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Abstract

The rapid warming of the Arctic, driven by glacial and sea ice melt, poses significant challenges to Earth's climate,
ecosystems, and economy. Recent evidence indicates that the snow-darkening effect (SDE), caused by black carbon (BC)
deposition, plays a crucial role in accelerated warming. However, high-resolution simulations assessing the impacts from the
properties of snowpack and land—atmosphere interactions on the changes in the surface energy balance of the Arctic caused
by BC remain scarce. This study integrates the Snow, Ice, Aerosol, and Radiation (SNICAR) model with a polar-optimized
version of the Weather Research and Forecasting model (Polar-WRF) to evaluate the impacts of snow melting and land—
atmosphere interaction processes on the SDE due to BC deposition. The simulation results indicate that BC deposition can
directly affect the surface energy balance by decreasing snow albedo and its corresponding radiative forcing (RF). On average,
BC deposition at 50 ng g™* causes a daily average RF of 1.6 W m2 in offline simulations (without surface feedbacks) and 1.4
W m2in online simulations (with surface feedbacks). The reduction in snow albedo induced by BC is strongly dependent on
snow depth, with a significant linear relationship observed when snow depth is shallow. In regions with deep snowpack, such
as Greenland, BC deposition leads to a 25-41% greater SDE impact and a 19-40% increase in snowmelt than in areas with
shallow snow. Snowmelt and land—atmosphere interactions play significant roles in assessing changes in the surface energy
balance caused by BC deposition based on a comparison of results from offline and online coupled simulations via Polar-
WRF/Noah-MP and SNICAR. Offline simulations tend to overestimate SDE impacts by more than 50% because crucial
surface feedback processes are excluded. This study underscores the importance of incorporating detailed physical processes

in high-resolution models to improve our understanding of the role of the SDE in Arctic climate change.

1. Introduction

Arctic amplification (AA) refers to the unprecedented rate of near-surface warming over the Arctic, which strongly
impacts the Earth’s climate (AMAP, 2021; Li et al., 2020), ecosystems (Myers et al., 2020) and economy (Salzen et al., 2022).
The physical mechanisms responsible for AA include local climate feedbacks in the Arctic (e.g., surface albedo feedback,
water vapor feedback and Planck feedback) as well as poleward heat and moisture transport from lower latitudes (Previdi et
al., 2021; You et al., 2021). Although there is currently no consensus on the dominant process for AA, snow albedo feedback
is generally considered an important factor, especially during melting period (Bintanja et al., 2012; Bokhorst et al., 2016; Guo
& Yang, 2022). Recently, a number of studies have shown that the deposition of light absorbing particles (LAPs, e.g., black
carbon, dust, brown carbon) onto Arctic snow surfaces could greatly affect rapid warming in the Arctic by reducing snow
albedo (Dou & Xiao, 2016; Flanner, 2013; Kang et al., 2020; Qian et al., 2014).

Black carbon (BC), primarily generated from incomplete combustion processes involving fossil fuels, biofuels, and
biomass, stands out as the most efficient particulate species in the atmosphere in regard to absorbing visible light (Bond et al.,
2013). As an important light-absorbing aerosol, BC can significantly influence the radiation balance through multiple

mechanisms. In addition to the direct effect of absorbing or scattering solar radiation (Haywood & Shine, 1995), it can also
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exert indirect and semidirect effects by modifying the distribution, lifetime, and microphysical attributes of clouds (AMAP,
2015; Dada et al., 2022). Notably, when BC is deposited onto snow and ice surfaces, it enhances the absorption of solar
radiation, leading to greater atmospheric warming and subsequent melting of snow and ice (Clarke & Noone, 1985; Flanner et
al., 2007; Quinn et al., 2011).

The highly reflective surface of snow and ice in the Arctic makes it a very sensitive region for BC deposition. The greater
the BC deposition in snow and ice is, the lower the snow albedo will be, which accelerates snow melting and Arctic warming,
and vice versa (Hansen & Nazarenko, 2004; Lau et al., 2018). Snow albedo is important in determining the surface energy
budget of polar regions (e.g., Barry et al., 1993; Hall & Qu, 2006; Jacobson, 2004; Lamare et al., 2016). Darkened snow and
ice could change the near-surface heat transfers in the Arctic, consequently influencing the Arctic climate. During the spring
melt period, the relatively strong solar radiation combined with the near-maximum snowpack depth makes the impact of BC
on the SDE particularly significant for the terrestrial Arctic surface (Doherty et al., 2010; Zhang et al., 2024). In addition,
during this period, the aging and melting processes of snow also affect the reduction in snow albedo induced by BC (Dang et
al.,2015; He & Ming, 2022). Despite its importance, the influence of snow processes on BC-induced changes in snow albedo,
as well as their impact on the surface energy balance, has not been fully explored and need further investigation.

The physically based Snow, Ice, Aerosol, and Radiation (SNICAR) model (Flanner et al., 2012b; Flanner & Zender,
2005) is widely used to estimate the contributions of BC to the reduction in snow albedo and its corresponding radiative forcing
(RF). Flanner et al. (2007) incorporated SNICAR into the National Center for Atmospheric Research Community Atmosphere
Model (NACR CAMS3, Version 3) global climate model (GCM) to improve the quantification of climate forcing from BC in
snow. Their results emphasized that snow darkening by BC in snow plays a significant role in the climate impact of carbon
aerosols, especially in the Arctic region. