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Abstract. Quantifying the spatial distribution and tempo-
ral change in mountain snow cover, microphysical and op-
tical properties is important to improve our understanding of
the local energy balance and the related snowmelt and hy-
drological processes. In this paper, we analyze changes of
snow cover, optical-equivalent snow grain size (radius), snow
albedo and radiative forcing by light-absorbing impurities in
snow and ice (LAISI) with respect to terrain elevation and
aspect at multiple dates during the snowmelt period. These
snow properties are derived from the NASA/JPL Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS) data from
2009 in California’s Sierra Nevada and from 2011 in Col-
orado’s Rocky Mountains, USA.

Our results show a linearly decreasing snow cover during
the ablation period in May and June in the Rocky Mountains
and a snowfall-driven change in snow cover in the Sierra
Nevada between February and May. At the same time, the
snow grain size is increasing primarily at higher elevations
and north-facing slopes from 200 microns to 800 microns
on average. We find that intense snowmelt renders the mean
grain size almost invariant with respect to elevation and as-
pect. Our results confirm the inverse relationship between
snow albedo and grain size, as well as between snow albedo
and radiative forcing by LAISI. At both study sites, the mean
snow albedo value decreases from approximately 0.7 to 0.5
during the ablation period. The mean snow grain size in-
creased from approximately 150 to 650 microns. The mean
radiative forcing increases from 20 W m~2 up to 200 W m 2
during the ablation period. The variability of snow albedo

and grain size decreases in general with the progression of
the ablation period. The spatial variability of the snow albedo
and grain size decreases through the melt season while the
spatial variability of radiative forcing remains constant.

1 Introduction

Snow is important to the climate and hydrology of moun-
tain and arctic regions, as well as to water resources manage-
ment. Snow influences the Earth’s energy balance through
its strong albedo feedback. Changes to the snow cover ex-
tent, snow albedo and snow water equivalent (SWE) there-
fore have direct impacts on the environment, water avail-
ability and economics. In the western United States, sea-
sonal snowmelt provides more than 70 % of water supply.
The Sierra Nevada in California and the Rocky Mountains in
Colorado are examples of two mountain ranges where reser-
voirs store snowmelt for use in late spring and throughout the
summer and early fall when precipitation is less frequent. As
such, these regions are of great interest to snow research and
water management (Bales et al., 2006).

Snowmelt in midlatitude mountains is largely dominated
by the absorbed solar radiation (Marks and Dozier, 1992;
Oerlemans, 2000; Painter et al., 2007a). The net shortwave
radiation is a function of the solar zenith, cloud cover, aerosol
attenuation, surface albedo as well as slope and aspect of
the terrain. The solar irradiance at the surface is highly vari-
able in mountainous areas mainly due to the complex terrain,
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cloud cover and vegetation above the snow surface (Link and
Marks, 1999; Garen and Marks, 2005). Besides snowmelt,
snowfall impacts snowpack properties very rapidly and, thus,
it is important to capture temporal changes in addition to spa-
tial patterns. For example, Molotch et al. (2004) showed that
spatially distributed snowmelt models benefit significantly
from incorporating snow albedo estimates derived from the
NASA/JPL Airborne Visible/Infrared Imaging Spectrome-
ter (AVIRIS) data instead of using empirical basin-wide
snow albedo assumptions.

Snow microstructure is a indicator of physical processes
occurring in a snowpack. Snow grain size is generally used
as a proxy for the microstructure due to the lack of a di-
rect measurement technique. Throughout this paper, we re-
fer to the optical-equivalent snow grain radius (r), or simply
snow grain size for brevity. It can be estimated with hand-
held spectroscopy instruments (Painter et al., 2007b; Skiles,
2014) as well as airborne imaging spectroscopy (Nolin and
Dozier, 2000; Painter et al., 2003, 2013). The former can be
used to resolve the vertical distribution of snow grain sizes
within a snowpack, and the latter is very useful to resolve
the spatial and temporal distribution of not only snow grain
size but also albedo and radiative effects on scales useful for
snow hydrology. It should be noted that » should not be di-
rectly compared with the snow grain size derived using other
measurement techniques, such as the traditional visually es-
timated snow grain size or the effective radius of a grain size
distribution corresponding to a specific surface area (SSA).
Gallet et al. (2009) and Leppénen et al. (2015) suggest a
conversion of r =3/(pice SSA), where pjce is the density of
ice (917 kg m~2). An optical-equivalent snow grain radius of
100 and 650 um corresponds therefore to an SSA of 33 and
5m?>kg~!, respectively.

Snow albedo is a key parameter to the Earth’s energy bal-
ance. The snow albedo feedback mechanism has a strong im-
pact on climate on all temporal and spatial scales. In particu-
lar, snow albedo is a dominant driver of snowmelt, ecohydro-
logical processes and water supplies. Snow albedo is mainly
changed by snowfall, metamorphism, surface roughness and
light-absorbing impurities in snow and ice (LAISI), such as
dust and black carbon (BC). While fresh snow with small
grains has a high albedo value, aged snow has a lower albedo
value in conjunction with snow grain size growth and change
in optical path length. LAISI, such as black carbon, dust and
tree litter, have the most profound impacts on snow albedo
(Warren and Wiscombe, 1980; Qian et al., 2015).

This “darkening” of snow increases the absorption of so-
lar irradiance, which reduces the cold content of the snow-
pack or enhances snowmelt if its temperature is at 0 °C. The
related consequences of LAISI to snow hydrological and
climatological processes became more evident by the work
of Ramanathan et al. (2007), Painter et al. (2007a, 2010,
2012b), Flanner et al. (2009), Qian et al. (2009) and others.
Novel remote sensing algorithms were developed by Painter
et al. (2012a, 2013) to retrieve the radiative forcing by LAISI
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Figure 1. Geographic extent of the AVIRIS image data. The study
area is shown hatched. It is based on a mosaic of subsets, such that
a common area exists for all flight dates. The elevation model is hill
shaded in the background with an illumination corresponding to the
mean solar position for all dates.

at the snow surface, hereafter referred to as simply radiative
forcing.

