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Abstract

The Colorado River provides water to 40 million people in seven states and two coun-
tries and to 5.5 million irrigated acres. The river has long been overallocated. Climate
models project runoff losses of 5-20 % from the basin by mid-21st century due to
human-induced climate change. Recent work has shown that decreased snow albedo
from anthropogenic dust loading to the CO mountains shortens the duration of snow
cover by several weeks relative to conditions prior to white settlement of the western
US, and advances peak runoff at Lees Ferry, Arizona by an average of 3 weeks. In-
creases in evapotranspiration from earlier exposure of soils and germination of plants
have been estimated to decrease annual runoff by more than 1.0 billion cubic meters
or ~5 % of the annual average. This prior work was based on observed dust loadings
during 2005-2008; however, 2009 and 2010 saw unprecedented levels of dust loading
on snowpacks in the Upper Colorado River Basin (UCRB), being on the order of 5 times
the 2005-2008 loading. Building on our prior work, we developed a new snow albedo
decay parameterization based on observations in 2009/2010 to mimic the radiative
forcing of extreme dust deposition. We convolve low, moderate, and extreme dust/snow
albedos with both historic climate forcing and two future climate scenarios via a delta
method perturbation of historic records. Compared to moderate dust, extreme dust ab-
sorbs 2 x to 4 x the solar radiation, and shifts peak snowmelt an additional 3 weeks
earlier to a total of 6 weeks earlier than pre-disturbance. The extreme dust scenario
reduces annual flow volume an additional 1% (6 % compared to pre-disturbance), a
smaller difference than from low to moderate due to melt season shifting into a season
of lower evaporative demand. The sensitivity of flow timing to dust radiative forcing of
snow albedo is maintained under future climate scenarios, but the sensitivity of flow
volume reductions decreases with increased climate forcing. These results have im-
plications for water management and suggest that dust abatement efforts could be an
important component of any climate adaptation strategies in the UCRB.
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1 Introduction

The Colorado River provides fresh water to over 40 million people in seven states and
two countries and to 5.5 million irrigated acres. Anthropogenic warming and enhanced
evapotranspiration over the coming decades put this supply at risk. Individual climate
model simulations may show increases or decreases in streamflow due to model dif-
ferences and climate variability. However, model simulations show a 5-20 % decrease
in flow depending on the study, indicative of a greater risk of a dry future (Christensen
et al., 2004; Christensen et al., 2007; McCabe and Wolock, 2007; Barnett et al., 2008;
Barnett and Pierce, 2009; Bureau of Reclamation, 2011a, b; Colorado Water Conser-
vation Board, 2012; Vano et al., 2012; Seager et al., 2012).

Analysis of alpine lake sediment cores in the southern Rocky Mountains show that
enhanced dust deposition to high elevation areas began in the mid-1800s, likely due
to a dramatic increase in grazing and agricultural activities in the lower elevation lands
of the Colorado Plateau and Great Basin regions in concert with the Anglo settlement
of the western United States (Neff et al., 2008). This increased level in dust production
and deposition continues today, and recent studies show it has been affecting both
runoff timing and volume from the Colorado River Basin (Painter et al., 2007, 2010).

The Colorado River receives the bulk of its annual flow from snowmelt in the Up-
per Basin (Fig. 1). The major reservoirs on the river, Lake Mead in the Lower Basin
and Lake Powell near the outflow from the Upper Basin, and the other reservoirs in
the Colorado River Storage Project, allow storage of approximately four times the av-
erage annual runoff. The Upper Basin above these major reservoirs has significantly
less storage. Many Upper Basin water managers and users depend predominately on
storage of water in the snowpack to delay runoff for use in the drier late spring and
summer seasons. Changes in snowmelt forcing — whether from warming or dust — can
have a large impact on the availability of stored and in-stream water resources during
the drier season.
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Absorbed (net) solar radiation dominates the snow surface energy balance during
the melt season at mid-latitude sites (Oerlemans, 2000; Bales et al., 2006). Dust has
been observed to reduce melt season snow albedo from 0.7 for clean snow down to
near 0.3, more than doubling absorbed solar radiation (Painter et al., 2012).

Dust loading (kg dust per m2) and the above associated radiative forcings of the
magnitude observed in the San Juan Mountains of southwestern Colorado over the
period 2005—2008 shortens snow cover duration by 25 to 35 days through its reduction
of snow albedo and the resulting enhancement of solar radiation absorption (Painter
et al., 2007). Daily radiative forcing of snowmelt by dust in this region can exceed
present day (and likely future) greenhouse gas forcings by two orders of magnitude.
When extended to the entire Upper Colorado River Basin (UCRB) above Lee’s Ferry,
AZ, the 2005-2008 dust radiative forcing in snow on average shifted peak runoff more
than 3 weeks earlier than under pre-settlement conditions, and reduced annual runoff
by ~ 5 % through enhanced sublimation and ET (Painter et al., 2010).

