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ABSTRACT

The snowpack in the Sierra Nevada mountain range is the primary source of water for California. Many studies have
shown that the increase in aerosols could lead to a reduction of the snowpack in this region. This study focuses on
evaluating changes in the snowpack during the winter and summer seasons from 2000 till 2016 and determining the
relationship between aerosols and the retreat of glaciers in the Sierra Nevada.The change detection analysis has shown
reductions of 76.4% and 91.4% in the snowpack during winter and summer, respectively. Utilizing the aerosol optical
depth (AOD), Angstrom exponent, snow depth anomalies, snowfall, radiation fluxes, and albedo, the effect of aerosols on
snowfall over the Sierra Nevada glaciers has been examined for this 17-year period. Overall, based on correlation analysis,
a negative relationship exists between the AOD and the snowfall.
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INTRODUCTION

Many experiments have been conducted to see how
global climate change has affected Earth’s systems (Bolch,
2007). It was found that the changes in glaciers extent
and/or retreat are key indicators of climate change (Irion,
2001; Kaser et al., 2004). Changes to glacier’s mass, volume,
area, or length are clear signs, as they exhibit different
levels of stress imposed by local climate causing the
aforementioned glaciers’ changes (Liu ef al., 2013). Due to
the scarcity of ground measuring stations, satellite images
proved to be more useful for analyzing long-term changes in
glaciers (Prasad et al., 2011). Change detection analysis has
been applied in different ways to highlight temporal/spatial
changes in different ecosystems (Bartsch et al., 2010; El-
Askary et al., 2014).

The most common satellites used for analyzing glacier
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changes are Landsat satellites, equipped with powerful
sensors such as Landsat Thematic Mapper (TM),
Multispectral Scanner (MSS), Enhanced Thematic Mapper
(ETM+), or Operational Land Imager (OLI), which have
diverse capabilities to monitor Earth’s different surfaces
(Hansen and Loveland, 2012; Wulder ef al., 2012). Others
include Microwave Sounding Unite (MSU), Advance
Microwave Sounding Unite (AMSU), ASTER SRTM3-
DEM, and ALOS are powerful tools for analyzing glacial
coverage and/or retreat (Bolch, 2007; Prasad ef al., 2011;
Liu et al., 2013).

Different research projects that investigated the causes
of glacier retreat globally. Snow albedo reduction due to
aerosol deposition on snow glaciers is one of the most
common topics where remote sensing data are utilized
(Lee and Liou, 2012; Prasad et al., 2009; Prasad et al.,
2011). Snow has some of the most reflective properties of
natural surfaces on Earth (Hadley and Kirchstetter, 2012).
It is with these reflective properties that snow and glaciers
reflect almost all solar radiation that comes into contact
with its surface. However, the addition of dark impurities on
snow surfaces decreases its reflectance (known as albedo)
and increases its absorption of solar radiation (Hadley and
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Kirchstetter, 2012). Aerosols mix with snow through wet
deposition in the snowfall and direct dry deposition on the
surfaces (Lee and Liou, 2012). The amount of solar radiation
absorbed by the surface could significantly increase through
a marginally decrease in snow albedo, thereby further
reducing snow albedo (Lee and Liou, 2012). This forms a
positive radiative forcing, causing global and regional
warming as less solar radiation is reflected back into space
(Hadley and Kirchstetter, 2012). This mechanism of snow
albedo feedback has been recognized as the most important
positive amplification of the global surface temperature
warming (Lee and Liou, 2012).

Aerosol particles can heat the atmosphere by absorbing
shortwave radiation and releasing longwave radiation,
which can change the tropospheric moisture status and
stability and further influence the formation of cloud and
its existence time through affecting the evaporation process
of cloud particles. The presence of absorbing aerosols in
the atmosphere reduces the solar radiation that reaches the
ground. Meanwhile, the absorbing aerosols heat the
atmosphere, thus increasing the vertical stability and
affecting the occurrence and development of convection.
Some studies have concluded that the net radiation effect
of dust aerosols is cooling on the ground and the heating of
the aerosol layer (Carlson and Benjamin, 1980). Convective
clouds are the main cloud system of precipitation in the
earth-atmosphere system and are the main carriers for the
exchange of water vapor, trace gases and aerosols in the
troposphere. Convective clouds affect the balance of heat
in the troposphere through the release of latent heat of
water vapor, thus driving the major circulation in the
atmosphere (Cui et al., 2006). Convective cloud systems
are more sensitive to atmospheric aerosols, which help us
to better understand the interactions between aerosols and
climate by studying the interaction between cumulus and
aerosols (Graf, 2004).

Aerosol deposition from dust storms has become
significant events in recent history. Poor management of
Earth’s dry land has been a concern, such as reducing
surface vegetation cover, which increases dust storms from
deserts (Al-Saadi et al., 2005). A dust storm can transport
large amounts of sand unexpectedly, carrying large amounts
of sand, silt, dust, and aerosol particles over long distances
that affect different regions, locally and globally (Harrison
et al.,2001). The deserts around the Arabian Peninsula and
Sahara desert are the main terrestrial sources of sand and
dust, with some contributions from Iran, Pakistan and India
(Al-Saadi et al., 2005). In the regions of Asia, the main
dust source is the Gobi Desert, which affects the Central
Asia and Eastern Asia sand events, especially affecting the
environments in China and Mongolia (Xu ef al., 2009). As
a consequence, China’s significant dust storms deposit
dust into the Pacific, and even influence the environments
in western America (Hadley et al., 2007).

Dust aerosols, on the one hand, change the radiation
balance of the earth-atmosphere system by absorption and
scattering of solar radiation, on the other hand, as cloud
condensation nuclei (CCN) and atmospheric ice nuclei (IN),
alter the cloud microphysics and precipitation processes.

Because of the wide spectrum of mineral dust distribution,
the incident visible radiation and outgoing longwave
radiation can be scattered at the same time. Compared with
sulfate aerosol, dust particles have larger size and optical
thickness, and stronger absorption of solar shortwave
radiation. Dust aerosols, when transported from the source
to downstream areas, could combine with natural sources
such as sea salt particles or sources of pollution such as
black carbon, sulphate and nitrate aerosols, thus changing
their physical-chemical properties.

Recent studies have shown that dust aerosol has an
important contribution to the formation of ice clouds and
the transition of vapor phase in clouds. Dust aerosols might
impact glacier climate directly by altering the absorbing
and scattering rate of the solar and earth radiation (Charlson
et al., 1992; Aoki et al., 2005; Hayasaka et al., 2006; Wang
et al.,2010; Liu ef al., 2011). Sakai et al. (2004) analyzed
the observation data of a sand-dust weather process and
showed that rich mineral aerosol in dust layer provided a
large amount of IN for the ice crystal formation process,
evenly mixture of ice crystal cloud and sand in the dust
layer. Observations by Demott et al. (2003) also showed
that dust in Asia can be used as an effective IN to increase
the concentration of ice crystals in the cloud. Studies by
Sassen et al. (2002) showed that the air masses originating
from sub-Saharan, at lower supersaturations, could freeze
in —5°C to —9°C, which fully demonstrated that dust aerosols
could be used as effective IN for the cloud process. Kelly
et al. (2007) analyzed the activation of dust particles of
different sizes and concluded that the activation of
different dust particles is related to their particle size. For
instance dust particles with size less than 0.6 pm, unless
wrapped with highly soluble substances, will not become
CCN. While dust particles larger than 2 um in diameter are
activated regardless of their composition. It is noteworthy
that adhesion of a small amount of soluble substances can
increase solubility of the dust particles between 0.6-2 pum.
Trochkine et al. (2003) analyzed the ACE-Asia data and
concluded that changes occurred to the chemical composition
of mineral aerosol during the long-distance transportation
from China to Japan, thus increasing the soluble components
of dust particles and increasing their chances of becoming
CCN.

STUDY AREA

The Sierra Nevada mountain range is the largest in
California, extending 400-miles north—south and 50-miles
east-west, with a coverage of 24,370 square miles. The
mountains began to form 200 million years ago, from the
formation of granitic rocks. The climate in the Sierra
Nevada is Mediterranean with wet, cool winters and dry,
long summers (Soulard, 2012). The main source of fresh
water supplied to the state of California comes from the
Sierra Nevada, with the snowmelt providing an average of
15 million acre-foot of water per year (Sierra Nevada
Conservancy, 2011). Each year, 60% of California’s total
annual precipitation falls on the Sierra Nevada mountain
range as rain or snow, which is about 10-90 inches of rain
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(Lauer, 2011). The rainfall and snowmelt from the Sierra
Nevada travel hundreds of miles along the Sacramento-San
Joaquin Delta, with 50% of water flow into the Delta
originating from the Sierra Nevada (Sierra Nevada
Conservancy, 2011). This study focuses on an area of the
Sierra Nevada region shown in Fig. 1.

