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Since 2002, the headwaters of the Colorado River and nearby basins have experienced extensive changes
in land cover at sub-annual timescales. Widespread tree mortality from bark beetle infestation has taken
place across a range of forest types, elevation, and latitude. Extent and severity of forest structure alter-
ation have been observed through a combination of aerial survey, satellite remote-sensing, and in situ
measurements. Additional perturbations have resulted from deposition of dust from regional dry-land
sources on mountain snowpacks that strongly alter the snow surface albedo, driving earlier and faster
snowmelt runoff. One challenge facing past studies of these forms of disturbance is the relatively small
magnitude of the disturbance signals within the larger climatic signal. The combined impacts of forest
disturbance and dust-on-snow are explored within a hydrologic modeling framework. We drive the Dis-
tributed Hydrology Soil and Vegetation Model (DHSVM) with observed meteorological data, time-varying
maps of leaf area index and forest properties to emulate bark beetle impacts, and parameterizations of
snow albedo based on observations of dust forcing. Results from beetle-killed canopy alteration suggest
slightly greater snow accumulation as a result of less interception and reduced canopy sublimation and
evapotranspiration, contributing to overall increases in annual water yield between 8% and 13%. How-
ever, understory regeneration roughly halves the changes in water yield. A purely observation-based esti-
mate of runoff coefficient change with cumulative forest mortality shows comparable sensitivities to
simulated results; however, positive water yield changes are not statistically significant (p 6 0.05). The
primary hydrologic impact of dust-on-snow forcing is an increased rate of snowmelt associated with
more extreme dust deposition, producing earlier peak streamflow rates on the order of 1–3 weeks. Sim-
ulations of combined bark beetle and dust-on-snow produced little compounding effects, due to the rel-
atively exclusive nature of their impacts. Potential changes in water yield and peak streamflow timing
have important implications for regional water management decisions.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Colorado River Basin is an essential freshwater resource for
the southern Rocky Mountains and U.S. Southwest, providing
water supply to seven states and over 40 million people, and
irrigation to roughly 5.5 million acres of farmland (Deems et al.,
2013). The majority of water originates in the headwaters region
and hence hydrologic changes to this region will impact down-
stream water availability. In the past decade, bark beetle species
such as the mountain pine beetle (Dendroctonus ponderosae),
spruce (Dendroctonus rufipennis) and Ips beetles have grown from
endemic to epidemic levels, killing large areas of montane and sub-
alpine forests. Across western North America, Bark Beetle (BB)
related tree mortalities have affected an estimated 600,000 km2

of forested watershed since 1996 (Bentz et al., 2009). Following a
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severely dry year in 2002 (Pielke et al., 2005), bark beetles have
impacted more than 16,000 km2 in Colorado (Pugh and Small,
2012), or roughly 2/5 of the forested watersheds. Broad interest
has been lavished on the relationship of BB within forest ecosys-
tems owing to their visible impacts on a range of sectors, including
recreation, timber, fire risk, as well as water supply. Despite
increasing BB research in recent years, comparatively few studies
have examined the distributed impact of BB on hydrology over
large areas. Meanwhile, recent episodic dust-on-snow events have
been shown to alter snowmelt dynamics over a large portion of the
basin headwaters for which hydrology is snowmelt-dominated
(Deems et al., 2013; Painter et al., 2007, 2010, 2012a; Skiles
et al., 2012). This combination of landscape-level disturbances
raises the question of the relative magnitude of their effects and
possible interactions. The work presented here explores a range
of BB impacts together with dust-on-snow disturbances in several
catchments within the Colorado River Basin headwaters and Colo-
rado Front Range. Findings of local-impact studies using satellite
and aerial-survey data are spatially integrated within a hydrologic
modeling framework.

1.1. Bark beetles (BB)

Irrespective of geographical variations, the impact of BB infesta-
tions on a forest consists of five general stages. Here we describe
the stages of the mountain pine beetle, which impacted three of
the four study catchments, whereas the fourth catchment had min-
imal overall insect-related mortality. The first stage involves the
initial attack of the beetles, in which females bore through the bark
to the phloem and cambium region where the egg gallery is con-
structed (Alfaro et al., 2004). A beetle-borne fungus, the primary
agent of mortality, produces a blue stain in the sapwood drastically
disrupting water and sap flow in as short as ten days post-infesta-
tion (Hubbard et al., 2013). The second stage of impact, termed
red-phase, begins with the onset of tree death (i.e. loss of transpi-
ration) and lasts approximately one to three years as needles
change in color from green to yellow to red, usually beginning in
the tree crown (Wulder et al., 2006). Through the course of the
red-phase, needles drop from the trees and reduce effective albe-
dos of the cold-season snowpacks (Pugh and Gordon, 2012).
Hydrologically important changes due to red-phase trees include:
reduction in snow albedo due to needle litter, cessation of root
water uptake and transpiration, reduction in canopy coverage
and effective leaf area for moisture interception and radiative
diffusion.

The end of red-phase is marked by complete needle loss, which
marks the start of gray-phase, where trees appear as ‘‘skeletons’’
with only trunks and branches (Pugh and Gordon, 2012). The
hydrologic alterations associated with the gray-phase include:
recovery of sub-canopy snow albedo relative to red-phase due to
cessation of needle litter (Boon, 2007; Pugh and Small, 2012), sub-
stantial loss of overstory canopy area leading to reduced canopy
interception, decreased canopy snow sublimation, increased sub-
canopy wind speeds, and greater radiation transmission through
a diminished canopy (Pugh and Gordon, 2012). The gray-phase
can last between roughly 4 and 20 years (Lewis and Hartley,
2006) before significant decay occurs. Enhanced regeneration of
the understory has been observed progressively through the
gray-phase, driven by water availability and sunlight exposure
for the existing and new saplings (Collins et al., 2011).

Under unmanaged conditions, the gray phase may conclude fol-
lowing several different scenarios, such as increased risk for blow-
down due to high winds and increased likelihood of fire due to
higher fuel availability, although the latter has been disputed.
Simard et al. (2011) showed that for lodgepole pine just north of
the Colorado River Basin boundary (i.e. in Yellowstone National
Park, USA), that BB outbreaks may reduce the probability of active
crown fire in the short term by disconnecting adjacent tree crowns.
The fourth and fifth stages are therefore concerned with degrada-
tion of dead biomass and complete regeneration of new forest,
respectively. Given the broad range of uncertainties in these pro-
cesses and their time horizons, the focus of this study is restricted
to the impacts of the red and gray phases of BB infestation.

While there has been an abundance of stand-level work in bee-
tle-kill forests, very few studies have attempted to spatially inte-
grate BB impacts over larger scales (i.e. an entire catchment).
Availability of satellite and remote sensing products over multi-
year periods has enabled broader scale evaluations. For example,
O’Halloran et al. (in press) used the Moderate Resolution Imaging
Spectroradiometer (MODIS) imagery together with in situ observa-
tions to estimate changes in radiative forcings caused by BB tree
mortality. Hicke and Jenkins (2008) used USDA Forest Service
satellite classification to assess forest stand susceptibility to BB
mortality. Other studies have used aerial (Ciesla, 2006; Meddens
et al., 2011) or satellite imagery (White et al., 2005; Hicke and
Logan, 2009; Dennison et al., 2010; Buma et al., 2013) to classify
temporal patterns of BB into either total severity or into red and
gray phases.

Another means to evaluate spatial impacts of BB on hydrology
has been through modeling studies. Hydrologic modeling offers
an attractive approach to assessing impacts, since it overcomes
incongruences of paired-watershed studies (e.g. Bethlahmy,
1974; Stednick and Jensen, 2007), in effect making each watershed
its own control, and also enables the integration of multiple
streams of data, including meteorological, land cover, and geomor-
phic data. Recently, studies such as Alila et al. (2009) and Bewley
et al. (2010) in British Columbia, Rudolph (2012) in Wyoming,
Mikkelson et al. (2013), and Perrot et al. (2014) in Colorado, have
simulated areal extents and severity of BB impacts.

