
feart-07-00216 August 21, 2019 Time: 17:29 # 1

ORIGINAL RESEARCH
published: 22 August 2019

doi: 10.3389/feart.2019.00216

Edited by:
Markus Michael Frey,

British Antarctic Survey (BAS),
United Kingdom

Reviewed by:
Isabelle Gouttevin,

Météo-France, France
Jakob Steiner,

Utrecht University, Netherlands

*Correspondence:
Matthew Olson

matthew.olson@geog.utah.edu;
olsonmeu@gmail.com

Specialty section:
This article was submitted to

Cryospheric Sciences,
a section of the journal

Frontiers in Earth Science

Received: 01 May 2019
Accepted: 07 August 2019
Published: 22 August 2019

Citation:
Olson M, Rupper S and Shean DE

(2019) Terrain Induced Biases
in Clear-Sky Shortwave Radiation Due

to Digital Elevation Model Resolution
for Glaciers in Complex Terrain.

Front. Earth Sci. 7:216.
doi: 10.3389/feart.2019.00216

Terrain Induced Biases in Clear-Sky
Shortwave Radiation Due to Digital
Elevation Model Resolution for
Glaciers in Complex Terrain
Matthew Olson1* , Summer Rupper1 and David E. Shean2

1 Department of Geography, University of Utah, Salt Lake City, UT, United States, 2 Department of Civil and Environmental
Engineering, University of Washington, Seattle, WA, United States

Advancements in remote sensing, along with greater access to high spatial and
temporal resolution imagery, have improved our ability to model glacier surface energy
and mass balance in remote regions of complex terrain, such as High-mountain Asia
(HMA). In general, net shortwave (SW) radiation accounts for the majority of energy
available on a glacier surface during the summer months, suggesting that SW modeling
errors can critically impact surface energy balance estimates. In this study, we model
the clear-sky SW irradiance for a group of glaciers in the Everest region of HMA
using a high-resolution (8-m) digital elevation model (DEM) composite derived from
commercial stereo satellite imagery. We then systematically downsample this DEM
and considered the effect on incoming SW irradiance, with a sensitivity analysis for
standard terrain attributes. The slope and aspect (combined) and topographic shading
have the greatest impact on daily SW irradiance and also introduce a larger SW bias
when DEM resolution is downsampled. Our results show that modeled incident SW is
overestimated as resolution becomes coarser. For 10 selected glaciers in the Everest
region, decreasing spatial resolution from 8 to 30 m results in a range of average daily
biases between +20 and +60 Wm−2 (or ∼7 to 20%) at some high and low elevations,
and an average bias of more than +100 Wm−2 (∼33%) as resolution is coarsened to
500 m. In order to determine the bearing these results have on surface melt, we explore
the diurnal variability of this bias. Additionally, we compare our results with modeled
incident SW using several global DEM products (ASTER, SRTM, and ALOS) to evaluate
error introduced by lower resolution. Models using the 30-m products show an overall
average daily SW bias of +24 Wm−2 (or ∼8%) across elevation with some elevations
showing a bias up to +60 Wm−2 (∼20%) on multiple glaciers. Taken together, our
results demonstrate the value of high-resolution data to correct biases in modeled SW
radiation and constrain uncertainties for glacier energy balance modeling in regions of
complex terrain.
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INTRODUCTION

More than 1.4 billion people in Asia rely on freshwater that
originates from remote High-mountain Asia (HMA) glaciers
(Immerzeel et al., 2010). Often located in complex terrain, the
ability to access and obtain in situ data in these landscapes can
be difficult, if not impossible. As such, in situ data is sparse
throughout the region. To address this problem, many studies
rely on a combination of remote sensing and numerical modeling
to determine the current state and future trends of HMA glaciers
(Shea et al., 2015; Brun et al., 2017; Kraaijenbrink et al., 2017;
Huss and Hock, 2018). Surface energy balance models provide
a physically based approach to modeling glacier mass balance
in HMA, and are a particularly important tool for assessing
the causes of recent glacier change and projecting future glacier
change (Kayastha et al., 1999; Azam et al., 2014; Litt et al., 2019).

Solar radiation, or shortwave (SW) radiation is a critical
component of the surface energy balance (Cuffey and Paterson,
2010). SW radiation influences key energy balance terms
and controls the overall variability in melt energy (Sicart
et al., 2008). During (and prior to) the ablation season,
when surface albedo is low, SW radiation is the dominant
energy flux contributing to glacier melt (Arnold et al., 2006;
Azam et al., 2014). However, incorporating terrain is essential
in order to accurately model SW radiation — and surface
energy balance — in remote alpine regions, where variable
surface morphology and steep surrounding topography has
the potential to drastically alter the SW component of the
energy budget (Williams et al., 1972; Dozier, 1980; Duguay,
1993). The intensity of SW radiation at the ground surface is
modified by terrain attributes such as slope, aspect, shading,
elevation, and the portion of sky obstructed by surrounding
terrain. Incorporating these attributes into solar radiation models
improves accuracy of surface energy balance (Williams et al.,
1972; Munro and Young, 1982; Kang et al., 2002). Although
many surface energy balance models utilize meteorological
station point data, energy fluxes must be distributed across
the surface of a glacier in order to accurately quantify surface
energy and mass balance. In many remote regions, where
meteorological station data are not available, such as much
of High Mountain Asia, energy fluxes are often derived from
coarse resolution reanalysis products or climate models, and
similarly must be distributed across the surface of a glacier.
Solar radiation models incorporating terrain attributes provide
the means by which to more accurately distribute solar
radiation from either point source observations or coarse gridded
climate products.

Terrain attributes are derived from digital elevation models
(DEMs), and depend on the accuracy and spatial resolution
of the DEM. Although high-resolution DEMs exist, coverage
is limited, and many products are proprietary. Consequently,
most glacier energy balance models have relied on coarse DEM
resolution for surface topography, which can bias energy balance
model results. For example, Olson and Rupper (2019) found that
modeled direct solar radiation was increasingly overestimated
when using a range of DEM resolutions from 30 to 1000 m, with
the largest differences in direct shortwave radiation occurring

when spatial resolution was coarsened from 30 to 60 and
90 m. Similarly, Hopkinson et al. (2010) found that continually
decreasing DEM spatial resolution resulted in an increasing
overestimation of modeled melt for a Canadian glacier. Although
previous work shows terrain, and resolution of terrain, impacts
results, this impact is likely not evenly distributed throughout
the day. If the impact of terrain is most significant in the
early mornings or late evenings, the influence on melt is likely
minimal. High-temporal resolution modeling is required to
capture the timing of terrain impact on SW and its potential
importance in modeling glacier mass balance. While it may not
be currently feasible to run a fully distributed energy balance
model at high spatial and temporal resolution, using higher
resolution to improve estimates or quantify uncertainty of net
SW radiation across the surface of a glacier could improve
modeled energy balance calculations, particularly during the
ablation season.

While previous studies imply the importance of DEM spatial
resolution on modeled surface energy balance and melt, they are
often limited to expensive airborne imagery over few glaciers or
utilize DEM resolutions of 30 m or lower. Additionally, results
from these previous studies suggest the influence of topography
on glacier surface energy balance will be amplified in regions
of complex terrain, such as HMA, requiring higher resolution
DEMs to adequately model SW radiation at glacier surfaces.
The recent availability of sub-meter commercial stereo satellite
image archives for scientific research and automated, open-
source photogrammetry software (e.g., Shean et al., 2016; Noh
and Howat, 2017) has led to a strong increase of publicly available
high-resolution DEM products (e.g., Howat et al., 2007). As part
of the NASA HiMAT project, Shean (2017) generated regional
high-resolution (8-m) composite DEM products for HMA. This
new product provides the opportunity to objectively evaluate the
importance of terrain attributes and DEM resolution on remote
glaciers in complex terrain, such as HMA.

In this study, we model the incident clear-sky SW radiation,
including direct, diffuse, and reflected irradiance, on 10 glaciers of
varying aspect and morphology in the Everest region (Figure 1).
We evaluate the importance of each terrain attribute in modifying
incident SW radiation for different times of the year on all
10 glaciers. Leveraging the new 8-m HiMAT DEM, we model
SW radiation at a higher spatial resolution than was previously
possible in this region. Furthermore, we assess the sensitivity
of these results to different DEM spatial resolutions, and assess
how these results vary throughout the day. The Everest region
was selected because of the complex topography, presence of
large glaciers with variable morphology, dense coverage of the
8-m HiMAT DEM, and large body of existing work on glaciers
in the region. Thus the Everest region is a natural laboratory
for assessing the importance of DEM resolution and terrain
attributes on modeling SW radiation in HMA.

BACKGROUND

Incident SW radiation can be divided into three components:
direct beam irradiance (Ib), scattered diffuse irradiance (Id), and
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FIGURE 1 | Map of the Everest region in High-mountain Asia showing the 10 glaciers used in this study (light blue). The dark blue outlines indicate two selected
glaciers, the East Rongbuk (ERG — RGI60-15.10055) and Lumsamba (LG — RGI60-15.03474), which we highlight throughout the paper. Glacier outlines from the
Randolph Glacier Inventory v6.0 (RGI Consortium, 2017), basemap from Esri (2009).

FIGURE 2 | Schematic showing how the three components of incident shortwave radiation — direct (Ib), diffuse (Id), and reflected (Ir) irradiance — are altered by
terrain. Topography alters shortwave radiation at the surface through the slope and aspect (generally combined), topographic shading, a decrease in the amount of
diffuse sky radiation, and an increase in terrain-reflected radiation.

reflected irradiance (Ir) (Eq. 1) (Hock and Holmgren, 2005;
Arnold et al., 2006).

SWi = Ib + Id + Ir (1)

Figure 2 illustrates how these different irradiance components
in Eq. (1) interact with the ground surface for an area of
complex terrain.

Topography can either enhance or reduce solar radiation
arriving at the surface of a glacier based on different terrain
attributes; the slope and aspect, topographic shading, and the
portion of sky visible at a given point known as the sky-view
factor. Slope and aspect alter the direct beam irradiance by
changing the solar zenith angle relative to a flat plane (e.g.,
in the northern hemisphere, a low-angle, south-facing slope
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will receive more solar radiation, whereas a north-facing slope
will receive less solar radiation throughout the day compared
to a flat plane). The impact of slope and aspect on incident
SW radiation is usually evaluated in combination with each
other. Therefore, hereafter, we refer to this terrain attribute as
slope/aspect. Topographic shading is a terrain attribute that refers
to a decrease in direct beam irradiance either due to self-shading
of a specific location, or from shadows cast by surrounding
terrain. Topographic shading is mostly relevant in the morning
and evening but can significantly alter daily irradiance on the
surface of some glaciers (Arnold et al., 2006; Olson and Rupper,
2019). The sky-view factor is a terrain attribute that impacts
both the amount of diffuse and reflected irradiances arriving
at the surface. Because the sky-view factor inversely affects
these two components of incident SW radiation, we keep their
impact separate and refer to the terrain attributes related to
the sky-view factor as diffuse sky and terrain-reflected. Diffuse
irradiance is a complex function of multiple scattering and
atmospheric composition; however, the sky-view factor decreases
the amount of irradiance arriving at the surface due to the
presence of surrounding terrain. Terrain-reflected irradiance is
also a complicated term, as it consists of both direct and diffuse
irradiance reflected from all surrounding visible terrain (Dozier,
1980; Duguay, 1993). Terrain-reflected irradiance only exists in
the presence of surrounding topography, thus it is also considered
a terrain attribute related to the sky-view factor.