Spring 2009 brought an order of magnitude increase in dust deposition to the moun-
tains of the UCRB over that observed in 2005-2008, quantified by observations in the
Senator Beck Basin Study Area in the San Juan Mountains of Colorado (Painter et al.,
2012; Skiles et al., 2012). Snow albedo dropped below 0.35 for the last 3 weeks of the
season, whereas in previous years, albedos were never consistently below 0.5. The
acceleration of snowmelt resulted in the most rapid melt rates in the period of record
for many SNOTEL sites in the UCRB. The mean spring radiative forcing by dust in snow
was 111 Wm‘z, producing a 48 day reduction of snow cover duration, representing an
additional 20 day reduction over the previous dust impacts during 2005-2008, which
experienced a dust radiative forcing range of 25-50 Wm™2 (Skiles et al., 2012).

The year 2010 produced levels of dust deposition on the UCRB snowpack similar
to 2009, with only slightly lower end-of-year dust concentrations (parts per thousand
by weight of dust in snow) (Painter et al., 2012). A wet spring with abundant snowfall
that buried much of the dust kept snow albedos high until late in the melt season, ef-
fectively compressing the period of snowmelt but still resulting in a 40 day reduction
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in snow cover duration (Skiles et al., 2012). Taken together, 2009 and 2010 offered
a startling glimpse into the potential magnitude of dust deposition on UCRB snow-
packs, and into a possible “future normal” dust condition and associated impacts under
regional warming (Munson et al., 2011).

From analysis of dust loading in lake sediments in the mountains of the UCRB (Neff
et al., 2008; Reynolds et al., 2009), we know that the sustained disturbance of previ-
ously stable lands in the Colorado Plateau and Great Basin that began in the latter half
of the 1800s has led to a five-fold increase in dust deposition over that of the previous
1000-3000 yr. Based on this evidence, we hypothesize that the accelerated melt asso-
ciated with this dramatic increase in dust deposition has affected the basin hydrograph
and ultimately decreased yield by increasing losses due to sublimation and evapotran-
spiration. Our initial modeling suggests that the increased dust loading (represented by
a modified snow albedo parameterization) has markedly modified the hydrograph and
decreased annual water yield in the UCRB (above Lees Ferry, AZ) by an average of
5+ 3% or 1.0 £ 0.7 billion cubic meters (BCM) since significant dust deposition began
(Painter et al., 2010), with a total loss of yield of 90 BCM during 1915-2003.

Several studies have shown decreasing trends in peak snow accumulation in the
UCRB over the past century (e.g. Hamlet and Lettenmaier, 2005; Barnett et al., 2008)
and projections of future climate scenarios point to decreases in streamflow due to
atmospheric warming and, in many simulations, decreases in precipitation (e.g. Chris-
tensen et al., 2004; Christensen and Lettenmaier, 2007; Seager et al., 2007, 2012).
Climate warming has also been projected to increase the frequency and severity
of drought in the Southwest (e.g. Cayan et al., 2010), precipitation variability (e.g.
Dominguez et al., 2012), and thus the areal expanse of desert regions. These re-
sponses will likely increase the frequency and magnitude of dust emission from deserts
in the southwest US under continued levels of soil disturbance (Belnap et al., 2009;
Munson et al.,, 2011). The impacts of a warming climate on snow accumulation,
snowmelt, and UCRB runoff would be strongly accelerated by increased dust emis-
sion and deposition on mountain snowpacks. By contrast, modified land management
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practices in desert systems of the Colorado Plateau and Great Basin may provide
a means to increase runoff or reduce losses.

It is critical, in this period of intense ongoing study of, and planning for, scenarios of
future Colorado River flow, to examine the relative and combined impacts of dust and
regional warming on snow accumulation and melt in the UCRB. In this study, we adopt
a model sensitivity approach that follows on our earlier efforts (Painter et al., 2010) to
examine a range of future dust and climate scenarios to help guide future studies, aid in
scenario planning, and guide development of land and water management strategies.

2 Hydrologic modeling and climate perturbations
2.1 VIC modeling

We used the Variable Infiltration Capacity (VIC) hydrologic model (Liang et al., 1994) to
simulate the naturalized discharge and annual runoff from the UCRB at Lees Ferry,
Arizona under enhanced dust loading and compare the results to pre- and post-
disturbance dust loading results from Painter et al. (2010) by using identical meteo-
rological inputs. The VIC model has been applied in numerous hydro-climate change
studies in the western US (Barnett et al., 2005; Hamlet et al., 2005, 2007; Mote et al.,
2005; Christensen and Lettenmaier, 2007) and globally (Nijssen et al., 1997; Su et al.,
2006). As in our earlier study (Painter et al., 2010), we run VIC at 1/8° latitude and
longitude resolution at a daily time step for the period 1915 to 2003, forced with meteo-
rology derived from the NWS Cooperative observation (COOP) network (Hamlet et al.,
2007). We discarded output from 1915 to allow the model state variables to stabilize
and analyzed the outputs from 1916-2003.

