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Abstract. The Colorado River provides water to 40 mil- peak snowmelt an additional 3 weeks earlier to a total of
lion people in seven western states and two countries ané weeks earlier than pre-disturbance. The extreme dust sce-
to 5.5 million irrigated acres. The river has long been over-nario reduces annual flow volume an additional 1% (6%
allocated. Climate models project runoff losses of 5-20 %compared to pre-disturbance), a smaller difference than from
from the basin by mid-21st century due to human-inducedlow to moderate dust scenarios due to melt season shifting
climate change. Recent work has shown that decreased snowto a season of lower evaporative demand. The sensitivity
albedo from anthropogenic dust loading to the CO moun-of flow timing to dust radiative forcing of snow albedo is
tains shortens the duration of snow cover by several weeksnaintained under future climate scenarios, but the sensitivity
relative to conditions prior to western expansion of the USof flow volume reductions decreases with increased climate
in the mid-1800s, and advances peak runoff at Lees Ferryforcing. These results have implications for water manage-
Arizona, by an average of 3 weeks. Increases in evapotranment and suggest that dust abatement efforts could be an im-
spiration from earlier exposure of soils and germination of portant component of any climate adaptation strategies in the
plants have been estimated to decrease annual runoff by mot¢CRB.
than 1.0 billion cubic meters, or 5% of the annual aver-
age. This prior work was based on observed dust loadings
during 2005-2008; however, 2009 and 2010 saw unprece-
dented levels of dust loading on snowpacks in the Upper Col<L  Introduction
orado River Basin (UCRB), being on the order of 5 times the
2005-2008 loading. Building on our prior work, we devel- The Colorado River provides fresh water to over 40 million
oped a new snow albedo decay parameterization based geeople in seven states and two countries and to 5.5 million
observations in 2009/10 to mimic the radiative forcing of ex- irrigated acres. Anthropogenic warming and enhanced evap-
treme dust deposition. We convolve low, moderate, and exotranspiration over the coming decades put this supply at
treme dust/snow albedos with both historic climate forcing risk. Coupled climate—hydrology model simulations show a
and two future climate scenarios via a delta method pertur5—20 % decrease in flow depending on the study, indicative of
bation of historic records. Compared to moderate dust, exa greater risk of a dry future (Christensen et al., 2004, Chris-
treme dust absorbsx2to 4x the solar radiation, and shifts tensen and Lettenmaier, 2007; McCabe and Wolock, 2007;
Barnett et al., 2005; Barnett and Pierce, 2009; Bureau of
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AZ, the 2005-2008 dust radiative forcing in snow on aver-
age shifted peak runoff more than 3 weeks earlier than un-
der pre-settlement conditions, and reduced annual runoff by
~ 5% through enhanced sublimation and evapotranspiration
(ET; Painter et al., 2010).

Spring 2009 brought an order of magnitude increase in

dust deposition to the mountains of the UCRB over that ob-
served in 2005-2008, quantified by observations in the Sen-
ator Beck Basin study area in the San Juan Mountains of
Colorado (Painter et al., 2012a; Skiles et al., 2012). Snow
albedo dropped below 0.35 for the last 3 weeks of the sea-
son, whereas in previous years albedos were never consis-
tently below 0.5. The acceleration of snowmelt resulted in the
most rapid melt rates in the period of record for many SNO-
TEL sites in the UCRB. The mean spring radiative forcing
by dust in snow was 111 Wn#, producing a 48-day reduc-
i tion of snow cover duration, representing an additional 20-
H day reduction over the previous dust impacts during 2005—
B 2008, which experienced a dust radiative forcing range of
25-50 Wnt 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
Reclamation, 2011a, b; Colorado Water Conservation Boardyeight of dust in snow) (Painter et al., 2012a). A wet spring
2012; Vano et al., 2012; Seager et al., 2012). with abundant snowfall that buried much of the dust kept

The Colorado River receives the bulk of its annual flow snow albedos high until late in the melt season, effectively
from snowmelt in the upper basin (Fig. 1). The major reser-compressing the period of snowmelt but still resulting in a
voirs on the river, Lake Mead in the lower basin and Lake 40-day reduction in snow cover duration (Skiles et al., 2012).
Powell near the outflow from the upper basin, and the otherTaken together, 2009 and 2010 offered a startling glimpse
reservoirs in the Colorado River Storage Project, allow stor-into the potential magnitude of dust deposition on UCRB
age of approximately four times the average annual runoffsnowpacks, and into a possible “future normal” dust condi-
The upper basin above these major reservoirs has signiftion and associated impacts under regional warming (Mun-
cantly less storage. Many upper basin water managers ansbn et al., 2011).
users depend predominately on storage of water in the snow- From analysis of dust loading in lake sediments in the
pack to delay runoff for use in the drier late spring and sum-mountains of the UCRB (Neff et al., 2008; Reynolds et al.,
mer seasons. Changes in snowmelt forcing, whether fron2009), we know that the sustained disturbance of previously
warming or dust, can have a large impact on the availabil-stable lands in the Colorado Plateau and Great Basin that
ity of stored and in-stream water resources during the drietbbegan in the latter half of the 1800s has led to a five-fold
season. increase in dust deposition over that of the pre-settlement