1.2. Dust-on-snow

Rocky Mountain regional hydrology is dominated by the accu-
mulation and melt of seasonal snowpacks. The energy exchange
between the snowpack and the atmosphere, which governs the
rate of snowmelt, is predominantly dictated by solar irradiance
(Cline, 1997). Recent investigations have quantified snowmelt tim-
ing and runoff impacts due to perturbation of the mountain snow-
pack surface energy balance by deposition of mineral dust from
regional dryland sources (Deems et al., 2013; Painter et al., 2007,
2010, 2012a, 2012b; Skiles et al., 2012). Dust loading strongly
reduces the snow surface albedo, thus increasing absorption of
incident solar radiation and influencing snowmelt runoff magni-
tude and timing. The aforementioned studies estimated hydrologic
impacts of dust loading via point models and a relatively coarse-
resolution distributed model (i.e. 12 km grid cells) informed by
in situ measurements. All of the studies detail earlier peak stream-
flow associated with increasing dust loading. The full basin-scale
modeling studies suggest decreasing annual water yield with
increasing dust due to increased evaporative losses. Deems et al.
(2013) suggest that dust-on-snow impacts may be further exacer-
bated by projected climate change. Unlike BB impacts, which are
restricted to specific forest stands, dust-on-snow impacts are more
spatially widespread.

It is hypothesized that BB-infestations may enhance the hydro-
logic impacts of dust-on-snow, since BB-related canopy reductions
could increase the radiative exposure of sub-canopy snowpack and
subsequently amplify the effect of dust-on-snow-driven snow
albedo changes. Therefore, the objective of this work is to examine
catchment-scale hydrologic response due to BB-induced altera-
tions to forest structure, specifically during the red and gray
phases, and to dust-on-snow influence on snow albedo. We
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consider several forest disturbance scenarios that include remote-
sensing-estimated outbreak patterns, as well as a hypothetical
maximum understory regeneration scenario. We further combine
the hydrologic impacts from the BB scenarios with several snow
albedo scenarios representing various dust-on-snow loads in order
to quantify their relative contributions to snowmelt perturbations
separately and in combination. Catchment-scale (i.e. <500 km2)
sensitivities are presented using the Distributed Hydrology Soil
and Vegetation Model (DHSVM; Wigmosta et al., 1994). Finally,
an exclusively observation-based analysis is conducted (BB only)
upon which modeling results are contrasted.
2. Methods

We used aerial survey, satellite, and in situ data to inform the
DHSVM model of static and dynamic land cover states, dust-on-
snow loading scenarios, and meteorological forcings. Model out-
puts were calibrated against streamflow observations once per
basin before assessment of disturbance sensitivities, so that sensi-
tivities could be expressed within the range of observed response.
The simulations that are compared and discussed include: (i) veg-
etation disturbance scenarios of BB-driven canopy impacts—with
and without understory regeneration—versus an undisturbed
(full-canopy) case, and (ii) dust-on-snow scenarios for three load-
ing severities—the same loading prescribed across all years—versus
the most realistic, time-varying case, that uses a different dust sce-
nario for each year.
2.1. Catchment description

Four study catchments were chosen on the basis of minimal
anthropogenic disturbance, i.e. reservoir diversion and irrigation.
Fig. 1. Location of study catchments (red delineation) against elevation and the bounda
color in this figure legend, the reader is referred to the web version of this article.)
Further, these catchments provide a range of climatologies, vegeta-
tion coverage, BB impacts, and dust-on-snow severities. Fig. 1
depicts the relative location of each catchment within the upper
Colorado River Basin and Table 1 lists important characteristics.
All catchments have snowmelt-dominated hydrology, character-
ized by a broad period of peak streamflow each year associated
with snowmelt runoff. The fraction of each catchment impacted
by beetle kill varied among catchments (Fig. 2) such that differing
cumulative hydrologic sensitivities were anticipated. Descriptions
of tree mortality observations together with parameterization of
mortality into DHSVM are provided in Section 2.3.

2.2. DHSVM description and modeling approach

DHSVM was developed to simulate hydrologic processes in
mountain catchments with relatively steep slopes, and has been
applied over catchments on the order of 100–10,000 km2, although
typical implementations are for watersheds with areas less than
1000 km2 (Carrasco and Hamlet, 2010). The model consists of a
two-layer canopy representation for evapotranspiration (ET) and
energy transfer, a two-layer energy balance model for snow accu-
mulation and melt, a multilayer unsaturated soil model and a sat-
urated subsurface flow model. DHSVM explicitly accounts for slope
and aspect in characterizing shortwave and longwave radiation
within the surface energy budget. The range of DHSVM inputs
can be subdivided into three general categories: (i) land surface
maps of vegetation, soil texture, geology, and topography (includ-
ing monthly solar shading maps) and (ii) specification of coeffi-
cients and parameters for the various classes of land surface
features and related processes; and (iii) timeseries of meteorolog-
ical data (described in Section 2.6).

Notable developments of the DHSVM vegetation scheme were
made by Storck et al. (1995, 1998), Wigmosta and Perkins
ry (black) of the upper Colorado River Basin. (For interpretation of the references to



Table 1
Characteristics of the four study catchments.

Fish Cr. Boulder Cr. Snake R. Uncompaghre R.

Gauge location Steamboat springs Orodell Montezuma Ridgeway reservoir
USGS I.D. 09238900 06727000 09047500 09146200
Drainage area (km2) 67 274 150 386
Mean elevation (m) 2830 2770 3450 3125
Total relief (m) 1232 2397 1550 2422
Model grid length (m) 100 150 100 150
Coniferous area (%)a 49.9 66.0 48.6 35.2
Dominant geology (%) Andesite (34.0%) Glacial Drift (43.1%) Intrusive Igneous (56.2%) Metasedimentary and Metavolcanic (62.4%)
Mean annual precipitation 2000–2011 (mm) 1181 655 693 674

Meteorological Observation Tower Dry Lake Niwot Ridge Lake Eldora Grizzly Peak Dillon Red Mtn. Pass Idarado
Category SNOTEL SNOTEL SNOTEL SNOTEL SNOTEL Co-op SNOTEL SNOTEL
Elevation 3200 2560 3021 2957 3383 2763 3414 2987
Latitude (�N) 40.5374 40.5339 40.0352 39.9368 39.6333 39.6261 37.8918 37.9339
Longitude (�W) 106.6768 106.7813 105.5442 105.5896 105.8667 106.0353 107.7134 107.6755

a Represents the catchment area with land-cover susceptible to BB.

Fig. 2. Depiction of land cover classifications for each study catchment in addition to cumulative BB mortality as of 2011 based on the Ciesla (2006) aerial surveys; similar
maps were used for each year in the range 2002–2011.

B. Livneh et al. / Journal of Hydrology 523 (2015) 196–210 199
(1998), Bowling et al. (2000), and La Marche and Lettenmaier
(2001). As such, the model allows for specification of monthly
snow-free albedo and LAI for both overstory and understory layers
(Table 2), as well as specification of rooting depths and stomatal
resistance. In this way, the parameters needed for characterizing
BB and dust-on-snow impacts are included the model.
2.3. Model characterization of BB impacts

To characterize the spatial extent and severity of BB impacts,
tree mortality and BB phase maps were obtained from the United
States Forest Service (USFS) aerial survey data created from
annual flights conducted across the Southern Rocky Mountains



Table 2
DHSVM land cover classification and source information for parameter derivation via either pedo-transfer function or calibration.

Parameter Pre-disturbance Disturbance range Source

Vegetation classification National land cover database, 30 m
spatial coverage

– Fry et al. (2011)

Overstory Leaf Area Index
(LAI)
Needleleaf evergreen (–)

4.0 2.4–3.8G Kaufmann et al. (1982) and Pugh and
Small (2012)

Fractional coverage of forest
canopy (–)

75% 0.61–0.72G

Understory LAI (–) 0.5 1.5RE MCD 15A2, 1 km spatial resolution, Buma
et al. (2013)

Beetle kill severity – USFS polygons including trees per acre red
and gray phases.

