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A B S T R A C T

Circumpolar and high-elevation cold regions receive a large portion of their annual precipitation as snowfall,
which accumulates in snowpacks that can store many contaminants. The discharge of chemical eluent during
snowmelt can alter the chemical composition of local streams and have a detrimental effect on aquatic
ecosystems.

Cold regions have been particularly affected by climate change. In the last two decades, the Arctic has
been exposed to dramatic atmospheric temperature increases, sea ice decrease, and an increase of air mass
transport from lower latitudes bringing warmer and more humid air masses. Instrumental measurements in the
Svalbard archipelago, Norway, show that climate warming here is amplified compared to the global average,
making its cryospheric environment extremely vulnerable to future climate scenarios.

In this study, the PULSE model for simulation of snowpack solute dynamics was coupled to two snowpack
energy balance models, the Cold Regions Hydrological Model and the SNOWPACK model, to help identify
critical processes needed to improve the accuracy of snow chemistry predictions. Focus was given to Na+ to
represent sea spray sources, Ca2+ to represent terrestrial dust, and SO4

2– to represent various sources including
sea salt, biogenic emissions, and long-range atmospheric transport of secondary aerosols. The new coupled
models were applied to an experimental site in Svalbard. The hydrological components of each model coupling
were validated against snowdepth measurements and the snowpack chemistry components were verified for a
selected number of snow ions representative of different sources. Both models were able to predict snowdepths
between 1996 and 2018, as well as the stratification of snow chemistry measured during a whole snow
accumulation and ablation year. Results show that explicitly representing liquid water movement through
layered snow helped improve chemistry predictions. Events such as rain-on-snow (ROS) had a disproportionate
effect on the redistribution of ions to deeper snow layers.
1. Introduction

The Arctic is being disproportionately affected by climate change.
For example, a mean warming rate of +1.35 ◦C per decade has been
observed in the Norwegian archipelago of Svalbard, located in the Arc-
tic Ocean, which is much faster than the global average (Isaksen et al.,
2016; Maturilli et al., 2013; Nordli et al., 2014; Spolaor et al., 2023).

∗ Corresponding author at: MED – Mediterranean Institute for Agriculture, Environment and Development & CHANGE – Global Change and Sustainability
Institute, Department of Geosciences, University of Évora, Pólo da Mitra, Ap. 94, 7006-554 Évora, Portugal.

E-mail address: diogo.costa@uevora.pt (D. Costa).

Analogous to other regions in the Arctic, Svalbard exhibits mountains,
glaciers, tundra vegetation species, and lakes (Beldring et al., 2008).
Hydrological processes, such as glacier runoff and permafrost thawing,
have been strongly affected by changes in water and energy balances
due to a surge in air temperature and precipitation (Nowak and Hod-
son, 2013). This region, located at the current southern edge of the
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multiyear sea ice in the North Atlantic Ocean, is characterized by
 maritime climate with large, rapid temperature variations during
inter (Hansen et al., 2014). Mild oceanic air masses from the south-
est can bring relatively warm and moist air in winter months, while
olar airmass intrusions from the northeast, driven by a high-pressure
ystem over Greenland, result in much colder temperatures (Rinke
t al., 2017). In addition to these synoptic fluctuations, intense au-
umn or winter cyclonic storms associated with anomalous warming
vents sometimes occur, transporting both heat and moisture from
ower latitudes (Rinke et al., 2017) and causing rapid oscillations in its
eteorological conditions, from polar to maritime. The aforementioned
eteorological conditions also favour long-range atmospheric transport

f aerosols to this archipelago, including pollutants from continental
ources. Global warming may change contaminant loading and biogeo-
hemical cycling in the Arctic, changing the synoptic conditions (Larose

et al., 2013a,b).
During snowmelt, meltwater percolates through the snowpack and

ransports chemicals at the ice-water-air interface as hydraulic conduc-
tivity increases (Bales et al., 1989). Although many knowledge gaps
xist in understanding air-ice chemical and physical interactions in
iquids, quasi-liquids, and solids in snow (Bartels-Rausch et al., 2014),

it has been observed that snow ions are removed from the snowpack
through a process of preferential elution (Brimblecombe et al., 1985).
It is understood that this process arises from ice crystal metamorphism
nd low solubility in ice (Cragin et al., 1993), which promotes snow ion

exclusion and the reallocation of ions in the snowpack (Brimblecombe
t al., 1985). Basins that have a limited ability to neutralize acids can

change chemical composition due to snowmelt (Bales et al., 1989),
which may cause stressful conditions for aquatic ecosystems (Marsh and
omeroy, 1999).

Temperature and pressure affect the physical and chemical prop-
rties of water that coexist in different phases (water vapour, liquid

and ice). The formation of snow crystals requires atmospheric tem-
peratures below 0 ◦C and the presence of supercooled water. These
conditions and the complexity and heterogeneity of contact between
water molecules and other chemical molecules and ions make snow
hydro-chemical modelling, along with temperature, pressure and spa-
tiotemporal gradients, a challenging task. Seasonal snowpacks typically
contain nutrients, soluble inorganic and organic matter, and various
ther contaminants delivered via wet and dry deposition (Larose et al.,

2013a). Snowpacks also often contain trace gases, such as sulfur diox-
de (SO2), carbon dioxide (CO2), and nitrous oxide (N2O), as well

as aerosols such as pollen, sea salt particles, mineral dust and sul-
hates (Hodson et al., 2008). The release of chemicals from snowpacks

during snowmelt is a complex physicochemical process (Bartels-Rausch
et al., 2014) that typically results in an early ionic pulse in snowpack
meltwater discharge (Davies et al., 1987; Lilbæk and Pomeroy, 2010;
Costa and Pomeroy, 2019; Costa et al., 2020). It has been observed
hat some controls of this ionic pulse are the snow depth, melt rate and
istribution of ions within the snowpack (Marsh and Pomeroy, 1999;

Costa et al., 2018; Costa and Pomeroy, 2019).
Climate change is expected to increase the frequency of rain-on-

snow (ROS) events by 50% with a temperature rise of up to 2-
◦C (Beniston and Stoffel, 2016; Morán-Tejeda et al., 2016). Such

vents accelerate the development of preferential flowpaths (PFP) in
nowpacks, affecting the snowpack discharge process. In a lab exper-
ment using high-frequency flow and chemistry measurements, (Costa
t al., 2020) found that naturally forming PFP released and transported

3.5%, 25%, 20%, and 4% of the total Cl– , NO3
– , PO4

3– , and SO4
2–

snow load during the first 1.5% of snowmelt, but ROS helped to dilute
the magnitude of this early ionic pulse. Being able to predict how
snowpacks store and release contaminants and how they will respond
to climate change has become extremely important to anticipate and
mitigate the potential adverse effects on aquatic ecosystem (Lapalme
t al., 2023). Early advances in this area date back to the (Stein
t al., 1986) empirical model for the estimation of snowmelt runoff
2 
concentration peaks from pre-melt average snow concentrations and
snow water equivalent (SWE) dynamics, which is a simple approach
that has been successfully used in several studies (e.g. Costa et al.,
2017). More physically-based approaches have followed (Bales, 1991;
Harrington et al., 1996; Hibberd, 1984), which used porous media flow
theory. For instance, Harrington et al. (1996) used the 1D vertical
advection–dispersion equation to simulate solute transport through

elting snowpacks. More recently, Costa et al. (2018, 2020) extended
his approach to represent more explicitly the evolution of in-snow solid
nd liquid solute (multiphase) concentrations during snowmelt.