Absorbed (net) solar radiation dominates the snow sur-conditions of the previous 1000—-3000 yr. This sustained level
face energy balance during the melt season at mid-latitudef increased dust production and deposition appears to have
sites (Oerlemans and Klok, 2002; Bales et al., 2006). Dusbeen increasing further over recent decades (Brahney et al.,
has been observed to reduce melt season snow albedo frof013), and recent hydrologic studies show it has been af-
0.7 for clean snow down to near 0.3, more than doubling abfecting snowmelt rates and runoff timing and volume from
sorbed solar radiation (Painter et al., 2012a). the Colorado River Basin (Painter et al., 2007, 2010; Skiles

Dust loading (kg dust per fy and the above associated et al., 2012). Though some global dust sources exceed the
radiative forcings of the magnitude observed in the Sanintensity of dust emission in the southwestern US (e.g., Yu
Juan Mountains of southwestern Colorado over the periocet al., 2012), multiple lines of evidence, including back-
2005-2008 shortens snow cover duration by 25 to 35 daysrajectory analysis, dust particle sizes, and synoptic event
through its reduction of snow albedo and the resulting en-drivers, demonstrate the primarily regional provenance of
hancement of solar radiation absorption (Painter et al., 2007)dust deposited on UCRB snowpacks (Painter et al., 2007;
Daily radiative forcing of snowmelt by dust in this region can Neff et al., 2008; Lawrence and Neff, 2009; Lawrence et al.,
exceed present-day (and likely future) greenhouse gas forc2010; Steenburgh et al., 2012).
ings by two orders of magnitude. When extended to the en- Based on this evidence, we hypothesize that the accel-
tire Upper Colorado River Basin (UCRB) above Lees Ferry,erated melt associated with this dramatic post-settlement

Fig. 1. Map of Upper Colorado River Basin.
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increase in dust deposition (and recent enhancements) has 107 : T

affected the basin hydrograph and ultimately decreased yield .

by increasing losses due to sublimation and evapotranspira- 0.8f

tion. Our initial modeling suggests that the increased dust Sos

loading (represented by a modified snow albedo parame- I

terization) has markedly modified the hydrograph and de- :;o. 4

creased annual water yield in the UCRB (above Lees Ferry, e

AZ) by an average of & 3 %, or 1.0+ 0.7 billion cubic me- ? oo

ters (BCM), since significant dust deposition began (Painter

et al., 2010), with a total loss of yield of 90 BCM during 0.0
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Several studies have shown decreasing trends in peak Days after snowfall

snow accumulation in the UCRB over the past century (e.g., 10—

Hamlet et al., 2005; Barnett et al., 2005; Mote, 2006) and 0.8

projections of future climate scenarios point to decreases

in streamflow due to atmospheric warming and, in many 30-6

simulations, decreases in precipitation (e.g., Christensen et S04 :gi?ﬁ ,

al., 2004; Christensen and Lettenmaier, 2007; Seager et al., ; — Obs - Sim

2007, 2012). Climate warming has also been projected to in- 202

crease the frequency and severity of drought in the south- @ 0.0

western US (e.g., Cayan et al., 2010), precipitation variability l u "H W WW

(e.g., Dominguez et al., 2012), and thus the areal expanse of O S A

desert regions. These responses will likely increase the fre- Dec Jan Feb Mar Apr May

quency and magnitude of dust emission from deserts in the 2009

southwestern US under continued levels of soil disturbance .

(Belnap et al., 2009; Munson et al., 2011). The impacts ofF'g' 2. (a) Snow albedo decay curves for r_n_oderate dust (MD)’ low

. . . dust (LD), and extreme dust (ED) deposition scenariby.Time

a warming climate on snow accumulation, snowmelt, andseries of observed 2009 albedos at Swamp Angel Study Plot in Sen-

UCRB runoff would be strongly accelerated by increasedgiq, geck Basin, CO, simulated ED snow albedos, and residuals.

dust emission and deposition on mountain snowpacks. By

contrast, modified land management practices in desert sys-

tems of the Colorado Plateau and Great Basin may provide aett et al., 2005; Hamlet et al., 2005, 2007; Mote et al., 2005;

means to increase runoff or reduce losses. Christensen and Lettenmaier, 2007) and globally (Nijssen et
Itis critical, in this period of intense ongoing study of, and al., 2001; Su et al., 2006). As in our earlier study (Painter et

planning for, scenarios of future Colorado River flow, to ex- al., 2010), we run VIC at 1/8latitude and longitude resolu-

amine the relative and combined impacts of dust and regionalion at a daily time step for the period 1915 to 2003, forced

warming on snow accumulation and melt in the UCRB. In with meteorology derived from the NWS Cooperative obser-

this study, we adopt a model sensitivity approach that fol-vation (COOP) network (Hamlet et al., 2007). We discarded

lows up on our earlier efforts (Painter et al., 2010) to examineoutput from 1915 to allow the model state variables to stabi-

arange of future dust and climate scenarios to help guide fulize and analyzed the outputs from 1916 to 2003.

