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Volcanic eruptions are significant contributors to atmospheric aerosols, affecting global climate by alter-
ing radiative forcing. In remote regions such as Antarctica, volcanic ash plumes from eruptions in the
Southern Hemisphere have the potential to impact snow albedo, altering the region’s energy balance. This
paper investigates the dispersion of volcanic ash from South American volcanoes over Antarctica using
the HYSPLIT model and examines the effects of ash deposition on snow albedo using the SNICAR-Adv3
model. The study simulates various eruption scenarios and assesses how changes in snow’s optical proper-
ties, such as albedo, are influenced by different levels of volcanic ash deposition. The findings demonstrate
that ash deposition is most significant in the lower atmosphere (0-4000 m) due to gravitational settling
and proximity to the surface, with air concentrations decreasing with altitude. It was found that snow
albedo could potentially decrease by 1% due to volcanic ash deposition. The results suggest that while
plume dispersion and ash deposition over Antarctica are plausible under specific atmospheric conditions,
the extent of ash’s impact on albedo varies significantly. This variability could accelerate snowmelt, influ-
encing the Antarctic climate system and potentially altering the regional energy balance.
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Introduction

Volcanic eruptions are known to play a significant
role in shaping global ecosystems and climate sys-
tems. They can cause temporary shifts in climate,
often leading to cooling effects that last from a few
years to even decades, depending on the magnitude
of the eruption. Large-scale volcanic events release
vast amounts of aerosols, such as sulfur dioxide, in-
to the stratosphere, which reduces incoming solar
radiation and triggers global cooling [1-2]. While
these aerosols contribute to global temperature re-
ductions, especially over oceans and ice-covered re-
gions like Antarctica, their effects can be complex
and regionally varied. For instance, studies following
the 1991 eruption of Mt. Pinatubo documented sig-
nificant cooling of the Southern Ocean, yet simulta-

neous warming of up to 0.8°C was observed along
the Antarctic Peninsula [3-5]. This demonstrates
the complexity of volcanic impacts, particularly in
sensitive polar environments where warming could
heighten the vulnerability of ice sheets and glaciers.
Antarctica, the most remote continent on Earth,
plays a critical role in regulating global climate and
sea levels. Volcanic ash deposition in the region,
though often limited due to the natural barriers
posed by the Antarctic Circumpolar Current, can
nonetheless occur through long-range atmospheric
transport [6]. Over the past two decades, satellite
remote sensing data have revealed trends in snow
cover across East and West Antarctica, showing
dynamic changes in the region’s cryosphere that
could be further exacerbated by external factors
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such as volcanic ash deposition [7]. These changes,
combined with the transport mechanism known
as global distillation, can carry pollutants and ash
particles over great distances, contributing to their
accumulation in polar regions [8]. Volcanic ash, a
key component of these pollutants, has the poten-
tial to disturb the delicate radiative balance of the
Antarctic ice sheet by altering surface albedo—the
fraction of solar energy reflected by the snow and ice.
Even small changes in albedo can have pronounced
effects on the regions energy balance, accelerating
snowmelt and influencing local climate patterns.
Several studies have focused on the transport of vol-
canic ash over long distances and its environmen-
tal impact. [9] analyzed the long-range dispersion
of ash from the Sangay volcano in Ecuador, while
research following the 2010 Eyjafjallajokull eruption
in Iceland revealed significant ash deposition across
Europe [10-11]. Some previous studies have demon-
strated the potential for volcanic eruptions in South
America, particularly those in the Andean Volca-
nic Ar, to influence the Antarctic region through
long-range atmospheric transport of ash and aero-
sols. Tephra and sulfate layers identified in Antarctic
ice cores have been linked to major eruptions, such
as those from Mount Hudson in 1991, Lascar, and
Quizapu in 1932, confirming interhemispheric dis-
persion under favorable meteorological conditions,
including prevailing westerlies and cyclonic systems
[12-14]. These findings highlight the capacity of
explosive volcanic events in southern South Amer-
ica to alter Antarctic atmospheric composition and
contribute to surface deposition, as evidenced by
geochemical signatures in ice cores [14-15]. Such
impacts underscore the need for continued research
into ash plume trajectories and their environmental
consequences to better understand the climatic im-
plications of volcanic activity on polar regions [16].
Some satellite-based studies have also confirmed
ash transport over vast distances, such as during the
2015 Calbuco eruption, which affected the ozone
layer above Antarctica [17-18]. There is still a lim-
ited understanding of the impact of volcanic ash on
Antarctic albedo and subsequent climatic effects.
This study seeks to address this gap by simulating
volcanic plume dispersion and ash deposition in
Antarctica and assessing the potential impacts on
snow albedo. Specifically, we aim to investigate the
plausibility of volcanic ash from South American
eruptions reaching the Antarctic continent and to
evaluate the extent to which such deposition could
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reduce snow albedo, potentially accelerating snow-
melt and influencing local climate systems. To
achieve this, we conduct forward-trajectory analy-
ses using meteorological data from past years and
model different volcanic eruption scenarios to
track ash dispersion and deposition patterns. Ad-
ditionally, we assess how variations in ash concen-
tration and deposition rates at different altitudinal
levels influence surface albedo, contributing to
broader discussions on the radiative and climatic
implications of volcanic activity in polar regions.
This work provides a novel perspective on the envi-
ronmental impact of volcanic eruptions in Antarc-
tica, offering insights into the mechanisms of ash
transport and deposition and their effects on snow
albedo. Given the continent’s critical role in global
climate regulation, understanding the potential for
volcanic ash to disrupt the surface energy balance in
Antarctica is essential for predicting future climate
scenarios, especially as the region becomes increas-
ingly vulnerable to external disturbances like volca-
nic eruptions.

