estimates of melt energy and fractional snow covered area (fSCA). The model was initially tested at an 
energy balance site on Mammoth Mountain, near the Upper Tuolumne basin, where nearly all the output could be 
verified and the disappearance of snow was known precisely. A full energy balance version of the model, that computes 
melt hourly, accurately estimated SWE and most energy balance terms. We were not able to verify a key parameter, the 
snow albedo, possibly because of low snow depths that affected our ability to measure solar radiation reflected by the 
snow. A net radiation/degree-day version of the model, that computes melt daily, underestimated SWE, probably 
because of its coarse daily time step. We then used SWE from the Airborne Snow Observatory (ASO) in 2014 as 
ground truth to verify the energy balance reconstruction model. Given the high spatial and spectral resolution of ASO 
measurements, we assume they are an accurate ground truth. Compared to the Snow Data Assimilation System 
(SNODAS) and the Advanced Microwave Radiometer 2 (AMSR2), reconstruction (with two different fSCA inputs) 
was by far the most accurate, with a bias of 36-40 mm at the basin wide maximum SWE, and an RMSE of 32-43 mm 
for all ASO measurement dates. The AMSR2 SWE estimates were generally too low, probably because of deep snow 
and interference from the canopy. SNODAS tended to overestimate SWE, perhaps because of an overreliance on 
measurements from snow pillows which are purposely located at heavy snow sites. Finally, we tested the reconstruction 
model over snow pillows located across the entire Sierra in 2014. The bias was 3 mm and the RMSE 140 mm at the 
maximum SWE accumulation, showing significant lower than a previous model. (KEYWORDS: reconstruction, 
Airborne Snow Observatory, Sierra Nevada) 

INTRODUCTION 

Snow water equivalent (SWE) reconstruction (Martinec and Rango, 1981) involves building a snowpack up in 
reverse, from melt out to peak SWE, given estimates of melt energy and fractional snow covered area (fSCA). 
Reconstruction has SWE in large basins in mountain ranges including: the Rocky Mountains (Molotch, 2009), the 
Hindu Kush (Bair et al., 2014), and the Sierra Nevada (Rittger, 2012; Rittger and Dozier, submitted). The main 
advantage of reconstruction is that it provides spatially resolved SWE estimates without the need for extensive ground 
based observations. The biggest disadvantages are that reconstruction can only be run retroactively after snow 
disappears, and that it is only suitable for areas with little accumulation during the melt season. 

The Airborne Snow Observatory (aso.jpl.nasa.gov) is a new project that attempts to provide the most accurate 
basin wide estimates of SWE to date using a plane with a LiDAR and a spectrometer. Snow depth is measured using the 
difference between snow covered and dry land LiDAR scans. Snow cover and albedo are concurrently measured using a 
spectrometer. Using modeled and manually measured snow density, SWE is modeled for the basin. Currently, ASO 
provides snow albedo (0.365-1.05 µm) and SWE for 2014 and 2015 for the Upper Tuolumne basin at 50 m resolution 
on their website. 
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An outline of this paper is: 1) we describe the three study areas; 2) we present a new reconstruction model with 
scientific and computing improvements; 3) we test the model at a site with a full suite of energy balance measurements 
and a precisely known date of maximum SWE and disappearance of snow; 4) we then test the model over the Upper 
Tuolumne basin, using ASO SWE as ground truth, and compare results with two other operational SWE products; 4) 
finally, we test the model over the entire Sierra Nevada, using snow pillows for verification. 

STUDY AREAS 

 
The Sierra Nevada Mountains 
 The Sierra Nevada (Figure 1) are a 650 km long mountain range that stretch from just south of Lassen Peak in 
the north to Tehachapi Pass in the south. 

The Upper Tuolumne Basin 
  The Upper Tuolumne (Figure 1 in red) is a small (1,182 km2) basin in Yosemite National Park. The elevation 
range is 1102-1387 m. Runoff is primarily from snowmelt and feeds the Hetch Hetchy Reservoir which provides 
municipal water for 2.4 million people (Bay Area Water Supply & Conservation Agency, 2015). 
 
CUES 

The University of California – Santa Barbara and Cold Regions Research and Engineering Laboratory Energy 
Site (labeled CUES in Figure 1) is a sub-alpine site on Mammoth Mountain, CA at 2940 m. It is 24 km southeast of the 
Lyell glacier, the highest and most southern point in the Upper Tuolumne basin. 

