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Abstract In the mountainous headwaters of the Colorado River episodic dust deposition from adjacent arid
and disturbed landscapes darkens snow and accelerates snowmelt, impacting basin hydrology. Patterns and
impacts across the heterogenous landscape cannot be inferred from current in situ observations. To fill this gap
daily remotely sensed retrievals of radiative forcing and contribution to melt were analyzed over the MODIS
period of record (2001-2023) to quantify spatiotemporal impacts of snow darkening. Each season radiative
forcing magnitudes were lowest in early spring and intensified as snowmelt progressed, with interannual
variability in timing and magnitude of peak impact. Over the full record, radiative forcing was elevated in the
first decade relative to the last decade. Snowmelt was accelerated in all years and impacts were most intense in
the central to southern headwaters. The spatiotemporal patterns motivate further study to understand controls on
variability and related perturbations to snow water resources.

Plain Language Summary Seasonal melt from mountain snowpacks dominates water resource

availability in the Upper Colorado River Basin (UCRB). The mountainous Colorado River headwaters are

adjacent to arid regions that regularly emit dust that darkens the snow. Darker snow melts earlier and faster due
to the snowpack absorbing more of the sun's energy. This study uses 23 years of daily remotely sensed images to
observe patterns in dust on snow impacts during the melt season across the UCRB. Results showed that impacts
were greatest in the central-southern Rocky Mountains at mid-alpine elevations. Over time, snow darkening and
accelerated melt were generally higher in the first half of the record with a slight declining trend across the full
record. However, dust contributed to accelerating melt every spring over the record. Results suggest the need for
further study to understand what controls dust on snow variability and magnitude of impact from year to year.

1. Introduction

The Colorado River system, which supplies water to over 40 million people across seven Western US states and
two Mexican states, originates as snowmelt from the mountainous headwaters of the Upper Colorado River Basin
(UCRB) (James et al., 2014). Due to the abundance of upwind arid and disturbed dust-producing landscapes, such
as the southern Colorado Plateau, mountain snow in the UCRB is susceptible to surface darkening from mineral
dust deposition (Painter et al., 2007). Deposited dust lowers snow albedo, increases absorbed solar radiation, and
accelerates melt (Hock et al., 2019; Skiles et al., 2018). There is so much dust deposited in this region that it
strongly dominates (>90%) concentrations and radiative impacts relative to other light absorbing particles (LAPs)
like black carbon (Skiles & Painter, 2017, 2018). The amount of dust is related to human activity with deposition
rates increasing by orders of magnitude following land use change and surface disturbance associated with
modern settlement of the Western US (WUS) (Brahney et al., 2013; Neff et al., 2008). The timing and magnitude
of snow darkening and impacts on melt rates are critical to understand across the Colorado River Basin, where
snowmelt accounts for 85% of streamflow generation, on average (Barnett & Pierce, 2009; Jacobs et al., 2011;
Rasmussen et al., 2012).

Observational studies at Senator Beck Basin Study Area (SBBSA), in the southwestern portion of the UCRB,
document that dust on snow deposition has occurred every year since observations began in 2003, with most
events occurring in the spring (Painter, Skiles, et al., 2012; Skiles et al., 2012; Skiles & Painter, 2017). Corre-
spondingly, dust radiative forcing (RF,,.,), the additional absorption of solar radiation due to surface darkening by
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dust, generally increases between mid-March and mid-April as both surface dust concentrations and solar irra-
diance increase (Skiles et al., 2012; Skiles & Painter, 2017). The RF;,, impact is very effective at forcing faster
snowmelt, accelerating snow depletion by 3—7 weeks, and acts as a primary control on snowmelt timing (Painter
et al., 2018; Skiles et al., 2012). This has broad implications for water resources; earlier and more rapid melt
forced by dust produces error in snowmelt forecasting and lower water yields downstream (Bryant et al., 2013;
Painter et al., 2010).