Ciesla (2006) and Meddens et al. (2011)

Change in needle-litter snow
albedo (–)

– 1–9%R Pugh and Small (2012)

Dust-on-snow albedo decay Time dependent decay function Based on low, moderate, extreme dust Deems et al. (2013)

G Gray Phase.
R Red Phase.

RE Regeneration Scenario.

Fig. 3. Annual time series of BB mortality for each catchment from the USFS aerial
surveys (Ciesla, 2006). Severity is shown in term of the mean trees per hectare in
either red or gray phases (left vertical axis), and percentage of basin area with non-
zero beetle mortality (right vertical axis). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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(Region 2, data available at: http://www.fs.usda.gov/main/r2/land-
management/gis). Areas of mortality were mapped by trained
observers, with density estimates of trees killed in the previous
year (in terms of trees/acre) from a low altitude airplane (Ciesla,
2006). Accuracy depends on the scale of investigation and resolu-
tion, since estimates represent hand-drawn polygons on topo-
graphical maps. Point level accuracy was only 61.1% (in terms of
mapped mortality to ground-truth data), but allowing for 500 m
of error tolerance, accuracy improved to 78.6% (Johnson and
Ross, 2006). Thus, these data are appropriate for watershed-scale
investigations; however, limitations in the underlying data should
be noted. The annual mapped polygons were reprojected to a
250 m raster using a nearest neighbor approach. The 250 m projec-
tion scale was chosen as a compromise between fine spatial reso-
lution and representative accuracy of the mortality estimates, since
finer spatial resolutions resulted in greater potential error rates.
Given its comparatively longer duration of impact (>five years),
gray phase exhibited consistent increases in both severity and spa-
tial extent over time. Conversely, red phase prevalence was more
variable, including decreases associated with conversion to gray
phase on shorter time scales (<three years). The temporal history
of red and gray phase severity and total-affected-area varied in
each catchment. These complex temporal and spatial patterns of
infestation challenge the detection of hydrologic responses in
observed streamflow data (e.g. Bearup et al., 2014), necessitating
our model sensitivity approach.

The two-layer DHSVM vegetation model was used to character-
ize BB forest impacts (Table 2) primarily through reductions to
canopy LAI following the annual progression of BB impacts. LAI
within DHSVM includes stem areas and effectively indexes canopy
processes that (i) intercept precipitation, (ii) attenuate downwel-
ling shortwave radiation and exchange longwave radiation with
the understory, and (iii) modulate transpiration. Pre-disturbance
LAI values for conifer species were assigned based on representa-
tive values for the Central Rocky Mountains (Kaufmann et al.,
1982). The change in maximum annual LAI between green, red,
and gray stages was examined using both satellite and in situ
data—the ranges of disturbance values are listed in Table 2. Satel-
lite estimates of canopy LAI before and after disturbance were
obtained from MODIS (product MCD15A2, 1 km spatial resolution).
Despite their relatively coarse resolution, MODIS LAI values
matched well with in situ green and red phase estimates (Buma
et al., 2013). However, during gray phase there was appreciably
less correspondence between satellite and in situ data sources,
due in large part to the mixing of overstory and understory LAI
in the satellite imagery. Therefore, MODIS LAI was used only to
verify the upper bound of LAI, but could not be used for more
detailed estimates of LAI progression with increasing insect
mortality. Relative changes in LAI from green-to-gray phases were

http://www.fs.usda.gov/main/r2/landmanagement/gis
http://www.fs.usda.gov/main/r2/landmanagement/gis


Fig. 4. Observation-based snow-albedo decay curves for moderate dust (MD), low
dust (LD), and extreme dust (ED) deposition scenarios, where solid lines denote
accumulation (Acc) season and dashed lines are for melt season (Melt) [adapted
from Deems et al., 2013].
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prescribed based on the local measurements of Pugh and Small
(2013), who found an approximate 40% reduction in canopy LAI
due to beetle impacts.

Beginning in 2002, DHSVM simulations for each water year
were prescribed a different vegetation map according to BB distur-
bance severity from aerial survey data (e.g. Figs. 2 and 3) through
subdividing impacted areas into discrete disturbance classes. Each
disturbance class was assigned characteristics within the ranges
listed in Table 2. Using binning increments of 5 dead trees per acre
from the aerial data (12.5 dead trees per hectare) for both red and
gray phases resulted in nine increments of severity for each phase
and a combined total of 81 disturbed vegetation classes from
which to linearly interpolate disturbance between values in Table 2
(8 red-phase disturbance classes + undisturbed red-phase = 9 red
phase severities; 8 gray-phase disturbance classes + undisturbed
gray-phase case = 9 gray phase severities, for a total of 9 � 9 = 81
combinations). For example, in the gray phase, the range of LAI is
between 2.4 and 3.8, and canopy fractional coverage varies
between 61% and 72%, such that a model pixel with the maximum
(minimum) gray phase disturbance severity, i.e. >100 trees/ha
(612.5 trees/ha) would be assigned an LAI of 2.4 (3.8) and a frac-
tional coverage of 61% (72%). For each class, BB-related changes
were made to both the physical canopy structure, as well as the
biological function of the canopy, e.g. transpiration. For the case
of LAI, the maximum LAI (pre-disturbance) was obtained from
Kaufmann et al. (1982), while the minimum (post-disturbance)
of 40% reduction was from Pugh and Small (2013)—see Table 2
for further descriptions. Transpiration was reduced within each
of the eight severity classes through scaling the vapor pressure def-
icit threshold at increments proportional to LAI-reductions. Pendall
et al. (2010) observed a diminishing sensitivity of transpiration to
vapor pressure deficit after beetle kill, with appreciable transpira-
tion occurring only for the periods of greatest vapor pressure def-
icit. As stated above, canopy fractional coverage – largely affecting
shortwave radiation transmittance – was reduced from 75% to 61%
for gray phase following Pugh and Small (2012) based on the eight
increments of disturbance severity.

The combination of fractional coverage and canopy LAI changes
produced an initial estimate for the change in simulated canopy
transmittance of approximately 5.5% between full-canopy and
gray-phase BB scenarios. Canopy transmittance, T, is expressed as:

T ¼ SWdown;understory

SWdown;canopy
ð1Þ

where SWdown,understory is the downwelling shortwave radiation
reaching the understory and SWdown,canopy is the downwelling short-
wave incident upon the canopy. DHSVM was configured to compute
transmittance following a simplified Beer’s law formulation
(Nijssen and Lettenmaier, 1999), such that:

SWdown;understory ¼ SWdown;canopy � expk�LAI ð2Þ

where k is the radiation attenuation parameter, accounting for all
canopy structural effects. Nijssen and Lettenmaier (1999) suggest
that this parameter does not have a priori values, and recommend
adjusting this parameter to match available observations. Bewley
et al. (2010) manually adjusted k for the gray phase of a BB infesta-
tion in British Columbia, Canada, to more closely match observed
changes in canopy transmittance. In this study, k was adjusted man-
ually from 0.15 to 0.14, in order to increase simulated transmittance
from 5.5% to the 6.8% reported value of Pugh and Small (2012). Dur-
ing snow covered periods, needle litter from red phase BB-impacts
was parameterized through a reduction in understory snow albedo
following the observational results of Pugh and Small (2012). A
decrease in needle-related snow albedo of between 1% and 9%
was applied for red phase only, based on the severity classes
described above (e.g. the least severe disturbance, 612.5 trees/ha
is assigned 1%, and the most severy, >100 trees/ha assigned 9%)
and applied independent of any dust-on-snow related albedo
changes.