ture studies, aid in scenario planning, and guide development

of land and water management strategies. 2.2 Snow albedo scenarios

o
o

As in the previous study (Painter et al., 2010), we used a
sensitivity approach to examine the hydrologic impacts of
different dust deposition/snow albedo regimes. We refer to
2.1 VIC modeling dust loading prior to disturbance of western lands as the low

dust loading scenario (LD) and conditions based on observa-
We used the Variable Infiltration Capacity (VIC) hydrologic tons over the 20032008 time period as moderate dust load-
model (Liang et al., 1994) to simulate the naturalized runoffing scenario (MD). In order to examine the impacts of ex-
(effects of water management removed) from the UCRB atiréme dust deposition observed in 2009 and 2010, we created
Lees Ferry, Arizona, under enhanced dust loading and comt€ extreme dust loading scenario (ED) to match the rates
pare the results to pre- and post-disturbance dust loading reé2f snow albedo decrease observed in those years at micro-
sults from Painter et al. (2010) by using identical meteoro-meteorological stations located at the Senator Beck Basin
logical inputs. The VIC model has been applied in numerousStudy site (Fig. 2a and b) (Painter et al., 2012a).
hydrology—climate change studies in the western US (Bar-

2 Hydrologic modeling and climate perturbations
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400 . . — . , likely overestimating dust impacts in portions of the domain
- A - sw ] | while underestimating it in others.

mm LD
300 . MD | 2.3 Climate scenarios

mm ED

2501 T To examine the interaction of the above dust scenarios with

projected future climate states, we conducted climate sensi-
tivity experiments guided by the changes seen in an ensem-
ble of climate model projections. We generated a small set
of representative future climate time series using the delta
method, where monthly climate change factors derived from
climate models are applied to historical observational data.
The simplicity of this approach is consistent with the sen-
sitivity approach used with the dust deposition/albedo de-
cay scenarios, and has the advantage of maintaining realis-
Fig. 3. Model period daily average simulated incoming shortwave tic daily sequences of climate state variables; the interannual
radiation, and daily average net shortwave input to the snow covewariability under the climate scenarios is provided by the his-
under low dust (LD), moderate dust (MD), and extreme dust (ED)toric time series. Because snowpack accumulation and melt
dust loading scenarios. are the result of cumulative precipitation and the cumula-
tive surface energy balance, any potential changes in the de-
tailed daily sequences that we neglect are less important than
changes in monthly averages.

Snow albedo values in the VIC model are derived via The climate models used to determine the perturbation
albedo decay curves relating snow albedo to the number oéire listed in Table 1. This dataset of daily model output
days since snowfall. The MD albedo decay curves closelyfrom CMIP3 was chosen because it contains information
match albedo observations at SBB over 2005-2008 (referredn Tmin and Tmax that is lacking in the monthly CMIP3
to as the ADL, or after-disturbance loading scenario, inarchives. The daily minimum temperature, maximum tem-
Painter et al., 2010). The LD decay curves were derived fromperature, and total precipitation were obtained for three peri-
albedo measurements from mountain regions that currentlypds (recent past [1961—-2000], mid-century [2046—-2065], and
receive low levels of dust deposition (Painter et al., 2010).end of century [2081-2100]) for the SRES B1 and A2 car-
The ED accumulation season curve decreases more quicklgon emissions scenarios (Solomon et al., 2007). We obtained
than the MD curve through day 5 post-snowfall, then decayse-gridded daily global climate model (GCM) output from
more slowly, an artifact of the late winter weather patternsthe Bureau of Reclamation (L. Brekke, personal communi-
during 2009 and 2010. A longer record of extreme dust de-cation, 2010). This model output has since been used in the
position years would likely result in an ED decay curve for production of the Bias-Corrected Constructed Analog daily
the accumulation season that is below the MD curve at alldownscaled data and is available frétp://gdo-dcp.uclinl.
time lags rather than our paradoxical result which shows MDorg/downscaled_cmip_projectianghe gridding methodol-
curve dropping below ED at longer lags. The ED melt sea-ogy is referenced on that website. Monthly climatologies
son curve, by contrast, illustrates the extremely rapid albedavere computed over the three time periods for each model
decay rates observed during the 2009 and 2010 melt seasomnsin. Because the models are not evenly represented in this

Compared to the MD scenario, solar radiation absorptionensemble, we averaged the individual runs of each model
by the snow cover is reduced under the LD scenario and enfirst and then treated the single model averages equally in our
hanced under ED (Fig. 3). Maximum melt season changesnulti-model average. We refer to this as the “run-averaged
in net solar radiation exceed 150 % of MD under ED dustensemble”.
loadings and show reductions of 35 % under LD conditions
as compared to MD. 2.4 Upper Colorado River Basin precipitation and

We applied the snow albedo scenarios uniformly across temperature changes
the UCRB domain, lacking observations of the spatial distri-
bution of dust loading or radiative forcing for sufficient dura- We averaged th&max, Tmin, and precipitation values in the
tion to specify the dust/albedo time series. Recent work hassCM grid cells representing the rectangle front 3644 N
quantified the non-uniform nature of the spatial variability latitude and 102 to 114 W longitude. This area encom-
of dust radiative forcing in the UCRB using data from the passes the UCRB with a total of 20 2 2° grid cells. The
MODIS instrument for the time period 2000-2013 (Painter monthly changes iffmin and Tmax for the two time periods
et al., 2012b). Our spatially uniform application is therefore (mid-century and end of century) are shown in Fig. 4a, b.
a simplification, consistent with our sensitivity approach, andWinter (December—March] i, increases more thafinax,