The long-term in situ record of dust deposition timing, dust concentrations, and RF;,, has been valuable for
process-based understanding of dust on snow processes and impacts. However, dust impacts documented at study
areas are unlikely to be representative across the broad expanse of mountainous headwaters, which span multiple
‘WUS states. This is a critical gap in our understanding of the hydrologic impacts of dust on snow in the Colorado
River system. To address this, we evaluate spatial and temporal variability in dust impacts across the Colorado
River headwaters from remote sensing over the MODIS period of record (2001-2023) using daily retrievals of
RF,, and contribution to melt, with the latter being a new metric to directly quantify impacts to snowmelt. This is
the most comprehensive spatial and temporal evaluation of RF, , to date.

2. Data and Methods
2.1. Remote Sensing Snow Products

Retrievals were analyzed from the Moderate Resolution Imaging Spectrometer (MODIS) Snow Cover Fraction
and Grain Size (MODSCAG; Painter et al., 2009) and Dust Radiative Forcing in Snow (MODDRES; Painter,
Bryant, & Skiles, 2012) retrieval workflows. The snow retrievals are produced from the MODIS Terra Level 2
reflectance product (MOD09GA), a daily product that includes seven land bands at 463 m spatial resolution. To
fill gaps due to clouds and carry out off-nadir correction, the spatially and temporally complete (STC) workflow
was applied to produce daily, gap-filled, data sets over the MODIS record (STC-MODSCAG/MODDRES)
(Dozier et al., 2008; Jensen et al., 2024; Rittger et al., 2024).

The MODSCAG algorithm uses spectral mixture analysis to retrieve per pixel fractional snow cover (f,.,), used
here to create a snow mask that defines the analysis area (Painter et al., 2009). The MODDRFS algorithm
quantifies per-pixel snow darkening, defined as the reduction in visible albedo due to dust, and RF,, (Painter,
Bryant, & Skiles, 2012). First, effective snow grain size is retrieved using the normalized difference grain size
index (NDGSI; bands two and five), from which the clean snow albedo is modeled. The MODIS spectrum is then
matched to the modeled clean snow spectrum at band 2 (841-876 nm). Snow darkening is calculated by inte-
grating the difference between the observed and clean snow spectrum. Finally, RF,,, (Wm™2; Figure 1) is
calculated by multiplying snow darkening by the modeled clear-sky solar irradiance, at the time of MODIS
overpass, over the same wavelength range.

The MODDRES retrievals are based on whole pixel reflectance, which are artificially inflated by darker snow free
surfaces, such as bare ground and vegetation, in mixed pixels (Painter, Bryant, & Skiles, 2012). To ensure a robust
analysis, only pixels with high snow cover should be analyzed, otherwise mixed pixel effects would dominate.
Here, pixels with >95% snow cover and continuous persistence of over 5 days were analyzed. These thresholds
limit error and bias introduced by darker land cover types on RF,, , retrievals.

2.2. Methods
2.2.1. Time Series and Spatial Analysis

For every day over the MODIS record (2001-2023), in each pixel that met threshold levels, RF , was calculated
within the UCRB boundary. The central tendency of the data was summarized at daily and monthly scales using
the basin wide median values. The annual trends were analyzed; however, our analysis largely focuses on RFy,,
in April and May, which we refer in combination as spring. Spring is when dust impacts are most relevant for
melt, when snow cover is widespread across much of the mountain headwaters, and when dust emission is most
intense from the Colorado Plateau (Hennen et al., 2022). Snow depletion typically occurs after May; however,
fewer pixels remain that meet threshold requirements late in the melt season. At the annual scale, a seasonal
Mann Kendall (M-K) test and Sen slope were used to assess and quantify trends in the continuous daily basin
wide median RF, , values, which were not normally distributed. In spring, when values were closer to normally
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Figure 1. Overview maps of the Upper Colorado Basin (UCRB), outlined in black. (a) The major UCRB waterways overlaid on satellite imagery from April 2022
visualizing typical extent of springtime snow cover. Over the MODIS record, (b) annual snow covered days visualizing extent and duration of snow cover, (c) spring
RF,,,,, and (d) persistence of RF,,,, (% of time above 50 Wm ™).

distributed, a traditional M-K trend test and Sen's slope were used to assess trends on the continuous basin median
RF,,, timeseries.