Area description and methodology

Volcanic activity in South America

The Andean Volcanic Arc, formed by the subduction
of the Nazca tectonic plate beneath the South Amer-
ican plate, spans the South American coast, cutting
through Argentina, Bolivia, Chile, Colombia, Ecua-
dor, and Peru (Figure 1). This subduction process
fuels volcanic activity, creating a complex volcanic
belt that exhibits a diverse range of eruption styles
and morphologies [19]. Simultaneously, the Pacific
Ring of Fire, which encircles the Pacific Ocean, is a
global manifestation of tectonic movements, marked
by numerous volcanic arcs.

The Andean Volcanic Arc unfolds in four prima-
ry volcanic zones, separated by significant volcanic
gaps [20]. The Northern Volcanic Zone stretches
from Colombia to Ecuador, encompassing all con-
tinental volcanoes in this region. Ecuador alone
hosts 55 volcanoes, which pose significant hazards
to densely populated areas, including prominent vol-
canoes such as Galeras and Nevado del Ruiz. The
Central Volcanic Zone extends from Peru to Chile,
containing 44 major and 18 minor volcanic centers.

Further south, the Southern Volcanic Zone spans
over 1,400 km, from central Chile to the Aysen Re-
gion, comprising at least 60 historically and poten-
tially active volcanic edifices, along with numerous
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Fig. 1. Schematic map of South America and the Pacific oceanic plates along with the geographical location of volcanoes.

minor eruptive centers. This zone culminates at the
Chile Triple Junction, triggering the Patagonian Vol-
canic Gap and transitioning into the Austral Volca-
nic Zone, which stretches over 965 km. The Pata-
gonian Volcanic Gap, occurring between 46° S and
49° S, is so named because no seismic activity is de-
tected beneath this area. The Austral Volcanic Zone
consists of five stratovolcanoes and a small complex
of Holocene domes.

According to the Global Volcanism Program
[21], 44 volcanoes in Chile have erupted at least
once since 1820, with 15 of these erupting within
the last 20 years. The most historically active volca-
noes in Chile are Copahue, Puyehue-Cordon Caulle,
and Calbuco (Figure 1). These volcanoes are highly
active and known for large, explosive eruptions that
produce thick layers of lava, volcanic ash, and SO,
emissions. Calbuco has an eruption frequency of ap-
proximately 19 years [22], while Copahue has erupt-
ed ten times since 1900, and Puyehue has recorded
nine eruptions since 1900 [23].

Figure 1 also depicts a map of Antarctica, high-
lighting its key geographical features. The red dotted
lines outline the western portion of Antarctica, par-
ticularly the Antarctic Peninsula and surrounding is-
lands, which are the closest areas to South America.
These regions are potentially vulnerable to volcanic
pollution due to their proximity.
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Volcanic selection

According to the U.S. Geological Survey (USGS),
volcanic eruptions are classified into 11 types based
on magma composition and eruption characteristics:

(1) mafic magmas with a standard eruption
(MO);

(2) mafic magmas with a small eruption (M1);

(3) mafic magmas with a medium eruption (M2);

(4) mafic magmas with a large eruption (M3);

(5) silicic magmas with a standard eruption (S0);

(6) silicic magmas with a small eruption (S1);

(7) silicic magmas with a medium eruption (S2);

(8) silicic magmas with a large eruption (S3);

(9) co-ignimbrite cloud (S8);

(10) brief silicic eruptions (S9); and

(11) submarine eruptions (U0) [24].

To assess the potential arrival of volcanic plumes
in Antarctica, several volcanoes were selected based
on specific criteria:

(1) proximity to Antarctica, specifically volca-
noes located within 3,000-4,000 km of the
Antarctic Peninsula;

(2) eruptive history, including volcanoes with at
least one explosion within the last 50 years;
and

(3) eruption type, ensuring a variety of magma
types. Based on these criteria, three volca-
noes in Chile were selected.
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Table 1. Brief information on selected volcanoes

Volcano name Calbuco Copahue Puyehue Cordon Caulle

Location Lat41.33°S Lat 37.85°S Lat 40.59°S
Lon72.61°W Lon71.18°W Lon72.11°W

Primary volcano type Stratovolcano Stratovolcano Stratovolcano

Summit, m 1,974 2,953 2,236

Elevation, km 1.9738 2.9529 2.2360

Last emission 2015 Apr 22 2012 Dec 22 2011 Jun 04

Table 2. The values of HYSPLIT input data for the simulation of volcanic ash

HYSPLIT Calbuco Copahue Puyehue Cordon Caulle
input parameters eruption eruption eruption
Plume height, km 1" 5 1
Eruption duration, hr 3 12 3
Mass eruption rate, kg/s 4x10° 2x10° 4x10°
Erupted volume, km? 0.015 0.003 0.015
Mass fraction of fine ash 0.4 0.1 0.4
Eruption type S2 S1 N0

Table 1 provides an overview of the key char-
acteristics of these volcanoes, along with details of
their most recent eruptions.