200
150

100 B

Shortwave Radiation (Wm)

50F

50 100 150 200 250 300 350
Day of Year
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Table 1. CMIP-3 models used to develop the delta perturbations. a
Model Run Numbers 0-5 1)
cccma_cgm3_1 1,2,3 % 0 2
cnrm_cm3 1 €
_ -0.5
gfdl_cm2_0 1 =
gfdl_cm2_1 1 < 4
ipsl_cm4 1 AP 2050
miroc3_2_medres 1,2 -1.5 AP 2100
miub_echo_g 1,2,3
mpi_echam5 1 b
mri_cgcm2_3 2a 1,2,3,4,5 40
207
s .
9 a -ATmin aq-: o
8 -ATmax —20
7 o
6 -40
IOk—:/j > e & Q > as >0
. 5 c | S . cC= O —
<3 58E3852288¢8¢
2
11 Fig. 5. Change in precipitation expressed(asmm day—1 and(b)
0 percentage for mid-century (green) and end of century (light blue).
9t .
8 L. Table 2. Delta perturbations for SRES B1 emissions scenario, for
7 1 decade centered on 2050 and decade ending in 2100.
= 6
2 5 2050 | 2100
<
g Month  Prep Tmax Tmin | PrcP  Tmax  Tmin
2 1.07 1.67 1.88] 1.11 247 278
1 1.02 134 192/ 1.03 254 292
0 Y ————— 101 164 167 1.02 244 237
T @ g 2 g == 22 8 SR 096 251 2.00f 097 341 2380

092 261 186/ 092 321 246
098 3.06 221 096 396 3.11
096 294 257 1.01 354 3.27
098 292 261 097 392 341
1.06 324 267 099 414 3.37

Fig. 4. Change inTyyin (blue) andTmax (red) for (a) mid-century,
and(b) end of century. The box and whiskers depict the 25th, me-
dian, and 75th percentiles of the range of the 9 models considered.
The individual runs of each model have been averaged to create a 10 098 290 229 099 380 3.09
single ensemble member for each model. 11 115 218 142 114 338 242

12 1.04 1.82 209 104 272 299

as shown by the median in the box-and-whisker depiction. ~ Mean ~ 1.01 240 210 1.01 329 292

During the rest of the yeafnax increases more thafinn,

with the exception of July. May shows the greatest differ-

ence, WithTmax increasing~1.5K more thanZmin by the  run-averaged ensemble of nine models are shown in Table 2
end of the century. (scenario B1; Nakicenvoic et al., 2000) and Table 3 (scenario

Precipitation changes are shown in Fig. 5a, b for absoluten2: Nakicenvoic et al., 2000). These are the values used to
and percentage changes. (Note that in contrast to Fig. 4, thgerturb the historic inputs to VIC.

two colors show the two periods rather than the different as-

pects of temperature.) The precipitation changes show the.5 Separate forcing ofTmax and Tnin

typical model-projected pattern of increased winter precip-

itation and decreased late spring and summer precipitatioi€limate observations show differing seasonal signafisx

for this region (Ray et al., 2008), with considerable spreadandTy, trends, withT i, increasing faster thafinax in win-
from model to model. The mean values of the changes for theer months and vice versa in summer (e.g., Knowles et al.,

©oO~NOOUDWNPE
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Table 3. Delta perturbations for SRES A2 emissions scenario, for S
decade centered on 2050 and decade ending in 2100. <
(=2l
2050 | 2100 E
5
Month  Prcp Tmax Tmin | Prcp  Tmax  Tmin E . : :
1 114 207 248/ 119 417 498 300/ w = Sos0i |
2 1.03 174 212 114 404 472 I , anal |
3 1.04 204 207 1.05 444 437 ~- 2100 A2
4 0.92 3.01 230{ 092 551 4.40 !
5 0.87 331 236| 0.75 591 4.46
6 0.86 416 3.21] 0.80 6.96 5.71
7 0.88 4.04 3.47| 099 6.44 6.27
8 0.88 422 351 0.88 6.82 6.21 -
9 0.87 414 3.27| 092 7.24 6.27 0 ‘ ‘
10 095 340 269 094 6.40 5.39 _ 30l€ e .
11 1.00 288 192/ 1.03 528 412 g 5l ‘“'.’ '\\ "'h‘.l""‘
12 1.07 252 2.89 1.14 452 4.89 2: 18, - "v,""’m M“
Mean 096 313 269 098 564 5.5 10 s gt Ny
20 50 100 150 200 250 300 350
Day of Year