The objective of this research is to use imaging spec-
troscopy to identify the spatiotemporal distribution of quan-
titative snow properties at study sites in the Sierra Nevada
and Rocky Mountains. AVIRIS data and the study sites are
described below in Sect. 2, followed by our retrieval algo-
rithms in Sect. 3. Results are presented in Sect. 4 with the
most interesting findings discussed in Sect. 5 about the rela-
tionship between elevation and grain size for melting snow.

2 California and Colorado study areas and data
description

2.1 Terrain

We use the United States Geological Survey National Ele-
vation Dataset (NED) with 1 arc second spatial resolution
(roughly 30 m) as provided by the AVIRIS data product.
A hill shaded version is used as background to Fig. 1. The
Sierra Nevada study region covers a larger distribution of el-
evations with a vertical range of 2400 m while the Colorado
study area has a vertical range of only 1200 m (Fig. 2). The
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Table 1. Data parameters of the study areas derived as a mosaic
from the subsets of flight lines (see Table 2 and Fig. 1).

Sierra Nevada, CA, 2009

Dates 27 Feb, 5 Mar, 4 Apr, 7 May, 8 May
Pixel size (m) 14.5

Image area (km?, pixels) 252.03067, 1.2 x 10°

Elevation min./mean/max. (m)  1140/2575/3533

Rocky Mountains, CO, 2011

Dates 13 May, 16 May, 9 Jun, 15 Jun, 23 Jun
Pixel size (m) 13.8

54.721982, 2.9 x 105
2950/3605/4111

Image area (km?, pixels)
Elevation min./mean/max. (m)

Colorado study area reaches higher elevations with a maxi-
mum at 4111 m, while the maximum elevation in the Cali-
fornia study area is only 3533 m. The mean elevation is over
1000 m higher in the Colorado study area (Table 1). The
Kaweah and Kings river basins in Sierra Nevada study area
drain to the west as seen in the distribution of aspects with a
peak around 270° in Fig. 2. The Uncompahgre River basin
drains to the north — hence the lower percentage of 180°
slopes. A larger proportion of the Uncompahgre slopes face
east and west, draining toward the center of the basin and
explaining the larger percentage of the basin with aspects of
90 and 270°.

2.2 Snow hydrology

In the Sierra Nevada of California, the study area covers
part of the Kings and Kaweah river basins. In the Rocky
Mountains of Colorado, the study area covers the Senator
Beck drainage, which is part of the Uncompahgre watershed
(Skiles et al., 2012; Painter et al., 2012b, 2013). The Kings
and Kaweah have maritime snowpacks (typically warmer and
deeper) while the Uncompahgre has a continental mountain
snowpack (typically colder and more shallow) (Sturm et al.,
1995), allowing us to test our algorithms in different snow
regimes.

We use snow pillow data of SWE at high and low ele-
vation as a proxy for snow accumulation or snowmelt as
shown in Fig. 3. We choose the Big Meadow (36.72°N,
118.84° W; 2300 m, Kings) and the Farewell Gap (36.41° N,
118.58° W; 2900 m, Kaweah) stations to represent the Cal-
ifornia study area. For Colorado, we choose the Idarado
(37.93° N, 107.68° W; 3000 m, Uncompahgre) and the Red
Mountain Pass (37.90° N, 107.72° W; 3400 m, Uncompah-
gre) SNOTEL stations. Based on those SWE data, 2009 was
an average year in the Sierra Nevada and 2011 was an above
average year in the Rocky Mountains. Peak SWE and length
of the ablation period were fairly similar at the two high-
elevation stations in each area, but separated by a month.
At Farewell Gap, SWE peaked at approximately 80 cm on
17 April 2009 and snow melt out occurred on 19 May 2009.

www.the-cryosphere.net/10/1229/2016/
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Figure 2. Histograms of the terrain aspect (top panels) and elevation
(bottom panels) for the two study sites, Kings/Kaweah Basin, Sierra
Nevada, CA (left panels), and Uncompahgre Basin, Rocky Moun-
tains, CO (right panels). The values are normalized by the size of the
study area given in Table 1. The peak occurrences of terrain aspect
give an indication to the main drainage direction of a river basin.

At Red Mountain Pass, SWE peaked at approximately 85 cm
on 25 May 2011 and melt out occurred on 20 June 2011.

In addition to regional and interannual variability,
there was some distinct differences in melt patterns. In
Kings/Kaweah multiple snowfall events refreshed the snow
surface over the period of flight, delaying the main snowmelt
pulse until just prior to snow melt out. In the Uncompahgre
melt initiated just after peak SWE and steadily increased over
the ablation period, with the exception of a minor snowfall
event at the end of May. While the measurement sites may
not be wholly representative of the two study areas, they are
helpful in interpreting some of the spatial and temporal vari-
ability observed and discussed in Sect. 4.