HYSPLIT trajectory and
ash dispersion model

To estimate the trajectory of air particles reach-
ing Antarctica and to simulate the volcanic erup-
tion, both forward trajectory analysis and disper-
sion modeling were conducted using the Hybrid
Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model. Developed by the National Oce-
anic and Atmospheric Administration (NOAA) Air
Resources Laboratory and the Australian Bureau of
Meteorology Research Center, HYSPLIT has been
widely used in atmospheric transport and disper-
sion studies. Its applications include sand and dust
modeling [25], simulation of radioactive releases
[26], ensemble forecasting of wildfires [27], and
volcanic ash deposition modeling [28], among
others.

HYSPLIT’s name reflects its use of both La-
grangian and Eulerian approaches. In fluid mechan-
ics, the Lagrangian method focuses on tracking in-
dividual particles and calculating their trajectories,
while the Eulerian method deals with the overall
concentration of particles, calculating their dif-
fusion and convection. The combination of these
two approaches allows for a more comprehensive
analysis of particle-fluid interactions [29].
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In this study, forward trajectories were initiated
from the volcanic sites to determine the likelihood
of volcanic ash reaching Antarctica. Additionally,
an atmospheric dispersion model simulated the
spatiotemporal behavior of the volcanic ash plumes.
To establish when ash could reach Antarctica, mul-
tiple forward trajectories were calculated over time
intervals ranging from 3 to 72 hours.

The HYSPLIT model was driven by meteorolog-
ical data from the Global Data Assimilation System
(GDAS), using hourly archived data at 1° by 1° res-
olution. For volcanic ash modeling, the input pa-
rameters were based on eruption source parameters
provided by the USGS. The USGS assigns eruption
characteristics, such as column height, eruption du-
ration, mass eruption rate, eruption volume, and
the percentage of fine ash, for each volcano [24].
Table 2 provides the key input parameters used in
the HYSPLIT simulations.

Volcanic ash concentrations were calculated for
different atmospheric heights since meteorological
conditions vary with altitude, affecting the ash’s
spatial distribution. Upon running the HYSPLIT
model, we obtained forward trajectory data and ash
plume concentration maps, which helped visualize
the ash’s movement and concentration over time.

Albedo calculations

We developed a MATLAB code to calculate the
change in snow albedo due to volcanic ash deposi-
tion by iterating over various snow physical prop-
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erties (snow depth, grain radius, and snow density),
optical properties of volcanic ash (single-scattering
albedo (SSA) and asymmetry factor), and ash depo-
sition values across a range of wavelengths. This
calculation is based on a simplified radiative trans-
fer model adapted from the Snow, Ice, and Aerosol
Radiative Model (SNICAR) framework, which is
widely used for simulating the interaction of solar
radiation with snow packs.

SNICAR calculates snow albedo based on a
combination of snow’s physical properties and the
optical properties of impurities such as volcanic ash
or black carbon [30]. It is particularly useful for as-
sessing the impact of these contaminants on snow
reflectivity and climate. SNICAR incorporates the
detailed physics of light scattering and absorption
within snow, considering both the intrinsic proper-
ties of snow grains and the external contaminants
mixed into the snowpack [31].

The snow albedo, denoted as «, is calculated us-
ing a radiative transfer equation based on the two-
stream approximation (1) [32]:

Q= (1 - Wcombined) e_(Tsnow Y +

+ Wcombined (]- - gCOmbined) <1 — 67(T5“°W+Tash)) 7
(1)

where « is the snow albedo, w_, ;.. is the com-
bined SSA of snow and ash; 7, and 7 are the op-
tical depths of snow and volcanic ash, respectively,
Leombinea 18 the combined asymmetry factor of snow
and ash, and g is the cosine of the solar zenith angle.

The optical depth represents how much light is
attenuated as it passes through a medium. For snow
and volcanic ash, optical depth depends on physical
properties such as snow depth, grain radius, and
ash deposition. The optical depth for snow, 7, is
given by (2):

D X psnow
r

(2)

Tsnow =

where D is the snow depth (m), r corresponds to
the snow grain radius (m), and p,, is the snow
density (kg/m?).

The optical depth of volcanic ash, 7,,, depends
on the ash deposition rate M,y and the SSA w_ of
the ash particles. It is given by equation (3):

Tash = ]\4ash(1 - Wash)-

(3)

Two key optical properties govern light scatter-
ing in the snow-ash mixture: the SSA w and the
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asymmetry factor g. The SSA represents the frac-
tion of light that is scattered rather than absorbed
by a particle. For snow and ash, their combined
SSA W_mbinea 18 Calculated as the average of their
respective values and is given by equation (4):

Wsnow 1T Wash

. @)

Wecombined =

where w, .
0.6 and 0.9.

The asymmetry factor g .:..oo Which describes
whether light is mostly scattered forward or back-

ward, is calculated similarly by equation (5):

is typically 0.9, and w,, varies between

_ Esnow + 8ash
8combined = 2

(5)

where g . is 0.85, and g, varies between 0.7 and
0.9.

To evaluate the impact of varying parameters on
snow albedo, the percentage change is computed
using equation (6):

o —
Aq = —mew — Tbase 1009
Qlpase

(6)

where «, is the albedo calculated for a new set
of parameters (e.g., higher ash deposition or larg-
er grain size), &, is the base albedo under clean

snow conditions.