2006; Rangwala et al., 2012). In order to faithfully representFi9- 6. (@) Daily average temperature range gl daily average
the observed diurnal and seasonal patterns of regional cli"é0Ming shortwave radiation under current and future climate sce-
mate warming in recent decades, we use separate delta penr@nos;(c) daily average change in incoming shortwave radiation.
turbations forTnax andTmin, @s the warming trends produced
by the GCMs broadly match the patterns in the observational
datasetsTmn increases faster thafnax in the cool season  al. (2013) show a trend towards increased aridity in the south-
and the opposite occurs in the warm season. Pertutljingg  western US and UCRB, which would increase solar radiation
and Timin separately should produce more realistic tempera-transmission and evaporative losses. They also demonstrate
ture shifts, and therefore changes in sensible and latent hea# bias in relative humidity trends calculated by VIC from
ing and long-wave radiative forcings, than a single delta off-daily Tmax Tmin, @nd precipitation forcing data, with future
set forTayg. RH decreases of smaller magnitude than those predicted by
However, our modeling effort is limited by the driving data GCMs due to divergent trends in GCM- and VIC-calculated
source, observed dailfinax and Tmin, from which other en-  dew point temperature. Their results suggest that this bias
ergy balance components must be empirically derived. Thecould result in end-of-century decreases in UCRB runoff on
VIC model uses the method of Thornton and Running (1999)the same order of magnitude as the dust scenarios detailed in
to derive daily incoming solar radiation (SYY from the di- Painter et al. (2010), which would in turn suggest that our re-
urnal temperature range. This methodological choice is essults concerning change in runoff due to combined dust and
sential for allowing the historic simulations to extend back to climate forcing are conservative.
1915 using the COOP meteorological data. Nevertheless, it is difficult to ascertain what, if any, bias
Figure 6 illustrates the change in $\Mnder the future cli-  has resulted from our separdfgax and Tmin perturbations,
mate scenarios: the diurnal temperature range is decreased am to what degree the enhanced fidelity in representation of
cool season months and increased in warm season monthigmperature trends is offset by uncertainties in derive¢,SW
producing reduced cool season gVind enhanced warm We have no a priori reason to suspect that the empirical so-
season and snow ablation season;S\Met solar radiation lar radiation formulation would be any less valid under pro-
dominates the snow energy balance in the UCRB (Painter gected future climate conditions than under the historic cli-
al., 2012a; Skiles et al., 2012); thus this separate perturbamate, as it was developed for a large range of climate condi-
tion of Tnax and Tmin clearly exerts an additional forcing on tions and represents a diagnostic relationship between tem-
snowmelt. However, changes in incident solar radiation dueperature and these energy balance components. However, to
to changes in cloud cover and total column water vapor areébracket this uncertainty, we performed a second set of sim-
to be expected with climate change. For example, Solomorulations wherelmin and Tmax Were perturbed equallyTgyg
et al. (2007) show a decrease in annual cloudiness for théelta). This is equivalent to the conservative assumption that
Colorado River Basin for their multi-model mean. Rangwala solar radiation incident on the surface does not change. The
et al. (2012) found a 5% increase in spring season,SW Tayg perturbation results in only slightly smaller reductions
in two of the regional climate models examined. Pierce etof annual streamflow than does perturbationZafax and
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Table 4. Comparison of change in average annual runoff for 2050  o500F !
and 2100 under B1 and A2 scenarios modeled by perturbing D hision
. — IStoric
andTmin both separately and equallyzg). MD Historic
2000+ = ED Historic
AQ AQ AQ AQ I LD 2050
(BCM) (%) (BCM) (%) MD 2050
- 1500 I ED 2050
B1 B1 A2 A2 g
2050 Tavg —224 -11.0 -4.04 -199 ] 10001
Tmaymin —2.39 -11.8 -—-416 -204
2100 Tavg —-275 -135 -464 -228
Tmaymin  —2.93 -14.4 477 -23.4 500¢
Historic  B12050  B12100  A22050 _A22100 0 50 100 150 200 250 300 350
Day of Year
2500F i ‘ ' ! ;
- b .
= |_D Historic
== MD Historic
2000+ = ED Historic
&) I LD 2100
= MD 2100
- 1500+ I ED 2100
S
L
(6]
Q 1000+
. . . S 500r
Fig. 7.Change in snow-all-gone dates compared to historic climate,
moderate dust (MD) results by grid cell for all dust/albedo scenarios
using B1 and A2 emissions scenarios. 0