RETREAT OF THE SIERRA NEVADA GLACIERS

Data

Six imageries obtained from Landsat 5 TM, Landsat 7
ETM+, and Landsat 8 OLI at 30-meters spatial resolution
were utilized in this study over a 17-year period, shown in
Fig. 2. The scenes chosen for this study were April 6, 2000
(cloud free), from Landsat 7 ETM+; April 20, 2008 (4%
cloud coverage), from Landsat 5 TM; April 26, 2016 (6%
cloud coverage), from Landsat 8 OLI; August 20, 2000
(cloud free), from Landsat 5 TM; August 26, 2008 (cloud
free), from Landsat 5 TM; and August 16, 2016 (0.7%
cloud coverage), from Landsat 8 OLI. All of these scenes
were collected from path row/number 42/34 and they were
projected to UTM 11 zone with reference datum WGS 84.
Band 2 (0.52-0.60 pm) and Band 5 (1.55-1.75 pum) were
used for Landsat 5 and 7 because that is where the
information regarding snow and glaciers is contained.
Band 3 (0.53-0.59 pm) and Band 6 (1.57-1.65 um) were
used for Landsat 8 scenes for the same reason.

Identification of Snow Cover

The purpose of this research work is to investigate the
recent glacier retreat of the Sierra Nevada Mountains in
California from 2000-2016, and identify the causes that
are attributed to this glacial retreat. The research aims to
use Landsat imagery to examine the changes of glacier
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retreat of a chosen region in the Sierra Nevada mountain
range during winter of April 2000/2016 and summer of
August 2000/2016. The study period is selected based on
the fact that April is typically the time that Sierra snowpack
reaches its peak after series of winter storms, while August
is the end of the ablation period. Such selection allows the
identification of snow cover at its possible maximum and
minimum levels. We compare the changes of snow content
of the same month for different years, and see the changes
to glacier amount in this region. Many image processing
techniques has been applied here as represented in Fig. 3,
which summarizes the logical flow and sequence of the
image processing steps applied here.

ISODATA classification method was performed on six
subset images to distinguish the water class from the other
classes. Non-water masks were created based on the
classification results and applied on the images. After the
water was masked out from the images, Normalized
Difference Snow Index (NDSI) was adopted to derive the
snow coverage in the study region. A number of studies
have shown that NDSI is an effective index for separating
snow from other similar features, such as soil, rock and
vegetation, and to successfully delineate the glacier cover
over large areas (Dozier, 1989; Hall et al., 1995; Sidjak
and Wheate, 1999; Racoviteanu et al., 2009; Gardelle et
al., 2013). The NDSI was developed based on the fact that
snow presents a strong difference in reflecting the visible
wavelength and middle infrared wavelengths (Hall et al.,
1995). For Landsat 5 and 7 imageries, the index is defined
as:

NDS]zBandZ—BandS (1
Band 2+ Band 5

Fig. 1. Base map showing the target area being studied.
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Fig. 2. a), b), and ¢) Winter season true color composite of Landsat 7 ETM+ image obtained on Apr. 6, 2000, Landsat 5
TM image obtained on Apr. 20, 2008, and Landsat 8 OLI image obtained on Apr. 26, 2016, respectively. d), e), and

f) Summer season true color composite of Landsat 5 TM image obtained on Aug. 20, 2000, Landsat 5 TM image obtained
on Aug. 26, 2008, and Landsat 8 OLI image obtained on Aug. 16, 2016, respectively.

Also, for Landsat 8 imageries, the index is defined as:

Band 3 — Band 6

MO pand 3+ Band 6 2 " Subset tmage |
Band 3+ Band 6 2 Subset Image

Subsetting

Atmospheric correction

NDSI thresholds need to be determined to identify the | Corrected Subset Image ‘
snow feature. It is suggested that no fixed threshold values l ISODATA classification
are existed (Hall ez al., 1995). They can be chosen manually | Separated Water/Others ‘
based on the characteristics of the scenes, such as topography,
sun position and haze (Racoviteanu et al., 2008a, b). Also, l NDSI calculation

they can be estimated through the visual inspection of the
scenes (Dozier, 1989). For instance, Racoviteanu ef al.
(2008b) identified the snow/ice cover with the NSDI
greater than a threshold of 0.7 for the Sikkim Himalaya, ‘ Change Detection Statistics |
India, while Racoviteanu et al. (2008a) selected a threshold
range of 0.5-0.6 to distinguish the snow feature for the
Cordillera Blanca, Peru. For this project, based on the
considerations of both characteristics and visual inspection applied on the 2000 images and a threshold value of 0.6
of the scenes, a threshold value of 0.7 was selected and was selected and applied on 2008 and 2016 images. The