 

THE RECONSTRUCTION METHOD 

Reconstruction (Martinec and Rango, 1981) models the energy required to melt a snowpack. For each pixel, 
from the time of peak SWE through the disappearance of snow in a satellite image, reconstruction retrospectively builds 
the snow cover by calculating the amount of snow melted at each time step j: 

 
Figure 1.  The Upper Tuolumne basin is shown in red. The University of California – Santa Barbara and Cold 
Regions Research and Engineering Laboratory Energy Site (CUES) is labeled. 

Tuolumne Basin 
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SWEn and SWE0 are the SWE at times n and 0, and Mj is the melted SWE. Knowing the value of n when SWEn= 0 (i.e. 
when fSCA = 0) allows the back-calculation of the initial SWE0, assuming there is no significant accumulation during 
the melt. For instance, in the Sierra Nevada, the date of SWE0 can be computed by interpolating the peak SWE date for 
each year from snow pillow measurements (Rittger, 2012). Melted SWE is the product of the potential melt MP,j and the 
fractional snowcover fSCA : 

 𝑀𝑗 = 𝑓𝑆𝐶𝐴 × 𝑀𝑝,𝑗 [2]  

We used fSCA from two sources, a proprietary product (MODSCAG, Painter et al., 2009) and a publicly available 
product (MOD10A1, Hall et al., 2006). Both were smoothed, MODSCAG using a time-space method that places less 
weight on off angle images (Dozier et al., 2008), and MOD10A1 using a 16-day average (Morriss et al., 2014). 

We used two methods to calculate potential melt. The first method is a full energy balance model, 

 𝑀𝑝,𝑗 = 𝑅𝑗 + 𝐻𝑗 + 𝐿𝑗 + 𝐺𝑗 [3]  

where R is net radiation, H is sensible heat, L is latent heat, and G is heat flow in/out of the snowpack, all at timestep j, 
which we’ve omitted for brevity. We assume the snowpack is melting; therefore it is isothermal and G = 0. Thus, Eq. 3 
becomes  

 𝑀𝑝 = 𝑅 + 𝐻 + 𝐿. [4]  

The second method uses a net radiation/degree-day model (Brubaker et al., 1996) where H and L are replaced with an 
empirical degree day relationship 

  𝑀𝑝 = 𝛼𝑅� + 𝛽𝐷� [5]  

where 𝛼 is 0.26 mm W-1 m2 day-1, 𝑅� is the average net radiation above 0 Wm-2, 𝛽 is an empirical coefficient, and 𝐷� is   
the average daily air temperature above 0 ºC. For our study, 𝛽 was set to 1.5 mm C-1 day-1 (Brubaker et al., 1996; 
Molotch and Margulis, 2008). 

Net radiation R is modeled as, 

 𝑅 = 𝑆↓(1 − 𝑎) + 𝐹↓ + 𝐹↑ [6]  

where 𝑆↓ is incoming solar radiation, a is the broadband snow albedo, 𝐹↓ is incoming longwave radiation, and is 𝐹↑ is 
outgoing longwave radiation. The broadband albedo 𝑎 is computed using inversion of the remotely sensed grain radius 
and the local solar zenith angle (Gardner and Sharp, 2010). For all models runs, MODSCAG estimates of grain radius 
were used. This albedo estimates were further reduced by half of the  𝜆𝑣𝑖𝑠 term from the MODIS Dust and Radiative 
Forcing in Snow (MODDRFS, Painter et al., 2012) to account for light absorbing impurities, 

 𝑎 = 𝑎𝑐𝑙𝑒𝑎𝑛 −  𝜆𝑣𝑖𝑠 2⁄  [7]  

where 𝑎𝑐𝑙𝑒𝑎𝑛 is the clean snow albedo predicted by the albedo model (i.e. Gardner and Sharp, 2010). The term 𝜆𝑣𝑖𝑠 is an 
estimate of the difference between the dirty and the clean snow albedo in the visible spectrum (0.350-0.876 µm), which 
is where light absorbing impurities have the greatest impact for snow. Since is 𝑎 is a broadband albedo and about half 
of the sun’s energy is in the visible spectrum, we use half of the 𝜆𝑣𝑖𝑠 estimate. 

All of the energy balance terms are modeled using downscaled data from the 1/8º North American Land Data 
Assimilation System Version 2 (NLDAS-2, Xia et al., 2012). The downscaling process involves a bicubic resampling of 
the 1/8º energy balance data and elevation model to the model scale. In this study, the model scale is 500 m in a 
California Albers Equal Area projection. For elevation dependent terms, the difference between the model scale DEM, 
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resampled from Shuttle Radar Topography Mission data (Farr et al., 2007), and the resampled NLDAS-2 DEM was 
used. Vegetation inputs for the model came from the National Land Cover Database (Homer et al., 2007), resampled to 
our model scale. 