2.3 Dust concentrations in snow

The Senator Beck Basin is a research catchment established
to monitor the hydrological impacts of regularly observed
episodic events of dust deposition on snow in the Upper Col-
orado River basin (Painter et al., 2012b). Dust is particularly
effective at altering the snow energy balance in this region
because the majority of mass is deposited in the spring coin-
ciding with snowmelt onset (80 % of dust deposition events
occur March—-May) and, additionally, dust is inefficiently
scavenged by melt water and layers coalesce at the surface
as snowmelt, compounding albedo decay. Over the 10-year
record (2005-2015) dust concentrations toward the end of
the snow season have ranged from 0.8 to 4.8 mgg~! in the
top 30cm of the snow column and exhibit a bimodal dis-
tribution, with about 1 mg g~! in lesser dust years and over
4mgg~! in extreme dust years (Skiles et al., 2015). There
were nine observed dust events in 2011 after 1 March and
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Figure 3. Snow accumulation (blue) and snowmelt (red) indicated with the differential snow water equivalent (ASWE) with respect to time.
The AVIRIS flight dates are marked with black vertical lines and a symbol indicating the ER-2 or Twin Otter airborne platform. The upper
plot shows snow sensor pillow data from two stations representing a higher and a lower location in the Sierra Nevada, CA, study area in
2009. The lower plot shows the same information, but from stations close to the Rocky Mountains, CO, study area in 2011.

the end of year dust concentration was 1.3 mgg~!, making

it a lesser dust year. Black carbon has only been monitored
across the 2013 ablation period, and concentrations were so
low (< 1 to 20ng g~!) that it was concluded that its contri-
bution to radiative forcing in this region is negligible in the
presence of such heavy dust loading (Skiles, 2014).

Unfortunately, similar dust deposition data do not exist in
the Sierra Nevada, but given the predominant wind patterns
and location of dust emission sources in the western US,
dust deposition is expected to be relatively low. There was
a study conducted in the eastern Sierra Nevada in 2009 by
Sterle et al. (2013) which found surface black carbon concen-
trations of <1 to 75ngg~" and dust concentrations of 1 to
44 ug g~ ! over the ablation period. Despite the lower concen-
trations sampled in the Sierra Nevada relative to the Rocky
Mountains, this study also concluded that dust dominated the
radiative forcing.

2.4 Imaging spectroscopy data

Results provided in this paper were derived from georef-
erenced at-sensor radiances acquired by AVIRIS flown on
NASA’s ER-2 high-altitude aircraft and on a Twin Otter
aircraft. Table 2 shows specific information for each flight
line including aircraft altitude and heading, terrain eleva-
tion, pixel size, solar geometry and columnar water va-
por retrieved by using the Atmospheric/Topographic Cor-
rection for Airborne Imagery (ATCOR-4) software (Richter
and Schlipfer, 2014). The pixel size is directly related to the
terrain height and the aircraft altitude, which varied signifi-
cantly between acquisition dates. We therefore resampled the
AVIRIS data to the common coarsest resolutions of 14.5 and
13.8 m for California and Colorado, respectively. For each
acquisition date, the images are mosaicked and cropped to
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their common area (252 km? in California and 54.7 km? in
Colorado). This enables intercomparisons between acquisi-
tion dates at the pixel level. Figure 1 shows the outline of
each flight line overlaid on the terrain for each study area
(intersection of all flight dates) as a hatched line.

3 Remote sensing retrievals of quantitative snow
properties

The quantitative snow properties shown and analyzed in this
paper are extracted from imaging spectrometer data using re-
trievals based on a legacy of algorithms, including but not
limited to Nolin and Dozier (2000), Painter et al. (2001,
2003), Painter and Dozier (2004), Green et al. (2006) and
Dozier et al. (2009). Our retrieval algorithms are described
in details in Painter et al. (2013) and summarized in this sec-
tion for reference.

3.1 Directional reflectance

Reflected and scattered solar radiation are observed by the
airborne spectrometer and transformed into calibrated radi-
ance for each wavelength band A;, based on band-wise cal-
ibration. The retrieval of surface properties requires that we
convert the measured radiance first to reflectance at the sen-
sor level RS and then to surface directional reflectance
by compensation of atmospheric scattering and absorption.
We use the ATCOR-4 software (Richter and Schlédpfer, 2014)
to model the reflectance of the atmosphere at the sensor
level RMY the total transmittance 7%™! and the spheri-
cal albedo at the surface level Sg}gl to derive the spectral

hemispherical-directional reflectance factor at the surface
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Table 2. Summary of the individual AVIRIS scenes used in this paper. The scene number corresponds to the AVIRIS “run ID”. The aircraft
altitude, heading and the terrain elevation are averages per scene. The solar geometry is valid at the center of a scene. Water vapor is retrieved

using ATCOR-4 (see Sect. 3).

AVIRIS Aircraft Mean Pixel Solar Water
Flight Scene  Altitude Heading elevation size Zenith Azimuth  vapor
date nr. (km) (deg.) (km) (m) (deg.) (deg.) (cm)
Sierra Nevada, CA, 2009
27 Feb 6 19.799 354 2.547 14.1 48.3 205.7 0.32
8 19.836 185 2.925 13.9 56.1 205.4 0.23
5 19.806 181 2.056 144 457 155.3 0.22
5 Mar 6 19.765 000 2.554 14.0 447 158.7 0.13
7 19.773 181 2.879 13.7 44.1 162.7 0.09
5 19.799 182 2.082 144  41.0 131.6 0.16
4 Apr 6 19.674 359 2.552 13.9 39.5 1344 0.10
P 7 19.902 181 2911 13.8 38.5 137.3 0.07
8 19.796 000 1.865 14.5 374 139.7 0.24
6 14.262 348 3.020 9.0 23.4 144.0 0.30
7 May 7 14.274 193 2.650 9.3 22.4 148.6 0.43
8 14.273 349 2.277 9.3 21.5 154.4 0.62
5 14.141 343 3.178 8.9 27.6 129.0 0.36
6 14.154 194 2.642 9.2 26.4 132.2 0.55
8 May 7 14.154 345 2.383 9.2 25.0 136.4 0.73
8 14.144 195 2.035 9.6 23.9 140.7 0.89
9 14.157 346 2.715 9.2 22.6 146.1 0.58
Rocky Mountains, CO, 2011
5 6.496 352 3.560 2.1 19.6 173.0 0.25
13 May 6 6.536 354 3.526 2.1 19.5 182.9 0.25
7 6.533 354 3.683 2.1 19.9 192.6 0.21
16 May 7 19.866 180 3.237 13.5 20.5 153.5 0.22
9 Jun 12 20.170 179 3.260 13.7 15.0 179.1 0.33
15 Jun 12 20.216 180 3.196 13.8 20.8 129.7 0.51
23 Jun 5 20.139 001 3.271 13.7 38.3 102.0 0.54

obs
level from R,y

(Schaepman-Strub et al., 2006):