50 100 150 200 250 300 350
Day of Year
Tmin separately (Table 4). For example, in the MD 2050 B1 £ig g (a)Mean annual hydrograph at Lees Ferry, showing moder-
case, thdayg method results in a 11.0 % reduction while our ate dust (MD), low dust (LD), and extreme dust (ED) historic traces
Tmax! Tmin Perturbation results in a 11.8 % reduction. and mean annual hydrograph for all three dust/albedo scenarios, for
decade centered on 2050; colored areas show the range in hydro-
graph response between B1 and A2 emissions scenariofhpasl
3 Results in (a), but for the decade ending 2100.
3.1 Impacts of extreme dust loading on snowmelt and
hydrology using historic time series found that in the extreme dust years of 2009 and 2010, the
snowpack melted out 50 and 43 days early, respectively, rel-
In the three dust scenarios under historic climate condi-ative to a theoretical clean snowpack. This compares well in
tions, it is the highest snow accumulation areas (predomi-magnitude with our results from the grid cell containing the
nantly higher elevations) that show the greatest sensitivity inSenator Beck Basin study site, wherein the average change
date of snow melt-out, or snow-all-gone (SAG) date to dustin SAG date between the ED and LD scenarios is 40.7 days
load and radiative forcing (Fig. 7, 1st column — Historic). (note that the LD scenario does not represent the albedo de-
Deeper snowpacks have a longer melt season and therefooay of perfectly clean snow, and thus we expect the SAG
a longer time period over which different melt rates can difference to be smaller than that simulated by Skiles et al.,
cause the snow water equivalent (SWE) amounts to diverge2012).
Changes in date of SAGASAG) range from increases of The 88yr average annual hydrographs of natural flow at
up to 25 days under the LD scenario to decreases of up thees Ferry, AZ, (essentially Lake Powell natural inflows)
20 days under the ED scenario. for the three dust albedo scenarios under the historic climate
For comparison, Skiles et al. (2012) used observed enfecord (Fig. 8a, solid lines) and for the 2050 and 2100 climate
ergy balance data to conduct point simulations of melt seasoperturbation scenarios exhibit runoff timing and volume re-
SWE evolution at the Senator Beck Basin study site. Theysponses to dust and climate forcings (Fig. 8a and b, shaded
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Table 5. Change in runoff Q) at Lees Ferry relative to historic cli-
mate with moderate dust loading (MD historic).

Q (BCM)

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

Hist LD 0.98 4.8
MD - -
ED -0.09 -05

Bl Bl A2 A2

AQ (BCM)

2050 LD -183 -90 -3.70 -18.2
MD —-2.39 -118 -4.16 -204
ED —242 -119 —-414 -204

2100 LD —244 -120 -4.46 -21.9
MD —-293 -144 477 -234
ED —2.94 -145 -—-474 -233

1920 1930 1940 1950 1960 1970 1980 1990 2000

. . . . = LD Historic [l LD 2050/2100
areas). The MD and LD historic hydrographs are identical to = MD Historic MD 2050/2100
those published in Painter et al. (2010). The ED historic sce- — ED Historic W ED 2050/2100

nario produces a hydrograph that peaks a further 18 days eaﬁg. 9. (a)Annual total discharge at Lees Ferry under historic (cur-

lier than the MD scenario and has a steeper rising_limb. Botr}em) climate and moderate dust deposition (MD) scenafio:
of these features were also seen in the MD/LD differenceschange in total annual discharge under lower dust (LD) and ex-

However, whereas MD annual yield totals are 5 % lower thantreme dust (ED) loading scenarios, and for the decade centered on

LD due to increased sublimation and evaporative losses, E2050; colored areas show the range between B1 and A2 emissions

annual yield is only reduced by 0.5 % relative to MD, despite scenarios{c) as in(b), but for decade ending 2100. For climate

similar increases in the snow-free season (Table 5). change scenarios historic years represent interannual variability for
Consistent with Painter et al. (2010), the largest changes ihe modeled period as described in the text.

yield occur in years with high flows, which result from large

snhow accumulations, thereby generating the gre&t&G

(Fig. 9a and b, solid lines). Under historic climate conditions, @"d end-of-century snow cover by up to 60 days. Interest-

the runoff center of masghe day of the year when 50 % of mgly, even in th_e Wa_lrmest scenarios, th_e slight increases in

the total annual flow has passed the gage) is shifted on thwinter precipitation in all climate scenarios result in longer

order of 2 weeks later under LD relative to the MD scenario STOW seasons at the highest, coldest elevations. However,
and 2 weeks earlier in the year under ED (Fig. 10a and pthese areas form a very small fraction of the total snowmelt-

solid lines). producing area in the UCRB and do not provide much extra
flow to offset the substantial changes in runoff volume from
3.2 Dust impacts under future climate scenarios losses in snow cover elsewhere in the basin.

The combination of climate and dust scenarios for 2050
To evaluate combined dust and future climate impacts, weg(Fig. 8a) and 2100 (Fig. 8b) produces dramatic changes in
compare combinations of dust and climate scenarios tdhe Lees Ferry hydrograph. The shaded regions in Fig. 8 rep-
the MD historic scenario that represents current conditionsresent the range in hydrograph response bracketed by the
The spatial distribution oASAG across the UCRB varies Bl and A2 climate scenarios (Solomon et al., 2007) un-
strongly under combinations of dust and future climate sce-der the three dust scenarios. By mid-century, peak runoff
narios (Fig. 7, columns 2-5). While dust radiative forcing moves earlier by 2—3 weeks, and peak flows decrease by 14—
has a greater impact on the deeper snowpacks at higher el&8 % relative to the MD historic scenario (Table 5). Annual
vations (due to a longer snowmelt season over which to afrunoff volumes in 2050 decrease by 8-18 %, 11-20 %, and
fect divergence in melt), climate warming influences snow12—20 % for LD, MD, and ED scenarios, respectively. End-
cover duration at all elevations due to decreases in snow amf-century hydrographs display markedly earlier snowmelt
cumulation (increased rain fraction and accumulation seasoonnset than the historic climate and dramatically earlier and
[November through March] melt) and enhanced melt (earlierl8—20 % reduction in peak flows. The annual runoff declines
melt onset, faster melt rates). Model results show that a futuref 12—20 %, 14-23 %, and 14-23 % (LD, MD, ED) suggest
warmer climate has a substantial impact on snow cover durathat flow volumes show lower sensitivity to dust loading un-
tion relative to the current climate and dust environment, withder extreme warming than under the current climate. This
mid-century snow cover duration decreasing by 45-50 daysensitivity varies annually, with the largest changes (from
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Table 6.Day of and change in runoff center of mass (COM) relative Low  Medium  High
to historic climate with moderate dust loading (MD historic). (LD) (MD) (ED)
Dust Loading Scenario
COM ACOM COM COM B1 A2
(DOY)  (days) (DOY) (days) 0@ Historic 2050 HEE AAA
AAA
Hist LD 167 14 =1l
MD 153 - Fig. 11. Sensitivity of center-of-mass timin@) and annual runoff
ED 139 —-14 volume(b) under various climate scenarios for low (LD), medium
B1 B1 A2 A2 (MD), and high (ED) dust emission scenarios.
2050 LD 156 3 152 -1
MD 145 -8 143 -10 sistent with the LD scenario offsets changes in flow timing
ED 135 —-18 132 -21 . . . . .
depicted by the 2050 climate warming scenarios, suggesting
2100 LD 152 -1 141 12 a possible land management avenue for coping with hydro-
MD 142 -1 133 20 logic impacts of moderate warming.
ED 132 -21 125 —28