‘ Snow Coverage Identification |

Fig. 3. Steps of image processing.
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snow coverage was identified for six images using NSDI
and is shown in Fig. 4. As seen in Fig. 4, for both winter and
summer seasons, the snow cover in the year of 2016 shows
much less coverage than that in the year of 2008 and 2000.
Such visual inspection indicates a possible retreat in the
amount of glacial snow packs over the 17-year period.

Analysis of Snow Cover Change

A common technique known as change detection analysis
is employed to quantify the differences among the imageries
of the same scene over different dates (El-Askary et al.,
2014). The change detection statistics helps quantify the
exact amount of glacier retreat for each scene. Such analysis
was executed to determine the changes of snow cover
between the year of 2000 and 2016 for winter and summer
seasons. For the winter season, the snow cover derived from
April 2000 scene was used as the initial state and snow
cover derived from April 2016 scene was used as the final
state. A change detection difference map was generated to
show the changes of the snow cover spatially. Meanwhile,
the change detection statistics were summarized to quantify
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the changes. The same procedures were repeated for the
summer season. The results are displayed in Fig. 5 and
Table 1. As seen in the Fig. 5, there is a significant decrease
of snow cover for winter season over the 17-year period,
despite a few increasing spots. This is confirmed by data
presented in Table 1 that the winter season has a decreasing
trend of snow cover based on the snow pixel counts from
2000 to 2008 and further to 2016. The change percentage
reveals an overall 76.4% reduction in snow cover from
April 2000 to April 2016 over the study area. For the
summer season, almost all of the snow cover decreased
from August 2000 to August 2016 as shown in Fig. 5.
Such declining tendency is also observed from snow pixel
counts in Table 1. The correspondent change percentage
reaches a high reduction rate of 91.4% in the study region.
These results indicate that the Sierra Nevada glaciers
experienced a retreat of the snow cover from the year of
2000 to 2016 for both winter and summer seasons in the
study area. It is noteworthy that the change map Fig. 5(b)
resulting from the changes between the initial map of 2000
summer snow and the final map of 2016 summer snow
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Fig. 4. Winter and Summer seasons snow cover derived from Landsat imageries during April and Augsut of (a, d) 2000,
(b, ) 2008 and (c, f) 2016, respectively. The white area denotes the snow cover and black area denotes other land covers.
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Fig. 5. Change detection difference maps between 2000 and 2016 for a) winter season and b) summer season, respectively.
The grey area represents no change, red area represents the increased snow cover, and blue area represents the decreased

SNOW CoVer.
Table 1. Change detection statistics of winter and summer season.

Season Year Snow pixel counts Change percentage

Winter 2000 6247127 76.4% of decrease between 2000
2008 4430476 and 2016
2016 1476297

Summer 2000 18412 91.4% of decrease between 2000
2008 4856 and 2016
2016 1582

don’t show much change as noted by the blue color. This
is due to the fact that not much snow was even detected in
initial map of 2000. Therefore, most of the 2000 summer
snow has disappeared when compared to the 2016 summer
snow represented by the blue color.

AEROSOL IMPACT ON SIERRA NEVADA
RETREAT

Data

In order to assess the role of aerosol-related impact in
the Sierra Nevada glaciers, we used the NASA Goddard
Online Interactive Visualization ANd aNalysis Infrastructure
(GIOVANNI) tool to obtain and process the data from the
Modern-Era Retrospective analysis for Research and
Applications version 2 (MERRA-2) and North American
Land Data Assimilation System (NLDAS) within the
region of (118.5°W, 37°N, 119.5°W, 38°N).