Understory regeneration was simulated here through a single
case considering maximum regeneration to represent a strong
recovery end-member. The maximum regeneration LAI value was
inferred by contrasting gray-stage plot data collected by Pugh
and Small (2012) with concurrent MODIS LAI data over those same
plots. Understory LAI for this scenario was estimated following the
assumption that MODIS LAI identified during the gray phase
(observed at 1.5) by Buma et al. (2013) was almost entirely due
to understory vegetation, which was confirmed by Pugh and
Small (2013), who visited each plot and confirmed gray stage con-
ditions. Further, this regeneration of the understory is consistent
with the findings of Romme et al. (1986), who found a threefold
increase in growth for residual understory trees in the decade fol-
lowing overstory loss. An important caveat with this assumption is
that the MODIS LAI is based on surface reflectance and biome-spe-
cific algorithms, coupled with pre-defined lookup tables that may
not include the full range of vegetation reflectances observed by
MODIS.
2.4. Model characterization of dust-on-snow impacts

Dust-on-snow was parameterized following Deems et al. (2013)
in which the default DHSVM albedo decay curves (USACE, 1956)
were adjusted to fit observations of broadband snow albedo time
series in water years of low (LD), moderate (MD), and extreme dust
(ED) forcing (Fig. 4). As discussed by Deems et al. (2013), these
curves were derived using in situ observations from the Colorado
River, noting the high tail of the ED curve during accumulation sea-
son was an artifact of the 2 years of extreme dust to fit those data
(2009, 2010). It should be noted that during this time of year the
impact of shortwave radiation on snowmelt is minimal due to
lower sun angle and frequent storms, i.e. the tail of the accumula-
tion curve is rarely experienced. Albedo decay curves prescribe an
initial, clean snow albedo (0.85) for new snowfall, with subsequent
albedo decrease with time following the snowfall event. Refreshing
the snow albedo to 0.85 following new snow events represents a
source of uncertainty, since it does not account for the extinction
depth of radiation, where a thin layer of fresh snow may only
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partially cover a darker underlying snowpack. Separate curves are
used for accumulation and melt season, to accommodate more
rapid albedo decay in the melt season due to snow grain metamor-
phism, which can be thought of as dry and wet snow albedos,
respectively. Superposition of snow albedo modification was
applied independently of forest disturbance effects on snow
albedo, i.e. needle litter. Consistent with previous studies (Painter
et al., 2012a; Deems et al., 2013) it is acknowledged here that pre-
scribing a single dust scenario curve for each water year represents
in important source of uncertainty and a physical simplification of
the complex spatiotemporal dust deposition patterns, which in
reality are associated with individual storm events. Table 3 shows
the annual dust-on-snow severity time series used for each catch-
ment, which defines the most realistic dust scenario, prescribed
using a combination of qualitative in situ evidence (http://www.
codos.org/#updates) as well as through the dust-on-snow radiative
loading recorded from the MODIS Dust Radiative Forcing in Snow
(MODDRFS) product (Painter et al., 2012b).

2.5. Soil parameter estimation

It has been suggested that for relatively steep mountain catch-
ments, preferential flowpaths (e.g. macropores, pipes) and rapid
subsurface flow are the dominant flow mechanisms, making the
lateral soil conductivity, Kh, the most important soil parameter
governing runoff generation in DHSVM (Whitaker et al., 2003).
Experimental studies (e.g. Brooks et al., 2004) have shown that
Kh is maximum near the soil surface and decreases exponentially
with depth. A two-parameter analogue is followed in DHSVM,
which is applied across three soil layers, with a total depth of
between approximately 0.9 and 2.5 m, derived by local slop, ups-
lope area, and elevation. Maximum Kh is assumed to occur at the
land surface, with a decay parameter, f, that exponentially
decreases Kh with depth, d, such that:

KhðdÞ ¼ Kh;maxexpð�fdÞ ð3Þ

Therefore, the two critical calibration parameters were Kh and f. A
simple Monte Carlo procedure was used to sample Kh and f within
a range of 2 orders of magnitude for each catchment, which follows,
since these parameters do not have a clear ‘‘default value’’, but are
commonly estimated, or calibrated, in the literature. The range of Kh
Table 3
Temporal sequence of dust loading scenarios used for the ‘time varying’ case, where classifi
et al., 2013 classification scheme.

2000 2001 2002 2003 2004 2

Fish MD MD ED MD MD L
Boulder LD LD ED MD MD L
Snake LD LD ED MD MD L
Uncompahgre MD MD ED MD MD L

Table 4
DHSVM model soil parameters distributed across each watershed, including those derived

Input field Description

Soil classification STATSGO 1:250,000 scale pol
Model Soil Parameters Derived to model grid resolu
Basin-specific parameter mean values Fish Cr.
Vertical hydraulic conductivity Kv (10�4 m/s) 0.261
Porosity (–) 0.424
Wilting point (–) 0.126
aHorizontal hydraulic conductivity, Kh (10�4 m/s) 2.644
aExponential decay parameter, f (–) 2.89

a Values obtained from calibration.
values were estimated as a function of the vertical soil hydraulic
conductivity (Kv). Wigmosta et al. (1994) determined Kh from cali-
bration as 100 times Kv; Vertessy et al. (1993) found optimal Kh val-
ues at 10 times Kv, while Brooks et al. (2004) experimentally found
Kh to be 13.7 times Kv. Therefore Kh was varied between 2 and 200
times Kv during the search procedure. The range of f values were
obtained from surveying the literature on DHSVM, with f = 0.2
(Wigmosta et al., 1994), f = 1.4 (Stonesifer, 2007), f = 2.0 (Whitaker
et al., 2003), f = 4.5 (Thyer et al., 2004), such that f was allowed to
vary from 0.1 to 10. Other soil parameters were estimated via soil
texture relationships (references and details included in Table 4),
including porosity, wilting point, and vertical hydraulic conductiv-
ity, Kv.

To select the final parameter values for f and Kh, an objective
function minimizing differences between simulated and observed
daily streamflow was selected following the daily Nash Sutcliffe
efficiency (Nash and Sutcliffe, 1970), NSE:

NSE ¼ 1�
Pn

t¼1 xs;t � xo;tð Þ2
Pn

t¼1 xo;t � lo

� �2 ð4Þ

where xo,t and xs,t are the observed and simulated values at each
time-step, lo is the observed mean and n is the total number of
time-steps, where 3-hrly model outputs were aggregated for daily
comparison. An NSE value of 1 corresponds to a perfect model,
while any value less than 0 describes a model that performs worse
than simply using lo as the predictor. For top-performing simula-
tions with similar NSE, the annual water balance ratio was used
as a secondary metric (i.e. a component of NSE) to select among
parameter sets.

During the parameter search, the dust-on-snow and vegetation
parameters that were used corresponded to the prescribed annual
time series of dust-on-snow severity (Table 3; Section 2.4) and BB
disturbance (Fig. 3; Section 2.3). This simplification was made to
keep the numerical problem tractable, given that extensive multi-
ple-scenario calibrations are not the focus of this research. Forego-
ing additional calibration for each disturbance scenario allowed
sensitivities to be reported from the disturbance mechanisms
themselves (i.e. BB and dust-on-snow), rather than masking these
responses by using different combinations of calibration soil
parameters for each case.
cations of low (LD), moderate (MD), and extreme dust (ED) loadings follow the Deems

005 2006 2007 2008 2009 2010 2011

D MD MD MD MD ED LD
D MD MD MD MD ED LD
D MD MD MD ED ED LD
D MD MD MD ED ED LD

from pedo-transfer functions.