Olson and Rupper (2019) found that the impact of slope/aspect
and topographic shading on modeled clear-sky direct solar
radiation is greatest in glacier valleys with an overall north or
south valley aspect. Importantly, the majority of glaciers in HMA
(40%) have a north or northeast valley aspect (Bajracharya and
Shrestha, 2011). Olson and Rupper (2019) showed that these
terrain attributes can reduce the average direct solar radiation
during the summer melt season by upward of 80 Wm−2 relative
to a flat, featureless plane. While these results illustrate the
importance of these terrain attributes, the study only focused on
direct beam irradiance and used a 30-m DEM to incorporate
these terrain attributes in the solar radiation model. We build on
this prior work by utilizing higher resolution DEMs and multiple
DEM platforms, and by including diffuse and reflected irradiance
in our model of incident SW radiation.

DATA AND METHODS

In this study, we run a clear-sky SW radiation model at a
15 min time-step, using the new 8-m HiMAT DEM on the
spring equinox (March 21) and on the summer/winter solstices
(June 21/December 21). The equinox roughly represents the
average annual impact of topography on incident clear-sky SW
for a glacier, while the two solstices represent the extreme ends
of topography’s influence for a glacier of specific morphology
and latitude. We derive a change in irradiance, relative to
a flat surface, due to each terrain attribute –slope/aspect,
topographic shading, diffuse sky, terrain-reflected – for the East
Rongbuk Glacier (RGI60 15.10055) and Lumsamba Glacier
(RGI60 15.03474) on these three distinct days of the year. We

highlight the results from these two glaciers to facilitate detailed
discussion (Figure 2). We then assess the SW bias associated with
downsampling the 8-m HiMAT DEM to lower spatial resolutions
for all 10 glaciers in the Everest region, focusing on March 21.
We also compare the sensitivity of terrain attributes at different
spatial resolutions for the East Rongbuk Glacier and Lumsamba
Glacier in order to determine which attributes have the largest
contribution to the total bias in SW radiation. Although we
show results for all 10 glaciers of varying aspect, we highlight
results from the East Rongbuk Glacier and Lumsamba Glacier as
they are north- and south-facing (respectively) and represent two
distinct examples of how incident SW can be notably altered by
local topography for glaciers in HMA. Finally, we compare the
difference between modeling incident SW radiation with the 8-m
HiMAT DEM to using other common 30-m DEM products.

Modeling Components of Incident SW
Radiation
Direct beam irradiance (Ib) is typically the largest energy
contribution to incident SW radiation, particularly under a clear-
sky scenario. Fortunately, Ib is also the most straightforward
component of SW radiation to model as it relies on solar
geometry, day of the year, and atmospheric transmission.
We use a broadband transfer equation to calculate direct
irradiance through the atmosphere (Bird and Hulstrom, 1981;
Mächler, 1983):

Ib = I0 · C · τR · τO · τG · τW · τA (2)

where I0 is extraterrestrial irradiance, incorporating both the
solar constant and sun-earth distance, and C is a coefficient
(0.9751). τR,τO,τG,τW, and τA represent the amount of
transmittance through the atmosphere at a given moment due
to Rayleigh scattering, ozone, mixed gases, atmospheric water
vapor, and aerosols, respectively. The model used in this study
is parameterized based on a local clear-sky scenario and uses
a ground visibility estimate to calculate aerosol attenuation
(Mächler, 1983). We follow methods from Corripio (2003) and
Iqbal (1983) to calculate solar geometries, incidence angles,
and topographic shading, which are further outlined in the
following section.

Although modeling direct irradiance is generally simple,
incorporating atmospheric scattering requires multiple model
parameterizations and assumptions. Diffuse irradiance (Id)
is a complex function of multiple scattering and reflections
based on atmospheric properties. In a clear-sky scenario the
contribution from diffuse irradiance is generally small; however,
its contribution can have a significant impact on daily incident
SW irradiance, particularly when direct irradiance is intercepted
by surrounding terrain. Bird and Hulstrom (1981) and Mächler
(1983) describe methods for calculating atmospheric scattering in
detail. Corripio (2014) has adapted these methods into an open-
source library in R to compute solar radiation in complex terrain.
We utilize the R insol library to compute both the direct and
diffuse components of incident solar radiation.