2.2 Snow albedo scenarios

As in the previous study (Painter et al., 2010), we used a sensitivity approach to ex-
amine the hydrologic impacts of different dust deposition/snow albedo regimes. We
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refer to dust loading prior to disturbance of western lands as the Low Dust loading
scenario (LD) and conditions based on observations over the 2003—2008 time period
as Moderate Dust loading scenario (MD). In order to examine the impacts of extreme
dust deposition observed in 2009 and 2010, we created the Extreme Dust loading sce-
nario (ED) to match the rates of snow albedo decrease observed in those years at
micro-meteorological stations located in Senator Beck Basin study site (Fig. 2a and b)
(Painter et al., 2012).

Snow albedo values in the VIC model are derived via albedo decay curves relat-
ing snow albedo to the number of days since snowfall. The MD albedo decay curves
closely match albedo observations at SBB over 2005-2008 (referred to as the ADL,
or After-Disturbance Loading scenario in Painter et al., 2010). The LD decay curves
were derived from albedo measurements from mountain regions that currently receive
low levels of dust deposition (Painter et al., 2010). The ED accumulation season curve
decreases more quickly than the MD curve through day 5 post-snowfall, then decays
more slowly, an artifact of the late winter weather patterns during 2009 and 2010 —
a longer record of extreme dust deposition years would likely result in an ED decay
curve for the accumulation season that is below the MD curve at all time lags rather
than our paradoxical result which shows MD curve dropping below ED at longer lags.
The ED melt season curve, by contrast, illustrates the extremely rapid albedo decay
rates observed during the 2009 and 2010 melt seasons.

Compared to the MD scenario, solar radiation absorption by the snow cover is re-
duced under the LD scenario and enhanced under ED (Fig. 3). Maximum melt season
changes in net solar radiation exceed 150 % of MD under ED dust loadings and show
reductions of 35 % under LD conditions as compared to MD.

2.3 Climate scenarios

To examine the interaction of the above dust scenarios with projected future climate
states, we conducted climate sensitivity experiments guided by the changes seen in
an ensemble of climate model projections. We generated a small set of representative
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future climate time series using the delta method, where monthly climate change fac-
tors derived from climate models are applied to historical observational data. The sim-
plicity of this approach is consistent with the sensitivity approach used with the dust de-
position/albedo decay scenarios, and has the advantage of maintaining realistic daily
sequences of climate state variables — the interannual variability under the climate
scenarios is provided by the historic time series. Because snowpack accumulation and
melt are the result of cumulative precipitation and the cumulative surface energy bal-
ance, any potential changes in the detailed daily sequences that we are neglecting are
of less importance than changes in monthly averages.

The climate models used to determine the perturbation are listed in Table 1. This
dataset of daily model output from CMIP3 was chosen because it contains information
on Tnmin and T, that is lacking in the monthly CMIP3 archives. The daily minimum
temperature, maximum temperature, and total precipitation were obtained for three
periods (recent past (1961-2000) mid-century (2046—2065), and end-century (2081—
2100)) for the SRES B1 and A2 carbon emissions scenarios (IPCC, 2007). We obtained
re-gridded daily Global Climate Model (GCM) output from the Bureau of Reclamation
(L. Brekke, personal communication, 2011). This model output has since been used in
the production of the Bias-Corrected Constructed Analog daily downscaled data and
is available from http://gdo-dcp.uclinl.org/downscaled_cmip_projections. The gridding
methodology is referenced on that website. Monthly climatologies were computed over
the three time periods for each model run. Because the models are not evenly repre-
sented in this ensemble, we averaged the individual runs of each model first and then
treated the single model averages equally in our multi-model average. We refer to this
as the “run-averaged ensemble.”

2.4 Upper Colorado River Basin precipitation and temperature changes

We averaged the T .y, Tmin, @nd Precip values in the GCM gridcells representing the
rectangle from 36° to 44° N latitude and 104° to 114° W longitude. This area encom-
passes the UCRB with a total of 20 2 x 2° gridcells. The monthly changes in 7,,;,, and
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Tmax for the two time periods (mid-century and end-century) are shown in Fig. 4a, b.
Winter (December—March) T,,,;, increases more than T,,,,, as shown by the median in
the box-and-whisker depiction. During the rest of the year, 7,,,, increases more than
Tmin» With the exception of July. May shows the greatest difference, with T,,,,, increasing
~ 1.5 K more than 7,,,;, by the end of the century.