The objective of the present study is to help further enhance snow
hemistry predictions. In particular, we explored the effect of consid-
ring a simpler 2-layer model versus a multilayer modelling approach
esolving liquid water movement through layered snow. The coupled
odels were combined with snowpit density and chemistry data col-

ected in Svalbard, which is an Arctic Archipelago located between
ainland Norway and the North Pole. It has a polar climate, char-

cterized by long, cold winters, short, cool summers, and persistent
now and ice cover, with seasonal variations in daylight due to its
igh latitude. The study focused on two main objectives (1) to im-
rove the prediction of spatiotemporal variability in snowpack and
eltwater chemistry, and (2) to help determine the effect of rapid

emperature variations during winter in Svalbard (Hansen et al., 2014)
on the snowpack microstructure and snowpack and snowmelt runoff
chemistry.

2. Materials & methods

2.1. Snow chemistry: The original standalone PULSE model

The PULSE model, as described by Costa et al. (2018, 2020), was
developed to simulate snowpack solute dynamics and capture runoff
ionic pulses. It buils upon the snow chemistry modelling framework
introduced by Harrington and Bales (1998). It is a multi-layer, multi-
phase finite-volume numerical model of the snowpack that includes
hree interacting water phases: solid (snow grain core), quasi-liquid

(snow grain surface), and liquid (refer to Fig. 1). The model aims to
simulate the vertical and temporal evolution of snowpack chemistry to
predict ionic pulses in meltwater discharge. It incorporates mechanisms
of snow ion exclusion and preferential elution, capturing temporal and
vertical profile concentration changes during snowmelt, as observed
by Davis et al. (1995). Despite knowledge gaps in understanding air-ice
chemical and physical interactions in liquids, quasi-liquids, and solids
in snow (Bartels-Rausch et al., 2014), it is generally accepted that ion
exclusion occurs during snow metamorphism, where some snow grains
lose mass while others gain it. Volatile ionic solutes from the grains los-
ing mass accumulate on the surface of adjacent snow grains (Harrington
and Bales, 1998) because ions are not easily incorporated into growing
crystal lattices, leading to their exclusion and subsequent accumulation
on the surfaces of snow grains (Hewitt et al., 1991). The rates of
ion exclusion vary based on ion diffusion rates and solubility in ice,
influenced by the hydrated radii of the ions and their ability to form
hydrogen bonds (Lilbæk and Pomeroy, 2008), resulting in preferential
elution.

In PULSE, the mass balance of the solid phase includes the snow
rain core (𝑐𝑠𝑐 , Eq. (1)) and the snow grain surface (𝑐𝑠𝑠, Eq. (2)).
𝜕(𝜃𝑠𝑐𝑐𝑠𝑐 )

𝜕 𝑡 = −𝑐𝑠𝑐 ⋅ 𝜃𝑠𝑐 ⋅ 𝑞 ⋅
𝜌𝑠
𝜌𝑙

(1)

where 𝜌𝑠 and 𝜌𝑙 are snow and liquid water densities, 𝜃𝑠𝑐 is the volume
raction occupied by the snowpack solid phase, and 𝑞 is the melt rate.
𝜕(𝜃𝑠𝑠𝑐𝑠𝑠)

𝜕 𝑡 = 𝑐𝑠𝑐 ⋅ 𝜃𝑠𝑐 ⋅ 𝑞 ⋅
𝜌𝑠
𝜌𝑙

− 𝐸 ⋅ 𝜃𝑠𝑠 (2)

where 𝜃𝑠𝑠 is the volume fraction occupied by the snowpack liquid phase
and 𝐸 is the solute mass exchange between the surface of the snow
grain and the mobile (liquid) phase. In the original standalone PULSE
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Fig. 1. Conceptual model (right panel) and flowchart of the numerical framework (left panel) used to simulate snowpack solid and liquid phase evolution during melt. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Source: Adapted from Costa et al. (2018).
model, the snow grain core mass (Eq. (1)) is assumed to decrease via
a first-order (exponential) decay process that is also controlled by the
meltrate (q). The total mass in the snow grain surface (Eq. (2)) depends
on the snow grain core mass that has melted. The exchange of mass
between the snow grains surface and the moving liquid mobile water
(𝐸) is described as,

𝐸 = 𝛼(𝑐𝑠𝑠 − 𝑐𝑚) (3)

where 𝑐𝑠𝑠 and 𝑐𝑚 are the concentrations at the surface of the snow
grains (ss) and in meltwater (m) and 𝛼 is a parameter to account for
ion exclusion.

While the ion exclusion process is known to vary with the ionic
species, field observations indicate additional, not fully understood
controls e.g. Johannessen et al. (1976) and Johannessen and Henriksen
(1978). Brimblecombe et al. (1985) suggested that these controls may
include snowpack inhomogeneity, pre-melt ion concentration, and the
history of melting and refreezing (fresh versus weathered snow sur-
faces). Anions also exhibit more variability than cations. Consequently,
the parameter 𝛼 is currently determined through calibration. Recently
added capabilities to the standalone model include (1) the ability to
add chemical inputs from rain-on-snow (ROS) events and (2) the effect
of freezing or refreezing on chemical exchange between water phases,
and (3) overwinter snow accumulation as opposed to only melt as in the
original version of the model. The model has been successfully applied
in the Arctic and Alpine regions of Canada and the USA (Costa et al.,
2018, 2020). The model is available in public repositories (MATLAB
version: https://github.com/ue-hydro/PULSE; C++ version: https://
github.com/ue-hydro/PULSE_cpp).

2.2. Coupling PULSE to snowpack models

The PULSE model has been coupled to two snow-energy balance
models, the double-snowpack layer Cold Regions Hydrological Model
(CRHM, Pomeroy et al., 2022, 2007) and the multi-layer snowpack
model (SNOWPACK, Lehning et al., 2002). The objective of having
these two specific model coupling is to allow exploring the effect of
considering a simpler 2-layer model versus a multilayer modelling
approach resolving liquid water movement through layered snow using
a van Genuchten formulation with retention curves tailored for snow.
This approach also enables model intercomparison and helps identify
key hydrological drivers and modelling needs required to improve
the spatiotemporal predictability of seasonal snow chemistry. Other
3 
snow-energy models should potentially be considered for integration
with PULSE in the future (e.g., Leroux and Pomeroy, 2019). Fig. 2
shows how the coupling of PULSE was performed for both models,
including the key model code files, the processes represented and the
state-variables affected. In both cases, CRHM-PULSE and SNOWPACK-
PULSE, the coupling is one-way, from the snow-energy balance models
to PULSE, as ionic concentrations are not known to strongly affect
snowpack energy and water-mass balances, as typically seen in other
environments such as estuaries where the mixing of ocean and freshwa-
ter leads to density/gravity-driven flow. More details about the model
couplings are provided in the following sections.

2.2.1. Coupling of PULSE to CRHM
CRHM is a modular physically based hydrological model that in-

corporates algorithms to model hydrological processes of considerable
uncertainty for cold regions such as blowing snow, snow interception
in forest canopies, sublimation, snowmelt, infiltration into frozen soils,
hillslope water movement over permafrost, actual evaporation, and
radiation exchange to complex surfaces (Pomeroy et al., 2007, 2022).
It estimates the radiant energy terms and calculates blowing snow
erosion and deposition from wind transport and sublimation using an
implementation of the Prairie Blowing Snow Model (PBSM, Pomeroy
and Li, 2000). Radiant transfer, stability corrected turbulent transfer,
internal energy, ground heat flux, meltwater discharge and the solid
and liquid mass balance of the snowpack are calculated using the
Snobal snowpack module that is based on two layers, an upper ex-
change layer set to 10 cm and a deeper layer. The albedo module used
the albedo decay routine of Verseghy (1991) that is deployed in several
other models, including the Canadian Land Surface Scheme (CLASS)
and others. The main output variables of CRHM used to drive the
PULSE chemistry model are snow water equivalent (SWE), snow depth,
and snowpack-surface snowmelt rates. The model has been successfully
applied in many cold regions around the world, including Canada,
China, Spain, Chile and Germany (Pomeroy et al., 2022).