MERRA-2 is a NASA atmospheric reanalysis dataset
based on historical climate analysis using the Goddard
Earth Observing System Model, Version 5 (GEOS-5), with
its Atmospheric Data Assimilation System (ADAS), version
5.12.4. In this research the MERRA-2 data includes Snow

Depth, Surface Air Temperature, Snowfall on Land, Surface
Albedo for Near Infrared Diffuse, Surface Albedo for
Visible Diffuse, as well as Total Aerosol Extinction AOD
at 550 nm. All the MERRA-2 data used is at 0.5° x 0.625°
resolution with monthly or hourly time scales over January
2000 to December 2016.

The NLDAS is a collaboration project among several
groups: NOAA/NCEP’s Environmental Modeling Center
(EMC), NASA’s Goddard Space Flight Center (GSFC),
Princeton University, the University of Washington, the
NOAA/NWS Office of Hydrological Development (OHD),
and the NOAA/NCEP Climate Prediction Center (CPC).
The goal of the project is to improve the results of numerical
weather prediction models through providing quality-
controlled, and spatially and temporally consistent, land-
surface model (LSM) datasets from the best available
observations and model output. Extended back to January
1979, NLDAS provides near real-time data with a 0.125°
resolution and hourly to monthly time scales over central
North America. In this research we analyzed the NLDAS
Mosaic (MOS) Noah datasets including Anomaly of
Snowfall (frozen precipitation) (data of February and March
2016 are missing), Anomaly of Snow Cover Fraction (data



El-Askary et al., Aerosol and Air Quality Research, 18: 1317-1330, 2018 1323

of February and March 2016 are missing), Surface Incident
Longwave Radiation Flux and Surface Skin Temperature
over January 2000 to December 2016.

Moreover, we analyzed related parameters from
AERONET (AErosol RObotic NETwork) station at Fresno,
including the Angstrom Parameter, Spectral De-Convolution
Algorithm (SDA) aerosol optical depth retrievals, and GSFC
(Goddard Space Flight Center) Back-trajectory analysis to
study a high aerosol event during April 18-19 of 2004.
Established by NASA and PHOTONS (PHOtométrie pour
le Traitement Opérationnel de Normalisation Satellitaire;
Univ. of Lille 1, CNES, and CNRS-INSU), as well as
collaborators from institutes, universities and other partners,
the AERONET project is a worldwide ground-based remote
sensing aerosol networks. AERONET has provides long-
term, continuous and accessible database of aerosol optical,
microphysical and radiative properties for aerosol research
over 25 years. In this study, we used the observation data
at Fresno (119.773167°W, 36.781733°N), which is the
closest available AERONET station near Sierra Nevada
glaciers. Angstrom Parameter could estimate the size
distribution of aerosols from spectral aerosol optical depth
(AOD). The negative slope (or first derivative) of AOD
with wavelength in logarithmic scale is known as the
Angstrom parameter (o), which could be calculated from
two or more wavelengths using a least squares fit. Values
of a greater than 2.0 indicate fine mode particles such as
smoke particles and sulfates, while values of a near zero
indicate the presence of coarse mode particles (e.g., desert
dust). Retrievals of AOD with SDA algorithm yields fine
(sub-micron) and coarse (super-micron) aerosol optical
depths at a standard wavelength of 500 nm, where the

Corr=0.599

fraction of fine mode to total aerosol optical depth can be
computed. This algorithm produces useful indicators of
aerosol size discrimination at the frequency of extinction
measurements. Generated as twice a day (00Z and 12Z),
GSFC 7 days Back-trajectory is a kinematic trajectory
analysis using NASA GMAO (Global Modeling Assimilation
Office) assimilated gridded analysis data and from NCEP
(National Centers for Environmental Prediction) analyses.

The Impact of Snowfall and Temperature on Sierra
Nevada Retreat

In order to reveal the aerosol and snow interaction in
Sierra, we initially attempted to study factors such as snowfall
and surface air temperature, which directly influence the
snow coverage. From Fig. 6(a), a strong correlation (0.599)
between the variations of snowfall and snow cover
anomalies is evident. This suggests that snowfall is the
critical contributing factor to the snow coverage in this
area. In Fig. 6(b), snow depth during middle summer (July
and August) equals to 0, meaning that snow cover in this
region is mostly composed of winter and spring snowfall,
which supports the previous result that the snowfall
dominating the snow coverage in Sierra Nevada. It is
logical that higher temperature accelerates the melting
process of snow, which could be seen in the negative
relationship (—0.265) between surface air temperature
anomaly and snow depth. It is clearly shown that the
pattern of ‘“high snowfall & high snow cover, low
temperature & high snow depth” during the period of 2010
to 2011, as well as “low snowfall & low snow cover, high
temperature & low snow depth” during the period of 2012
to 2015. In this paper, we will approach the impact of
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Fig. 6. The variation of (a) Snowfall anomaly and snow cover anomaly; (b) Snow depth and surface air temperature
anomaly; as well as parameter correlation coefficients in (a) and (b).
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aerosols on snow coverage in this area by studying aerosols
and the effect on the snowfall and temperature.