Precipitation changes are shown Fig. 5a, b for absolute and percentage changes.
(Note that in contrast to Fig. 4, the two colors show the two periods rather than the
different aspects of temperature). The precipitation changes show the typical model-
projected pattern of increased winter precipitation and decreased late spring and sum-
mer precipitation for this region (Ray et al., 2008), with considerable spread from model
to model. The mean values of the changes for the run-averaged ensemble of nine mod-
els are shown in Table 2 (scenario B1; IPCC) and Table 3 (scenario A2; IPCC). These
are the values used to perturb the historic inputs to VIC.

2.5 Separate forcing of Tmax and Trin

Climate observations show differing seasonal signals in 7,,,,x and T, trends, with 7,
increasing faster than T,,,, in winter months and vice versa in summer (e.g. Knowles
et al., 2006; Rangwala et al., 2012). In order to faithfully represent the observed diurnal
and seasonal patterns of regional climate warming in recent decades, we use separate
delta perturbations for 7,5, and 7., as the warming trends produced by the GCMs
broadly match the patterns in the observational datasets: 7., increases faster than
Tmax in the cool season and the opposite occurs in the warm season. Perturbing 7,4
and T, separately should produce more realistic temperature shifts, and therefore
changes in sensible and latent heating and long-wave radiative forcings, than a single
delta offset for Tyq.

However, our modeling effort is limited by the driving data source — observed daily
Tmax @nd T, from which other energy balance components must be empirically
derived. The VIC model uses the method of Thornton and Running (1999) to de-
rive daily incoming solar radiation (SW,,) from the diurnal temperature range. This
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methodological choice is essential for allowing the historic simulations to extend back
to 1915 using the COOP meteorological data.

Figure 6 illustrates the change in SW;,, under the future climate scenarios: the diurnal
temperature range is decreased in cool season months and increased in warm sea-
son months, producing reduced cool season SW;, and enhanced warm season and
snow ablation season SW;,,. Net solar radiation dominates the snow energy balance in
the UCRB (Painter et al., 2012; Skiles et al., 2012), thus this modeling implementation
clearly exerts a strong forcing on snowmelt. However, changes in incident solar radia-
tion due to changes in cloud cover and total column water vapor are to be expected with
climate change. For example, the IPCC (2007) shows a decrease in annual cloudiness
for the Colorado River basin for their multi-model mean. Rangwala et al. (2012) found
a 5% increase in spring season SW,, in two of the regional climate models examined.
Nevertheless, it is difficult to ascertain what, if any, bias has resulted from our separate
Tmax @nd T, perturbations, or to what degree the enhanced fidelity in representation
of temperature trends is offset by uncertainties in the derived SW,,,. We have no a priori
reason to suspect that the empirical solar radiation formulation would be any less valid
under projected future climate conditions than under the historic climate, as it was de-
veloped for a large range of climate conditions and represents a diagnostic relationship
between temperature and these energy balance components. However, to bracket this
uncertainty, we performed a second set of simulations where T, and 7,,,,, were per-
turbed equally (7,4 delta). This is equivalent to the conservative assumption that solar
radiation incident on the surface does not change. The T, perturbation results in only
slightly smaller reductions of annual streamflow than does perturbation of 7,,,,, and 7,
separately (Table 4). For example, in the MD 2050 B1 case, the T,,4 method results in
a 11.0 % reduction while our T,,,/Tmin Perturbation results in a 11.8 % reduction.
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3 Results

3.1 Impacts of extreme dust loading on snowmelt and hydrology using historic
time series

Figure 7 (1st column — Historic) shows the spatial distribution of change in date of snow
melt-out, or Snow-All-Gone (SAG) date relative to current average condition (MD His-
toric) under LD, MD, and ED dust scenarios. In all dust scenarios, it is the highest snow
accumulation areas (predominantly higher elevations) that show the greatest sensitiv-
ity to dust load and radiative forcing. Deeper snowpacks have a longer melt season
and therefore a longer time period over which different melt rates can cause the snow
water equivalent (SWE) amounts to diverge. Changes in date of SAG (ASAG) range
from increases of up to 25 days under the LD scenario to decreases of up to 20 days
under the ED scenario.

For comparison, Skiles et al. (2012) used observed energy balance data to conduct
point simulations of melt season SWE evolution at the Senator Beck Basin study site.
They found that in the extreme dust years of 2009 and 2010, the snowpack melted
out 50 and 43 days early, respectively, relative to a theoretical clean snowpack. This
compares well in magnitude with our results from the grid cell containing the Senator
Beck Basin study site, wherein the average change in SAG date between the ED and
LD scenarios is 40.7 days (note that the LD scenario does not represent the albedo
decay of perfectly clean snow, and thus we expect the SAG difference to be smaller
than that simulated by Skiles et al., 2012).