Sensitivities of runoff volume and timing to dust loading
under combinations of dust and climate forcing are summa-
rized in Fig. 11. As noted above, runoff timing maintains
dust and/or climate warming) occurring in the wettest yearsstrong sensitivity to dust loading even under extreme climate
(Fig. 9). warming. In contrast, changes in runoff volume appear to be

In contrast, center-of-mass timing maintains strong sensidominated by climate forcing even under moderate warming
tivity to dust radiative forcing under all climate scenarios (Ta- Scenarios.
ble 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 4 Discussion and conclusions
21 days earlier (LD, MD, ED), and by 2100 occurs 12, 20, or
28 days earlier (LD, MD, ED). Years that exhibit early melt Our previous study (Painter et al., 2010) that used albedo de-
under the historic climate show the least sensitivity to eithercay curves based on observations from the moderate dust
climate or dust forcing, as these years have low snow accuyears of 2005-2008 (MD scenario) indicated a strong in-
mulation and therefore a shorter melt season over which tdluence of snowmelt and runoff timing (on the order of
manifest melt forcings. Notably, reduced dust loading con-3 weeks early) and runoff volume-(5 % decrease) by dust
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radiative forcing. The extreme dust loads observed in 2009
and 2010 provoked questions regarding their hydrologic in-
fluence, 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 “nor-
mal” 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 ar-
eas is likely to decline in response to increased aridity, leav-

J. S. Deems et al.: Combined impacts of current and future dust deposition and regional warming

ing soil surfaces more frequently exposed to eolian erosion 50 150 250 350

and dust emission. Dust emission modeling suggests that Day of Year

plant coverage decline will lead to exponential increases in — LD = =LDA22050 - LD A2 2100

dust emission under climate warming (Munson et al., 2011). — MD = =MDA22050 -+ MD A2 2100
—ED = =EDA22050 ===+ ED A2 2100

The combination of dust radiative forcing on snowmelt and

direct climate warming Impacts on snow accumulation andFig. 12. Simulated median daily evapotranspiration over all model
melt represents an amplified, dual impact on UCRB SNOW-years for the grid cell containing Senator Beck Basin. Only the A2
packs from regional warming. It appears that dust radiativeclimate scenario is shown, for clarity.

forcing has the potential to exert greater influence on the

UCRB hydrologic system in the near term than does direct

warming alone (this work and Skiles et al., 2012).

Timing and magnitude of snowmelt, and therefore runoff, The timing of snowmelt onset in the 2050 scenarios ap-
are very sensitive to dust radiative forcing through reductionpears to still be strongly controlled by dust loading, as the
of snow albedo. The shift in flow timing (peak and center spring hydrograph rise changes little in response to climate
of mass) under the ED historic scenario is similar in mag-forcing for each individual dust situation, with only the LD
nitude to the shift from LD to MD, illustrating the dom- run showing much response by melt onset timing to warm-
inance of net solar radiation on the snow energy balanceing (Fig. 8a). These results are consistent with the point
However, the change in runoff volume at Lees Ferry betweersnowmelt modeling results of Skiles et al. (2012). Under the
the ED and MD scenarios is much smaller than the MD t02100 climate scenario, however, spring runoff begins ear-
LD volume change. Under ED, snowmelt occurs in early lier in the warmer climate regardless of the dust situation: it
spring when evaporative demand is lower and temperatureappears that the extreme warming represented by the 2100
are generally too low to allow vegetation to begin the grow- perturbations overwhelms dust forcing of snowmelt onset
ing season; thus, ET losses are lower compared to MD or LD(Fig. 8b).