The coupling of PULSE to CRHM is an external one and has been
explained by Costa et al. (2018). In summary, PULSE takes modelled
snowmelt data at the top of the snowpack from CRHM and then uses
its own standalone implementation of the advection–diffusion equation
for porous material to propagate the meltwater through the multilayer
snowpack (Eq. (4)).
𝜕(𝜃𝑚𝑐𝑚)
𝜕 𝑡 + ∇(𝜃𝑚𝑣𝑐𝑚) = ∇ ⋅ (𝜃𝑚𝐷∇𝑐𝑚) + 𝐸 ⋅ 𝜃𝑠𝑠 (4)

https://github.com/ue-hydro/PULSE
https://github.com/ue-hydro/PULSE_cpp
https://github.com/ue-hydro/PULSE_cpp
https://github.com/ue-hydro/PULSE_cpp
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Fig. 2. Flowchart of the two model couplings. CRHM and PULSE were linked through external coupling so the models were run seperatly with the outputs of CRHM used as
inputs for PULSE (left panel). This is the workflow originally designed for PULSE (Costa et al., 2018). SNOWPACK and PULSE were linked through internal coupling, so here the
two models interacted throughout the simulation (right panel). The diagram identifies the key SNOWPACK model code files used for the coupling relating them to the respective
processes and affected state-variables.
K-
where ∇(𝑣𝑐𝑚) describes advection, 𝑣 is the interstitial flow velocity
(used as a proxy for the wetting front), 𝐷 is the diffusion coefficient,
∇ ⋅ (𝐷∇𝑐𝑚) describes diffusion, and 𝐸 represents the mass exchange
between the percolating meltwater (liquid phase) and the snow grain
surface as it melts (Eq. (3)). In the horizontal-averaged domain, the
advection and diffusion terms can be written as

∇(𝜃𝑚𝑣𝑐𝑚) =
𝜕(𝜃𝑚𝑣𝑐𝑚)

𝜕 𝑧 (5)

∇ ⋅ (𝜃𝑚𝐷∇𝑐𝑚) =
𝜕2(𝜃𝑚𝐷 𝑐𝑚)

𝜕 𝑧2 (6)

The interstitial velocity is described as

𝑣 = 𝑞∕𝜃𝑚, (7)

where q is the snowmelt rate. To calculate the dispersion coefficient
(𝐷), a simple approach often adopted in subsurface hydrology is used;
dispersivity (𝑑) is taken as a calibrated coefficient parameter to relate
interstitial velocity (𝑣) to 𝐷 (Charbeneau et al., 1992),

𝐷 = 𝑑 ⋅ 𝑣 (8)

2.2.2. Coupling of PULSE to SNOWPACK
The use of the advection–diffusion in the CRHM-PULSE coupling

version is a simplification which does not take into account internal
snow processes, including refreezing of meltwater within the snowpack
forming ice lenses, liquid water movement and capillary effects, which
affect solute transport through the snowpack. Here, SNOWPACK was
used to enable explicitly representing such processes, and coupled it to
PULSE to investigate if such enhancements would translate into better
snow chemistry predictions.

The snow cover model SNOWPACK (Lehning et al., 2002) was
initially created to support avalanche warnings but has since expanded
to other uses and applied in various cold regions, including Switzer-
land Schmucki et al. (2014), Canada and the Arctic (Ouellet et al.,
2017), and Antarctica (Keenan et al., 2021). SNOWPACK simulates
the layering and microstructure of snow by modelling energy and
mass flow. It employs a Lagrangian finite element method to solve
mass conservation equations for vapour and water phases, as well
as temperature diffusion and momentum equations for the ice phase.
The model considers the mechanical and physical properties of snow,
such as thermal conductivity and viscosity, snow metamorphism, and
4 
its interaction with the atmospheric boundary layer and penetrating
shortwave radiation. The intricate texture of snow is characterized
using four primary microstructure parameters: grain size, bond size,
dendricity, and sphericity. The main variables of SNOWPACK used to
drive the PULSE chemistry model (the models are internally coupled)
are the spatiotemporal evolution of interstitial flow through snow and
snow microstructure.

An important aspect of SNOWPACK that aims to enhance chemistry
simulations with PULSE is its representation of liquid water movement
through layered snowpacks, based on Darcy’s law (Eq. (9)) and coupled
with water retention curves tailored for snow using the van Genuchten
formulation (Eq. (10)) (Hirashima et al., 2010). The unsaturated hy-
draulic conductivity is calculated according to Eq. (11). These water
retention curves were derived from gravity drainage column experi-
ments. The simulations aim to capture the capillary barrier that forms
between layers of different grain sizes, such as the water-saturated layer
at the interface between fine and very coarse snow.

𝑞 = 𝐾
(𝑑 ℎ
𝑑 𝑧 + 1

)

(9)

ℎ = 1
𝛼

(

𝜃−1∕𝑚 − 1
)1∕𝑛

, where m=1-1/n (0<m<1) (10)

𝐾𝑟 = 𝜃0.5
[

1 −
(

1 − 𝜃1∕𝑚
)𝑚]2

(11)

where 𝛼 and 𝑛 are the parameters used to estimate the measured
moisture characteristics curve. These parameters are calculated using
Eqs. (12) and (13), which result in the behaviour shown in Fig. 3.

𝛼 = 7.3 × 𝑑 + 1.9 (12)

𝑛 = 15.68 exp(−0.46𝑑) + 1 (13)

where 𝑑 is the snow grain size computed dynamically by the model.
Since the movement of flow through the snowpack is explicitly

simulated by SNOWPACK, PULSE does not use here the advection–
diffusion equation to simulate the transport of dissolved substances. In-
stead, it used a simpler advection scheme deployed within the SNOWPAC
PULSE coupler (Eq. (14)).
𝜕(𝜃𝑚𝑐𝑚)

𝜕 𝑡 + ∇(𝜃𝑚𝑣𝑐𝑚) = 𝐸 ⋅ 𝜃𝑠𝑠 (14)

The core conceptual model of PULSE (Fig. 1) and snow-core to
snow-surface interactions remained as in the original model (Eqs. (1)
and (2)).
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Fig. 3. Behaviour of the 𝑛 and 𝛼 parameters for the dynamic calculation of unsaturated
ydraulic conductivity using Van Genuchten formulation.

2.3. Study site

The study region is located in the peninsula of Oscar II Land of
the Spitsbergen island, Svalbard archipelago, Norway (Fig. 4). It is
situated within the Bayelva river basin between Zeppelinfjellet and
cheteligfjellet, and north of Brøggerhalvøya, specifically 2 km south-
est of the center of Ny-Ålesund and 1.21 km from the Hamner-
bben Airport (Yuan et al., 2010; Boike et al., 2018). Ny-Ålesund

comprises rich tundra vegetation and biodiversity. Vegetation covers
50 to 60% of the site, and the rest of the area is covered by stones
and rock fields (Boike et al., 2018). Moraines, riverbed, tundra, and
rock are important soil descriptors of the area (Kane and Yang, 2004).
The geology is characterized by a pile of thrust sheets of Permo-
Carboniferous siliciclastic (sandstones and conglomerates) to carbonate
(limestones and dolostones) rock formations with alternating shale
levels (Dagsson-Waldhauserova and Meinander, 2019).