The RF,, can be converted into a melt contribution when divided by the latent heat of fusion of water
(334K kg_l}, the energy required to change water from solid to liquid, assuming the snow is already at melting
point (0°C). This has been used in previous studies to assess the direct contribution of snow darkening to melt
rates at local scales (Kaspari et al., 2015; Painter et al., 2013) but has not yet been applied to remote sensing
retrievals. The melt contribution, calculated in each pixel for the hour of MODIS overpass, is in units of kg m™2,
equivalent to millimeter of snow water equivalent per hour (mm w.e. hr™'). Additionally, for broader context
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across ditferent RF,,, scenarios, the hourly metrics were extended to daily metrics by accounting for hourly
changes in solar radiation. Calculations used an average idealized clear sky spring day, 12 hr in length, with peak
solar noon irradiance of 1,000 Wm™2.

To visualize spatial patterns, record median spring RF; ., and persistence, the percent of time pixel RF,, was
above 50 Wm™2, were mapped over the UCRB (Figure 1). To assess how dust impacts vary with elevation and
latitude across the UCRB, a 90 m DEM of the WUS (Hanser, 2008) was reprojected and resampled to match the
MODIS grid. Mean elevation and latitude were associated with each MODIS pixel, and patterns were assessed by
binning RF;,, by 20 m elevation bands and 0.05° latitude bands. The full record median values were then
compared to high and low dust RF, , years to assess differences in spatial patterns. We also use the date of
maximum RF; . (datey;,,zp) as a useful metric for evaluating the timing of RF ., intensification. For context,
typically the datey,,gr Occurs when dust layers have combined at the surface, which occurs during snowmelt
progression, and will relate to where dust layers are relative to surface, how quickly melt progresses to expose
dust layers, and how frequently spring snowfall buries dust.

3. Results

In the spring median RF,,, varies spatially from <10 Wm™2 to >125 Wm™~2, with persistent RF,, areas confined
to mountainous areas (Figure 1). The RF;, ., persistence pattern relates to deeper mountain snowpacks, due to
longer snow duration the snow can “collect” more dust events and subsequently that dust will be exposed for
longer. Generally, the lowest and least persistent RF,, values occur in the northern Uinta (UT) and Wind River
Range (WY). The highest and most persistent values occur in the central to southern Colorado Rockies, where
RF,,. can have the largest impact on melt rates, as it is the largest extent of snow cover in the UCRB. The
temporal and spatial variability in RF,,., and melt, ., magnitudes over the record is presented in more detail in
individual sections below. For uncertainty characterization an assessment of remotely sensed RF;,, against
19 years of in situ RFy,, observations (2005-2023) at SBBSA is presented in SI; in summary, the MAE was 17
Wm™? and RMSE was 50 Wm ™.

3.1. Temporal Patterns

The general temporal patterns in basin wide RF,,, were similar every year and mirror previous observations;
RF,,. remained low through the accumulation season and then intensified as melt progressed and dust accu-
mulated at the surface over the spring season (Figure 2a). The highest RF,, values occurred at the end of spring;
in individual pixels RF,,, values can reach above 400 Wm™2, and in many years high end of season values
introduced a positive skew into the distribution of spring values (Table S1 in Supporting Information S1). The
basin wide, full record, spring median RF,,, was 77 Wm ™ with values as high as 91 Wm™%in 2009 (+14 Wm™
from median) and as low as 62 Wm ™~ in 2017 (—15 Wm™~ from median). In May, the RF,,, values were always
higher (April = 67 Wm™2, May = 96 Wm™>) and consistently had a wider spread of values (range/st. dev
April = 29/7 Wm™2, May = 48/13 Wm™2).