 

Shortwave 
Incoming solar is by separated into beam 𝐵↓ and diffuse components 𝐷↓ 

 𝑆↓ =  𝐵↓ + 𝐷↓ [8]  

using an empirical relationships (Erbs et al., 1982; Olyphant, 1984) based on transmittance T, 

  

 
𝑇 =

𝑆↓
𝜇0𝑆0

 [9]  

where 𝜇0 is the exoatmospheric (unrefracted) solar zenith angle and 𝑆0 is exoatmospheric irradiance. The direct solar 
radiation is then scaled by elevation z 

 𝐵↓(𝑧) = 𝜇0,𝑟𝑆0𝑒−𝜏𝑧𝑚 [10]  

where 𝜇0,𝑟 is the (refraction corrected) cosine of the solar zenith angle, m is the airmass (Kasten and Young, 1989), and 
𝜏𝑧 is the optical depth at elevation z, 

 𝜏𝑧 =
𝑃𝑧
𝑃
𝜏 [11]  

with P the reference (NLDAS-2) atmospheric pressure, Pz the reference pressure (in Pa) adjusted using a standard lapse 
rate and the elevation difference between the reference and the fine scale elevation model. The optical depth 𝜏 is 

 𝜏 =
− ln𝑇
𝑚

. [12]  

Then, the elevation corrected beam 𝐵↓(𝑧) is scaled by the cosine of the local solar zenith angle 𝜇, along with a binary 
shadowing mask 𝛿 computed from local horizon angles (Dozier and Frew, 1990), 

 𝐵𝑠↓ =  𝛿𝜇𝐵↓(𝑧). [13]  

Diffuse radiation is also corrected by elevation using an empirical formula (Dubayah and Loechel, 1997) and scaled by 
the view factor 𝑉𝑑 (Dozier and Frew, 1990), 

 𝐷𝑠↓ =  𝐷↓(𝑧)𝑉𝑑. [14]  

The corrected beam and diffuse radiation are then further adjusted by vegetation transmissivity (Marks et al., 1999; 
Garen and Marks, 2005). 

Instead of using the bias corrected incoming shortwave from NLDAS-2, we used the uncorrected shortwave 
(NLDAS-2 Forcing B dataset) and performed our own linear bias correction on the direct and diffuse components based 
on regressions with measurements from CUES during snowmelt in 2014. The bias corrections are: 

 𝐵𝑠,𝑐↓ =  𝛼𝐵𝐷𝑠↓ + 𝛽𝐵  [15]  

and  

 𝐷𝑠,𝑐↓ =  𝛼𝐷𝐷𝑠↓ + 𝛽𝐷  [16]  
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where 𝐵𝑠,𝑐↓ and 𝐷𝑠,𝑐↓ are the bias corrected beam and diffuse components with 𝛼𝐵 = 0.71, 𝛽𝐵 = −19, 𝛼𝐷 = 1.39, and 
𝛽𝐷 = 6. Our bias correction better matched ground measurements of direct and diffuse shortwave at CUES than the 
bias correction from NLDAS-2. We suspect this is due to snow-cloud discrimination issues, which have been shown to 
cause overestimates in NLDAS shortwave data (Cosgrove et al., 2003; Pinker et al., 2003). 

Longwave 
Incoming longwave 𝐹↓ is modeled as the sum of incoming longwave from the atmosphere 𝐹𝑎↓ and from surrounding 
terrain 𝐹𝑇↓ (Rittger, 2012), 

 𝐹↓ =  𝐹𝑎↓+𝐹𝑇↓  [17]  

with 

  𝐹𝑎↓ = 𝑉𝑑𝜀𝐴𝜎𝑇𝑎4  [18]  

where 𝜀𝐴 is the atmospheric emissivity downscaled from reference estimates (NLDAS-2), 𝜎 is the Steffan-Boltzman 
constant 5.67 × 10−8 W m-2 K-4, and 𝑇𝑎 is the air temperature in Kelvin, which like 𝑃𝑧, was computed using a standard 
lapse rate and the difference between the reference and the fine scale elevation model. Further, 