The climate in Svalbard is characterized by rapid meteorological
scillations largely due to its geographical location and its exposure
o the Gulf stream. Polar conditions (low temperature, dry air) are
ommon throughout the year, particular during the winter, but can
apidly change (within a day) to maritime-type conditions with rel-
tively higher temperature (sometimes reaching a few degrees above
ero) and high relative humidity. These rapid oscillations can cause
ain-on-Snow (ROS) events that may produce ice layers and melt
efrozen strata within the snowpack. These layers strongly affect the
icrostructure and permeability of the snowpack, promoting the de-

elopment of preferential flow channels. The frequency of ROS events
s expected to increase in the archipelago within the next decades due
o warming conditions.

The specific location of the site used in this study (red empty square
in Fig. 4) is in close proximity to the Bayelva Permafrost Station (BS)
managed by the Alfred Wegener Institute (red circle labelled ‘‘BS’’ in
Fig. 4). The average air temperature recorded in this station ranges
etween −17 ◦C and −3.8 ◦C in February and between 4.6 ◦C and 6.9 ◦C
n June. The mean permafrost temperature recorded between 2009 and
017 was −2.3 ◦C, with a 5.5 m zero-amplitude depth (Boike et al.,

2018). Although the region is characterized by stable stratification
of air masses, low temperatures, and hence low water vapour con-
tent (Kühnel et al., 2011), which are unfavourable for the occurrence
of precipitation, temperature gradients between a warmer sea and Ny-
Ålesund contribute to substantial snowfall at the study site. It receives
5 
an annual average precipitation of 400 mm as snow (Boike et al., 2018),
ut the annual precipitation can vary substantially, between 190 and
25 mm based on records from the 1960–1990 period, and the highest
nowfall events often occur in early fall and cease in the winter when
emperatures are lower.

2.4. Data description

Observations from two weather stations were combined to gen-
erate the metereological dataset needed to drive the models, which
included air temperature (Tair), relative humidity (RH), wind speed
(WS), wind direction (WD), solar radiation (RAD), and precipitation
(PREC in mm). The stations are the Bayelva Permafrost Station (BS)
and the Ny-Ålesund station. The locations are depicted in Fig. 4.
The Bayelva station is located at the high Arctic permafrost research
site in Spitsbergen, which is 26 m above sea level at the top of the
Leirhaugen hill. Data from this station was obtained from Boike et al.
(2018) and is available at https://zenodo.org/record/1139714 The Ny-
Ålesund station (SN9910) is located north-western of Spitsbergen and
is managed by the Norwegian Meteorological Institute. Data for this
station was obtained via the official data repository named ‘‘KLIMA’’
(eklima.met.no).

Since this research expands from previous inter-annual snowpack
modelling work using CRHM that used hourly data from the Bayelva
station for the 1992–2013 period (López-Moreno et al., 2016), the
ame dataset used and extended through 2017 using data from the
ame station obtained from Boike et al. (2018). Data from the Ny-

Ålesund station was used to complete the metereological timeseries.
The respective sources used for each meteorological variable are shown
in Fig. 5.

Previous work has highlighted that the case study is located in an
area subject to high wind-induced precipitation undercatch (Pollock
et al., 2018; López-Moreno et al., 2016). Errors associated with different
now gauges have been identified as both instrumental and environ-
ental (Pollock et al., 2018). Snowfall undercatch due to wind or Alter

shielded precipitation gauges was estimated by Smith et al. (2020) to
correct the measurement. The reader is refered to López-Moreno et al.
(2016) for more information about this correction. Snowpack depths
between 1997 and 2010 were obtained from the Bayelva station and
used to validate the snow accumulation, redistribution and ablation
models. Detailed vertical profiles of snowpack chemistry were collected
by the National Research Councl of Italy (CRN) throughout the snow
accumulation and ablation periods of 2015. The in-snow measurements
included temperature, as well as major anions and cations, including
nitrate (NO3

– ), sulfate (SO4
2– ), potassium(K+), magnesium (Mg2+),

chlorine (Cl– ), calcium (Ca2+), and bromine (Br– ). The chemistry data
was used to verify the model performance.

Snow sampling and chemical analysis
Detailed snowpack chemical vertical profiles were obtained be-

tween the 27th of March to the 30th of May 2015 (Spolaor et al., 2021).
aily 1-m deep snow pits were dug perpendicular to the glacier ice flow
nd main wind direction pattern. The exposed snow walls were sampled
sing polyethene pre-cleaned tubes with a depth resolution of 10 cm.
fter each daily sampling, the snow pit was carefully filled in, and an
djacent snow pit was dug approximately 30 cm away in the upwind
irection on the following day. All snow-pits were collected inside an
rea of 10 × 10 m, and the samples were kept frozen until chemical
nalysis. The dataset has been previously used to investigate snowpack
ynamics during rain and melting events (Spolaor et al., 2021). A full
escription of the annual snowpack evolution can be found in Spolaor
t al. (2021, 2016).

The concentrations of sulfate (SO4
2– ), sodium (Na+), and calcium

(Ca2+) were used to validate the model. They were determined using an
ion chromatograph (Thermo Scientific™ Dionex™ ICS-5000, Waltham,
US) coupled with a single quadrupole mass spectrometer (MSQ Plus™,

https://zenodo.org/record/1139714
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Fig. 4. Experimental study site (red empty square) located near the Bayelva Permafrost Station (red circle labelled ‘‘BS’’ ; 78.92094 N, 11.83334 E), the Ny-Ålesund station (red
circle labelled with the station name), and the Amundsen Nobile Climate Change Tower (red circle labelled ‘‘CTT’’; 78.92141 N, 11.86630 E). The latter has not been used in this
study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Meteorological data combined from different sources and used to drive the models. Data from Boike et al. (2018) and López-Moreno et al. (2016) are from the Bayelva
station. The ‘‘KLIMA’’ dataset corresponds to data from the Ny-Ålesund station.
Thermo Scientific™, Bremen, Germany). The analysis of SO4
2– was per-

formed using an anion exchange column and a guard column (Dionex
Ion Pac AS11 2 × 250 mm and AG11 2 × 50 mm) through a gradient
elution with sodium hydroxide as the mobile phase. The separation of
cations was carried out using a capillary cation exchange column with
a guard column (Ion Pac CS19-4 μm 0.4 × 250 mm and CG19-4 μm
0.4 × 50 mm) through a gradient elution with methanesulfonic acid as
the mobile phase and a conductivity detector. A detailed description of
the analytical measurements is provided in Barbaro et al. (2017).

The rain-on-snow event (ROS) - April 16th 2015
The period of the experiment was characterized by changing mete-

orological conditions that affected the seasonal snowpack microstruc-
ture. The initial period between the 27th of March and the 15th of
6 
April experienced cold and stable air temperatures with no snowmelt.
A ROS event occurred on April 16th. The following period between the
17th of April and the 15th of May was affected by this ROS event that
produced a negative thermal gradient in the snowpack. A decrease in
air temperature eventually restored the positive thermal snow gradient
with ‘‘the cold’’ propagating into the deeper snow layers. The remaining
period of the experiment was characterized by an initial warming until
the snow temperature profile became quasi-isothermal and surficial
snowmelt was initiated. The event is highlighted in Fig. 6 of Section 2.5.