Figure 8a (solid lines) shows 88yr average annual hydrographs of natural flow at
Lees Ferry, AZ (essentially Lake Powell natural inflows) for the three dust albedo sce-
narios under the historic climate record, and for the 2050 and 2100 climate perturba-
tion scenarios. The MD and LD historic hydrographs are identical to those published
in Painter et al. (2010). The ED historic scenario produces a hydrograph that peaks
a further 18 days earlier than the MD scenario and has a steeper rising limb. Both of
these features were also seen in the MD/LD differences. However, whereas MD annual
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yield totals are 5 % lower than LD due to increased sublimation and evaporative losses,
ED annual yield is only reduced by 0.5 % relative to MD, despite similar increases in
snow-free season (Table 5).

Consistent with Painter et al. (2010), the largest changes in yield occur in years with
high flows — the high flows resulting from large snow accumulation, which allows the
greatest ASAG (Fig. 9a and b, solid lines). Under historic climate conditions, the runoff
center of mass (the day of the year when 50 % of the total annual flow has passed the
gage) is shifted on the order of 2 weeks later under LD relative to the MD scenario and
2 weeks earlier in the year under ED (Fig. 10a and b, solid lines).

3.2 Dust impacts under future climate scenarios

To evaluate combined dust and future climate impacts, we compare combinations of
dust and climate scenarios to the MD Historic scenario that represents current condi-
tions. Figure 7 (columns 2-5) shows the spatial distribution of ASAG across the UCRB
under combinations of dust and future climate scenarios. While dust radiative forcing
has a greater impact on the deeper snowpacks at higher elevations (due to a longer
snowmelt season over which to affect divergence in melt), climate warming influences
snow cover duration at all elevations due to decreases in snow accumulation (increased
rain fraction and accumulation season (November through March) melt) and enhanced
melt (earlier melt onset, faster melt rates). Model results show that a future warmer
climate has a substantial impact on snow cover duration relative to the current climate
and dust environment, with mid-century snow cover duration decreasing by 45-50 days
and end-of-century by up to 60 days. Interestingly, even in the warmest scenarios, the
slight increases in winter precipitation in all climate scenarios result in longer snow sea-
sons at the highest, coldest elevations. However, these areas form a very small fraction
of the total snowmelt-producing area in the UCRB and do not provide much extra flow
to offset the substantial changes in runoff volume from losses in snow cover elsewhere
in the Basin.
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Figure 8 a and b illustrate the dramatic changes in the Lees Ferry hydrograph under
the combination of climate and dust scenarios for 2050 (Fig. 8a) and 2100 (Fig. 8b).
The shaded regions represent the range in hydrograph response bracketed by the B1
and A2 climate scenarios (IPCC 2007) under the three dust scenarios. By mid-century,
peak runoff moved earlier by 2—-3 weeks, and peak flows decreased by 14—18 % rela-
tive to the MD Historic scenario (Table 5). Annual runoff volumes in 2050 decreased by
8-18, 11-20, and 12-20 % for LD, MD, and ED scenarios, respectively. End-of-century
hydrographs display markedly earlier snowmelt onset than the historic climate and dra-
matically earlier and 18-20 % reduction in peak flows. The annual runoff declines of
12—-20, 1423, and 14-23 % (LD, MD, ED) suggest that flow volumes show lower sen-
sitivity to dust loading under extreme warming than under the current climate. This
sensitivity varied annually, with the largest changes (from dust and/or climate warming)
occurring in the wettest years (Fig. 9).

In contrast, Center-Of-Mass timing maintains strong sensitivity to dust radiative forc-
ing under all climate scenarios (Table 6; Fig. 10). Under moderate warming (B1), runoff
timing ranges from 3 days later (LD) to 20 days earlier (ED). With strong warming
(A2), mid-century runoff occurs 1, 10, or 21 days earlier (LD, MD, ED), and by 2100
occurs 12, 20, or 28 days earlier (LD, MD, ED). Years that exhibited early melt under
the historic climate show the least sensitivity to either climate or dust forcing, as these
years have low snow accumulation and therefore a shorter melt season over which
to manifest melt forcings. Notably, dust loading reduction consistent with the LD sce-
nario offsets changes in flow timing depicted by the 2050 climate warming scenarios,
suggesting a possible land management avenue for coping with hydrologic impacts of
moderate warming.

Sensitivities of runoff volume and timing to dust loading under combinations of dust
and climate forcing are summarized in Fig. 11. As noted above, runoff timing maintains
strong sensitivity to dust loading even under extreme climate warming. In contrast,
runoff volume changes appear to be dominated by climate forcing even under moderate
warming scenarios.
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4 Discussion and conclusions

Our previous study (Painter et al., 2010) that used albedo decay curves based on
observations from the moderate dust years of 2005-2008 (MD scenario) indicated
a strong influence of snowmelt and runoff timing (on the order of 3 weeks early) and
runoff volume (~ 5 % decrease) by dust radiative forcing. The extreme dust loads ob-
served in 2009 and 2010 provoked questions regarding their hydrologic influence, with
point models indicating snow disappearance on the order of 50 days early in those
years (Skiles et al., 2012).