Sensitivity analysis
To quantify the impact of volcanic ash deposition
on snow albedo, we conducted a comprehensive
sensitivity analysis by examining a wide range of
ash deposition rates and snow physical properties.
Snow albedo is influenced by various factors, in-
cluding grain size, snow depth, snow density, and
optical properties such as SSA and the asymme-
try factor. Our analysis sought to understand how
varying ash deposition levels alter snow albedo
compared to clean snow conditions.

The calculations were based on a radiative
transfer model using the SNICAR framework. The
analysis followed these steps:

1. Base Case Scenario: We first established a
base scenario representing typical Antarctic condi-
tions. The snow depth was set to 1 meter, the grain
size was fixed at 100 um, and the snow density was
assumed to be 200 kg/m®. For the volcanic ash, we
used an SSA of 0.75 and an asymmetry factor of
0.8. Using these values, the base albedo was cal-
culated for clean snow using a radiative transfer
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function, which incorporates both the single scat-
tering albedo and asymmetry factor of snow and
ash particles.

2. Ash Deposition Sensitivity: Ash deposition
levels were varied logarithmically from 0.1 mg/m?
to 10,000 mg/m? to capture different scenarios of
volcanic activity. For each ash deposition level, we
recalculated the snow albedo using the radiative
transfer model, allowing us to estimate the reduc-
tion in albedo as the ash concentration increased.

3. Snow Properties Sensitivity: We then per-
formed a sensitivity analysis for snow depth (0.5 m
to 2 m), grain size (50 pm to 200 pm), and snow
density (100 kg/m® to 500 kg/m?). By systematically
varying these parameters, we recalculated the al-
bedo for each combination and compared it to the
base case. This allowed us to quantify the sensitivity
of snow albedo to these physical properties.

4. Optical Properties Sensitivity: Finally, we
analyzed how changes in the optical properties of
volcanic ash influence snow albedo. The SSA of the
ash was varied from 0.6 to 0.9, and the asymmetry
factor was adjusted from 0.7 to 0.9. For each combi-
nation of SSA and asymmetry factor, we recalculat-
ed the albedo and computed the percentage change
compared to the base albedo.

Sensitivity analysis for snow properties are cal-
culated using equations (7)-(9):

Snow depth sensitivity (7):
AO‘depth =
a(Dv 'bases Pbases Magh, Wash7gash) — (tbase

Obase

7)

x 100%

Where a(D’ rbase’ pbase’ Mash’ Wash’ gash) is the snow
albedo calculated with the modified snow depth D,
while keeping the other parameters constant (grain
radius ., snow density p, ... ash deposition M,
ash SSA w,, and ash asymmetry factor g, ).

Grain radius sensitivity (8):
AO[grain =
a(Dbasey T Pbase; Mash7 Wash gash> -

Olpase

Obase 1 009%

(8)

Where “(Dbase’ T pbase’ Mash’ Wash’ gash) is the snow
albedo calculated with a modified snow grain radi-
us r, while keeping the other parameters constant.

Snow density sensitivity (9):
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AOldensity =

a(Dbasm bases Psnows Mash: Wash) gash) — Olbase

Olpase

(9)

x 100%

Where “(Dbase’ rbase’ psnow’ Mash’ Wash’ gash) is the snow
albedo calculated with a modified snow density
Panows While keeping the other parameters constant.

Sensitivity analysis for optical properties are
calculated using equations (10)-(11):

SSA sensitivity (10):
Aassa =

a(Dbasev "bases Pbases Masha Wash gash) — (lbase

Qbase

(10)

x 100%

Where a(Dbase’ rbase’ pbase’ Mash’ Wash’ gash) is the snow
albedo calculated with a modified SSA of volcanic
ash w,y,, while keeping the other parameters con-
stant.

Asymmetry factor sensitivity (11):

Aag =
a(Dbasea bases Pbases Mash7 Whase > gash) — Olbase
(lbase
x 100%
(11)

where “(Dbase’ rbase’ pbase’ Mash’ Wbase’ gash) is the snow
albedo calculated with a modified asymmetry factor
&, While keeping the other parameters constant.

Results

Pathway transport of volcanic ashes

Table 3 summarizes the forward trajectory simula-
tions generated using the HYSPLIT model for each
month of a hypothetical volcanic eruption. The ta-
ble presents the dominant transport directions, dis-
persion characteristics, and trajectory behavior, al-
lowing identification of periods when volcanic ash
is more likely to reach Antarctic regions.

The results demonstrate a clear seasonal influ-
ence on ash dispersion patterns. According to the
summarized trajectory characteristics, months such
as February, June, July, August, and September are
associated with transport directions and dispersion
patterns that favor southward movement toward
Antarctic regions. These months are characterized
by wider dispersion, increased trajectory curvature,
and more variable atmospheric conditions, indicat-
ing a higher probability of ash reaching Antarctica.
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Table 3. Summary of forward trajectory patterns derived from HYSPLIT simulations
for each month, including dominant transport direction, dispersion characteristics, and
trajectory behavior