Reflected irradiance (Ir) can contribute 17% of daily total SW
radiation (Dozier, 1980). Ir relies on the amount of direct beam
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and diffuse sky irradiance reflected from all visible surrounding
terrain. Rather than attempting to accurately determine the
albedo and scattering direction of radiation from all nearby
terrain, solar radiation models often use a single value to
represent the albedo of surrounding terrain and multiply the
sky-view factor by the amount of direct and diffuse irradiance
arriving on a flat plane (Eq. 3). Despite some oversimplifications
in these methods, they have proven to be useful in modeling
incident SW in complex terrain (Hock and Holmgren, 2005;
Arnold et al., 2006).

Modeling Terrain Attributes
We model the daily mean change in irradiance due to each of the
four different terrain attributes. To accomplish this, we build on
Eq. (1) by incorporating terrain attributes into our model:

Snet = IbS cos θ+ VfId + Ir (3)

Ir = αt (1− Vf) S0

where S is topographic shading, θ is the incidence angle, V f is
a sky-view factor that indicates the portion of visible sky at a
given location, at is the albedo of the surrounding terrain, and S0
is the shortwave radiation incident on a flat plane for an entire
basin. Topographic shading is calculated with a modified ray-
tracing algorithm that uses the solar position at 15 min intervals
to determine if a DEM grid cell is blocked by surrounding cells
(S = 0), or is unobstructed (S = 1), at a certain zenith and azimuth
angle (Corripio, 2003). The incident angle modifies the solar
zenith angle for a surface with a specific slope and aspect. The
incident angle is calculated as:

cos θ = cos Z cos Sslope + sin Z sin Sslope cos (φ− E) (4)

where Z is the solar zenith angle, Sslope is slope, φ is azimuth,
and E is exposure (i.e., the aspect with respect to a south-facing
direction) (Iqbal, 1983). The incidence angle incorporates the
impact associated with both the slope and aspect at the surface
of a glacier at any moment during the day. The sky-view factor
is calculated by determining the portion of visible sky in a 360◦
hemisphere at each point over a glacier surface (Dozier and Frew,
1990). An albedo of 0.45 is used to represent the reflectivity of
surrounding terrain (Gratton et al., 1994).

In this study, we build on the methods of Olson and Rupper
(2019) to model the change in irradiance due to each terrain
attribute. The change in irradiance due to slope/aspect compares
the difference between modeled incident SW radiation using the
incidence angle and a model assuming a flat plane. The change
in irradiance due to topographic shading is determined by the
difference between a model that incorporates both cast shadows
and self-shading and one that only utilizes slope and aspect at
the surface to incorporate terrain effects. Changes in irradiance
related to both diffuse sky and terrain-reflected irradiances are
determined by the difference between a model that incorporates
the sky-view factor and one that assumes the sky-view factor
is equal to 1. Additionally, we model the combined effect of all
terrain attributes on daily incident SW radiation. The change in
irradiance for the combined effect is determined by the difference

between a model incorporating all terrain attributes and a model
calculating incident SW radiation on a flat plane. The modeled
daily mean change in irradiance across glacier elevation is fit
with a cubic smoothing spline. This allows us to compare terrain
attributes to one another, and observe the variability across low
(ablation zone) and high (accumulation zone) elevations.

DEM Downscaling and Comparison
Quantifying the impact of terrain attributes on modeled SW
radiation relies on the accuracy and resolution of the DEM
used. The 8-m HiMAT DEM was generated by adapting the
open-source NASA Ames Stereo Pipeline and orthoimages from
DigitalGlobe WorldView-1, WorldView-2, WorldView-3 and
GeoEye-1 stereo imagery over HMA (Shean, 2017). Blended
mosaics are produced from optical images obtained between
2008 and 2017, with the majority of coverage from 2013 to
2016. Approximately 5700 DEMs were generated for glacierized
portions of HMA, and a tiled composite of DEM products are
posted at 8-m. Shean et al. (2016) provide detailed information of
the DEM processing pipeline and validate the accuracy of DEMs
in the polar regions, while Shean (2017) includes a description of
processing and error sources for the 8-m HiMAT DEM.

To test the effects of different DEM resolutions, we
downsample the 8-m HiMAT DEM to resolutions commonly
used by the modeling community – 30, 90, 250, and 500 m. To
avoid aliasing, we use a low-pass Gaussian filter with a 5× 5 pixel
kernel, followed by bilinear interpolation of the filtered DEM.
We calculate the incident SW (Combined effect) bias at each
downsampled DEM resolution, relative to the 8-m HIMAT DEM,
for 10 glaciers in the Everest region. We also compare the inter-
glacier variability in SW bias for the downsampled 30- and 90-m
resolutions. Finally, we calculate the SW bias for each of the four
terrain attributes to determine which terrain attributes contribute
most to the SW bias.

Currently, several publicly available 30-m resolution DEM
products are available with global or near-global coverage.
These include products from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER), the Shuttle Radar
Topography Mission (SRTM), and more recently the Advanced
Land Observing Satellite (ALOS). Glacier modeling studies often
use one of these three DEMs (Lee et al., 2012; Chen et al.,
2013; Huintjes et al., 2015; Han et al., 2016). We evaluate bias
introduced by using these lower-resolution products to simulate
terrain in our topographic SW radiation model. In addition
to determining the modeled SW bias from Combined terrain
attributes, we compare these DEMs to the downsampled 30-m
HiMAT DEM to further test the utility of the 8-m HiMAT DEM.