Robs _ Rmdl

HDRFobs — sensor atm ( 1 )

sfc I mdl mdl) *
T4.mdl 4 szc (Rggrfsor - Ratm)

Note that the rugged terrain in both study areas (see
Sect. 2) requires us to account for the local solar and viewing
angles at each terrain facet. Local zenith angles are derived
by

O{o.v) = arccos (cosfje,v] - ossIp + sinbje y) - sinslp - cos¢’) , )

where ¢’ = ¢ — asp, and slp and asp denote the terrain’s slope
and aspect, respectively. All angles are defined in degrees.
Although the following geometries are locally defined with
respect to the terrain, we omit its notation for readability.

www.the-cryosphere.net/10/1229/2016/

Note that we mask pixels affected by terrain shadows in our
retrievals, except for the snow cover determination.

3.2 Snow cover

A byproduct derived from HDRF;’ES is the snow cover map.
We apply the normalized difference snow index (NDSI):

_ HDREY (Avis) — HDREY® (Aswir)

sfc sfc

~ HDRF®® (Ayis) + HDRF®® (Aswir)

sfc sfc

NDSI

3)

where Avis =0.668 um and Agwir = 1.502 um (Dozier and
Marks, 1987; Dozier, 1989; Hall et al., 2002). To mask par-
tially covered snow pixels, we empirically determined NDSI
thresholds of 0.90 for the Sierra Nevada and 0.93 for the
Rocky Mountains by visual interpretation with the corre-
sponding true-color images. The high spatial resolution of
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the AVIRIS imagery (see Table 2) allows the use of this sim-
ple technique without rejecting too many pixels. The mul-
tiplication of the number of remaining snow pixels by the
pixel size yields the approximate (low-biased) snow-covered
area. We sum the snow-covered area and normalize it with
the study area to report the approximate percent snow cover.

3.3 Snow grain size

The optical-equivalent snow grain size, reported here as ra-
dius r, is an important snow property and prerequisite for the
snow albedo retrieval. Based on Nolin and Dozier (2000),
we derive the snow grain size by searching for the best fit be-
tween the observed HDRFOYS and modeled HDRFT! snow
spectra with the minimum sum of absolute differences:

1.27 um
r: | min Z ’HDRF;I:]%IW(Q@,Oan;r;)\'i)
i=1.17pm
—HDRF® (eg,ev,w;r;ki)’]. 4)

Snow

We assume to observe a single layer with homogeneous
spherical snow grains. Using the ice absorption feature cen-
tered around 1.27 um allows us to probe the uppermost layer
in the snowpack with a depth in the order of 1cm (Nolin
and Dozier, 2000; Gallet et al., 2009). HDRF™d! is modeled
using the radiative transfer code DISORT (Stamnes et al.,
1988; Painter et al., 2003). The two spectra are matched at the
corresponding solar and viewing geometry for each pixel in
the terrain. The fit is performed at AVIRIS band numbers 86
to 99, which correspond to the wavelength interval A =[1.17,
1.27 um]. The use of these bands reduces the bias by lig-
uid water on light absorption by frozen water. This simple
yet powerful approach allows more robust retrievals of the
optical snow grain size under snowmelt conditions (Painter
et al., 2013). Nevertheless, strong snowmelt with percolation
of meltwater is assumed to introduce yet unknown bias to
the snow grain size retrieval. More detailed studies of optical
properties of melting snow would be required, such as Gallet
et al. (2014a).

3.4 Snow albedo

We derive the spectral snow albedo aS%S, from HDRFOS

by applying the anisotropy factor, which is given by the ra-
tio between the modeled spectral albedo and the spectral
HDRF2

Snow *

HDREYS,, (60, 6v, 9373 1) o, (7, )

O{Obs (r’ )L) — SNOwW SNOW

snow HDRF&S, (6o, 6y, @573 1)

sSnow

&)

The integration of Eq. (5) normalized by the topographically
modulated spectral total (direct + diffuse) irradiance at the

surface level E;‘f‘fl(k, 0c) derives the broadband (spectrally
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integrated) albedo as a function of the snow grain size r:

2.5um
[ EDI L, 00) aldS, (r, 1) AL
A=0.36 um
2.5 um
[ EBRI(h,00) AL
A=0.36 um

E™I(), 6p) is provided with the direct and the diffuse
component by the ATCOR-4 software (Painter et al., 2013;
Richter and Schlipfer, 2014). Note that albedo values must
range between 0 and 1, while HDRF can range up to 1.4 or

€ven more.

obs
Ugnow (1) =

(6)

3.5 Snow radiative forcing by light-absorbing
impurities

We calculate the radiative forcing by LAIST (RFg,0w) based
on the difference between the observed spectral albedo and
a modeled spectral clean snow albedo of the same grain ra-
dius (Painter et al., 2013). This reduction of spectral snow
albedo by LAISI is multiplied by the direct and diffuse in-
stantaneous spectral solar irradiance entering the snow sur-
face and integrated over the given spectrum, such that the
additional radiative flux into the snow pack is given by

1.08 pum
RFpow =

A=0.36 um

—a® (r, Ve (r, ,\C)] Ad, 7

sfc SNOW

ER 0., 00) [, (r:2)

where ¢(r, Ac) =aDd (7, 10)/a®S, (7, A.) denotes a scalar
to adjust the modeled spectra to the measurements for a po-
tential bias by terrain modeling imperfections. ¢ is derived at
Ae =1.08 pm where the influence of dust is relatively small

(Warren and Wiscombe, 1980).