Reference

ygons applied over model grids. Schwarz and Alexander (1995)
tion using pedo-transfer functions Zacharias and Wessolek (2007)

Boulder Cr Snake R Uncompahgre R
0.393 0.277 0.453
0.447 0.442 0.431
0.131 0.121 0.103
5.704 2.840 6.010
2.28 1.84 2.53

http://www.codos.org/#updates
http://www.codos.org/#updates


Fig. 5. Mean daily time-series (2000–2011) for the four study catchments including
observed flows, three synthetic dust scenarios in which each scenario was run for
all years of low, moderate, and extreme dust, as well as a ‘time varying’ dust
scenario—i.e. the calibration case in which the most likely dust scenario was run for
each year and basin, based on observational and remote sensing evidence described
in Section 2.4.
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2.6. Meteorological input data

The meteorological data were obtained from the two observing
stations in each basin and prepared following the recommenda-
tions of Livneh et al. (2014), which analyzed the same catchments
as this study and focused on precipitation issues. In summary,
gauge-observed daily precipitation, maximum and minimum tem-
peratures were interpolated to each model grid from which other
driving data for DHSVM were estimated. The major uncertainties
in the meteorological data pertain to (i) precipitation undercatch,
and (ii) the method for spatially distributing gauged precipitation.
For complete details beyond the following description the reader is
referred to Livneh et al. (2014).

Cold-season precipitation undercatch was minimized by con-
trasting recorded gauge precipitation with the snow pillow snow
water equivalent (SWE) at SNOTEL stations. Discrepancies were
resolved in favor of SWE, using a seven-day averaging window to
account for jumps in the data. To distribute precipitation to all
model grid cells within each catchment, the Parameter-elevation
Regressions on Independent Slopes Model (PRISM; Daly et al.,
1994) approach was ultimately selected after a comparison with
a SWE reconstruction product (Molotch, 2009), interpolation, and
an orographic precipitation rate. Despite the promise shown by
the SWE reconstruction in distributing precipitation, it was most
effective only when applied using the actual reconstructed SWE
values, which ignores gauge precipitation magnitude and uses
the gauge record only to temporally disaggregate precipitation,
i.e. an estimate of precipitation frequency. Hence, it was elected
to use the monthly PRISM product, to preserve gauge precipitation
information in the analysis.

Beyond precipitation, DHSVM requires meteorological inputs
including downwelling shortwave and longwave radiation, air
temperature, and wind speed. Surface air temperature was
obtained directly from the observation stations and lapsed with
elevation (6.5 �C/km), whereas wind speed was obtained from
the North American Regional Reanalysis (NARR; Mesinger et al.,
2006). Similar to Livneh et al. (2014), the Mountain Microclimate
Simulation Model (MT-CLIM) version 4.3 (Thornton et al., 2000)
model was applied to estimate the full suite of inputs using only
daily precipitation, minimum and maximum temperatures.
Livneh et al. (2014) conducted comparisons of derived humidity,
downwelling shortwave and longwave radiation with energy bud-
get towers at Niwot Ridge Long Term Ecological Research site
(Boulder Cr., http://culter.colorado.edu/NWT/) and Senator Beck
Basin (Uncompaghre R; www.snowstudies.org). They computed
small net biases, but larger mean absolute errors, suggesting that
derived quantities represent long-term (i.e. >daily) forcing well,
but would not capture larger sub-daily anomalies.

3. Results and discussion

The experimental results consist of three stages evaluating sim-
ulated hydrologic sensitivities of dust-on-snow, BB, and combined
impacts, followed by a brief comparative analysis using observa-
tional evidence of BB impacts. The importance of experimental
assumptions and uncertainties are weighed and a general discus-
sion follows.

Model calibration was done for only the single most realistic
dust (time-varying) and BB (annual disturbance maps) case for
each basin, such that simulated sensitivities could be expressed
near the range of observed hydrologic response. Supplemental
Fig. A1 illustrates the impact of the calibration parameter search
on streamflow for each basin, which highlights strengths and
weaknesses in the modeling system. For the final calibrated model,
daily NSEs of greater than 0.8 were obtained for three of the four
catchments (NSE for Fish Cr: 0.85; Boulder Cr.: 0.76; Snake R.:
0.82; Uncompahgre R.: 0.82). Moriasi et al. (2007) categorize NSE
values greater than 0.65 with ‘good’ hydrologic model performance
and values greater than 0.75 as ‘very good’ on a monthly time scale,
such that the daily values reported here would be considered ‘very
good’ since NSE tends to be higher on monthly versus daily time
steps for the annual time.

3.1. Dust-on-snow Impacts

The mean daily hydrographs of the low, moderate, and extreme
DHSVM dust-on-snow scenarios (Fig. 4) reveal a strong influence of

http://www.culter.colorado.edu/NWT/
http://www.snowstudies.org


Table 5
Streamflow and snow disappearance properties averaged over 2000–2011 water years for the 4 catchments prescribing low dust (LD), moderate dust (MD), and extreme dust (ED)
for all years, contrasted against the ‘time-varying’ scenario in which the dust loading prescribed for each year was based on MODDRFS and in situ measurements (described in
Section 2.4); the date at which 10% of peak SWE catchment-wide, Snow Disappearance-10 (SD-10), was selected as measure of basin-wide melt since some catchments have a
small permanent snowpack in certain years; the NSE values reported are for the ‘time-varying’ case which was calibrated to observed daily streamflows.

Centroid of streamflow (DOY) Date of peak flow (DOY) Water Yield (106 m3) SD-10 (DOY)

Fish Time-varying 159.3 154.3 62.70 176.4
LD 166.4 161.8 62.19 183.7
MD 158.9 153.0 62.76 175.8
ED 153.3 148.1 63.53 168.3

Boulder Time-varying 169.9 170.4 57.24 185.8
LD 176.3 173.8 57.04 194.3
MD 168.1 166.3 57.35 183.2
ED 159.4 155.9 58.19 175.9

Snake Time-varying 168.3 173.5 56.10 166.4
LD 175.9 183.8 56.32 173.3
MD 166.4 174.7 55.68 163.9
ED 158.2 163.8 56.75 157.8

Uncompahgre Time-varying 150.6 160.3 141.11 164.9
LD 163.0 171.7 138.42 179.7
MD 150.4 162.7 140.54 164.8
ED 145.3 157.3 143.12 159.7

Fig. 6. Annual series (2002–2011) of BB sensitivities the four study catchments
with the percentage decrease in ET shown as the difference between the pre-
disturbance, i.e. full-canopy case, and the time-varying BB disturbance case
described in Section 2.3. The total height of the bar denotes the total water year
(i.e. the period from 1 Oct. to 30 Sep.), while differences with the contribution from
the snow-season contribution presented (red bar) in front. The multi-year average
values for total water year and snow-season are shown as a dotted lines. The
distinction of the snow-season for ET was defined as any period where basin-wide,
average SWE >1 cm, given the importance of snow cover to ET mechanisms. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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dust-on-snow on snowmelt and peak runoff timing (Fig. 5). For
these hypothetical cases, the same dust-on-snow scenario was
run every water year, and compared to the calibrated ‘time-vary-
ing’ case, in which a different dust-on-snow scenario was selected
each year based on observations and remote sensing, described in
Section 2.4. Moving from the low to moderate to extreme dust-on-
snow scenarios, timing of peak flow exhibits a clear shift as antic-
ipated, with changes in peak timing date on the order of two to
three weeks (13–20 days), where shifting from low to moderate
dust had smaller variance in timing changes (8–9 days) than shift-
ing from moderate to extreme (5–11 days). On average, the time-
varying dust-on-snow case follows the moderate dust-on-snow
case most closely, suggesting that moderate dust-on-snow may
be a suitable estimate for average climatological conditions during
the study period, in agreement with prior findings (Bryant et al.,
2013; Deems et al., 2013).