RESULTS

The sensitivity of daily incident SW radiation to terrain attributes
varies significantly, both in magnitude and sign, between the
equinox and solstices. However, the combined influence of
terrain leads to a decrease in incident SW radiation when
averaged annually for glaciers in the Everest region. Coarser DEM
resolution causes an overestimation in incident SW radiation,

Frontiers in Earth Science | www.frontiersin.org 5 August 2019 | Volume 7 | Article 216

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-07-00216 August 21, 2019 Time: 17:29 # 6

Olson et al. Shortwave Bias From DEM Resolution

and a similar daily SW bias is observed when using common
30-m resolution DEM products. Each of these findings is
presented in detail below.

Spatial and Temporal Variability in
Modeled Incident SW
Figure 3 shows the daily averaged change in irradiance along
elevation due to each terrain attribute and the combined effect
for East Rongbuk Glacier and Lumsamba Glacier. During March,
which represents the average annual impact of terrain on incident
SW radiation, the East Rongbuk Glacier has a significant decrease
in irradiance from combined terrain attributes, largely due to its
north-facing orientation (Figure 3A). Meanwhile, the different
terrain attributes offset the change in SW radiation across the
south-facing Lumsamba Glacier (Figure 3B), primarily driven by
the opposing influences of slope/aspect and topographic shading.
With higher solar zenith angles in June, the change in irradiance
due to slope/aspect and topographic shading for these relatively
low latitude glaciers (∼26◦ N) decreases for the East Rongbuk
Glacier and increases for the Lumsamba Glacier (Figure 3D). The
largest contrast in the combined change in irradiance for these
two glaciers is during the winter months (December). During
this time of the year, low solar zenith angles cast shadows over
the north-facing East Rongbuk Glacier for a significant part of
the day, causing a large decrease in SW radiation (Figure 3E).

The lowest values (around−400 Wm−2) represent a nearly 100%
decrease in irradiance at highest elevations due to the combined
impact of terrain attributes during this time of year. Alternatively,
the slope/aspect greatly increases irradiance on the south-facing
Lumsamba Glacier during the winter solstice (Figure 3F). These
results show that the impact of terrain on SW radiation is
distinct during different times of the year and varies between
glaciers. Much of the difference between glaciers is driven by
their overall aspect.

More generally, terrain attributes have a greater impact on
SW radiation at mid- to upper-elevations on both East Rongbuk
Glacier and Lumsamba Glacier; however, changes in irradiance at
lower elevations are also significant. slope/aspect and topographic
shading are the most variable and influential terrain attributes
affecting daily SW radiation throughout the year. By comparison,
the influence of diffuse-sky and terrain-reflected irradiance is
similar for both glaciers and varies much less in comparison to
the other terrain attributes, and from season to season. Though
seasonal variations are significant, the average annual change
in irradiance due to combined terrain attributes is negative
for both glaciers.

SW Bias Due to DEM Resolution
While terrain attributes can significantly change irradiance values
on the surface of a glacier throughout the year, these attributes are

FIGURE 3 | Daily mean change in irradiance vs. elevation due to different terrain attributes (and their combined effect) for East Rongbuk Glacier (left panels) and
Lumsamba Glacier (right panels). The model is run on the spring equinox—March 21 (A,B), summer solstice—June 21 (C,D), and winter solstice—December 21
(E,F).
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dependent on DEM resolution (Figure 4). As the HiMAT DEM
resolution is progressively coarsened from 8 m to 30, 90, 250,
and 500 m, topographic variability and detail decreases, which
decreases the magnitude and variability in terrain features. As a
result, all 10 glaciers in the Everest region exhibit an increasingly
positive bias (or anomaly) in SW radiation as the 8-m HiMAT
DEM resolution is downsampled. All biases are calculated as
the difference in modeled incident SW for the downsampled
DEM relative to the 8-m HiMAT DEM. The details of this
positive bias can be seen in Figure 4A, which shows the SW
anomaly averaged across all 10 glaciers for each resolution on the
spring equinox. The largest bias appears to be at higher relative
elevations and becomes greater as the DEM is downsampled to
the coarsest resolutions.

Figures 4B,C show the SW bias for each glacier as resolution
is coarsened to 30 and 90 m, and illustrate the substantial inter-
glacier variability in the SW bias for these resolutions. Overall,
downsampling DEM resolution from 8 to 30 m results in average
daily positive biases that range between 20 and 60 Wm−2 (or ∼7
to 20%) at certain elevations (Figure 4B). At 90 m (Figure 4C),
we see an even greater increase in the SW bias for all glaciers
as compared to 30 m; however, higher elevations and certain
glaciers are more impacted as the DEM is downsampled to these
progressively lower spatial resolutions. At 500-m resolution (not
shown here), many of the 10 glaciers have a combined bias of
more than +100 Wm−2 (∼33%) at multiple elevations, with
some glaciers having an average SW bias upward of+250 Wm−2

(∼83%). While the bias tends to be overwhelmingly positive as
DEM resolution is coarsened, upper elevations on some glaciers
do show a negative SW bias.

In order to determine which terrain attributes are the
largest contributors to the overall combined SW bias, we
compare the modeled SW bias for each terrain attribute, and
at all downsampled DEM resolutions. Figure 5 shows the SW
anomalies, relative to the 8-m DEM, for each terrain attribute for
East Rongbuk Glacier and Lumsamba Glacier during the spring
equinox (March 21). Anomalies for the East Rongbuk Glacier

(Figure 5a) show that slope/aspect contributes a positive SW bias
at low elevations and a negative bias at high elevations as terrain
is progressively smoothed. Topographic shading has the largest
influence on the SW bias as DEM resolution degrades. The diffuse
sky and terrain-reflected biases have contrasting effects, and
contribute much less to SW biases. Specifically for the combined
effects, as spatial resolution decreases from 8 to 30 m, the average
daily SW bias for East Rongbuk Glacier is upward of+50 Wm−2

(∼17%) at certain elevations. Further lowering the resolution to
500 m results in a bias upward of+85 Wm−2 (∼28%).