Correlation Analysis of AOD and Snowfall Anomalies

In Fig. 7, from the analysis of intra-annual AOD variations
we conclude that the AOD values stay high during the
period from March to August, and low during September
to February. The plots of less snow period (September—
November) and major snowfall period (December—February)
show a negative relationship between AOD and snowfall
anomalies (correlation of September = —0.193, October =
—0.052, November = —0.332, December = —0.379, January =
—0.078, February =—0.205). We recognize the low correlation
coefficient values, yet the negative behavior implies on the
process of the snowfall that enhances aerosols absorption.
On the other hand, during the spring and summer period
(March—August), it shows a weak positive relationship
between AOD and snowfall anomalies (correlation of
March = 0.122, April = 0.060), which indicates the high
aerosol activity may improve the process of snowfall
formation/precipitation. It also shows a negative relationship
(correlation of May = —0.186, June = —0.241) or no
relationship (July and August due to no snowfall record). It
is clear that only one anomalously high snowfall event was
recorded during June of 2011 and not during any other
Junes. Therefore, it is evident that the period from June to
August, according to the snowfall records, is not relevant
to our analysis here due to the limited, if any, snowfall
during these months. In general, the analysis of AOD and
snowfall variations implies a negative relationship. It is
noteworthy that the sources and types of aerosols during
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the year might not be alike. Different types of aerosols,
regardless their intensities, could exert different influences
on the snowfall precipitation.

Analysis of AOD and Snowfall of April

To further investigate the relation between dust
outbreaks and their possible impact on snowfall during the
winter season, a detailed analysis is carried out on the
hourly scale for both AOD extinction and snowfall during
the month of April for the years from 2000 to 2016. Fig. 8
shows the snowfall values during April for each year as a
histogram. It is clear that most snowfall events are small (<
2 kg m?), with highest record (> 6 kg m?) on April 7,
2001, and almost no snow recorded during April 2008. The
AOD values mostly remains low (< 0.2) during April of
2000 to 2016, with several high records (> 0.4) during the
years of 2001, 2004, 2005, 2006 and 2015, among which
April 19, 2004, reaches almost 0.6 as the highest value of
AOD recorded. A snow event is also recorded on the same
day causing a subsequent drop in the AOD values the
following day because of possible deposition. This behavior
could provide a helpful insight on the aerosol and snow
interactions. In general, during the month of April over all
the presented years, when a high AOD loading is observed,
matching a snowfall event, a drop in the AOD value is
observed on the following days.

Study of the AOD Event during April 15-20 of 2004
From Fig. 9(a), the albedo diffusion of both NIR and

visible bands increased after snowfall started around April

17, then decreased right after the occurrence of the AOD
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Fig. 8. Hourly AOD and snowfall during April for each year during 2000 to 2016.

event at the afternoon of April 18. Albedo values peaked
during the afternoon of April 19, then kept on decreasing
after the snowfall ended on April 20. The sudden drop of
the albedo values right after the AOD event indicates the
deposition of aerosols that might cover the snow surface
and hence contributes in decreasing the albedo values.
Fig. 9(b) shows the increase in values of both absorbed and
incident longwave radiation, yet the absorbed is still higher
than the increase of incident longwave radiation flux,
confirming the decrease in the albedo values, since the
surface absorbed more energy during aerosols’ deposition
conditions than the non-aerosol affected conditions. Both
NLDAS MOS and NOAH models show a decreasing trend

of surface skin temperature, while after the start of AOD
event the values of the lower temperature for both models
even simulated higher than the values before the snowfall
as shown in Fig. 9(c). This abrupt change supports what is
found in Fig. 9(b). The physical background for interpreting
the effects of radiation flux on the snowpack melt, associated
with aerosols deposition, is based on the increase of the
absorbed energy that raised the average snowpack
temperature leading to more melt.