Both the average date of peak flow and flow centroid (date at
which 50% of annual flow has passed the stream gauge) move ear-
lier into the year with increasing dust-on-snow, however they do
not move monotonically with each dust-on-snow scenario
(Table 5). Conversely, simulated water yield is much less sensitive
to dust forcing and exhibited varying direction of sensitivity sign
changes for one of the four catchments. Even the largest water
yield sensitivities between dust scenarios, i.e. for the Uncompahgre
R., are still relatively small (<2%). Although timing changes are con-
sistent with previous research, the three catchments that show
increasing water yield with increasing dust-on-snow are of oppo-
site sign to the results of Painter et al. (2010) and Deems et al.
(2013). Both of these studies were conducted at a much coarser
model grid resolution (12 km grid cell) for the entire upper Colo-
rado River basin. Catchment terrain geometry (e.g. slope and
aspect) and vegetation cover may be responsible for this difference,
resulting in varying sensitivity to dust-on-snow impacts on evapo-
transpiration and thus runoff volume among different headwaters
catchments. DHSVM incorporates these features – slope and aspect
– whereas the VIC model (Liang et al., 1994) used in the aforemen-
tioned studies assumes no within-grid aspect bias. DHSVM explic-
itly models the horizontal connectivity of adjacent grid cells for
flow routing, allowing lower elevation cells to become saturated
from headwater snowmelt, whereas the VIC model routing is a
post-processing step. Despite this apparent disagreement with
previous research, it is worth noting that none of the water yield
changes shown here were found to be statistically significantly dif-
ferent from zero following a t-test (p 6 0.05).
Since the primary action of dust-on-snow is on snowmelt rates,
a metric of snow disappearance (SD) is tabulated in Table 5
describing the date at which 10% of post-peak snowpack remains
catchment-wide (SD-10); this metric is less-sensitive to grid cells
with permanent or late-lying snow patches than is the date of total
melt-out, and thus is more representative of the seasonal ablation
cycle. The date of SD-10 has consistent sensitivity to dust forcing
across catchments, with heavier dust-on-snow years producing
earlier average melt-out dates by between 15 and 20 days.

3.2. Bark veetle impacts

The primary drivers of hydrologic change from BB impacts are
the cessation of root water uptake by infested trees and the reduc-
tion in live overstory canopy with increasing tree mortality. These
effects should strongly reduce transpiration losses, and alter the
surface energy balance, allowing greater solar input to soil, under-
story, and/or snow. DHSVM-simulated ET using time-varying



Table 6
Streamflow properties, 2002–2011, for the four catchments contrasting the time varying bark beetle (BB) impacts with a maximum regenerations scenario (BB-regen, detailed in
Section 2.3), with an additional synthetic scenario in which DHSVM was run for all years with a pre-disturbance, i.e. full-canopy (no-BB); all cases consider the most realistic dust
scenario, i.e. ‘time-varying’ and the BB case corresponds with the soil parameter calibration. Note, the major sensitivity term is water yield where BB sensitivities are roughly
halved by the maximum regeneration scenario.

Centroid of streamflow (DOY) Date of peak flow (DOY) Water yield (106 m3)

Fish BB 159.3 154.3 62.70
BB-regen 159.0 153.5 59.28
no-BB 158.5 152.7 55.15

Boulder BB 169.9 170.4 57.24
BB-regen 170.1 170.5 53.91
no-BB 170.4 170.7 49.08

Snake BB 168.3 173.5 56.10
BB-regen 168.6 173.7 54.44
no-BB 169.1 174.1 51.79

Uncompahgre BB 150.6 160.3 141.11
BB-regen 150.7 161.1 139.21
no-BB 150.9 162.9 136.64
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disturbance maps (described in Section 2.3) is compared against a
control scenario, in which the pre-infestation vegetation cover, i.e.
full-canopy, was run for the entire study period. The annual reduc-
tions in latent heating (ET) for each year appear to be strongly cou-
pled to mortality extent (Figs. 3 and 6). The average annual
decrease in ET across all basins is on the order of 15% with the
greatest decreases in Fish Cr. and Boulder Cr., strongly tied to bee-
tle kill severity and bearing strong semblance to the prescribed
annual values of impacted catchment area (Fig. 3). The ET changes
in Fig. 6 are partitioned into snow (>1 cm average catchment SWE)
and snow-free (61 cm average catchment SWE) seasons, since
snow cover alters key latent heating mechanisms, such as free-sur-
face evaporation and transpiration rate. The pairs of bars show a
larger overall ET sensitivity in the snow season. It is worth noting
that the snow season displayed in Fig. 6 lasts considerably longer
than the warm season – between 6.5 and 8 months – suggesting
that sensitivities are more balanced throughout the year. 2010
has a disproportionally high warm-season ET change due to BB,
relative to other years. This is a result of lower winter precipitation
(and snowpack) in 2010 with a BB mortality comparable to 2011;
consequently a larger relative fraction of the water budget comes
from snow-free season ET that year. Overall, the combination of
model parametric assumptions and severity maps produced ET
sensitivities that correspond to values of LAI intermediate to those
reported by Kaufmann et al. (1982) and Pugh and Small (2012),
since BB-related tree mortalities are heterogeneous over time
and space. Importantly, BB-driven impacts on water yield are
roughly halved when considering a maximum understory regener-
ation scenario (Table 6).
Fig. 7. Annual series (2002–2011) of combined BB and dust sensitivities for the four
study catchments with the percentage increase in water yield shown as the
difference between the pre-disturbance, i.e. full-canopy case, and the time-varying
BB disturbance case. Differences are shown for the total water year (i.e. the period
from 1 Oct. to 30 Sep.: full height of bar), with the snowmelt-season contribution
presented (dark blue bar) in front, where the multi-year average values for total
water year and snow-season are shown as a dotted lines. For consistency across
basins, the distinction of the snowmelt-season for discharge was defined as the
period between 1 March and 15 July based on manual examination of the onset and
end of the snowmelt-driven observed hydrograph peak for each year. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
3.3. Combined BB and dust-on-snow impacts

The relative sensitivity of total water yield from BB far outweigh
those due to dust-on-snow (Fig. 7), which exhibit their primary
impact on streamflow timing. The timing of runoff peak and cen-
troid are fairly insensitive to BB-impacts, shifting only modestly
earlier in the year (<two days) in response to BB (Table 6). The
exception in the direction of this shift is Fish Cr., where most of
the BB impacts are on north facing slopes (established from the
digital elevation model). The north facing aspect of BB impacts is
important because reductions in canopy LAI from BB are associated
with greater canopy openness. Increased canopy openness results
in slightly larger SWE accumulation for all catchments. However,
increased canopy openness also makes downwelling shortwave
radiation (and aspect) of increasing importance on melt rates and
subsequent peak flow and centroid timing. Therefore, because
shortwave radiation is minimized on north-facing slopes, the
north-facing BB-driven increases in peak-SWE in Fish Cr. outweigh
increased solar exposure of the understory to dust-on-snow
impacts. Overall, the modest BB-driven timing sensitivities (in
either direction) suggest that any BB-related interactions with
dust-on-snow-related timing changes should be minimal. In gen-
eral, however, the effect of dust-on-snow is enhanced – earlier
peak and centroid and earlier SD-10 – by BB. This is verified in
Table 7, which shows modest changes in both peak flow and cen-
troid timing when BB and dust-on-snow scenarios are combined.
However, Fish Cr. is the exception, for the same reasons as
described above. The relatively modest enhancements of BB on
dust-on-snow are not entirely surprising, since the overall increase
in canopy transmissivity between the full-canopy (no-BB) and BB
scenarios is on the order of only 7%.

Modeling uncertainties together with BB and dust-on-snow
parameterization assumptions collectively make drawing mean-
ingful conclusions possible only for the most persuasive model
results, namely that dust-on-snow increases melt rates and that



Table 7
Same as Table 4, except compares bark beetle (BB) versus no bark beetle (no-BB) for all three dust scenarios; an additional column is added here showing catchment-wide average
peak SWE magnitude.

Centroid of streamflow (DOY) Date of peak flow (DOY) Water yield (106 m3) SD-10 (DOY) Peak SWE (m)

Fish no-BB LD 165.2 159.9 54.19 182.1 0.840
LD 166.4 161.8 62.19 183.7 0.884
no-BB MD 158.3 153.1 55.24 174.4 0.806
MD 158.9 153.0 62.76 175.8 0.847
no-BB ED 153.1 148.5 56.35 167.6 0.788
ED 153.3 148.1 63.53 168.3 0.825

Boulder no-BB LD 177.1 176.0 48.76 195.2 0.259
LD 176.3 173.8 57.04 194.3 0.270
no-BB MD 168.6 166.5 49.21 183.3 0.239
MD 168.1 166.3 57.35 183.2 0.247
no-BB ED 159.8 156.0 50.20 176.0 0.222
ED 159.4 155.9 58.19 175.9 0.229

Snake no-BB LD 176.9 184.3 51.92 174.5 0.256
LD 175.9 183.8 56.32 173.3 0.266
no-BB MD 167.3 175.4 51.40 164.3 0.230
MD 166.4 174.7 55.68 163.9 0.237
no-BB ED 159.1 163.8 52.50 157.9 0.222
ED 158.2 163.8 56.75 157.8 0.228

Uncompahgre no-BB LD 163.3 171.7 133.80 179.8 0.234
LD 163.0 171.7 138.42 179.7 0.237
no-BB MD 150.7 165.3 136.08 165.0 0.210
MD 150.4 162.7 140.54 164.8 0.213
no-BB ED 145.5 160.8 138.75 159.8 0.206
ED 145.3 157.3 143.12 159.7 0.209

Table 8
Net hydrologic impacts of BB and dust-on-snow (DOS) from the four study catchments, with causal explanations; ‘‘N/C’’ denotes no consistent change.

Water yield Low flow Peak flow timing Peak SWE

BB Increase: Greater snow accumulation from reduced
canopy sublimation; Greater warm-season flow due to
reduced transpiration

Increase: Reduced warm-
season transpiration

N/C Increase: Reduced
canopy interception
and sublimation

Dust-on-
snow

N/C N/C Earlier: Greater net solar radiation
enhances snowmelt

N/C

Combined Increase: Due to BB effects Increase: Due to BB effects, but
reduced by faster snowmelt
from DOS

Earlier: Due to DOS effects; small
enhancement from BB-reduced
canopy shading

Increase: Due to BB
effects
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BB may increase water yield. In the absence of notable interaction,
the net hydrologic impacts from BB and dust-on-snow are summa-
rized in Table 8, for which the BB sensitivities largely follow those
illustrated by Pugh and Gordon (2012). The level of environmental
complexity in drawing such conclusions was the motivation for
employing a model here, since the size of the hydrologic signal
from these disturbances relative to inter-annual climatic variabil-
ity is often too small and noisy to discern from observations alone.
Below, the size of the BB-disturbance signal is quantified and its
significance is explored strictly through observational data.

3.4. Observational evidence of BB sensitivity

To explore observational evidence for changes in hydrologic
fluxes caused by BB, the results in this section are presented using
a simple water balance approach. The observed runoff coefficient,
Rc, was computed on an annual basis:

Rc ¼
Q
P

ð5Þ

where Q is observed annual discharge (USGS stations listed in
Table 1) and P is total annual observed precipitation (Section 2.6).
Based on the review of the literature, we posit that BB mortality
reduces ET, thereby increasing Rc through increases in Q. Since both
P and Q can be observed and BB-related tree mortality has been
remotely-sensed, the hypothesis is that a BB-induced runoff signal
should be detectable through contrasting Rc against cumulative
BB mortality. BB sensitivity in this context may be understood best
through considering the terms in the land-surface water budget:

P ¼ Q � ET � DS ð6Þ

where DS is the change in inter-annual carryover storage, i.e.
between surface water and groundwater. Substituting (6) into (5)
and rearranging produces:

Rc ¼ 1þ ET þ DSð Þ
P

ð7Þ

The assumption here is that Rc is sensitive to BB through changes in
ET. This follows since discharge, Q, is a remainder (Langbein, 1949),
which can only begin after abstractions of water due to ET, intercep-
tion storage, DS, and depression storage have occurred (Ratzlaff,
1994). Although Q is directly sensitive to P, ET and DS are assumed
to be less sensitive to P, but rather more sensitive to environmental
demand terms like vapor pressure deficit and antecedent soil mois-
ture. Vlčková et al. (2009) showed that Rc is insensitive to ground-
water level – a component of DS – whereas a number of studies
have linked Rc to land cover, specifically changes in forest cover
(e.g. Sun et al., 2006; Andréassian, 2004; Brown et al., 2005), a quan-
tity which is directly influenced by BB. Bearup et al. (2014) recently
used observed isotope data to calculate BB-driven transpiration
losses and confirmed subsequent changes in streamflow generation
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processes, suggesting both terms in the numerator of the rightmost
term in Eq. (7) would be altered by BB.

To objectively quantify the spatial extent of BB impacts, the
data set of Meddens et al. (2011) was used. This data set is derived
from the same aerial survey data (Ciesla, 2006) described in Sec-
tion 2.3. However, a key distinction for the Meddens et al. (2011)
data is that mortality is expressed in terms of hectares of affected
forest per square kilometer, rather than broken into red- and gray-
phases as was the case for the Ciesla (2006) data. This value of
mortality could be interpreted as a percentage, since 100 ha com-
prise a square kilometer, however, strictly speaking it is not the
case.

A potential systematic bias in Rc response to BB is anticipated to
occur as a function of precipitation variability (i.e. dry years having
proportionately less runoff than wet years), so we de-trended the
annual Rc series by precipitation. The leftmost two panels in
Fig. 8 reveal a positive correspondence between Rc and cumulative
BB-mortality for BB mortality expressed both in terms of % of
catchment area, as well as % of intra-catchment in coniferous forest
within each catchment. Despite weak to moderate correlations, the
data have a high degree of scatter. Three of the four catchments
(excluding the Uncompahgre R) have line slopes that are
Fig. 8. Comparison of annual runoff coefficient, Rc, versus (leftmost) cumulative BB morta
a percentage of intra-catchment coniferous forested area, (second from right) annual
leftmost panel, except the Rc residual is plotted, i.e. the residual term from the P–Rc line i
value, and the square of the Pearson correlation coefficients, R, are listed, revealing consis
lines demark 10% mortality per basin area. Note only Fish Cr. and Boulder Cr. exceed th
significantly different from zero at a threshold of p 6 0.05, whereas
none of these are significant at p 6 0.01. It follows that the Uncom-
pahgre line slope was not significant, as it has the smallest BB dis-
turbance fraction among the catchments. The relationship between
P and Rc (second column from the right, Fig. 8) exhibits moderate
correlations and positive slopes across catchments. For Fish Cr.
and the Uncompahgre R. the slope of these lines is significantly dif-
ferent from zero (p 6 0.01), suggesting that de-trending Rc by P, i.e.
considering the Rc-residual, will reduce unintended biases in a BB-
sensitivity estimate. First-order Q–P dependencies were removed
by plotting the residual from the P–Rc curve against cumulative
BB mortality in the leftmost column of Fig. 8. Despite a positive
slope in the residual plots for each catchment, a large scatter exists
with weak correlations, indicating a positive, but statistically insig-
nificant relationship between BB and Q for all catchments.

The large scatter in these relationships highlights the motiva-
tion for employing a hydrologic model to quantify BB impacts. In
order to contrast the results from Fig. 8 against the DHSVM
sensitivities, the slope of the line for the Rc-residual vs. BB plots
represents a conservative estimate of catchment hydrologic
sensitivity to BB mortality. If the Uncompahgre R. is excluded
due to its small overall mortality, then the de-trended runoff
lity as a percentage of catchment area, (second from left) cumulative BB mortality as
precipitation, P, volume, whereas the rightmost plot is essentially a repeat of the
s shown to remove first-order dependencies. The slope of each line, the statistical p-
tent positive slopes between BB and Rc, but extremely large scatter. Vertical dashed
is threshold.
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coefficient relationships suggest runoff volume sensitivity on the
order of approximately 4–25% per 10% catchment-wide mortality.
If we further focus only on the catchments that actually experi-
enced more than 10% mortality, then the sensitivity falls to
between 4% and 9% increase in runoff per 10% mortality. This result
agrees reasonably with the DHSVM sensitivities that are roughly
8–13% and 4–8% for the same catchments with and without
under-canopy regeneration, respectively.