4 Results

Figures 4 to 6 show maps of snow grain size, albedo and ra-
diative forcing in the Sierra Nevada (upper panel) and Rocky
Mountains (lower panel) derived using algorithms described
in Sect. 3 and Painter et al. (2013). The three dates represent
an early, middle and late observation during the melt period
(see Fig. 3). These results are further analyzed in Sect. 4.1
regarding the temporal changes and in Sects. 4.2 to 4.4 re-
garding the spatial distribution and correlation with respect
to elevation and aspect of the terrain.

4.1 Temporal changes of regional optical snow
properties

In general, the snow line is significantly lower in the Sierra
Nevada study area as compared to the Rocky Mountains be-
cause of the maritime snowpack. However, interannual vari-
ability also modulates the snow-covered area. We calculate
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Figure 4. Maps of snow grain size retrieved using Eq. (4) for three
dates during the melt period in the Sierra Nevada (upper panel),
and the Rocky Mountains (lower panel). The upper and lower map
represent 252 and 55 km?, respectively (Table 1).

the snow-covered area of the study area and normalize it by
the basin area to serve as a proxy for accumulation and melt
(Sect. 3.2). Figure 7 shows that the sequence of images in
Kings/Kaweah captures the transition from an accumulating
to melting snowpack, while it is mainly the melt period in the
Uncompahgre (refer also to Fig. 3). We can observe a differ-
ence between the two areas in the rate of snow cover change
with respect to time, which is an indicator for the intensity
of snowmelt. This is likely related to both the more frequent
snowfall in the Kings/Kaweah in April and difference in so-
lar irradiance between the March—April and May—June time
periods.

A snowfall event between the first two airborne observa-
tions in the Sierra Nevada (Fig. 3) decreased the mean snow
grain size from approximately 330 to 180 um (Fig. 7). The
grain size varied little between the second and third obser-
vation, after which it increased by the fourth and fifth ob-
servation to 650 um within a month of time. We know from
the SWE measurements at the surface sites that the transi-
tion to a melting snowpack likely occurred after the second
airborne observation (Fig. 3). See Sect. 5 for a discussion on
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Figure 5. Same as Fig. 4 but for snow albedo.

the inverse relationship between snow grain size and eleva-
tion under intense snowmelt conditions.

Patterns in mean broadband albedo are similar to those ob-
served for grain size. The Sierra Nevada study site remained
constant at around 0.7 due to late season snowfall until April
and then decreased to 0.55 by the last two acquisitions in
May, when the snowpack was melting. In the Rocky Moun-
tain study area the mean snow albedo decreased from 0.75
in May to 0.5 in late June. In both areas the largest decreases
were observed in May, when both sites were likely transition-
ing to isothermal snowpack conditions (at 0 °C) and melting.

The time series of radiative forcing are very similar for the
two study areas, except that the values in the Rocky Moun-
tains are roughly 20 W m~2 larger. This is consistent with
the high dust concentrations in the Rocky Mountains (Skiles
et al., 2012; Painter et al., 2012b) in combination with the
increased solar irradiance later in the season.

4.2 Spatial distribution of snow grain size
Snow grain sizes at top of the snow pack are affected by
snowfall, metamorphism, wind effects and melt processes.

We would expect to find smaller snow grains at higher el-
evation and north-facing slopes. With time, we also expect
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Figure 6. Same as Fig. 4 but for snow radiative forcing.

snow surface grain size to grow at varying rates but decrease
abruptly with the addition of snowfall. The analysis of our re-
trievals using Eq. (4) is consistent with this common theory.
The two-dimensional histograms in Figs. 8 and 9 show the
relation of grain size with elevation and with terrain aspect.
For both study areas we find, for the early ablation period,
that the snow grain size at high elevations is less than 200 pm
and at low elevations is 500 to 800 pm. The snow grain size
is inversely correlated with elevation in the May data of the
Rocky Mountains. Snow grain size gradually increases over
time at higher elevation as shown in the left panels of Figs. 8
and 9. Late in the ablation period the snow grain size is nearly
constant with elevation, ranging from 500 to 700 um and be-
comes positively, but less sensitively, correlated with eleva-
tion. Potential reasons for this remarkable change over time
are discussed in Sect. 5. The snow grain size distribution
with respect to the terrain orientation (aspect) is shown in the
right panels of Figs. 8 and 9. As expected, we retrieve small
snow grain sizes, on the order of about 100 um on north-
facing slopes, versus 400 um or more on southeast slopes.
On 5 March 2009, just after a snow event, the snow grain
sizes are significantly smaller and have relatively low spa-
tial variability, especially at higher elevations, especially at
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panel). The snow cover is normalized by the size of the study area
and the other values represent the average value per date surrounded
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higher elevations. More pixels at lower elevations were cov-
ered with snow (see Fig. 8).

4.3 Spatial distribution of snow albedo

Snow albedo is correlated with elevation and terrain aspect
early in the ablation period at both study areas (see Fig. 10
through Fig. 13). Our retrievals in the early ablation period
show albedo values of 0.6 to 0.8 at higher elevations and 0.5
to 0.6 at lower elevations for both study areas. A rather large
spatial variance is observed in February, March and April in
the Sierra Nevada as shown in Fig. (10) with albedo vary-
ing from 0.5 to almost 0.9 within less than 1km. In each
case the higher albedo values are found on north- and steep
west-facing slopes. Later in the ablation period, albedo val-
ues decreased to approximately 0.5 and 0.4 at high and low
elevations, respectively. In general the albedo increase with
elevation is more distinct at the Sierra Nevada study area
than in the Rocky Mountain study area. A strong dependence
of snow albedo with terrain slope is found in February and
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Figure 8. Two-dimensional histogram of snow grain size with re-
spect to terrain elevation (left panels) and aspect (right panels) in
the Sierra Nevada in spring 2009.