Month Dominant Dispersion Relative Trajectory General
direction pattern spread behavior interpretation
December NE-E Moderately curved Medium Consistent flow Stable atmospheric
transport
January E-SE Slightly diverging Medium Smooth trajectories | Moderate variability
February SE Strong divergence Wide Curved Increa.sed dispersion
influence
March E-NE Mixed Medium Semi-stable Transitional pattern
April E Parallel Narrow-medium Linear More St?b'e flow
regime
May SE-S Divergent Wide Strong curvature Enhanced gtmo-
spheric
. . . . Unstable atmo-
June Variable E-W Highly dispersed Very wide Irregular spheric conditions
. . Controlled
July SE Moderately focused Medium Slight curvature ) .
dispersion
August E-SE Diverging Medium-wide smooth Seasonal transition
September NE-E moderate medium Semi-linear Stabilizing flow
October E Narrow Low Linear strong directional
control
November NE-N Mixed Medium Curved Variable atmo-
spheric influence

Table 4. Summary of modeled volcanic ash dispersion at different altitude ranges for selected
volcanoes, including concentration levels, spatial distribution, and dispersion characteristics

. Relative Dispersion Spatial
Volcano Altitude range (m) concentration direction extent Pattern type
Calbuco 0-4,000 High near source E-SE Local-regional Concentrated
Calbuco 4,000-6,000 Medium E Regional Expanding
Calbuco 6,000-8,000 Lower E-NE Wide Diffuse
Copahue 0-4,000 High SE Local Concentrated
Copahue 4,000-6,000 Medium SE-E Regional Expanding
Copahue 6,000-8,000 Low E-NE Wide Diffuse
Puyehue-Cordon 0-4,000 Very high E-SE Regional Dense plume
Caulle
Puyehue-Cordon 4,000-6,000 Medium E Wide Expanding
Caulle
Puyef;:uaeu-”C:rdon 6,000-8,000 Low-very low E-NE Very wide Diffuse

In contrast, months such as March, April, May, and
November exhibit more stable or predominantly
eastward and westward transport patterns, limiting
southward dispersion. These periods are character-
ized by narrower or more linear trajectories, sug-
gesting a lower likelihood of ash transport toward
Antarctic regions. Overall, the variability in dom-
inant directions, spread, and trajectory behavior
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highlights the strong influence of seasonal atmo-
spheric circulation on ash dispersion.

Ash dispersion from simulated volcanic events

Table 4 summarizes the modeled volcanic ash
dispersion 72 hours after hypothetical eruptions
of three volcanoes: Calbuco, Copahue, and Puy-
ehue-Cordén Caulle. The table presents disper-
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Fig. 2. Simulation results of volcanic ash deposition 72 hours after the hypothetical eruption:
(a) Calbuco volcano; (b) Copahue volcano; (c¢) Puyehue-Cordén Caulle volcano.

sion characteristics across three altitude ranges
(0-4,000 m, 4,000-6,000 m, and 6,000-8,000 m),
including relative concentration levels, transport
directions, and spatial extent of ash clouds.

The results indicate that ash concentrations are
generally highest near the volcanic source and de-
crease with distance, reflecting progressive dispersion
of the ash cloud. Across all volcanoes, lower altitude
ranges (0-4,000 m) are characterized by more con-
centrated and spatially limited ash distributions, while
higher altitudes show broader dispersion patterns and
wider spatial coverage. This demonstrates the influ-
ence of atmospheric transport processes, where ash
particles become increasingly dispersed at higher el-
evations. Comparative analysis of the three volcanoes
shows that eruptions of Calbuco and Puyehue-Cordén
Caulle produce similar levels of ash dispersion toward
Antarctic regions, with concentrations ranging approx-
imately from 0.0001 mg/m? to 0.01 mg/m’. In con-
trast, Copahue exhibits slightly lower concentrations,
reaching values from approximately 0.000001 mg/m’
to 0.01 mg/m’, indicating a relatively weaker impact
under the modeled conditions. The vertical distribu-
tion patterns further reveal that ash concentrations
remain relatively consistent between the 4,000 m and
6,000 m altitude ranges, suggesting stable transport
within these atmospheric layers. At higher altitudes
(6,000-8,000 m), a slight decrease in concentration is
observed, indicating enhanced dispersion and possi-
ble settling of ash particles.

Ash deposition patterns
from simulated volcanic events

Figure 2 presents ground ash deposition maps for
three different volcanoes, illustrating how pollutants
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from volcanic eruptions settle onto the Earth’s sur-
face. These maps provide a visual representation of
the spatial distribution of volcanic ash deposition,
with varying intensities indicated by color gradients.

When interpreting these maps, it’s essential to
start by examining the map legend, which details
the pollution levels. In the Antarctic regions, the
highest detected level of ash deposition exceeds
10 mg/m?, indicating significant environmental im-
pact in these areas.

Looking at Figure 2a, which depicts ash deposi-
tion from the Calbuco volcano, we observe that the
ash has spread over a vast area. High concentrations
of ash (shown by blue color) are particularly prom-
inent off the southern coast of South America and
extend into the South Atlantic Ocean. This suggests
that the hypothetical eruption could be influenced
by wind patterns that carried the ash far from the
volcano.

In Figure 2b, the ash deposition from the Copa-
hue volcano is also widespread, but overall, the
intensity of the ash deposition is lower compared
to Calbuco. Although the highest concentrations
(highlighted in yellow) are present, they are more
concentrated near the eruption site, indicating that
the ash did not spread as extensively as in the first
map. This could be due to a combination of factors,
including the strength of the eruption and local me-
teorological conditions at the time.