  𝐹𝑇↓ = (1 − 𝑉𝑑)𝜀𝑠𝜎𝑇𝑠4  [19]  

where 𝜀𝑆 is the emissivity of snow, assumed to be 0.99, and 𝑇𝑠 is the snow surface temperature, assumed to be the lesser 
of 𝑇𝑎 or 0 ºC. The incoming longwave is then adjusted for vegetation using an empirical approach (Garen and Marks, 
2005) based on canopy cover. Outgoing longwave is the sum of the Steffan-Boltzman radiation model for snow and the 
1% of incoming radiation that is reflected,  

 𝐹↑ = −𝜀𝑠𝜎𝑇𝑠4 + (1 − 𝜀𝑠)𝐹↓ [20]  

Sensible and Latent Heat 
Sensible heat H and latent heat L are (Liston, 1995) 

 𝐻 = 𝜌𝑎𝐶𝑝𝐷ℎ𝜁(𝑇𝑎 − 𝑇𝑠) [21]  

and 

 𝐿 = 𝜌𝑎𝐿𝑣𝐷𝑒𝜁 �𝜃
𝑒𝑎 − 𝑒𝑠
𝑃𝑧

� [22]  

where: 𝜌𝑎 is the density of air; 𝐶𝑝 is the specific heat of air; 𝐷ℎ,𝑒 are exchange coefficients for sensible and latent heat, 
respectively; 𝜁 is a non-dimensional stability function; 𝜃 = 0.622 and 𝑒𝑎,𝑠 are the vapor pressures of air and ice, 
respectively. The exchange coefficients 𝐷ℎ,𝑒 are 

 𝐷ℎ,𝑒 =
𝜅2𝑢𝑟

�ln�𝑧𝑟 𝑧0� ��
2 [23]  

with 𝜅 = 0.4 as Von Karman’s constant, 𝑢𝑟 as the wind speed at reference height 𝑧𝑟, and 𝑧0 as the roughness height. In 
this study, 𝑧𝑟= 10 m, based on NLDAS-2 wind speeds, and 𝑧0 = 0.5 mm, a reasonable approximation for snow (Brock 
et al., 2006). Wind speed was downscaled using resampled NLDAS-2 u and v component estimates, adjusted for terrain 
curvature, wind slope, and vegetation (Liston and Sturm, 1998; Liston et al., 2007). The ice vapor pressure 𝑒𝑠(𝑇𝑠) is 
from an empirical approximation (Buck, 1981). The air vapor pressure 𝑒𝑎 is given as: 

 𝑒𝑎 = 𝑄
𝑃𝑧
𝜃

 [24]  

where 𝑄 is the specific humidity, downscaled from reference (NLDAS-2) data. For unstable atmospheric conditions 
(𝑇𝑠 > 𝑇𝑎), the stability function 𝜁 is 
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 𝜁 = 1 −
𝜂𝑅𝑖

1 + 𝛾|𝑅𝑖|
1
2�
 [25]  

with 𝑅𝑖 as the Richardson number, given by 

 𝑅𝑖 =
𝑔𝑧𝑟(𝑇𝑎 − 𝑇𝑠)

𝑇𝑎𝑢𝑟2
 [26]  

where 𝑔 is gravity and 𝛾 is 

 𝛾 = 𝜑𝜂
𝐷ℎ,𝑒

𝑢𝑟
�
𝑧𝑟
𝑧0
�
1
2�
 [27]  

with 𝜂 = 9.4 and 𝜑 = 5.3. For stable atmospheric conditions (𝑇𝑠 < 𝑇𝑎), the stability function 𝜁 is 

 𝜁 = (1 + 𝜂∗𝑅𝑖) [28]  

where 𝜂∗ = 𝜂 2⁄ . For neutral conditions (𝑇𝑠 = 𝑇𝑎), 

 𝜁 = 1 [29]  

RESULTS AND DISCUSSION 

CUES 
By running the models at CUES, we were able to eliminate any uncertainty in snow cover since the peak and 

disappearance of snow was precisely known. In general, the model matched the measurements at the site well (Figure 
2), with the exception of wind speed, latent, and sensible heat. These two energy balance components depend on an 
accurate wind speed estimate. Given the complex nature of wind in the mountains, it’s not surprising that the wind 
speed was poorly modeled. We suggest this scatter is not a significant problem, as latent and sensible heat are usually 
small relative to net radiation, and nearly cancel each other (Marks and Dozier, 1992). We were not able to verify our 
snow albedo estimates, as measurements from an albedometer at CUES were consistently too low, e.g. < 0.75 for clean 
fresh snow. We hypothesize that the low snow depths in 2014 put the downlooking radiometer too far above the snow 
surface, allowing darker objects, such as trees, to be seen. We are investigating mounting the albedometer on a 
moveable boom that will keep the radiometers close to the snow surface throughout the snow season. 