The results for Lumsamba Glacier (Figure 5b) provide
an interesting comparison to East Rongbuk Glacier. SW
anomalies across varying DEM resolutions for Lumsamba Glacier
(Figure 5b) show similar patterns to East Rongbuk Glacier;
however, the overall bias is larger for the Lumsamba Glacier due
in part to a more positive SW bias from the slope/aspect across all
elevations and an increased influence from topographic shading at
certain elevations. It should also be noted that the terrain-reflected
bias is more negative for this south-facing glacier because it
has more visible surrounding terrain (i.e., smaller view factor).
Similar to East Rongbuk Glacier, the combined daily shortwave
bias is∼15–30% when the DEM resolution is downsampled from
30- to 500-m resolution.

Figure 5c shows the spatial variability in the combined change
in irradiance due to all terrain attributes for East Rongbuk Glacier
at each of the downsampled resolutions. The results further
illustrate that incident SW is overestimated, but spatially variable,
as resolution is downsampled.

Diurnal Differences in SW Irradiance
The above results highlight the impact of terrain on daily
averaged clear-sky SW irradiance, and illustrate how modeled SW
irradiance is overestimated at coarser DEM resolutions. However,
the magnitude of change on modeled SW, due to both terrain
and DEM resolution, varies considerably throughout the day.
Thus, depending on the time of day, changes in energy at the
surface of a glacier may affect melt, refreezing, or merely alter

FIGURE 4 | Shortwave anomalies (due to the combined effect of terrain attributes) averaged across all 10 glaciers in the region as resolution is coarsened to 30-,
90-, 250-, and 500-m resolutions (A). Panels (B,C) show the SW anomaly values at 30- and 90-m resolutions (respectively) for each glacier in the Everest region.
Note that the SW anomalies vary drastically from glacier to glacier. The change in irradiance from terrain attributes accounts for variability in irradiance across
elevation, thus we show absolute anomalies (left y-axis) in conjunction with percent changes (right y-axis) relative to the mean irradiance over the glaciers.
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FIGURE 5 | Shortwave anomaly for 30-, 90-, 250-, and 500-m resolutions, relative to the 8-m HIMAT DEM, for the East Rongbuk Glacier (a, top panels) and the
Lumsamba Glacier (b, middle panels) on March 21. The contribution of each terrain attribute to the modeled SW bias is shown at each downsampled DEM
resolution, along with the combined bias from all terrain attributes. Overall, incident SW radiation is overestimated when resolution is coarsened. For both glaciers,
the combined bias is most impacted by changes in modeled topographic shading and slope/aspect, while the change from diffuse sky and terrain-reflected are
smaller in magnitude and vary less at different spatial resolutions. This holds true for all 10 glaciers in this study. Panel (c) shows the combined change in irradiance
due to all terrain attributes on this day at each downsampled resolution for East Rongbuk Glacier. The SW anomaly is the difference between the change in
irradiance determined at each coarse DEM resolution relative to the change in irradiance calculated with the 8-m HIMAT DEM.

the temperature at the surface (i.e., the cold content). While
changes in modeled SW during the morning/evening may alter
the timing and magnitude of melt later in the day, accurately
capturing changes in incident SW during mid-day are more
crucial for estimating energy balance and total surface melt. Here
we assess how terrain and DEM resolution alter the diurnal cycle
in incident SW irradiance.

Figure 6a shows the change in incident clear-sky SW
irradiance due to slope/aspect across elevation and at each
15 min time-step on March 21, 2019 for East Rongbuk Glacier.
Figure 6b shows the SW bias introduced from the slope/aspect
when modeling SW irradiance at 30-m resolution, as opposed
to 8-m resolution. Figure 6c shows the SW bias when modeling
at 90-m resolution. Incident SW on this north-facing glacier
is enhanced in the morning/evening and reduced during mid-
day along most elevations (Figure 6a). However, as DEM
resolution is coarsened (Figures 6b,c), there is a decrease in
SW during the morning/evening and an increase during mid-
day as the terrain is smoothed at lower elevations. At upper
elevations the bias is greater and more variable, though generally
shows an overall negative bias, which can be seen in the daily
averaged values (Figure 5a). The large increase in SW at high
elevations during the morning (Figure 6a) is due to an east-
facing upper bowl of the glacier. The additional panel rows
on Figure 6 show the same results but for the change in
SW due to topographic shading and due to combined terrain

attributes, followed by the SW anomaly at 30 and 90 m for
each. We focus on the two largest terrain attributes, slope/aspect
and topographic shading, as they largely control the overall
combined change in irradiance. Although topographic shading
has the greatest impact during mid-morning, it influences most
glacier elevations throughout the day. Similarly, the bias at 30
and 90 m shows an overestimation of incident SW throughout
the day along most elevations. The combined results show an
overall estimation of SW irradiance throughout the day as
resolution is coarsened. While topography has a variable effect
throughout the day and along elevation, the greatest positive
SW bias generally occurs during warmer hours of the day
when modeling SW irradiance at coarser resolution. Similar to
the results for daily-average SW, the role of terrain and DEM
resolution varies between glaciers and differing times of the
year. However, these results illustrate that terrain attributes and
DEM resolution can impact modeled SW irradiance during the
peak energy flux of the day, and therefore can introduce bias in
modeled melt.