Finally, Figure 2c¢ displays the ash deposition
from the Puyehue-Cordon Caulle volcano, which
exhibits a spatial distribution similar to the Calbuco
eruption. Large areas are covered with high concen-
trations of ash, again particularly along the southern
coast of South America and into the South Atlantic.
While the overall pattern resembles that of Calbuco,
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Fig. 3. Effects of volcanic ash deposition on snow surface albedo under different conditions
(a) Changes of albedo as a function of ash deposition; (b) Albedo changes across wavelengths and ash deposition.

there may be subtle differences in the intensity and
extent of the ash spread, possibly due to differences
in eruption dynamics or atmospheric conditions at
the time.

Albedo changes

Figure 3 illustrates the impact of volcanic ash depo-
sition on snow surface albedo under varying con-
ditions.

Figure 3a presents the relationship between al-
bedo and ash deposition. The X-axis represents ash
deposition (in mg/m?) on a logarithmic scale, rang-
ing from very low (0.1 mg/m?) to very high levels
(10,000 mg/m?). The Y-axis shows the albedo, or
the snow’s reflectivity, where higher values indicate
more reflective surfaces and lower values represent
increased absorption of solar radiation. At minimal
ash deposition levels (around 0.1 mg/m?), snow
retains a relatively high albedo, reflecting most in-
coming solar radiation. As ash deposition increases,
the albedo decreases because the dark volcanic ash
particles accumulate on the snow surface, absorbing
more sunlight and reducing reflectivity.

Figure 3b shows how albedo varies across dif-
ferent wavelengths and ash deposition levels. The
X-axis represents light wavelengths (ranging from
400 nm to 2,500 nm), which covers the visible and
near-infrared portions of the spectrum. The Y-axis
shows the ash deposition, and the Z-axis represents
albedo, which changes based on the wavelength and
the amount of ash. As ash deposition increases, albe-
do decreases across all wavelengths, with the effect
being particularly strong in the visible light range,
where clean snow is highly reflective. The reduction
in albedo is more pronounced at lower ash deposi-
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tion levels. However, beyond a certain deposition
threshold, further increases in ash have a diminish-
ing impact on reflectivity, indicating a saturation ef-
fect. This suggests that once the snow surface is suf-
ficiently covered by ash, additional ash deposition
has a smaller incremental effect on reducing albedo.
This non-linear relationship highlights that small
amounts of ash can significantly lower albedo ini-
tially, but the effect plateaus as deposition increases.

The Pearson correlation coefficient between ash
deposition values and snow albedo was calculated
to be 0.3882, with a p-value of 0.005341. This result
is statistically significant at the p < 0.05 level. The co-
efficient of 0.3882 suggests a moderate positive cor-
relation, indicating that as ash deposition increases,
there is a tendency for snow albedo to decrease. The
statistically significant p-value implies that this re-
lationship is unlikely to be due to random chance,
confirming that volcanic ash deposition has a mea-
surable impact on snow albedo.

Albedo sensitivity results

To evaluate how various physical parameters influ-
ence snow albedo, a sensitivity analysis was conduct-
ed on four key variables: snow depth, snow grain
radius, snow density, and snow optical properties.
Figure 4 illustrates the results of sensitivity analysis.

Figure 4a illustrates the sensitivity of albedo
to snow depth. Results indicate that shallow snow
(0.5 m) increases albedo by more than 1%, likely
due to enhanced reflectivity from the underlying
snowpack. However, as snow depth increases be-
yond 1 m, the change becomes negative, suggesting
a diminishing albedo effect, possibly due to light
absorption in deeper layers.
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Figure 4b presents the response of albedo to
varying snow grain radius. An increase in grain
size from 50 pm to 200 um leads to a progressive
and significant reduction in albedo, with the small-
est grains causing a decrease of over 1%. Larger
grain sizes absorb more radiation, reducing surface
reflectivity, making this a critical factor for albedo
modeling.

Figure 4c shows the sensitivity of albedo to snow
density. At lower densities (~100 kg/m?), albedo in-
creases by over 1.5%. Conversely, increasing the den-
sity beyond 300 kg/m? results in a notable decrease
in albedo. This outcome reflects the transition from
fresh, flufty snow to compacted snow, which has a
reduced scattering ability due to lower air content.

Finally, Figure 4d explores the influence of opti-
cal properties, specifically the snow specific surface
area (SSA) and single-scattering albedo (g). A de-
crease in SSA or an increase in the asymmetry pa-
rameter (g) causes substantial reductions in albedo
that is up to nearly 30% in some combinations.

Discussion

Relationship between ash deposition and air
concentration at different altitudinal levels

The analysis of volcanic ash dispersion revealed a
distinct relationship between ash deposition rates
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and air concentration at varying altitudinal bands
(between 0 m and 4000 m, between 4000 m and
6000 m, and between 6000 m and 8000 m). In the
lower atmosphere (0-4000 m), ash concentration
was relatively higher compared to upper levels due
to gravitational settling and proximity to the sur-
face. This increased deposition is directly linked to
the denser ash plume, which is more affected by
gravity and air drag, resulting in a larger amount
of ash reaching the ground in this range. Between
4000-6000 m, a transition phase was observed
where air concentration of ash decreased slightly,
but still contributed significantly to the deposition.
The mid-level atmosphere is characterized by low-
er vertical mixing and weaker updrafts, leading
to a modest accumulation of ash particles. Final-
ly, at the 6000-8000 m level, air concentration of
volcanic ash dropped substantially due to reduced
particulate matter density and the longer times-
cales required for ash particles to settle from such
heights. Nevertheless, particles from this altitude
still contributed to the overall deposition, albeit at
much lower rates. This indicates that the primary
ash deposition in Antarctica is influenced by air
concentration at lower levels (0-4000 m), whereas
ash from higher altitudes tends to disperse more
broadly, contributing to distant deposition through
long-range transport.
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Impact of volcanic ash on snow albedo