Steltzer et al. (2009) conducted a field experiment manipulat- The sensitivity of runoff center-of-mass timing to dust ra-
ing snowmelt in a San Juan Mountains snowpack and showediative forcing appears undiminished by climate warming.
that dust-accelerated melt and loss of snow cover drove tunindeed, COM timing appears to be about equally sensitive
dra greening and flowering earlier in the season up until ato warming and dust scenarios (Figs. 10 and 11; Table 6).
threshold date when seasonal temperatures reached consiBae seasonal timing of runoff is of particular interest to those
tently above 0C. Snow cover removal at dates earlier than water users whose supply comes directly from the higher
the threshold did not induce greening/flowering, and thereteaches of the UCRB. Reservoir storage there is typically
fore would not contribute to further transpiration losses. modest and the seasonal snowpack represents an important

Under a warmer climate, however, it is probable that earlynatural storage reservoir in the system. Delayed snowmelt
spring air temperatures would be high enough to enablecan have important benefits to water delivery obligations and
greening and flowering of plants uncovered by snowmelt,late season flow volumes. The lower basin, which relies on
and thus enable ET losses to increase. The timing of ET irthe enormous storage capacity in the two largest reservoirs in
spring moves earlier under the warming scenarios, but doethe United States, lakes Powell and Mead, is affected primar-
not change much when only snow albedo changes are corily by the potential for dust-induced changes to annual runoff
sidered without warming (Fig. 12). This effect in the model volume.
is due to increased evaporative demand from higher temper- Changes in runoff volume are largely dominated by cli-
atures, not through any dynamic representation of plant phemate warming rather than dust loading in both the 2050 and
nology. Itis possible that plant community response to earlier2100 runs, though some substantial sensitivity remains under
snowmelt and warmer air temperatures would differ substanthe B1 2050 scenario, wherein dust loading equivalent to LD
tially from the bulk response to evaporative drive in the VIC saves on the order of 3% of current annual flow (Fig. 9; Ta-
model, potentially resulting in greater ET losses from accel-ble 5). Runoff losses of the magnitude indicated by the ED
erated or early onset of plant growth. 2050 or by any of the 2100 A2 scenarios would represent an

Hydrol. Earth Syst. Sci., 17, 44014413 2013 www.hydrol-earth-syst-sci.net/17/4401/2013/



J. S. Deems et al.: Combined impacts of current and future dust deposition and regional warming 4411

unmanageable water supply condition, with devastating ef-cent extremes in dust deposition (2009-2010) and extremes

fects on the regional economy and ecosystems. in flood and drought represented both in climate scenarios
One way to examine the relative changes in runoff tim- and in paleohydrologic records should serve as an urgent call

ing and volume in the future climate/dust results is to treatto action for development of these new tools.

the different dust loading scenarios as mitigation scenarios,

i.e., with an eye toward influencing dust emission in order to

add resilience to the Colorado River system. The primary in-5  conclusions

fluence of different dust scenarios under the modeled future

climates is exerted on flow timing (Fig. 10; Table 6). Recov- Our recent work has shown that decreased snow albedo from
ery to pre-settlement dust conditions (LD scenario) woulddust loading to the mountains of Colorado of the magni-
more than offset warming-induced flow timing impacts in tude observed in 2005-2008 shortens snow cover duration
2050 and would offset warming impacts under the B1 sce-hy several weeks relative to conditions prior to westward ex-
nario in 2100. Maintenance of MD conditions would offset pansion of the United States in the mid-1800s, and causes
about 10 days of runoff timing change in 2050 and up to peak runoff from the UCRB to occur an average of 3 weeks
20 days in 2100 (A2). earlier. Increased evapotranspiration losses due to the longer
Three factors are required for dust production: winds suf-snow-free season were estimated to decrease annual runoff
ficient to suspend soil particles, exposed soils (often throughyy about 5 % of the annual average flow. We developed a new
the reduction of vegetation) and soils having characteristicssnow albedo decay parameterization based on observations
making them vulnerable to wind erosion. Winds speeds at the)f the much higher dust loading observed in 2009/10, and
ground level can be reduced through physical windbreaks oexamine the low, moderate, and extreme dust/snow albedos
vegetation. Vegetative cover reduces soil exposure, and thug combination with both historic climate forcing and two
sites currently dominated by annual plants (e.g., abandonefljtyre climate scenarios. Extreme dust shifts peak snowmelt
croplands, heavily disturbed sites) can be rehabilitated by esan additional 3 weeks earlier to a total of 6 weeks earlier
tablishment of perennial grasses and shrubs that provide prahan pre-disturbance, and reduces annual flow volume an ad-
tection even in drought years. Most dryland soils are stablejitional 1% (6 % compared to pre-disturbance). Sensitivity
until disturbed (Field et al., 2010), and thus reduced surfacef flow timing to dust radiative forcing is maintained under
disturbance (e.g., livestock grazing, off-road vehicles, agri-future climate scenarios, but the sensitivity of flow volume
cultural aCtiVities, ﬁre) in lower elevation regions, eSpeCia”y appears to decrease with increased climate forcing_ These re-
during drought years, can be highly effective in reducing dustsuits have implications for water management and suggest
production. that dust abatement efforts could be an important component

It is clear, from this study and others, that radiative forc- of any climate adaptation strategies in the UCRB.
ing by dust exerts a strong influence on snowmelt in the

UCRB. The science quantifying the impacts on snowmelt
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