Likewise, SWE from the full energy balance model matched up well with SWE measured at CUES, both from 
a snow pillow, and from sensor estimates (Figure 3). The full energy balance model produced more SWE than the 
Brubaker et al. model. We suggest this is because the Brubaker et al. model computes melt daily while the full energy 
balance model computes SWE hourly. An analysis (not shown) of both models allowed to produce negative melt values 
shows that the Brubaker et al. model produces more SWE than the energy balance model. This reversal suggests that 
the daily melt timestep is responsible for the SWE underestimate in the Brubaker et al. model. In other words, it is the 
small number of hourly positive melt values in the energy balance model that cause it to produce more SWE. 
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Figure 3.  SWE measurements and estimates at CUES, 4/10-5/30/14. The measurement is from a snow pillow 
(“cues pillow”). The “full eb” model refers to SWE from the full energy balance reconstruction model, while the 
“brubaker” model refers the SWE from the net radiation/degree-day model. The “platform” and “wind mast” with 
the “(est.)” suffix are SWE estimates based on density measured at the pillow and depth from ultrasonic pingers at 
different locations. 

 
Figure 2.  Hourly energy balance components compared to CUES, 4/10-5/30/14. 
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Upper Tuolumne 
Compared to ASO basin wide SWE measurements, reconstruction performed far better than any other product, 

with scant difference between models run with different fSCA inputs (MODSCAG or MOD10A1 in Figure 4 and Table 
1). At the peak (4/7/14), reconstruction overestimates SWE, but only slightly. Later in the season, reconstruction 
underestimates SWE, with a worse miss using MOD10A1 compared to MODSCAG. Examining the spatial distribution 
of SWE throughout the melt season (Figure 5), we suggest these underestimates are due to failures to detect shallow 
snow. This is a known problem with snow detection as thin snowpacks substantially darken because of transmission of 
light to the underlying ground. For melting snow, Warren and Wiscombe (1980) estimate that a snowpack becomes 
optically finite at 200 mm SWE. In addition, the Lidar used for ASO measurements is only accurate to 100 mm in 
depth. Assuming the snow is 50% water during melt, this suggests a 50 mm shallow depth mapping threshold for ASO 
measurements. 

Whole Sierra 
Last, we tested the model (using MODSCAG fSCA) against pillow measurements across the Sierra in 2014 

(Figure 6). The bias was only 3 mm and the RMSE was 140 mm. This compares with a previous version of the model 

 
Figure 4.  Basin wide average SWE from three different products compared to ASO SWE measurement for the 
Upper Tuolumne Basin in 2014. AMSR2 is a satellite based operational passive microwave product (Kelly, 2013). 
Snodas (Snow Data Assimilation System, National Operational Hydrologic Remote Sensing Center, 2004) is an 
operational SWE product that uses ground and satellite measurements. 

 
For peak SWE on 4/7/14 For all ASO dates 

Method Mean SWE, mm Bias, mm RMSE, mm 

ASO 181 0 0 

Reconstruction (MODSCAG) 217 36 32 

Reconstruction (MOD10A1) 221 40 43 

AMSR2 79 -102 46 

Snodas 292 111 64 

Table 1.  Error analysis for several SWE products compared to ASO measurements. The bias is ASO SWE 
subtracted from the SWE estimate. RMSE is root mean squared error. 
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(Rittger, 2012), which was evaluated similarly, but over a longer period (2000-2011). In that model, the bias was 38 
mm and the RMSE was 249 mm. 

CONCLUSION 

We presented a new SWE reconstruction model and compared it to other models and products. Our model 
reconstructed energy balance components and SWE accurately at a sub-alpine test site with precisely known snow peak 
and disappearance. We were not able to validate snow albedo, a key input in any snow melt model, but plan on doing so 
in the future. Using ASO SWE measurements in the Upper Tuolumne from 2014 as ground truth, our model was the 
most accurate compared to two other operational products. Last, our model accurately reconstructed SWE across the 

 
Figure 6.  Reconstruction verification using maximum SWE accumulation at snow pillows for 2014. N=104 
snow pillows. A 1:1 line is shown in red. The bias is 3 mm and the RMSE is 140 mm. 

 
Figure 5.  ASO and reconstructed SWE in the Upper Tuolumne. 
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Sierra in 2014, using snow pillows for verification. We will also run our model for additional years, including 2015, the 
driest snow year on record for California, as soon as the snow completely melts out, which should be very shortly. 
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