March in the Sierra Nevada. North-facing slopes show values
ranging between 0.8 and 0.9, whereas south-facing slopes are
clearly darker with approximately 0.6 albedo values (Figs. 10
and 12). We found similar, although less distinct, dependen-
cies in the Rocky Mountains (Figs. 11 and 13). This is likely
because northern slopes experience larger relative changes in
irradiance during spring due to a decrease in solar zenith an-
gle and the related reduction of terrain shadows. The Rocky
Mountain study area observations were started in May, so
the terrain effects are less prominent than those of the Sierra
Nevada study area, which were started in February. During
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Figure 9. Same as Fig. 8 but for the Rocky Mountains in
spring 2011. Note: a rare retrieval artifact is found on 15 June where
Eq. (4) has no unique solution within a snow grain size range of
540 to 570 pm, causing a gap in the corresponding plots.

the late ablation period the differences in snow albedo be-
tween north- and south-facing slopes was less than 0.1.

In both time series the spatial variance in the retrieved
albedo corresponds with the spatial variance in retrieved
snow grain sizes (see Fig. 7). For example, the retrievals
on 5 March 2009, just after the snowfall event, show an in-
creased variance in both albedo and grain size (see Fig. 12).

The Cryosphere, 10, 1229-1244, 2016



1238 F. C. Seidel et al.: Spatiotemporal snow properties derived from imaging spectroscopy

27 Feb 2009 27 Feb 2009
4o TR e T
T ask i€ 35E 3
= T E 1= T F M:
E 3 E « E
§30F Q\‘ \ 15 30F 4 E
S 25 fFe \ 1T o5 fmed 3
o E j E 3
Wwook ‘/ qW 20 F E
15 TN T T ¥ AT 15 Sinnllanallnanllinnllnanllaf

04 Apr 2009 04 Apr 2009
4o T so Ty
E 35F i€ ssF 3
X - o XX - E
530F MA Jseof NN
S 25 ke . \—§ 25 —J 3
K] E - = K E 3
woofE ‘/-:L“ 20 F E
15 PN T ¥ AT 15 Sirnllonnllnanllanndlnanllad

08 May 2009 08 May 2009
4.0:_'"'I""I""I""I""I_: 4.0:_'"|"'|"'|"'|"'|'_|-
NV N E W 2
§ 25 -/ {8 25F 3
E ] U P P P P Y
1'50 5 10 15 20 25 1'50 2 4 6 8 10
<North Dist.[km] South> <West Dist.[km] East>

Sierra Nevada

California, Us. °4 0% 06 1 o7 08
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4.4 Spatial distribution of radiative forcing

We find the radiative forcing increased during ablation from
almost 0 to spatial mean values of 170 W m~2 in the Sierra
Nevada and 190 Wm™2 in the Rocky Mountains (Figs. 7,
14, and 15). The standard deviations are in the order of
60 W m~2 in both study areas across the full period. The Col-
orado data were acquired later in spring than the California
data and thus with more solar irradiance. A direct quanti-
tative comparison of radiative forcing between the two data
sets is therefore difficult. The higher elevations in Colorado
contribute to a later onset of snowmelt as compared to the
Sierra Nevada, which leads to a later exposure of LAISI at the
surface of the snowpack. We should bear in mind that each
year is different in terms of dust deposition and exposure at
the surface (Painter et al., 2012b). Nevertheless a qualitative
comparison with changes in SWE (Fig. 3), as an indicator for
snow accumulation and snowmelt, shows a relationship of
longer snowmelt periods with an increase in radiative forc-
ing. This could be dominated by the SWE magnitude with
a longer time period over which impurities can be deposited
and then accumulated at the surface. It could also be due to
higher impurity content in the Rocky Mountains or a combi-
nation of both. In 2011 only three of the observed dust events
occurred between the first and last flights in the Rocky Moun-
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Figure 11. Same as Fig. 10 but for the Rocky Mountains.

tains, but all of the dust deposited over the full season would
have surfaced as snow started to melt, likely contributing to
the higher radiative forcings in this area.

In California, we found almost no dependence of radia-
tive forcing on elevation (Fig. 14). In contrast, the radiative
forcing retrieved in Colorado is clearly correlated with re-
spect to elevation with a distinct trend of larger radiative
forcing at lower elevations (Fig. 15). Column 2 of Figs. 14
and 15 shows the radiative forcing with respect to the ter-
rain aspect. In the Northern Hemisphere, south-facing slopes
experience stronger irradiance and decreased snow albedo
values (Sect. 4.3). The combination of both of these fac-
tors, in addition to LAISI deposition, led to increased radia-
tive forcing. For example, in the Sierra Nevada, the radia-
tive forcing is close to 0 until May at northern slopes and up
to about 150 Wm™2 at south-southeastern aspects. In May,
we retrieve up to 150 Wm™2 at northern slopes and about
200 W m~2 at southern-oriented terrain slopes (Fig. 14). The
analysis of the Rocky Mountain study area shows a simi-
lar trend over time, but with radiative forcing values 50 to
100 Wm™2 larger than in the Sierra Nevada (Fig. 15). We
also find that the dependence of terrain aspect angle with ra-
diative forcing decreases until the summer solstice due to the
decreasing solar zenith angle and the corresponding irradi-
ance increase on steep slopes in mountainous terrain. Our
results show radiative forcing differences between north- and
south-facing slopes being smoothed out over time. An excep-
tion is found in late June in Colorado with significantly larger
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Figure 12. Snow albedo with respect to terrain elevation (left
panels) and terrain aspect (right panels) in the Sierra Nevada in
spring 2009.

radiative forcing on southeast slopes of up to 300 W m~2
This is presumably due to the earlier melt out of south to
southwest slopes and may also be due to dust transport ef-
fects.