3.1.1. Seasonal Variability

The timing and magnitude of RF,,, intensification varied from year to year with weather, snow depth, melt
initiation, dust deposition timing, and dust layer exposure (Figure 2a). Relatedly, the relationship between April
and May RF;,, indicated that April RF,,, was not a strong predictor for May values (median R? =0.2). For
example, in 2006, April RF, , was near median but then increased in May to well above median (Table S1 in
Supporting Information S1). This corresponds to previously observed timing of dust layer exposure and inten-
sifying RF, ., values in 2006 across the month of May (Painter, Skiles, et al., 2012; Skiles et al., 2012). In contrast,
in 2012, both April and May RF, ., were well above the median. This also corresponds with the observation
record; dust events were only observed in March and April, and with minimal new snowtall to reset values in
May, the darkening impact was sustained (Skiles et al., 2015). In years when dust impacts were relatively low,
including 2015-2017, April RF,, . was near or slightly below median, with minimal RF,,, intensification in May.
This was particularly pronounced in 2015, a low snow year that had early melt out in the southern portion of the
basin. In contrast, 2023 was a near record snow year, and RF,,, ., was low in April due to frequent snowfall, but as
snow started to melt in May, RF,  doubled and was above median.

NAPLE ET AL.

4 of 10

'S STOT "LOOBHF61

wiory

) P SUUA L, 2 395 “[STOT/R0/0T | we Anziqr surpucy My ‘e AsDan) S ey A L6071 ERI0T/6T01 01/ 10p/ 1w Ka)m

Ao

U200 SO e djqeatdde wp L) powsAod are saprUE v fosn jo sn oy ATER T Uy A1, uoe



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112757

Al

Year

April 1

April 15

1.6
140 150
] 14
2020 - :
L 125
1.2
100 S
2015 4 S 1p 3 100
E 80
08 z 75 r -r -4 -1-
2010 50 2
06
50
04 a5
2005 4 25
02 20 —o— Median
’ Record Median (77 W m?)
O === Sen'sSlope fy=-0.42x + 82)

May 15 May 31

May 1

Day

Dust Radiative Forcing (W m?}

(.. M) Buiaiod aaielpey 1sn

Dust Melt Contribution (mm hr')

wqu@'t&@w@m&bw&w@ P AR P PP PP PP P PP

Figure 2. Spring UCRB RF, ,, patterns over the MODIS record. (a) Daily surface plot of median RF, , and corresponding melt contribution. The secondary summary
bars visualize the daily (above) and annual (right) median values. (b) Distributions of median RF 4, as violin plots each spring, with record median and trend line.

3.1.2. Record-Length Patterns

The basin wide median spring RF;,, and distribution of values show interannual variability over the MODIS
record. A comparison to snow extent patterns did not indicate a direct relationship with snow cover. However,
the year-to-year patterns in spring RF;, ., suggest that there could be broader (i.e., climate scale) controls on
RF 4, with clustering of years with similar distributions and magnitude of median values (Figure 2b). Generally,
during the first half of the record there were more years with above median spring RF,,, and subsequently, the
more recent part of the record spring RF,,., had more years below the median (Figure 2b). Due to this pattern,
median RF,,, has a decreasing trend over the full annual and spring median RF, , records (annual
y = —0.28x+40, spring Sen's y = —0.42x+82). Although both trends were significant (M-K P < 0.05)
the magnitudes of decreases indicated by Sen's slope from year to year were slight (<1 Wm™2) relative to RF,,
magnitudes and uncertainty.