In summary the deposited aerosols affected the albedo
of snow surface to change the heat flux, increase the surface
temperature, and then accelerate the melting process of
snow cover. However, different kinds of aerosol deposition
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affect the melting process in distinct ways. The black carbon
could function more effectively than other kinds such as
sea salt or dust deposition. In order to explore the sources
of the aerosols of this AOD event, we collected AOD data
from the morning of April 15 to midnight of April 19, to
track the entire life cycle of generation of the AOD event.
The left side of each panel in Fig. 10 shows the aerosols
transportation from eastern Asia, dust (mostly from
northern China) and pollution (from both northern and
southern cities of China) assembled together, moving over
Japan then dispersed into the northern Pacific Ocean. Over
time as shown in Fig. 10(g) (circled area), aerosols are
observed over the Sierra which is confirmed by the low
Angstrom exponent measurements obtained from the
Fresno AERONET station, SDA retrievals showing fine
and coarse mode fractions and the GSFC back trajectory as
shown in Figs. 11(a)-11(c). It is evident that the dust
originated from those events is moving southeastward over
the Pacific Ocean shown in Figs. 10(a)-11(f). From all the
above, it is reasonable to suggest that aerosols from eastern
Asia are contributing to the aerosols’ depositing over the
Sierra. These aerosols also passed over the cities along the
California coast adding more pollutants from these regions
which should also be considered. In summary, we can claim
that the aerosols affecting the Sierra area are representing a

mixing scenario between pollutants from both US and Asia
cities with the dust from northern Asia as well as the sea
salt from the ocean surface, through the processes of the
atmospheric circulation and air-sea interactions. These
mixing scenarios will be further investigated through a
different research manuscript.

CONCLUSION

Because aerosols change the energy balance, and the
size and duration of cloud droplets in the earth—atmosphere
system, they have a profound impact on the global climate,
water cycle, and ecosystem. The absorption and scattering
of atmospheric aerosols cause the radiation balance to
change, which in turn affects the general circulation of the
atmosphere. Additionally, aerosols can participate in
microphysical cloud processes, such as the formation of
cloud condensation nuclei (CCN) or ice nuclei (IN), which
affect the cloud type, life cycle, and cover, resulting in
changes in rainfall, such as the intensity and distribution of
precipitation. The study presented here contributes to a
better understanding of the physico-chemical properties of
aerosols and aerosol-precipitation. We first used change
detection analysis to identify changes in the winter and
summer snowpack from 2000 till 2017. Based on the remote
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sensing image analysis of LANDSAT in 2000, 2008, and
2016, we found a 76.4% decrease during winter (April)
and a 91.4% decrease during summer between 2000 and
2016. These results are in good agreement with the NLDAS
model and are more accurate than the model output (which
has no value recorded) for changes in the snow cover
during summer. Moreover, the results of the MERRA-2
and NLDAS models confirm that snowfall and temperature
anomalies are the major factors affecting snow cover in
this area. Statistical analysis of the AOD and snowfall
anomalies showed a generally negative correlation during
all seasons, indicating that aerosols are absorbed by the
snowfall. The positive correlation between March and
April also implies that aerosols may contribute to increased

0.60
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Fig. 10. Aerosol AOD cross the Pacific Ocean during April 14-19 of 2004.

0.75 0.90 1.20

snowfall. However, the mechanism of interaction between
aerosols and precipitation is rather complicated, and there
are many factors affecting the occurrence of precipitation,
such as the type and the height of clouds as well as the
micro-physical characteristics. During the period of April
15-20, 2004, a high AOD event occurred in this region.
Analysis showed decreased albedo on the surface of the snow
and increased absorption of radiation, thereby increasing the
surface temperature and accelerating the snowmelt. Dust
and pollution in East Asia, as well as sea salt in the Pacific,
and cities along the coast of California, all contributed to
this aerosol event, and the analysis of AERONET data
indicates that coarse particles were the principle component.
This research uses long-term observations from satellite
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remote sensing, and numerical simulation data, with emphasis
on the statistical relationship between aerosols and
snowfall, including a case study of a high aerosol event, to
augment knowledge of regional aerosol-snow interaction.
It is noteworthy that the reduction of the snowpack is
associated with the phase change from a solid to a liquid
state. By addressing sensible and/or latent heat fluxes, the
physical backgrounds for interpreting the effects of radiation
flux on the melting of the snowpack will be investigated in
future research.
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