4.5 Uncertainty and error analysis

Painter et al. (2013) reported baseline retrieval uncertainties
based on the AVIRIS sensor performance (noise-equivalent
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Figure 13. Same as Fig. 12 but for the Rocky Mountains in
spring 2011.

changes in radiance or NEAL) of +0.001, 3.6 um (at the
1.03 um ice absorption feature) and 0.2 W m~2 for albedo,
grain size and radiative forcing, respectively. When com-
pared to two in situ measurements, Painter et al. (2013) found
an albedo retrieval error of less than 0.005 and a radiative
forcing error of about 24+ 5 W m~2. The grain size retrieval
error for the smaller grains is assumed to be on the order of
425 um (Nolin and Dozier, 2000).

As mentioned in Sect. 3.3, investigations are needed to fur-
ther quantify the grain size retrieval accuracy under melting
snow conditions and concentrations of dust and BC. How-
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Figure 14. Radiative forcing of snow impurities with respect to ter-
rain elevation (left panels) and aspect (right panels) in the Sierra
Nevada in spring 2009.

ever, Green et al. (2002) showed in a controlled field ex-
periment that grain size retrievals leveraging the 1.03 um ice
absorption feature were invariant from dry snow to melting
snow conditions. Likewise, grain size retrievals from AVIRIS
data across larger regions in the Sierra Nevada remained
largely stable under change from dry to melting conditions
(Dozier et al., 2009). The sensitivity of grain size retrievals
to the presence of dust and BC has been investigated (Singh
et al., 2010). While the 1.03 um ice absorption feature clearly
distorts when dust concentrations increase markedly (Singh
etal., 2010), it appears to be only at concentrations far greater
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Figure 15. Same as Fig. 14 but for the Rocky Mountains in
spring 2011.

than those observed in normal field conditions where aeolian
transport dominates (Painter et al., 2012b; Singh et al., 2010).
Further investigation is certainly needed. However, an addi-
tional line of evidence suggests that grain size does begin to
plateau or rebound to smaller values after initial coarsening,
as discussed in the next section.

While inherent snow albedo is controlled by grain size and
impurity content over the course of a day, the solar zenith an-
gle, cloud cover and topography also act to influence albedo
and net solar radiation (Warren, 1982). For our acquisitions,
we account for local illumination and viewing geometries in
the albedo retrievals (Eqgs. 2 and 5). Additional error sources
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are related to terrain shadows and the digital elevation model
(Sect. 2.1). Up to 10% of the snow pixels in the Febru-
ary data are in shadow due to the large solar zenith angle.
Snow properties can be retrieved in shadows using the dif-
fuse irradiance. However, we suspect that large uncertainties
are introduced due to adjacency effects, which are difficult
to model in snow-covered mountains. We therefore remove
retrievals in shadow areas from our analysis, except for the
snow cover calculation. Pixels very close to a ridge can be as-
signed an incorrect aspect value, which causes retrieval out-
liers. We found only very few snow pixels affected by this ar-
tifact and they do not show up in the histogram plots (Figs. 8,
9 and 12-15) due to a threshold of 15 occurrences. Changes
in slope and aspect of the surface due to snow accumulation
are not taken into account in this study and further analysis
would be required to quantify associated errors.

To estimate the data quality and retrieval robustness, we
performed an analysis of the variance of the retrieved quanti-
ties on timescales shorter than the natural variability. For ex-
ample, the last two Sierra Nevada data sets are a single day
apart and the snow products were retrieved with almost iden-
tical values. Between 7 and 8 May the snow-covered area
has decreased by 2.8km? or about 1% of the mean. With
a sample size of more than 280 000 snow pixels, the mean,
percent difference (in brackets) and =1 standard deviation
of the differences in albedo, grain size and radiative forcing
are roughly —0.01 (0.5 %) £ 0.04, +34 (1.3 %) & 112 ym and
+5(0.8 %) & 26 W m~2 (see also Fig. 7), respectively. These
values are in the same order of magnitude as the expected re-
trieval accuracy (Painter et al., 2013). Nevertheless, the quan-
tities and their signs show plausible values for changes in
snow properties from one day to another at the end of the
ablation period.

5 Inverse relationship of grain size with elevation of
melting snow

As snow grain metamorphism is primarily driven by tem-
perature and vapor pressure gradients in dry snow and then
markedly reinforced by liquid water in wet snow, we expect
increased snow grain sizes at lower elevations because of
higher temperatures and a greater positive snowpack energy
balance. This is in agreement with our observations shown in
Figs. 8 and 9 of the initial ablation period in both study areas.
However, we find the snow grain sizes at higher elevations
increase significantly late in the ablation period, while they
remain mostly unchanged at lower elevations. In the Sierra
Nevada this is apparent in the May acquisitions relative to
the April acquisition. In the Rocky Mountains this is appar-
ent in the June acquisitions. Later in the ablation period, with
increased solar irradiance, the snow grain size distribution
becomes independent of the terrain aspect.