3.1.3. Melt Contribution

Snowmelt was accelerated by RF,,, every spring over the MODIS record. The corresponding melty,, for the
basin wide record median RF, , was 0.8 mm w.e. hr™! at time of MODIS overpass, equating to daily melt of
6 mm w.e. when accounting for variation in clear sky solar radiation over the course of a day. This impact varies
from year-to-year, with interannual variability in RF4, . In the relatively low impact dust year of 2019, the basin-
wide spring median melt,,, was 0.7 mm w.e. hr~! and maximum melt,, was 0.9 mm w.e. hr™! over the basin,
corresponding to a daily median melty,,, of 5.2 mm and maximum of 6.5 mm per day. In contrast, in 2009, a high
impact dust year, the basin-wide median and maximum melt,, were 1.0 mm w.e. hr ! and 1.3 mm w.e. hr™!
translating into a daily melt,,, contribution of 7.4 and 10 mm per day. The meltg,, efficacy was notably ~30%
greater in 2009 relative to 2019. For broader context, the melt due to total net solar radiation on a typical spring
day, assuming an albedo of 0.8, would be ~2 mm w.e. hr! (~15 mm per day). Observed melt rates could be
slower or faster depending on other energy balance contributions.

3.2. Spatial Patterns

The record median values show that RF,,, was most intense in elevations between 2,800 and 3,600 m and south
of 41°N (Figure 3a). This means that the largest dust impacts in the UCRB occurred in the Colorado Rockies with
lower impacts in the Uinta Mountains and Wind River Range (Figures 1 and 3a). North of 41°N, median RF;
values were typically around 50 Wm™2, whereas south 41°N values were more typically around 80 Wm™2, with
values in some pixels approaching 200 Wm™2 (1.16 mm w.e. hr™!). Dust was still relevant for melt in the northern
ranges, albeit to a lesser degree; the lowest median RF, , equates to ~0.5 mm w.e. hr! (4 mm of melt per day).
There was also a decreasing gradient with elevation, the lowest median RF, ., values occurred at the highest
elevations, between 3,800 and 4,200 m, with median values of ~25 Wm™2 (0.27 mm hr™!) (Figure 3a).
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Figure 3. Spatial distribution of dust on snow impact metrics as a function of latitude (y-axis) and elevation (x-axis). Gray represents terrain where no RF ., values were
retrieved. (a) Record spring median RF, and melt,  and (b) record median date,;, , .. Supplementary plots show distribution of values per latitude and elevation bin.
(c) Difference from record median RF,,, and (d) difference from record median datey;, g for 2009 (high dust) and 2019 (low dust).

Relative to record median, the high dust year of 2009 generally had consistently above median RF,,, across most
of the basin (Figure 3c). However, there were interesting RF, ., difference patterns, for example, the most
elevated values occurred south of 39°N, indicating the most intense impacts still occur in the southern part of the
basin. It is notable that at higher elevations, where dust impacts generally tend to be lower, 2009 RF;,, was
consistently above median by ~20 Wm™>. In a low dust year, 2019, RF,,, was generally at or below median
across the entire basin with more muted differences relative to record medians (Figure 3c). The RF,,, was
relatively consistent during spring of 2019, suggesting less variability in dust deposition and exposure (Figure 2a).
There were areas, in the 3,400-3,800 m elevation band and between 39°N and 40°N, where RF,,, values were
20-40 Wm™? lower than median.
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The date on which RF,,, peaks can range from early April to late May. Generally, in lower elevations (below
3,200 m) datey,,gp Occurred earlier relative to higher elevations, where snowmelt would initiate later. The
elevation band at which datey,zr Occurred latest is ~3,600 m, with a small number of pixels at the highest
elevations showing earlier datey;, gz likely due to shallow, wind impacted, alpine snow cover. In terms of
latitude, earliest datey,,,gr Occurred south of 38°N, with median datey,,,zr around May 1st, with peak happening
a week or two later for the mountains north of 38°N (Figure 3b).