2.5. Model application and validation

The two components of the coupled models, i.e., hydrology and
chemistry, were both validated against observation data. First, the
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Fig. 6. Measured/original concentration distribution (left-column panels) and smoothed concentration distribution via moving-median (middle-column panels) measured in 2015.
The right-column panels compare ‘‘original’’ (left-column panel) and ‘‘smoothed’’ (middle-column panel). The data in the right-column panels display the same information of the
corresponding right- and middle-column panels but in a stacked format. In other words, the 2D time-space matrix was linearized by stacking the vertical concentration profiles
across all time steps. This linearization was done to more clearly highlight the differences between the original and smoothed data.
hydrological component (i.e., CRHM and SNOWPACK) of each coupled
model (CRHM–PULSE and SNOWPACK–PULSE) was validated using
snow depth measurements collected between 1997 and 2010 (see
details in Section 2.4). This was performed for the two hydrologi-
cal models prior to initiating the chemistry simulations. Second, the
chemistry component (i.e., PULSE) was verified for one year using
detailed Na+, Ca2+, and SO4

2– vertical snowpack concentration profiles
measured during the accumulation and ablation periods.

Meteorological data (see Section 2.4) was used to drive the hydro-
logical component of the coupled models. These hydrological models
were set up and parameterized using similar considerations, except for
the number of snow layers, which was a key aspect of the investigation
in this study and conjectured to impact the quality of the subsequent
chemistry simulations. CRHM is a two-layer model, while SNOWPACK,
a multi-layer snow model, was set up with 100 layers. The high
snowpack vertical resolution in SNOWPACK was choosen to maximize
the capturing of liquid water movement through the layered snow and
its impact on chemistry. For the chemistry simulations with PULSE, a
100-layer discretization was adopted for both model couplings, which
in the case of SNOWPACK directly linked to the layer-specific calcu-
lations, but in the case of CRHM, the layer-specific snow properties
were estimated using PULSE’s original approach that is described in
Section 2.1.

The parameterization of CRHM was taken from previous work
developed for Svalbard by López-Moreno et al. (2016), where albedo
of fresh snow was defined as 0.9, and that of aged snow was limited
to 0.3. Blowing snow was activated in both models, although they use
different approaches. The reader is referred to López-Moreno et al.
7 
(2016) for more information about the uncalibrated CRHM model
setup. CRHM’s approach for computing snow wind erosion is based on
PBSM, which is briefly described in Section 2.2.1, while that used in
SNOWPACK involves the calculation of suspended and saltation mass
fluxes following Pomeroy and Gray (1990).

Due to limited data on wet and dry deposition rates of Na+, Ca2+,
and SO4

2– in the case study area during the period of the chemistry
simulation (2015), the ionic concentrations measured at the snowpack
surface were used as a proxy for the concentrations of the input
precipitation used to drive the chemistry model (PULSE). The high-
resolution, daily snow chemistry profile data obtained from snowpits
(see Section 2.4) was used to force (only the initial snow concentra-
tions) and verify (remaining snow chemistry data) the performance
of the coupled models. Previous research interpreting this chemistry
profile data revealed challenges, which were attributed to the high
layer variability and local effects caused by snowpit migration during
sampling (Spolaor et al., 2016). The authors proposed smoothing the
data to help reveal the key spatiotemporal patterns. This was carried
out here using a space–time moving median, as shown in Fig. 6,
particularly in the three panels of column three.

The selection of Na+, Ca2+, and SO4
2– for simulations was de-

liberate. Na+ is the main component of the sea spray source in the
atmosphere, and it is one of the most abundant ions in the Svalbard
snowpack (29%–36% of the total loading) (Barbaro et al., 2021). Ca2+

is taken as an indicator of input of terrestrial dust, although it can
have a minor contribution from sea salt. In Svalbard, the most likely
non-sea-salt source is terrestrial dust derived from local rocks, which
are free of snow during the warmest months. Dust is not evenly mixed
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Table 1
Model configurations and relevant parameters (CRHM, SNOWPACK and PULSE)

Parameter Value Admissible range Units Description

CRHM (1999–2012): Hydrology and Snowpack dynamics

𝐴𝑙 𝑏𝑒𝑑 𝑜_𝐵 𝑎𝑟𝑒 0.17 0 to 1 – Albedo for bare soil (𝑎𝑙 𝑏𝑒𝑑 𝑜_𝑅𝑖𝑐 ℎ𝑎𝑟𝑑 module)
𝐴𝑙 𝑏𝑒𝑑 𝑜_𝑆 𝑛𝑜𝑤 0.85 0 to 1 – Albedo for snowpack (𝑎𝑙 𝑏𝑒𝑑 𝑜_𝑅𝑖𝑐 ℎ𝑎𝑟𝑑 module)
𝑎𝑚𝑎𝑥 0.84 0 to 1 – Maximum albedo for fresh snow (𝑎𝑙 𝑏𝑒𝑑 𝑜_𝑅𝑖𝑐 ℎ𝑎𝑟𝑑 module)
𝑎𝑚𝑖𝑛 0.5 0 to 1 – Minimum albedo for aged snow (𝑎𝑙 𝑏𝑒𝑑 𝑜_𝑅𝑖𝑐 ℎ𝑎𝑟𝑑 module)
𝑠𝑚𝑖𝑛 1 0 to 20 mm/int Minimum snowfall to refresh snow albedo (𝑎𝑙 𝑏𝑒𝑑 𝑜_𝑅𝑖𝑐 ℎ𝑎𝑟𝑑 module)
𝑎1 1.08E+07 0 to 1E8 – Albedo decay time constant for dry cold snow (𝑎𝑙 𝑏𝑒𝑑 𝑜_𝑅𝑖𝑐 ℎ𝑎𝑟𝑑 module)
𝑎2 7.20E+05 0 to 1E8 – Albedo decay time constant for melting snow (𝑎𝑙 𝑏𝑒𝑑 𝑜_𝑅𝑖𝑐 ℎ𝑎𝑟𝑑 module)
ℎ𝑟𝑢_𝐹 _𝑔 0 −50 to 50 W/m2 Depth of soil temperature measurement (𝑆 𝑛𝑜𝑏𝑎𝑙 𝐶 𝑅𝐻 𝑀 module)
ℎ𝑟𝑢_𝑟ℎ𝑜_𝑠𝑛𝑜𝑤 100 50 to 1000 kg/m3 Density of snowfall (𝑆 𝑛𝑜𝑏𝑎𝑙 𝐶 𝑅𝐻 𝑀 module)
𝑚𝑎𝑥_ℎ2𝑜_𝑣𝑜𝑙 0.01 0.0001 to 0.2 – Max liquid h2o content as volume ratio: 𝑉𝑤𝑎𝑡𝑒𝑟∕(𝑉𝑠𝑛𝑜𝑤 − 𝑉𝑖𝑐 𝑒) (𝑆 𝑛𝑜𝑏𝑎𝑙 𝐶 𝑅𝐻 𝑀

module)
𝑚𝑎𝑥_𝑧_𝑠_0 0.1 0 to 0.35 m Maximum active layer thickness (𝑆 𝑛𝑜𝑏𝑎𝑙 𝐶 𝑅𝐻 𝑀 module)

SNOWPACK (1999–2012): Hydrology and Snowpack dynamics

𝛼 Eq. 14 and Fig. 3 – – Parameter for the dynamic calculation of unsaturated hydraulic conductivity
using Van Genuchten formulation

𝑛 Eq. 13 and Fig. 3 – – Parameter for the dynamic calculation of unsaturated hydraulic conductivity
using Van Genuchten formulation

𝑅𝑂 𝑈 𝐺 𝐻 𝑁 𝐸 𝑆 𝑆_𝐿𝐸 𝑁 𝐺 𝑇 𝐻 0.002 – m Initial estimate of the roughness length for the site, but it is adjusted throughout
the simulation

𝐺 𝐸 𝑂_𝐻 𝐸 𝐴𝑇 0.06 – W m−2 Fixed geothermal heat flux (Van Neumann boundary condition)
𝑇 𝐻 𝑅𝐸 𝑆 𝐻_𝑅𝐴𝐼 𝑁 1.2 – ◦C Temperature threshold for setting precipitation falling as rain
𝐻 𝑂 𝐴𝑅_𝑇 𝐻 𝑅𝐸 𝑆 𝐻_𝑇 𝐴 1.2 – ◦C Temperature threshold for surface hoar destruction or formation
𝐻 𝑂 𝐴𝑅_𝑇 𝐻 𝑅𝐸 𝑆 𝐻_𝑅𝐻 0.97 – ◦C Relative humidity threshold for surface hoar destruction or formation
𝐻 𝑂 𝐴𝑅_𝑇 𝐻 𝑅𝐸 𝑆 𝐻_𝑉 𝑊 3.5 – ◦C Wind speed threshold for surface hoar destruction or formation
𝐻 𝑂 𝐴𝑅_𝐷 𝐸 𝑁 𝑆 𝐼 𝑇 𝑌 _𝐵 𝑈 𝑅𝐼 𝐸 𝐷 125 – kg/m3 Density of BURIED surface hoar
𝐻 𝑂 𝐴𝑅_𝑀 𝐼 𝑁_𝑆 𝐼 𝑍 𝐸_𝐵 𝑈 𝑅𝐼 𝐸 𝐷 2 – mm Minimum surface hoar size to be buried
𝐻 𝑂 𝐴𝑅_𝐷 𝐸 𝑁 𝑆 𝐼 𝑇 𝑌 _𝑆 𝑈 𝑅𝐹 100 – kg/m3 Density of surface hoar
𝑀 𝐼 𝑁_𝐷 𝐸 𝑃 𝑇 𝐻_𝑆 𝑈 𝐵 𝑆 𝑈 𝑅𝐹 0.07 – kg/m3 Density of sub-surface hoar
𝑁 𝐸 𝑊 _𝑆 𝑁 𝑂 𝑊 _𝐺 𝑅𝐴𝐼 𝑁_𝑆 𝐼 𝑍 𝐸 0.3 – m Size of new snow rains
𝑀 𝐸 𝑇 𝐴𝑀 𝑂 𝑅𝑃 𝐻 𝐼 𝑆 𝑀_𝑀 𝑂 𝐷 𝐸 𝐿 𝐷 𝐸 𝐹 𝐴𝑈 𝐿𝑇 – – Metamorphism model used
𝑉 𝐼 𝑆 𝐶 𝑂 𝑆 𝐼 𝑇 𝑌 _𝑀 𝑂 𝐷 𝐸 𝐿 𝐷 𝐸 𝐹 𝐴𝑈 𝐿𝑇 – – Viscosity module used
𝑆 𝐴𝐿𝑇 𝐴𝑇 𝐼 𝑂 𝑁_𝑀 𝑂 𝐷 𝐸 𝐿 𝑆 𝑂 𝑅𝐸 𝑁 𝑆 𝐸 𝑁 – – Saltation module used
𝐴𝐿𝐵 𝐸 𝐷 𝑂_𝐴𝐺 𝐼 𝑁 𝐺 𝑇 𝑅𝑈 𝐸 – – Albedo aging considered
𝑆 𝑊 _𝐴𝐵 𝑆 𝑂 𝑅𝑃 𝑇 𝐼 𝑂 𝑁_𝑆 𝐶 𝐻 𝐸 𝑀 𝐸 𝑀 𝑈 𝐿𝑇 𝐼_𝐵 𝐴𝑁 𝐷 – – Computation of absorbed radiation
𝐻 𝐴𝑅𝐷 𝑁 𝐸 𝑆 𝑆_𝑃 𝐴𝑅𝐴𝑀 𝐸 𝑇 𝐸 𝑅𝐼 𝑍 𝐴𝑇 𝐼 𝑂 𝑁 𝑀 𝑂 𝑁 𝑇 𝐼 – – Computation of hardness model

PULSE (2015): Chemistry dynamics

𝑐 𝑜𝑛𝑐_0 ISMVPa – mg/l Initial snowpack concentrations
𝑐 𝑜𝑛𝑐_𝑝𝑟𝑒𝑐 𝑖𝑝 SMSSb – mg/l Ionic concentration of precipitation (rain or snow)
𝛼 2.00E−03 – – Snow ion exclusion coefficient
𝑑 3.45E−07 – – Dispersivity (only applicable to CRHM-PULSE)

a ISMVP: Initial snowpit measurements (vertical profile).
b SMSS: Snowpit measurements at the snowpack surface.
l
a

in the air because the particle size is large, and transportation paths
from the sources are relatively short (Virkkunen et al., 2007). SO4

2–

can come from primary and secondary sources. A minor contribution
to the sulphate budget comes from sea salt (Spolaor et al., 2021), while
he dominant fraction can have anthropogenic or biogenic sources.
iogenic sulphate, typically predominant from April onward (Ardyna

et al., 2013; Spolaor et al., 2021), can occur in the snow as an oxi-
dized by-product of dimethyl sulphide (DMS) emitted by marine algal
blooms (Gondwe et al., 2003). Another plausible source in Svalbard
s the long-range atmospheric transport of secondary aerosols contain-
ng ammonium sulphate. This can be formed by SOx emitted from
oal combustion throughout the winter and biomass burning in the
pring (Nawrot et al., 2016).

The chemistry component of the model was manually set up for each
f the ions simulated since ion exclusion rates vary between ions as de-
cribed in Costa et al. (2018, 2020). This calibration involved defining
wo parameters, (1) a chemical dispersion coefficient (D, m/s), an ion
xclusion coefficient (𝛼). The reader is referred to Section 2.1 and Costa
t al. (2018) for more details about the PULSE model. Simulations were
erformed at hourly time steps in both coupled models (CRHM–PULSE
nd SNOWPACK–PULSE). The model performances were evaluated
sing the Root-Mean-Square Error (RMSE, Eq. (15)) and Model Bias
MB, Eq. (16)). Table 1 summarizes some of the model parameters and
onfigurations used. Additional information can be found in Table 1
8 
and the model public repositories.

𝑅𝑀 𝑆 𝐸 =

√

∑𝑁
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𝑁
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𝑖=1 𝑋
𝑜𝑏𝑠
𝑖

∑𝑁
𝑖=1 𝑋

𝑚𝑜𝑑
𝑖

− 1 (16)

where 𝑁 is the number of observations available for model validation
and 𝑋𝑜𝑏𝑠

𝑖 and 𝑋𝑚𝑜𝑑
𝑖 are the observed and simulated variable values.

3. Results

3.1. Snow hydrology: 1999–2012

Observed and simulated snowpack depths obtained with the hydro-
ogical components of both coupled models (CRHM and SNOWPACK)
re compared in Fig. 7 for a 13-year period (1999–2012). The simula-

tion results generally agree well with the observations for both models
on either the calibration (only applicable to SNOWPACK) or validation
periods. CRHM was not calibrated as described in López-Moreno et al.
(2016), but parameters were set from scientific knowledge. The first
year (1998) was used for simulation warm-up and the subsequent three
years (1999–2001, 3 years) were used to guide the parameterization of
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Fig. 7. Observed and simulated snowdepth using the CRHM (upper panel) and SNOWPACK (lower panel) models.
Fig. 8. Hydrological results calculated by CRHM (panel a) and SNOWPACK (panel b) used to drive PULSE.
SNOWPACK. The validation period (2002–2012, 10 years) is substan-
tially larger than the calibration one to ensure the model performance
assessment captures a wide variety of meteorological conditions. Sec-
tion 3.3 provides more details about the performance of the coupled
models, but a few particular years where models performed worse are
worth noting here. In the case of SNOWPACK, snowpack depth was
underestimated by about 50% in 2005 and 35%–40% in 2007. In the
case of CRHM, the peak snowpack depth was overestimated by about
50% in 2002 and 30% by 2003.

Although identifying the exact causes for the mismatch in these
specific years is difficult, possible causes may include issues with the
meteorological input data, such as (1) precipitation undercatch, (2)
inconsistencies between the data combined from the three weather
stations used, (3) the distance of the experimental site to the weather
stations, and (4) differences in the precipitation phase and blowing
snow schemes, modelling assumptions and model setup. It should be
noted that previous research has highlighted challenges in examining
and simulating snowpack evolution in the Arctic due to its uneven
wind spatial redistribution, particularly in open tundra (López-Moreno
9 
et al., 2016; Pomeroy and Li, 2000). It should be noted that although
similar parameter considerations were used to set up both models, these
models are intrinsically and structurally different in many ways. For
example, CRHM uses a two-layer snowpack model while SNOWPACK
is a multi-layer snowpack model. Also, CRHM simulates the entire
hydrological cycle while SNOWPACK focuses on the snowpack.

3.2. Snow hydrochemistry: 2015

Fig. 8 shows the hydrological and thermodynamic conditions ob-
tained with CRHM (panel a-right) and SNOWPACK (panel b-right)
for 2015, which were used to drive the snowpack chemical response
with PULSE (the chemical model component). Because CRHM uses a
two-layer snowpack module, while SNOWPACK is a multi-layer snow-
pack model, the type of hydrological model outputs used to initiate
and force PULSE were different. In the case of CRHM–PULSE, only
surface snowpack snowmelt rates (panel b-right) were available to
drive the chemistry simulations. Here the original, simple approach
deployed in PULSE to dynamically estimate interstitial flow velocities
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Fig. 9. Observed (coloured circles) and simulated (backgroud coloured surface) snowpack concentrations using the CRHM–PULSE and SNOWPACK–PULSE coupled models for
SO4

2– , Ca2+ and Na+. The snowdepths are different (left and right panels) because CRHM and SNOWPACK produced different snowpack depths in 2015 (max predicted depth was
∼125 cm with CRHM and 155 cm with SNOWPACK). Since the snowpit chemistry observations were taken using the snowpack top surface as the reference for the measurement
locations, they are displayed here using a similar approach using the simulated snowpack surface as the reference, which is different for each of the models. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
was used (see Section 2.1 and Costa et al. (2018)). In the case of
SNOWPACK–PULSE, the internal microstructures across the snowpack
profile are simulated, including the volumetric ice, water and air
content, and liquid water fluxes (panel b-left). Therefore, PULSE was
internally coupled to SNOWPACK to benefit from additional detail on
micro-flow spatiotemporal patterns, which allowed refining in-snow
hydro-chemical transport calculations and the impact of phase changes
and snow layering.

Fig. 9 compares observed and simulated snow chemistry for SO4
2– ,

Ca2+ and Na+. CRHM and SNOWPACK produced different snowpack
depths in 2015 (max predicted depth was ∼125 cm with CRHM and
155 cm with SNOWPACK), and the snowpit chemistry data was mea-
sured extending 1 m from the snowpack surface (see Fig. 9). Both
model and observations show the development of snowpack layers
with different concentrations as a result of (1) seasonal changes in
chemical wet and dry deposition and (2) snow layering where phase
and snow density changes affect chemical concentrations. Results show
that ROS events and snowmelt strongly affect the vertical distribu-
tion of chemicals and are responsible for the migration of chemicals
deeper into the snowpack, where refreezing may occur. These layers
are more pronounced in the SNOWPACK–PULSE simulations because
the snowpack microstructure is explicitly resolved.

3.3. Performance of coupled models: hydrology and chemistry

Observed and simulated SO4
2– , Ca2+, and Na+ concentrations ob-

tained with CRHM–PULSE and SNOWPACK–PULSE are compared in
Fig. 10. Table 2 shows the performance of the coupled models for both
hydrological and chemical variables. For PULSE, results obtained when
disabling PULSE’s snow ion exclusion (SIE) module are also included.
The uncalibrated CRHM performed slighlty better with a lower RMSE
10 
Table 2
Model performance for snowdepth and SO4

2– , Ca2+ and Na+ concentrations based on
RMSE and mean bias. SIE refers to snow ion exclusion.

State-variable (hydrology) Model RMSE [m] Bias [-]
Snowdepth CRHM 0.30 −0.18

SNOWPACK 0.28 0.11

State-variable (chemistry) Model RMSE [mg/l] Bias [-]
SO4

2– CRHM (with SIE) 0.72 0.04
CRHM (without SIE) 0.72 0.04
SNOWPACK (with SIE) 0.64 −0.11
SNOWPACK (without SIE) 0.64 −0.12

Ca2+ CRHM (with SIE) 0.11 0.29
CRHM (without SIE) 0.11 0.29
SNOWPACK (with SIE) 0.09 0.28
SNOWPACK (without SIE) 0.09 0.26

Na+ CRHM (with SIE) 2.01 0.15
CRHM (without SIE) 2.01 0.15
SNOWPACK (with SIE) 1.50 0.07
SNOWPACK (without SIE) 1.50 0.07

for the predicted snowdepth than the calibrated SNOWPACK, a differ-
ence that is visually noticeable in Fig. 7. Both Fig. 10 and Table 2 show
that both coupled models are able to reproduce the general patterns of
the temporal vertical evolution of concentrations of the simulated ions
in the snowpack.

SNOWPACK–PULSE shows better performances, likely due to
SNOWPACK providing a multi-layered representation of the evolution
of vertical density changes and interstitial flow velocities that strongly
affect solute transport, unlike CRHM that is a hydrological model
that deploys a simpler two-layer snowpack representation. Recall that
in CRHM–PULSE (externally coupled), the original PULSE approach
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Fig. 10. CRHM–PULSE and SNOWPACK–PULSE model performance for hydrology and chemistry.
i

p
a
p

for estimating interstitial flow velocities is dynamic but indirectly
estimated through a simplified method based on melt rate and depth-
integrated snowpack porosity (see Costa et al., 2018). Despite some
ncertainty in the predictions, results show that the models are able to

generally predict concentrations across different orders of magnitude
(10−2 to 10 mg/l). A major challenge with coupled hydrological-
chemical simulations is the propagation of uncertainty and errors
between models (from hydrology to chemistry). In the particular case
of snowpack simulations, the simulated evolution of interstitial flow
pathways, timing, and intensity significantly impact the prediction
of spatiotemporal chemical distributions. Also, although the chemical
onstituents simulated (biologically emitted (SO4

2– ), dust particles
Ca2+), and sea salt (Na+)) are considered stable in cold snowpacks
i.e., subject to limited biogeochemical cycling), temporary changes
n air temperature may also lead to a slight increase in bio-mediated
rocesses.

4. Discussion

4.1. Snow chemistry sampling: lessons from modelling for capturing key
spatiotemporal patterns and drivers

The seasonal snow cover can strongly affect streamflow and water
uality, soil temperature and permafrost, and glacier mass balance,
hich may have an impact on the hydrological cycle and carbon
xchange dynamics in cold regions (Larose et al., 2013b). The predicted
arming of air temperatures at lower latitudes has effects on contam-

inants through increased volatility and altered partitioning between
phases, whereas increased precipitation could lead to more mixing and
removing of contaminants by rain and snow (Larose et al., 2013a; Costa
nd Pomeroy, 2019; Costa et al., 2019).