Additionally, 2009/2010 represent potential future “normal” dust conditions, given
projections of regional warming and susceptibility to dust emission in the primary dust
source regions for the UCRB (Belnap et al., 2009; Munson et al., 2011). Grass and
shrub coverage in regional dust source areas is likely to decline in response to in-
creased aridity, leaving soil surfaces more frequently exposed to aeolian erosion and
dust emission. Dust emission modeling suggests that plant coverage decline will lead
to exponential increases in dust emission under climate warming (Munson et al., 2011).
The combination of dust radiative forcing on snowmelt and direct climate warming im-
pacts on snow accumulation and melt represents an amplified, dual impact on UCRB
snowpacks from regional warming. It appears that the hydrologic impacts of dust radia-
tive forcing has the potential to exert a greater magnitude in the near-term than does
direct warming alone (this work and Skiles et al., 2012).

Timing and magnitude of snowmelt, and therefore runoff, is very sensitive to dust
radiative forcing through reduction of snow albedo. The shift in flow timing (peak and
Center of Mass) under the ED Historic scenario is similar in magnitude to the shift from
LD to MD, illustrating the dominance of net solar radiation on the snow energy balance.
However, the change in runoff volume at Lees Ferry between the ED and MD scenarios
is much smaller than the MD to LD volume change. Under ED, snowmelt occurs in early
spring when evaporative demand is lower and temperatures are generally too low to
allow vegetation to begin the growing season; thus, evapotranspiration (ET) losses
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are lower compared to MD or LD. Steltzer et al. (2009) conducted a field experiment
manipulating snowmelt in a San Juan Mountains snowpack and showed that dust-
accelerated melt and loss of snow cover drove tundra greening and flowering earlier in
the season up until a threshold date when seasonal temperatures reached consistently
above 0°C. Snow cover removal at dates earlier than the threshold did not induce
greening/flowering, and therefore would not contribute to further transpiration losses.

Under a warmer climate, however, it is probable that early spring air tempera-
tures would be high enough to enable greening and flowering of plants uncovered by
snowmelt, and thus enable ET losses to increase. The timing of ET in spring moves ear-
lier under the warming scenarios, but does not change much when only snow albedo
changes are considered without warming (Fig. 12). This effect in the model is due
to increased evaporative demand from higher temperatures, not through any dynamic
representation of plant phenology. It is possible that plant community response to ear-
lier snowmelt and warmer air temperatures would differ substantially from the bulk re-
sponse to evaporative drive in the VIC model, potentially resulting in greater ET losses
from accelerated or early onset of plant growth.

The timing of snowmelt onset in the 2050 scenarios appears to still be strongly con-
trolled by dust loading, as the spring hydrograph rise changes little in response to
climate forcing for each individual dust situation, with only the LD run showing much
melt onset timing response to warming (Fig. 8a). These results are consistent with the
point snowmelt modeling results of Skiles et al. (2012). Under the 2100 climate sce-
nario, however, spring runoff begins earlier in the warmer climate regardless of the dust
situation: it appears that the extreme warming represented by the 2100 perturbations
overwhelms dust forcing of snowmelt onset (Fig. 8b).

The sensitivity of runoff Center of Mass timing to dust radiative forcing appears undi-
minished by climate warming — indeed, COM timing appears to be about equally sen-
sitive to warming and dust scenarios (Figs. 10 and 11; Table 6). The seasonal timing of
runoff is of particular interest to those water users whose supply comes directly from
the higher reaches of the UCRB. Reservoir storage there is typically modest and the
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seasonal snowpack represents an important natural storage reservoir in the system.
Delayed snowmelt can have important benefits to water delivery obligations and late
season flow volumes. The Lower Basin, which relies on the enormous storage capacity
in the two largest reservoirs in the United States, Lakes Powell and Mead, is affected
primarily by the potential for dust-induced changes to annual runoff volume.

Changes in runoff volume are largely dominated by climate warming rather than dust
loading in both the 2050 and 2100 runs, though some substantial sensitivity remains
under the B1 2050 scenario, wherein dust loading equivalent to LD saves on the order
of 3 % of current annual flow (Fig. 9; Table 5). Runoff losses of the magnitude indicated
by the ED 2050 or by any of the 2100 A2 scenarios would represent an unmanageable
water supply condition, with devastating effects on the regional economy and ecosys-
tems.