There were interesting patterns in the datey,gp between high and low dust years (Figure 3d). Both exhibited a
latitudinal gradient. In 2009, datey;, g occurred 1-2 weeks earlier than median south of 41°N. This was most
pronounced in the southern Colorado Rockies, where datey;,,z happened ~3 weeks earlier, likely related to high
RF,,. accelerating snowmelt. The more northern extent of the basin was generally near or later then median
dateyg.ge- In 2019, the datey,,gp occurred later, by 1-2 weeks, than the median across most of the basin, with the
exception the mountains north of 41° where it was also near or later then median (Figure 3f).

4. Uncertainty and Considerations

The factors contributing to MODDRFS uncertainty retrievals are discussed in detail in Painter, Bryant, and
Skiles (2012). Briefly, uncertainties primarily relate to, (a) spectral resolution, the step-like spectra do not fully
resolve snow reflectance features and how they vary with snow properties, and (b) spatial resolution, in mountains
snow is highly heterogenous and commonly mixed with other land surface types. Other uncertainties include
atmospheric correction, geolocation error, sensor zenith angle, and snow surface characteristics (Painter, Bryant,
& Skiles, 2012).

In addition to the advantage of a longer period of analysis, this study also used the continuous daily gap-filled STC
products. The comparison to in situ RF, ., values shows similar performance to Painter, Bryant, & Skiles, 2012,
with a positive bias at low RF,,, and negative bias at high RF, . There are some likely explanations for these
patterns. Of note is the fact that products rely on the assumption of clear sky incoming solar irradiance, not
accounting for lower irradiance under cloudy conditions, which would produce a positive bias. Additionally,
RF,,. can only be analyzed up to MODIS band 2 (841-876 nm) and at high dust concentrations the darkening
impact extends past this wavelength range (Skiles et al., 2018), which would produce a negative bias.

Due to the inherent limitations of the remote sensing data set, Painter, Bryant, and Skiles (2012) described
MODDREFS retrievals as semi-quantitative. Relatedly, Warren (2013) posits that multispectral satellites are not
suitable for detecting albedo declines due to LAPs except for the most heavily impacted regions. The UCRB is
one such region and for this study the strengths of MODIS, including near daily temporal resolution and 23-year
record length, outweigh the weaknesses. Ultimately, given the high uncertainties, we are more confident in
overall patterns, as opposed to absolute values. For future studies, the limitations presented here should be
considered. Specifically, the RMSE is ~50 Wm™~ and RF,, retrievals do not reach 0 Wm™ but rather have a
baseline value around 25 Wm™> (see Figure 3b and Supporting linformation S1). This can be related to multiple
factors but is primarily due to coarse spatial resolution (~500 m) that rarely captures fully clean snow-covered
pixels in mountain environments. Given these values, we suggest retrievals should only be used to interpret
RF,, trends in regions, and over time periods, where RF;,,; values reach and sustain relatively high values
(>50 Wm™2). This would limit application primarily to mid-latitude mountain snow cover near and upwind from
LAP sources (Skiles et al., 2018).

It is important to note that although dust is in the name of the MODDREFS algorithm, the model cannot differ-
entiate between LAPs contributing to surface darkening. Based on detailed study of LAP concentrations and
RF,,. contributions (Skiles & Painter, 2017, 2018), analysis of absorption by particles deposited in snow
(Reynolds et al., 2020), and detailed modeling of LAP transport to snow (Qian et al., 2009), we know that dust is
the dominant LAP during the spring melt season in this region. That may not be the case in other LAP impacted
regions, for example, the south slope of the Himalaya, which is downwind from large populations centers and arid
regions, with relatively large input of black carbon, brown carbon, and dust (Gertler et al., 2016; Ramachandran
et al., 2020; Sarangi et al., 2020).