3.5. Discussion

In the present study, the level of forest mortality was relatively
small compared with other disturbance studies exploring impacts
of clear-cutting and fire. Brown et al. (2005) reviewed 94 paired
watershed studies and concluded that reductions in forest biomass
of less than 20% apparently cannot be detected from measuring
streamflow. Despite having less than 20% mortality in this study
(Fig. 8), the sign of BB-related increases in water yield are consis-
tent with early paired-catchment studies (Bethlahmy, 1975;
Potts, 1984). However, the magnitudes of water yield changes in
this study are much more modest than the aforementioned studies,
also with considerable noise in the observed signal. In a model-
based analysis, Rudolph (2012) found between a 1% and 10%
increase in water yield using a hydrologic model (VIC) for the
North Platte basin, assuming between 16% and 40% mortality rates.
Smaller sensitivities were found by Somor (2010), who used a mul-
tiple-linear-regression (MLR) method to estimate pre-and-post BB
outbreak for eight catchments in Colorado, finding no statistical
change in water yield in seven out of eight catchments. The only
statistically significant change in that case was negative for single
catchment, which experienced record warm temperatures,
although Somor (2010) ultimately concluded the MLR model to
be an incomplete representation of the physical system. Similarly,
Guardiola-Claramonte et al. (2011) reported decreases in water
yield (i.e. opposite in sign to the present study) for semi-arid catch-
ments with forest mortality in areas generally further south and
more arid that our four study catchments. Despite the fact that
they were not able to isolate the cause of the streamflow decrease,
they cite both increases in understory vegetation and solar radia-
tion reaching the understory – both of which are associated with
enhanced soil and understory ET fluxes and reductions in overland
flow. It follows that Carver et al. (2009) found overland flow not to
be the dominant streamflow mechanism over BB impacted
watershed areas in British Columbia. Altogether, considerable dis-
agreement in water yield sensitivity exists among BB-disturbance
studies, suggesting both an incomplete representation of the phys-
ical system, as well as site-specific factors dominating system
response. The sign and magnitude of the current results ultimately
fall within the reported range of sensitivities.

The impact of BB on cold-season processes shown in this study
was expressed through reduced canopy interception and subse-
quent reduction in canopy sublimation processes, leading to
increased water availability at the land surface. This mechanism
has been confirmed in two modeling studies (Alila et al., 2009;
Bewley et al., 2010) in British Columbia and through observational
evidence (Biederman et al., 2014) in a set of study locations just
east of the continental divide in Wyoming. However, in the latter
observational study sites, the overall peak SWE for BB vs. non-BB
stands were not statistically different from each other.
Biederman et al. (2014) suggest a compensatory factor of increased
subcanopy snow sublimation in BB-stands due to higher sub-can-
opy wind speeds. This compensatory behavior was not explicitly
simulated by DHSVM representing a potential caveat in the analy-
sis. A major reason for this was that the aerodynamic attenuation
in the model is controlled by canopy height and trunk spacing,
which both remained constant in the BB scenarios, similar to the
model settings used by Bewley et al. (2010). A further simplifica-
tion is from the coarse wind data (NARR), which despite capturing
temporal variability in wind speed, do not adequately represent
the intra-catchment distribution of wind with topography. How-
ever, it is worth noting that the Biederman et al. (2014) stands
are located near the continental divide in Wyoming, in areas com-
monly experiencing very high winds and gusty conditions, which
may provide the necessary energy to facilitate sub-canopy subli-
mation rates capable of compensating for BB-driven reductions
in canopy sublimation.

Although management strategies in response to BB-infestations
were not discussed here, one potential strategy has been to ‘clear-
cut’ BB-infested stands, as was the case in parts of Grand County,
CO (Lockwood, 2012). To this end, a ‘clear-cut’ scenario was con-
sidered during the course of this research. The simulated hydro-
logic response for clear-cut scenarios is notably different than for
forested cases (both with and without BB) and as such, makes a
direct comparison complicated. Clear-cut hydrology in the four
catchments consistently produced larger peak snowpacks and
marked increases in water yield for all dust-on-snow scenarios –
similar in sign to the peak SWE changes in Table 7 between no-
BB to BB, but with peak magnitudes on the order of 10–20% larger
than the BB case. In light of the larger cold-season water storage,
peak flows and flow centroids generally occurred slightly later than
for forested cases (both BB and no-BB). Relative to the forested
cases, the impact of increased melt rates from the lack of canopy
attenuation of shortwave radiation and higher understory wind
speeds were collectively outweighed by larger SWE accumulations
associated with clear-cutting.

The results from the dust-on-snow sensitivities indicate earlier
snowmelt-driven streamflow, consistent with previous studies
looking at streamflow changes (Painter et al., 2010; Deems et al.,
2013) and point snowmelt simulations (Skiles et al., 2012). The
direct relationship between dust-on-snow and snowmelt rate have
been confirmed observationally (Painter et al., 2012a), suggesting
that this finding is robust. There is greater uncertainty in the
impact of dust-on-snow on overall water yield as compared with
flow timing, since there are substantially more complex and
numerous mechanisms involved in the transmission of earlier
and more rapid snowmelt to the river channel. These influences
include transit time (a function of catchment size and geometry),
vegetation cover (forested versus unforested), aspect, length of
the warm-season and choice and scale of hydrologic modeling sys-
tem. Given these complexities, it is not entirely surprising that the
magnitude and even sign of the water yield versus dust-on-snow
sensitivities are not in full agreement with prior, basin-scale stud-
ies (Painter et al., 2010; Deems et al., 2013). Those studies were
geared toward gaining a broad-scale understanding (12 km pixel
size) of the processes affecting the entire upper Colorado River
basin (278,070 km2). At finer scales, individual catchment terrain,
geometry, vegetation coverage, climate, and dust forcing are likely
to induce variation from the full-basin hydrologic response. Finally,
the assumption of spatially homogenous dust deposition curves
(e.g. published by Painter et al., 2010; Deems et al., 2013) repre-
sents an important source of uncertainty that could affect both
timing and magnitude of snowmelt runoff. We recommend future
work be directed toward further refinements that are beyond the
scope of this analysis, to explicitly resolve the impacts of scale,
slope, aspect, surface winds, dust spatiotemporal heterogeneity,
and model selection on dust-on-snow water yield sensitivities.
4. Conclusions

Annual vegetation disturbance information was used to drive a
distributed hydrologic model and to quantify impacts of forest
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disturbance on hydrology. Overall, the simulations suggest
increases in water yield due to bark beetle (BB) mortality of
between 8% and 13%, dependent on catchment. However, using a
maximum understory regeneration scenario roughly halved these
sensitivities.

For the four snowmelt-dominated study catchments considered
in this analysis, dust-on-snow has a marked impact on streamflow
timing, with increasing dust forcing associated with earlier peak
timing on the order of two to three weeks (13–20 days) and earlier
snow disappearance of similar temporal sensitivity (15–20 days).
Changes to water yield were modest and statistically insignificant,
and their sign were not consistent among dust-on-snow scenarios
for all catchments, which in one case, were of opposite sign to
those reported by previously published simulations at much coar-
ser scales.

Combinatory impacts between dust-on-snow and BB appear to
be relatively minimal, with the former primarily affecting flow
timing and the latter impacting water yield. The main interaction
of BB with dust-on-snow impacts is through increased transmit-
tance of shortwave radiation reaching the snow surface, causing
a slightly larger onset of snowmelt-driven streamflow.

A purely observational analysis was conducted, suggesting con-
sistent but statistically insignificant increases in water yield asso-
ciated with BB on the order of between 4% and 9% change for
10% catchment mortality. Given the range of observational uncer-
tainties and model assumptions, it is recommended that future
research be focused on the importance of model selection and
micrometeorology; on dust-on-snow, BB, and combined
sensitivities.
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