One way to examine the relative changes in runoff timing and volume in the future
climate/dust results is to treat the different dust loading scenarios as mitigation sce-
narios, i.e., with an eye toward influencing dust emission in order to add resilience to
the Colorado River system. The primary influence of different dust scenarios under
the modeled future climates is exerted on flow timing (Fig. 10; Table 6). Recovery to
pre-settlement dust conditions (LD scenario) would more than offset warming-induced
flow timing impacts in 2050 and would offset warming impacts under the B1 scenario
in 2100. Maintenance of MD conditions would offset about 10 days of runoff timing
change in 2050 and up to 20 days in 2100 (A2).

Three factors are required for dust production: winds sufficient to suspend soil par-
ticles, exposed soils (often through the reduction of vegetation) and soils able to be
blown. Winds speeds at the ground level can be reduced through physical windbreaks
or vegetation. Vegetative cover reduces soil exposure, and thus sites currently dom-
inated by annual plants (e.g., abandoned croplands, heavily disturbed sites) can be
rehabilitated by establishment of perennial grasses and shrubs that provide protec-
tion even in drought years. Most dryland soils are stable until disturbed (Field et al.,
2009), and thus reduced surface disturbance (e.g., livestock grazing, off-road vehicles,
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agricultural activities, fire) in lower elevation regions, especially during drought years,
can be highly effective in reducing dust production.

It is clear, from this study and others, that radiative forcing by dust exerts a strong
influence on snowmelt in the UCRB. The science quantifying the impacts on snowmelt
and date of snow disappearance at the point scale is robust. Our ability to extend
these impacts to the full UCRB and to quantify impacts on runoff volume is currently
limited by the physics employed in hydrologic models and by the limitations of snow
and meteorological observation networks and model driving data. In particular, we lack
a dynamic hydrologic model in which the atmosphere can respond to changes in snow
cover and thermal conductivity.

Individual and/or combined forcing of snowmelt in the UCRB by dust and regional
warming are likely to push the hydrologic system to the extremes of the historic pe-
riod of record and beyond, which will present an enormous challenge to water supply
monitoring, forecasting, and management. To effectively manage the new realities of
climate and dust forcings, we need expanded energy balance monitoring, SWE and
albedo mapping, and process-based modeling. Recent extremes in dust deposition
and extremes in flood and drought represented both in climate scenarios and in pale-
ohydrologic records should serve as an urgent call to action for development of these
new tools.

5 Summary

Our recent work has shown that decreased snow albedo from dust loading to the moun-
tains of Colorado of the magnitude observed in 2005-2008 shortens snow cover dura-
tion by several weeks relative to conditions prior to westward expansion of the United
States in the mid-1800’s, and causes peak runoff from the UCRB to occur an average of
3 weeks earlier. Increased evapotranspiration losses due to the longer snow-free sea-
son were estimated to decrease annual runoff by about 5 % of the annual average flow.
We developed a new snow albedo decay parameterization based on observations of
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the much higher dust loading observed in 2009/2010, and examine the low, moderate,
and extreme dust/snow albedos in combination with both historic climate forcing and
two future climate scenarios. Extreme dust shifts peak snowmelt an additional 3 weeks
earlier to a total of 6 weeks earlier than pre-disturbance, and reduces annual flow vol-
ume an additional 1% (6 % compared to pre-disturbance). Flow timing sensitivity to
dust radiative forcing is maintained under future climate scenarios, but the sensitivity
of flow volume appears to decrease with increased climate forcing. These results have
implications for water management and suggest that dust abatement efforts could be
an important component of any climate adaptation strategies in the UCRB.
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Table 1. CMIP-3 models used to develop the delta perturbations. @
g. J. S. Deems et al.
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gfdl_.cm2_0 1 — ! !
gfdl_.cm2_1 1 o
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Table 2. Delta perturbations for SRES B1 emissions scenario, for decade centered on 2050, Basin snow
and decade ending in 2100. o dynamics and
@ hydrology
2050 2100 £
Month Prcp Trax  Tmin PSP Trax  Trin 2 J. S. Deems et al.
=)
1 1.07 167 188 1.11 247 278 3
2 1.02 134 192 1.03 254 292 S
3 1.01 164 167 1.02 244 237 -
4 096 251 200 097 341 280 —
5 092 261 186 092 321 246 . ! !
6 098 306 221 096 396 3.11 i
7 096 294 257 1.01 354 3.27 2 ! !
8 098 292 261 097 392 3.41  Tables  Figues
9 1.06 324 267 099 414 3.37 S
10 098 290 229 099 380 3.09 A
11 115 218 142 114 3.38 242 2 ! !
12 1.04 182 209 104 272 299 e
Mean 1.01 240 210 1.01 329 292 o
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@
e
-
QO
o
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Table 3. Delta perturbations for SRES A2 emissions scenario, for decade centered on 2050, Basin snow
and decade ending in 2100. o dynamics and
@ hydrology
2050 2100 £
Month Prcp Trax  Tmin PSP Trax  Trin 2 J. S. Deems et al.
=)
1 1.14 2.07 248 119 417 498 3
2 1.03 1.74 212 114 4.04 4.72 S
3 1.04 204 207 1.05 4.44 437 -
4 092 3.01 230 092 551 4.40 —
5 07 331 236 075 591 446 _ N =
6 086 4.16 321 080 6.96 5.71 i
7 0.88 4.04 347 099 6.44 6.27 2 ! !
8 0.88 422 351 088 682 621  Tables  Figues
9 087 414 327 092 724 6.27 S
10 095 340 269 094 640 5.39 A
11 1.00 288 192 1.03 528 4.12 2 ! !
12 107 252 289 114 452 4.89 e
Mean 096 3.13 269 098 5.64 5.15 o
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Table 4. Comparison of change in average annual runoff for 2050 and 2100 under B1 and A2
scenarios modeled by perturbing 7., and 7,,,, both separately and equally (7,,g).