This study revealed that volcanic ash deposition
caused a measurable reduction in snow albedo, with
a 1% decrease in reflectivity observed across affect-
ed regions. Volcanic ash, consisting of dark-colored
particulate matter such as silicates and oxides, set-
tles on the snow surface and absorbs more incoming
solar radiation compared to pristine snow, which
typically exhibits a high albedo of up to 90% in the
visible spectrum [33-34]. Although a 1% reduction
in albedo appears minor, it has significant localized
and broader climatic implications due to the high
sensitivity of snow-covered surfaces to changes in
reflectivity. The darkening of snow by ash increases
the absorption of solar radiation, with even small
albedo reductions leading to substantial increases
in surface energy uptake. For instance, under typical
Antarctic summer conditions with incoming solar
radiation of approximately 300 W/m?, a 1% albe-
do reduction translates to an additional 3 W/m? of
absorbed energy, sufficient to initiate or accelerate
snowmelt [35-36]. This enhanced absorption raises
surface temperatures, promoting grain coarsening
in the snowpack, which further reduces albedo and
amplifies melting [37].

In regions with concentrated ash deposition,
such as near the Antarctic Peninsula, the snow
surface absorbs significantly more solar radiation,
leading to accelerated melting and modifications
to the surface energy balance. The persistence of
volcanic ash on the snow surface, influenced by
factors such as wind redistribution, precipitation,
and subsequent snowfall events, can prolong these
effects, contributing to sustained albedo reduction
over weeks to months [38]. As ash particles mix in-
to the snowpack through meltwater percolation or
wind-driven burial, they become more effective at
absorbing solar radiation, as subsurface ash contin-
ues to darken the snow even after new snow accu-
mulation [39]. This mixing process can lead to a cu-
mulative albedo reduction, exacerbating the climatic
impact over time. Studies of analogous impurities,
such as black carbon, indicate that even low con-
centrations of light-absorbing particles (on the or-
der of ng/g) can reduce snow albedo by 1-2%, with
measurable effects on regional snowmelt rates [40].
The findings of this study align with these obser-
vations, underscoring that a 1 % albedo reduction
from volcanic ash is not trivial and can drive signifi-
cant environmental changes in Antarctica’s sensitive
cryospheric system.
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Radiative and climatic implications

The radiative impact of ash deposition, as observed
in this study, influences regional climate patterns,
particularly in sensitive polar environments like
Antarctica. Increased absorption of solar radiation
may alter local temperature profiles, potentially af-
fecting ice dynamics, ocean-atmosphere interactions,
and contributing to the long-term acceleration of
ice sheet melting. These effects are consistent with
research highlighting the sensitivity of Antarctic ice
sheets to surface albedo changes, which can exac-
erbate mass loss and contribute to global sea-level
rise [41-42]. Given the critical role of Antarctica
in global sea-level regulation, our results align with
studies emphasizing that even minor changes in
snow and ice albedo from impurities like volcanic
ash can have cascading effects on global climate sys-
tems [43-44].

Furthermore, volcanic ash in the atmosphere
affects radiative forcing by both scattering and ab-
sorbing solar radiation, which can lead to short-
term cooling effects globally, depending on the
scale of the eruption [45]. However, the localized
deposition of ash on snow in polar regions, as this
study demonstrates, tends to result in warming ef-
fects due to albedo reduction, a finding supported
by research on volcanic aerosol impacts in polar
environments [46]. This duality underscores the
complex and regionally variable nature of volcanic
eruptions’ net climate impact, as noted in studies
of past eruptions like Pinatubo and Calbuco [18].
Our research thus confirms and extends prior work,
highlighting that a 1% albedo reduction from volca-
nic ash deposition is a significant driver of climatic
change in Antarctica, with implications for regional
and global climate dynamics.

Conclusion

This study investigated the effects of volcanic plume
dispersion and ash deposition on snow albedo in
Antarctica, highlighting key relationships between
ash concentration at different altitudinal levels and
the resulting impacts on surface reflectivity. The
findings demonstrate that ash deposition is most
significant in the lower atmosphere (0-4000 m) due
to gravitational settling and proximity to the surface,
with air concentrations decreasing with altitude.
The deposition of volcanic ash resulted in a 1% re-
duction in snow albedo, a seemingly minor change
with potentially substantial radiative and climatic
consequences. This reduction leads to increased

ISSN-L 1561-4980

51



52

M. O. Batur, M. O. Selbesoglu
INVESTIGATING VOLCANIC PLUME DISPERSION AND ASH DEPOSITION EFFECTS ON SNOW ALBEDO IN ANTARCTICA

absorption of solar radiation, accelerating snow-
melt and contributing to positive feedback loops
that may exacerbate local and regional warming.
These processes have the potential to influence the
stability of the Antarctic ice sheet and, consequently,
global sea levels.