SW Bias Due to DEM Platform
With the availability of many 30-m DEMs for remote regions
of complex terrain, such as HMA, we also evaluate the SW
bias (anomaly) associated when modeling SW radiation
using different DEM products. Figure 7 compares the
combined SW bias of four different 30-m resolution DEMs,
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FIGURE 6 | Change in incident SW irradiance due to slope/aspect (a) for East Rongbuk Glacier (calculated with the 8-m HiMAT DEM). Sunrise (Sunset) occurs at
6:06 am (8:09 pm) local time on March 21, 2019 at this glacier. The y-axis shows the time stamp at 15 min intervals, starting at sunrise and ending at sunset. The
anomaly (or bias) introduced by the change in slope/aspect when modeling SW irradiance at 30-m DEM resolution, as opposed to 8-m resolution (b), and the bias
added to slope/aspect from modeling at 90-m resolution (c). The subsequent panel rows show the same change in irradiance and SW biases for topographic
shading (d–f) and combined terrain attributes (g–i). Values are aggregated into 50-m elevation bins and color scale changes in increments of ± 15 Wm−2.

relative to the 8-m HiMAT DEM. For convenience and
consistency, we show the results for East Rongbuk Glacier
and Lumsamba Glacier. SW bias values for East Rongbuk
Glacier (Figure 7A) show a mostly consistent positive bias
for most 30-m DEMs. SW biases from the SRTM and
ALOS DEMs show very similar values, while the biases
from the ASTER GDEM differ drastically at some elevations.
The bias from the downsampled 30-m HiMAT DEM is
most similar to SRTM and ALOS values, though smaller in
magnitude on average.

The SW bias values of the different DEM products for
Lumsamba Glacier show greater consistency and an overall
positive SW bias (Figure 7B). Again, bias values from SRTM
and ALOS are most similar, with ASTER having more variation.
When comparing values for all 10 glaciers (not shown here),
ASTER has more overall variation in SW bias as compared
with SRTM and ALOS, but rarely shows significant deviations
from these other products. Additionally, the fact that the 30-m
downsampled HiMAT DEM compares reasonably well to other
30-m DEMs suggests that our downsampling methods are likely
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FIGURE 7 | Modeled shortwave bias, relative to the 8-m HiMAT DEM, for each 30-m DEM product (i.e., ASTER GDEM, SRTM, ALOS, and coarsened 30-m HiMAT
DEM) on the East Rongbuk Glacier (A) and the Lumsamba Glacier (B) on March 21. An average daily overestimation of ∼50–60 W m-2 (∼20%) of incident SW
radiation is common across many elevations when resolution is coarsened to 30-m, with some glaciers exhibiting average biases upward of 90 W m-2 (∼30%).
Although the SW bias is mostly similar between DEM products, bias values from ASTER can vary drastically at some glacier elevations (A), however, ASTER is often
more consistent across all 10 glaciers, similar to B.

reasonable. Overall, modeling at a 30-m spatial resolution can
introduce a bias upward of+60 Wm−2 (∼20%) over the course of
a single day at some glacier elevations, and this result is generally
true for all DEM products tested here.

DISCUSSION

The results of this study strongly indicate that modeling the
variability of incident SW radiation in complex terrain requires
high spatial resolution in order to resolve the influence of
terrain attributes throughout the day. However, the overall
importance of terrain and the accuracy of modeling terrain
interactions with incident SW radiation will also depend on
other variables not directly addressed in this study, such as:
local topographic and meteorological conditions (esp. cloudiness
conditions), assumptions/parameterizations in the SW model,
and on the accuracy of the DEMs.

As sun angles vary throughout the day at a given location,
the influence of specific terrain attributes changes in magnitude
and sometimes sign. Slope/aspect and topographic shading
are the most variable and impactful terrain attributes that
modify daily SW radiation on glaciers in HMA (Figure 3).
These two terrain attributes vary drastically based on their
relationship with solar angles throughout the day, seasonally,
and between glacier valleys. While incorporating slope/aspect into
SW radiation models is fairly simple, correctly incorporating the
effect of shadows cast from surrounding topography requires
additional complexity; consequently, many energy balance
models incorrectly incorporate shading or do not include it at all
(Olson and Rupper, 2019). By comparison, diffuse sky irradiance
is more temporally consistent than slope/aspect or topographic
shading, as this terrain attribute mostly relies on static sky-view
factors across the glacier surface. Terrain-reflected irradiances

also depend on temporally static sky-view factors. However,
the magnitude of terrain-reflected irradiance is dependent
on the albedo of the surrounding terrain and other model
simplifications, which can vary more significantly over space
and time. Our assumption of a constant albedo of 0.45 is a
significant oversimplification in the model. While this represents
a reasonable value for the albedo of glacier ice (Gratton et al.,
1994), it certainly underestimates the albedo of surrounding
terrain in some locations and overestimates in others. However,
using an albedo of 0.30 and 0.60 only modifies the daily
mean change in terrain-reflected irradiance by ±3.3% with a
standard deviation of 1.4%. Thus the chosen albedo value is
unlikely to significantly impact the key result, that terrain-
reflected irradiances generally have a significantly smaller impact
on clear sky SW irradiance as compared to slope/aspect and
topographic shading.