The high-resolution snowpack chemical profiles used in our study
were obtained via an experiment performed in the spring period of
2015 by Spolaor et al. (2016, 2021). The archipelago of Svalbard
is characterized by a maritime climate with large, rapid tempera-
ture variations during winter (Hansen et al., 2014). This experiment
emonstrated that such changing meteorological conditions strongly
ffect seasonal snowpack microstructure, layering and redistribution
f solutes (see Fig. 6). The meteorological conditions recorded during
he experiment included a ROS event that produced a negative thermal
radient, which was reversed following a decrease in air temperature.
ater, warming led to quasi-isothermal conditions and the initiation of
elt.

Spolaor et al. (2016) highlighted challenges in interpreting the
evolution of the vertical chemistry profile data collected. High spatial
ariability and local effects were attributed as key causes for some
nexpected rapid changes in concentrations - see left and right panels of

Fig. 6. However, smoothing of the data proved to be a useful approach
11 
to reveal the key spatiotemporal patterns in the past (Spolaor et al.,
2016) and in the herein study as well (left and middle panels of
Fig. 6). The initial application of the two coupled hydrology-chemistry
models (CRHM–PULSE and SNOWPACK–PULSE) experienced difficul-
ties in explaining the chemical evolution of the snowpack without
the smoothing of the observation results (see Fig. 9). This highlights
the high heterogeneity and complexity of snowpack chemistry, which
calls more research in this area and continuous high-resolution, high-
frequency monitoring programs. Such data will be critical to advance
further process understanding, model predictions, and the anticipation
of climate change impacts.

4.2. Key moments in winter snowpack chemistry

Seasonal snow cover is expected to become more unstable in the
future. Continuous air temperature increase is predicted to produce
shorter snow seasons and increase the frequency of ROS events (Beniston
and Stoffel, 2016; Morán-Tejeda et al., 2016). However, recent studies
have highlighted the critical need to reduce uncertainty in capturing
changes in precipitation to enable more reliable predictions of the
impacts on snowpacks (e.g., López-Moreno et al., 2009). Past stud-
es on preferential ionic elution in melting snowpacks have shown

that 50%–80% of the total snow ion mass can be transported during
the initial 1/3 of meltwater (Brimblecombe et al., 1986; Marsh and
Pomeroy, 1999; Costa and Pomeroy, 2019). ROS events are known to
romote the formation of preferential flowpaths (PFP) in snowpacks,
ffecting snowpack discharge. Preferential flow leads to accelerated
ercolation and solvent concentration in meltwater (Larose et al.,

2013a). In a lab experiment using high-frequency flow and chemistry
measurements, Costa and Pomeroy (2019) found that snowpack flow
fingering (i.e., preferential flowpaths), which naturally develops in
melting snowpacks, released more than 20% of the total NO3

– and
PO4

3– snowpack load during the first 1.5% of snowmelt. However, ROS
reduced the magnitude of this early load to 5% and 12% of the total
NO3

– and PO43
– snow load. It was hypothesized that ROS forced rapid

flow through specific preferential flowpaths providing less opportunity
for the wash-up of chemicals from the entire snowpack.

The observations (Fig. 6) and model results (Fig. 9) presented in
this study showed that ROS and snowmelt had a disproportionate effect
on the vertical redistribution of snow ions, characterized mainly by
downward transport, melting and refreezing, dilution, and dispersion.
Both coupled models were able to generally capture these key moments.
However, SNOWPACK–PULSE showed a better performance likely due
to SNOWPACK providing a more detailed and dynamic representation
of vertical interstitial flow affecting chemical transport. Concentration
changes observed in the measurements during cold periods could not
be entirely explained by the mass-balance approaches provided by
CRHM–PULSE and SNOWPACK–PULSE. These changes are likely to be
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caused by snow redistribution by wind and associated snow chemistry
changes (Pomeroy et al., 1991), as well as local effects and spatial
heterogeneity during sampling. Recall that after each daily sampling,
the snow pit was carefully filled in, and an adjacent snow pit had to
be dug on the following day approximately 30 cm away in the upwind
direction (see ). Future research should continue to shed light on these
eterogeneous contaminant accumulation and release processes, iden-

tifying the critical additional biogeochemical and biological process
model representation needs to improve simulation predictions.

4.3. Science-modelling gaps and future research

The increase in ROS events has consequences for the chemical
omposition of the snow, including contaminants that are trapped/
eposited in the snowpack during the winter. ROS events can cause
he early release of pollutants from the snowpack into both the ground
nd seawater/fjord, especially if the event is intense enough to start
he hydrological system of the area surrounding Ny-Ålesund (Salzano
t al., 2023). Continuing to further improve our understanding of

snow chemistry and elution of pollutants during such ROS requires
continuing progress in both terms of data collection and prediction
apacity.

Also, non-biological overwinter chemical changes in cold Arctic
nowpacks have been observed before and were associated with tem-
erature gradient metamorphism, which sublimates the original crys-

tals and reforms them as depth hoar (Pomeroy et al., 1993). This
reduces the snowpack density and promotes vapour transport, and
associated solute movement, from the snowpack. Although a slow
process, this transport mechanism is persistent throughout the winter
nd excludes Ca2+, Cl– , and SO4

2+, which accumulate in the snowpack
eading to an increase in concentrations. Although such processes are
ccounted for in CRHM and SNOWPACK, thus affecting chemistry
imulations with PULSE, it remains a challenging process to simulate.
dditional processes that require further research and model advances

nclude (1) the effect of blowing snow and sublimation on snow ero-
ion and deposition, and associated solute balance (Pomeroy et al.,

1991), (2) potential photochemical reactions which would be prevalent
n spring before melt (Jones et al., 1993), and (3) preferential flow
ath formation (Leroux and Pomeroy, 2017) and impacts on solute

transport (Costa and Pomeroy, 2019).

5. Conclusions

The PULSE snow model has been coupled to two energy-balance
snowpack models, the Cold Regions Hydrological Model (CRHM) and
he SNOWPACK model, to simulate the spatiotemporal evolution of
nowpack chemistry in Svalbard, Norway. The study aimed to help
dvance the current prediction capacity for snowpack chemistry to help
nticipate the effect of rapid winter air temperature oscillations and
requency of ROS events on snowpack microstructure, hydrology and
hemistry.

Both CHRM–PULSE and SNOWPACK–PULSE could capture snow
epths accurately in the study site between 1999 and 2012. High-

resolution snowpack chemistry profile data previously collected at the
site was used to validate the coupled models for Na+, Ca2+ and SO4

2– .
oth coupled models were able to generally capture the main patterns
nd evolution of winter snowpack chemistry profiles, including the ef-
ects of rain-on-snow and snowmelt. However, SNOWPACK–PULSE that
rovides a multi-layered representation of vertical phase changes and
nterstitial flow velocities affecting solute transport was able to produce
etter chemistry predictions, suggesting that a multi-layered represen-
ation of snow microstructures and interstitial flow may help improve
redictions. Snowmelt and ROS events, which are expected to increase
n frequency as the climate warms, had a disproportionate effect on the

vertical redistribution of all snow ions. Future research should focus on
ontinuing to shed light on these heterogeneous snowpack processes of
ontaminant accumulation and release, as well as promote more joint
fforts to attempt to simulate snow physics/hydrology and chemistry

ogether.
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