AQ  AQ AQ  AQ

(BCM) (%) (BCM) (%)

B1 B1 A2 A2
2050 Ty 224 -11.0 -4.04 -19.9
Towomn —2.39 -11.8 -4.16 -20.4
2100 T,y -275 -135 -464 -228
Toawmn  -2.93 —14.4 -477 -23.4
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Table 5. Change in runoff (Q) at Lees Ferry relative to Historic climate with moderate dust

loading (MD Historic).

AQ AQ AQ  AQ
(BCM) (%) (BCM) (%)
Hist LD 098 48
MD - -
ED -009 -05
B1 B1 A2 A2
2050 LD 1.83 90 370 -182
MD 239 -11.8 4.16 -20.4
ED 242 -11.9 -4.14 -204
2100 LD 244 -12.0 -4.46 -21.9
MD 293 -144 -477 -234
ED 294 -145 474 —-233
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Table 6. Day of and change in runoff center-of-mass (COM) relative to Historic climate with dynamics and
moderate dust loading (MD Historic). @ hydrology
(=
(2}
COM ACOM COM COM g. J. S. Deems et al.
(DOY) (days) (DQY) (days) %
Hist LD 167 14 -%
MD 153 - -
e | Abstact Intoduction.
(72}
2050 LD 156 3 152 -1 2
MD 145 -8 143 -10 o Tades  Figues
ED 135  -18 132  -2f S
-
2100 LD 152 -1 141 12 s 1
MD 142 -11 133 -20 D
ED 132 21 125 28 ~ I e
. Bk Clse
&,
(@]
~ Printeriendly Version
-
Q
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=
1050 100 200 km |-

Fig. 1. Map of Upper Colorado River Basin. Flag icon shows the location of Senator Beck Basin
Study Area. Star icon indicates the location of the Lee’s Ferry gage.
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Fig. 2. (a) Snow albedo decay curves for MD, LD, and ED deposition scenarios. (b) Time series

of observed 2009 albedos at Swamp Angel Study Plot in Senator Beck Basin, CO, simulated
ED snow albedos, and residuals.
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Fig. 3. Model period daily average simulated incoming shortwave radiation, and daily average
net shortwave input to the snowcover under LD, MD, and ED dust loading scenarios.
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Fig. 4. Change in T, (blue) and T,,,, (red) for (a) mid-century, and (b) end-century. The box and
whiskers depict the 25th, median, and 75th percentiles of the range of the 9 models considered.
The individual runs of each model have been averaged to create a single ensemble member

for each model.
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Fig. 5. Change in Precipitation expressed as (a) mmday ™' and (b) percentage for mid-century
(green) and end-of-century (light blue).
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Fig. 6. (a) Daily average temperature range and (b) daily average incoming shortwave radiation
under current and future climate scenarios; (c) daily average change in incoming shortwave

radiation.
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Fig. 9. (a) Annual total discharge at Lee’s Ferry under historic (current) climate and moderate
dust deposition (MD) scenarios; (b) change in total annual discharge under lower dust (LD) and
extreme dust (ED) loading scenarios, and for the decade centered on 2050; colored areas show
the range between B1 and A2 emissions scenarios; (c) as in (b), but for decade ending 2100.
For climate change scenarios historic years represent interannual variability for the modeled
period as described in the text.
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1920

Fig. 10. as in Fig. 6, but showing (a) runoff Center-of-Mass for MD Historic, and change in COM

for 2050 (b) and 2100 (c).
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Fig. 11. Sensitivity of center-of-mass timing (a) and annual runoff volume (b) under various
climate scenarios for low (LD), medium (MD), and high (ED) dust emission scenarios.
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Fig. 12. Simulated median daily evapotranspiration over all model years for the grid cell con-
taining Senator Beck Basin. Only the A2 climate scenario is shown, for clarity.
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