Finally, a risk to continued spatiotemporal RF; ., analysis is that MODIS is operating past the expected life span.
We plan to develop RF;,, retrievals for other multispectral satellites, extending the length of this record the
NOAA Visible Infrared Imaging Suite (VIIRS), as well as exploring patterns at finer spatial scales using Landsat-
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OLI instruments (8 and 9). Additionally, in the upcoming decade it is expected that both NASA and ESA will
launch imaging spectrometers that will provide global coverage of fully resolved spectral reflectance of the
Earth's surface, which are expected to reduce uncertainty in snow retrievals, including RF, .. based on results at
the airborne scale (Donahue et al., 2023; Painter et al., 2013).

5. Discussion and Conclusion

The UCRB RF,,, patterns exhibited spatial and temporal variability over the 23-year MODIS record; across
elevation bands there was a ~40 Wm™2 range in median spring RF ., greater differences (~80 Wm™?2) across
latitudinal bands, and a ~30 Wm™> range between highest and lowest impact years. Relevant patterns emerged
from the analysis that will be helpful in generalizing dust impacts and putting them in context relative to the
observation record. For example, RF,,,, tends to peak earliest and be most intense in the southern portion of the
basin, which is proximal to dust producing regions, where there is more mountainous terrain. In terms of
elevation, dust impacts tend to be largest in the lower alpine elevations, 2,800-3,500 m, where there is the most
snow-covered area. The long-term observation record at SBBSA is located where impacts are most intense and
therefore should not be considered representative of the broader headwaters, particularly the northern UCRB.

Across the full record dust was a relevant, but variable, contributor to snowmelt with median spring RF, .,
accelerating melt by nearly 1 mm w.e. hr™!. There is no predictive capability to forecast the magnitude of dust
impacts in any given spring, and therefore, it would be valuable to leverage remote sensing retrievals to inform
hydrologic prediction. Unfortunately, there is no direct way to account for snow darkening in SNOW-17, the
temperature-index snow model used in operational forecasting by the Colorado Basin River Forecast Center
(Bryant et al., 2013), although increased temperature can be used as a proxy for dust impacts. However, process-
based models are under development that can be directly informed by remote sensing retrievals (e.g., Meyer
etal., 2024). More accurate forecasting and allocation of snow water resources has important policy implications;
the Colorado River system is under extreme pressure from changing climate and populations with California,
Nevada, and Arizona agreeing to cut their water received by ~13% by 2026 (Department of the Interior).

One interesting aspect of this analysis was the pattern of higher RF,,, in the first part of the MODIS record, with
relatively lower RF,,, more recently, producing a slight but statistically significant decreasing trend over the
record. These patterns do not align with periods of drought in the Colorado River Basin, as identified by the US
Drought Monitor (https://droughtmonitor.unl.edu/), indicating that there is not a straightforward relationship
between aridity and dust. However, the MODIS record corresponds to the ongoing two-decade long megadrought
in the WUS that started in 2000 (Szejner et al., 2020, 2021; Williams et al., 2020), making it challenging to know
what is “normal” at longer time scales. Studies evaluating dust emissions from the Colorado Plateau found a
similar decreasing trend in dust emissions following 2014 (Hand et al., 2017; Hennen et al., 2023). Although the
direct causes remain unclear, the hypothesis is that it relates to a combination of increasing surface roughness
(vegetation) and decreasing wind speeds related to climate variability (Hennen et al., 2023). Links to land use
change, climate scale variability, and other factors that influence dust emission and transport merit further study to
better understand the full life cycle of dust on snow and impacts on snow water resources and hydrology in the
Colorado River Basin.

Data Availability Statement

The Senator Beck Basin Study Area data is available from the Center for Snow and Avalanche Studies (https://
snowstudies.org/archival-data/). Processed datasets, available via Zenodo, include post-processed hourly cor-
rected radiation and radiative forcing (Skiles, 2024) and direct radiative forcing at time of MODIS overpass
(Naple, 2023). There is an open-access Jupyter notebook containing the processing workflow used for this
analysis (https://github.com/UofU-Cryosphere/MODDRFS_processing).
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