We suggest that there are two processes that account for
these observations. First, changes in grain size are slowest
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when the snowpack is both cold and when it is fully isother-
mal, and most rapid during the transition between these two
phases (Taillandier et al., 2007). When the grain growth is
slow at lower elevations, but rapid at higher elevations, this
indicates that lower elevations have become isothermal while
the upper elevations are still undergoing that transition. Grain
growth can be rapid in cold snowpacks, but this tends to oc-
cur near the ground where the temperature gradient between
the ground and snow is greatest, and not at the surface. When
liquid water is present, snow grains tend to form clusters but
optically the absorbing path length seems to change very lit-
tle. This same slowing of grain growth rates after the isother-
mal transition was observed in daily vertical profiles of opti-
cal snow grain size over the 2013 ablation period in the Sen-
ator Beck Basin (Skiles, 2014).

Second, when there is an actual inversion of grain sizes
with elevation, we suggest this is accounted for by rapid melt
induced by high impurity content at the surface. Although
the change in grain size is on the order of the uncertainty in
grain size retrieval, it is not the absolute values that are im-
portant but rather the trend. A decrease in surface grain size
in the presence of high impurity content was also observed in
the daily field observations in 2013 by Skiles (2014), when
the dust layers coalesced at the surface and skies were clear
both grain sizes and density in the surface layers decreased
and surface roughness increased, consistent with observa-
tions in other regions (Meinander et al., 2014). Skiles (2014)
and Painter et al. (2013) as well as the results in this pa-
per suggest that the intensification of snowmelt by dust in
the visible wavelengths results in destructive metamorphism
near the snow—atmosphere interface and snowmelt infiltra-
tion with refreezing and snow grain coarsening at depths
of approximately 2 to 10 cm. The observed snow grains in
the near-surface layer can therefore be smaller under intense
snowmelt. The results could also suggest that sublimation
could form frost flower-like crystals on the surface of a re-
freezing surface layer, resulting in an increase of SSA and a
decrease in snow grain size (Domine et al., 2005).

In addition, our analyses confirm the inverse correlation
between the snow albedo and grain size distribution (Flan-
ner and Zender, 2006). Smaller snow grains have smaller ab-
sorbing path lengths and smaller single-scattering asymme-
try parameters (more side-scattering), which combined lead
to higher snow albedo. We find in our results a similar in-
verse correlation between snow albedo and radiative forcing.
The quantitative relationships between radiative forcing and
the spatial and temporal parameters can vary with respect to
snow albedo due to the differences in the local instantaneous
solar irradiance.

As mentioned in the previous section, in situ albedo mea-
surements suggest that the plateau in grain size with im-
purities is not just a result of the spectroscopy retrieval.
In Painter et al. (2007a), it was found that near infrared
(NIR)/shortwave infrared (SWIR) albedo measured at the
detailed energy balance and radiation towers of the Senator
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Beck Basin (Landry et al., 2014; Painter et al., 2012b) would
decrease as visible albedo dropped due to impurities, un-
til the visible albedo decrease reached approximately 17 %.
Once this threshold is reached, NIR/SWIR albedo would
then start to increase again, consistent with a drop in grain
size. Moreover, our observations in the field have shown
that smaller grains are left when liquid water from intense
melt percolates to deeper layers that are not detectable with
the NIR/SWIR part of the spectrum. One hypothesis is that
dust reflectance at higher concentrations may be raising the
NIR/SWIR spectral albedo (Painter, personal observation).
However, the concentrations necessary to drive visible albe-
dos down 17-20 % are unlikely to be sufficient to cause a
raise in NIR/SWIR albedo. Finally, it is possible that sub-
limation processes could be contributing or dominating the
drop in the near-surface grain size, as discussed in Gallet
et al. (2014b). Given the negative feedback and the potential
impact on our understanding of cryosphere energy balance,
further study should investigate the controls on grain growth
in the presence of impurities, with stratification according to
impurity type, meteorological conditions and solar geometry.

6 Conclusions

Snow cover across the world’s mountainous regions is impor-
tant for both regional climate and hydrology. Snow albedo,
itself controlled by impurity content and grain size, is par-
ticularly relevant for understanding melt initiation and melt
rates. Ongoing consistent measurements of snow albedo only
occur at six snow energy balance sites across the western
USA, with even sparser or nonexistent measurements glob-
ally (Painter et al., 2012b). The analysis of the snow remote
sensing products presented here, derived from a series of
imaging spectroscopy data, provides new insights into the
spatial distribution of snow albedo and snow optical proper-
ties at five time steps across the accumulation/ablation tran-
sition in the Sierra Nevada and across the ablation period in
the Rocky Mountains. The focus of most of the publications
on snow property retrievals from imaging spectrometer data
(see Sect. 3) has been on algorithm development and tech-
nology demonstration. Here we take the next step, utilizing
the proven data and algorithms to assess spatial and tempo-
ral patterns. While some of our results are intuitive, such as
smaller grain sizes on north-facing slopes and the inverse re-
lationship between grain size and albedo, other were coun-
terintuitive, including faster grain growth rates at higher el-
evations and higher grain sizes at high elevations relative to
lower elevations late in the ablation period.

The retrieval of impurity radiative forcing is especially rel-
evant as efforts are now in place to reduce short-lived climate
pollutants, such as black carbon, brown carbon, methane, tro-
pospheric ozone and some hydrofluorocarbons by the Cli-
mate and Clean Air Coalition managed by the United Nations
Environmental Programme (Shindell et al., 2011). It will be-
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come critical to monitor these short-lived climate pollutants
with respect to their spatial distribution on the local to global
scale, as well as their change in time. Additional studies of
the spatial and temporal distribution of impurity content in
snow and ice of large mountain ranges, boreal and arctic re-
gions are needed to enable improved understanding of snow
in the framework of complex climate—terrain feedbacks. The
application of our methods and algorithms to airborne and
upcoming spaceborne imaging spectrometer data, such as the
Hyperspectral Infrared Imager (HyspIRI), are potential tools
to address this important question.
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