While topography has a large effect on incident SW radiation,
the magnitude of this effect is dependent on the variability in
atmospheric conditions (which is not captured in this study). The
results in this study are based on a clear-sky solar radiation model;
however, incident SW is also impacted by atmospheric properties
and cloud cover, both of which can significantly diminish
the impact of terrain on SW radiation. For example, cloudy
conditions cause a lower intensity of direct beam irradiance to
be obstructed by surrounding terrain, lessening the importance
of topographic shading on a glacier’s surface. Despite some model
simplifications and assumptions, the big picture results are likely
robust. Specifically, terrain tends to reduce daily SW radiation at
a glacier surface; therefore, excluding terrain attributes will lead
to an overestimation in modeled energy and melt at the glacier
surface. Additionally, this study has application for fields beyond
the glacier community, as solar radiation is also an essential
variable in snow, ecosystem, and forestry modeling (Comola
et al., 2015; Baba et al., 2019; Wu et al., 2019).
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An overestimation of incident SW can also result from
modeling with coarser DEM resolutions, and this overestimation
can occur throughout the day. Coarsening DEM resolution,
on average, gives rise to a progressively larger positive bias in
incident SW (Figure 4A). However, a significant portion of error
is introduced on many glaciers even when downsampling from
8 to 30 or 90 m (Figures 4B,C). For example, the combined SW
bias at 30 m is quite large for some glaciers, suggesting that even
a decrease in accuracy of ∼22 m can seriously bias modeling
results. These SW biases are present at both lower and upper
elevations, and vary between glacier basins. Overestimating SW
radiation at lower elevations, where temperatures are higher and
melt is more likely to occur, can significantly change surface
energy balance modeling results and lead to overestimating melt
at the glacier surface. When modeling with very coarse DEM
resolutions (250 or 500 m), changes in incident SW radiation
due to terrain attributes are inadequately represented and can
introduce significant errors in SW radiation, and these errors
propagate into the modeled glacier mass balance and melt. The
modeled SW bias due to decreasing DEM resolution is primarily
due to changes in modeled slope/aspect and topographic shading,
once again highlighting the importance of these terrain attributes
for surface energy balance modeling. Additionally, we see that
there is a modeled bias in incident SW throughout the warmer
hours of the day (Figure 6) as DEM resolution is coarsened,
illustrating the importance of resolution for modeling melt.

When comparing the accuracy of modeled SW radiation
between DEM products, we see a mostly consistent positive
SW bias for all products relative to the higher resolution DEM.
The bias from the ASTER GDEM shows the most variation for
some glacier elevations, particularly at lower elevations, but is
overall similar to other products. Nascetti et al., 2017 found
that the accuracy of the SRTM DEM is generally more accurate
over flat terrain, whereas the accuracy of the ASTER DEM
performed better at steeper slope angles, which could explain
the variability we see on East Rongbuk Glacier. However, for
all 10 glaciers we generally see a consistent SW bias between all
DEM products, suggesting a similar accuracy in modeled SW for
most glaciers in this region. Importantly, the modeled SW bias
from the downsampled 30-m HiMAT DEM is consistent, though
smaller in magnitude, with other DEM products (Figure 7).
These consistencies validate our downsampling analysis, and the
lower magnitude of SW bias in the 30-m HiMAT DEM is likely
due to it being directly downsampled from the 8-m product.
In general, these results show that modeled SW radiation will
depend primarily on DEM resolution, and secondarily on the
DEM product. However, modeled SW radiation will also be
impacted by the accuracy of the DEMs, which is not directly
evaluated in this study.

CONCLUSION

In this study, we model direct, diffuse, and reflected SW
irradiance on 10 glaciers in the Everest region of HMA. We
compare the relative importance of slope and aspect, shading
by topography, and the sky-view factor on the incident SW

radiation, and assess the sensitivity of these results to DEM
resolution and platform. Overall, slope/aspect and topographic
shading have the greatest impact on daily incident SW, while
the sky-view factor (due to both diffuse sky and terrain-reflected
irradiances) contributes significantly less. The degree to which
these terrain attributes alter the modeled SW irradiances also
depends on the DEM resolution used. Modeling SW at 30-m
spatial resolution, as compared to the new 8-m HiMAT DEM,
can introduce a positive SW bias between 20 and 60 Wm−2

(∼7–20%) along some glacier elevations, which increases to
upward of 100 Wm−2 (∼33%) as resolution coarsens to
500 m. This bias is primarily driven by the error in estimating
topographic shading and slope/aspect at lower DEM resolutions,
and less by changes in the sky-view factor. For all glaciers in
this study, we demonstrate a systematic overestimation in daily
modeled SW radiation with decreasing DEM spatial resolution.
Additionally, we see that common 30-m DEM products can
introduce a significant bias in incident SW (+60 to + 90 Wm−2

or∼20 to 30%) at certain elevations compared to the 8-m HiMAT
DEM. These results can be utilized as a bias correction for
modeled incident SW in the region, or used to better constrain
uncertainty in model results. We also see that the positive
bias introduced when modeling incident SW at lower DEM
resolutions occurs throughout the warmer hours of the day,
which would lead to a higher bias in modeled melt. In summary,
correctly modeling the impact of terrain and utilizing high
spatial resolution, such as the 8-m HiMAT DEM, are essential to
accurately quantifying incident SW energy and melt on glaciers
in complex terrain.
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