While this study offers valuable insights into the
relationship between volcanic ash deposition and
snow albedo, several avenues for future research can
expand our understanding of the broader climatic
and environmental implications:

1. Future studies should incorporate long-term ob-
servational data to monitor the persistence and evolu-
tion of ash on snow surfaces, accounting for factors
such as wind redistribution, snowfall events, and ash
mixing into the snowpack. Incorporating this data into
high-resolution climate models would improve predic-
tions of the long-term impacts of ash deposition on
snowmelt and ice dynamics in Antarctica.

2. Future research could explore how variations
in Antarctic climatic conditions (such as wind pat-
terns, precipitation rates, and temperature fluctua-
tions) influence the deposition and persistence of
volcanic ash on snow and ice surfaces. These con-
ditions may alter the extent to which ash particles
affect snow albedo and the rate of snowmelt.

3. Impact on Antarctic Ice Dynamics: The inter-
action between volcanic ash deposition and Antarc-
tic ice dynamics remains an open area of research.
Studies should investigate how changes in snow
albedo and increased meltwater generation impact
the flow and stability of glaciers and ice sheets. Un-
derstanding these processes is critical for predicting
future contributions to global sea-level rise.

4. Global Climatic Impacts: Expanding the
scope of research to assess the interplay between
local albedo changes in polar regions and global
climate dynamics would provide a more compre-
hensive understanding of how volcanic ash deposi-
tion in Antarctica contributes to worldwide climatic
shifts. Investigating whether these regional effects
propagate to influence broader atmospheric and
oceanic circulation patterns is essential for devel-
oping holistic climate models.

In summary, this study underscores the impor-
tance of volcanic ash deposition as a factor in the
albedo and climate dynamics of Antarctica. Given
the region’s crucial role in regulating global sea lev-
els, further research into these processes is necessary
to fully understand the long-term implications of
volcanic eruptions on polar environments and the
global climate system.
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NocnipxeHHA NoWMpeHHA BYIKaHIYHOTO WAeiidy i BNAUBY 0CalKeHHA noneny
Ha anb6epo cHiry B AHTapKTUAi
YK 551.521.14:551.217.2:551.324.24(99)(045)

BynkaHiuHi BUBEPXKEHHSA € BAXJIMBIM [>KepesioM aTMOCHEPHUX aepo30iB, LLO BNAMBAIOTL Ha rMobasbHMii Knimat
LNAXOM 3MiHU pagialiiHoro 6anaHcy. Y BigfaneHnx perioHax, Takux AK AHTapKTUAQ, BYNKaHIUHI nonenosi wneidu
Bifi BMBep:KeHb Yy [MiBAEHHiI NiBKyNi MOXyTb BNAMBaTK Ha anbbefo CHiry, 3MiHYM eHepreTMuHUin 6anaHc peri-
OHy. Y it po6oTi 6yNno focnifKeHO NOLMPEHHA BYIKaHIYHOro noneny Bif NiBAeHHOAMePUKAHCbKMX ByfKaHIB Haf,
AHTapKTUAOI0 3 BUKOpUCTaHHAM Mopaeni HYSPLIT, a Takox AaHO aHani3 BNiMBY OCafpKeHHA Moneny Ha anbbeno
cHiry 3a fonomoroto mogeni SNICAR-Adv3. Takox B BocnigKeHHi 6yno 3MoeNnboBaHO Pi3Hi CLieHapil BUBEPXKeEHD i
OLjiHEHO, AIK 3MiHU OMTUYHMX BRACTUBOCTEN CHIry, 30Kpema anbbefo, 3anexatb Bif Pi3HUX PiBHIB OCafKeHHA By
KaHiuHoro noneny. OTpUMaHi pe3ynsTaTii AEMOHCTPYIOTh, O OCAKEHHS NOMeny € HabiNbL 3HAYHUM Y HUXKHIX
wapax atmocdepu (0-4000 m) yepes rpasiTaLiiiHe ocifaHHA | 6NU3bKICTb O MOBEPXHIi, NPU LbOMY KOHLieHTpaLliA
YACTUHOK Yy MOBITPi 3MEHLUYETLCA 3 BUCOTOK. BCTaHOBMEHO, L0 anbbefo CHiry Moxe MOTEHLIHO 3MEeHLLYBaTUCA
npubnunsHo Ha 1 % BHACNAOK OCAAXKEHHA BYNKaHIYHOro monesny. Pesynbtati cgigyaTb Npo Te, WO MOWMPEHHSA
wnendy Ta ocafKeHHA noneny Hag AHTapKTUAOK MOXMBI 33 NEBHMX aTMOCPEPHUX YMOB, OfHAK CTYMiHb BMIUBY
noneny Ha anbbefo cyTTeBO Bapiloe. Taka MIHAMBICTb MOXe NPU3BOANTYA A0 NPUCKOPEHOTO TaHEHHA CHiry, BNW-
BaTW Ha KNiMaTWUHYy cucTeMy AHTapKTWAM i 3MiHIOBATW perioHanbHUN eHepreTUYHNIA 6anaHc.

Knioyoei cnoea: AHmapkmuda; aHmapkmuy4Hul Kaimam; anebeoo cHiey; 3MiHU anbbedo; NOWUPEeHHSA 8YJIKAHIY-

HO20 nonesy; 2inomemuyHe 8y/IKAHIYHE 8UBEPXKEHHH.
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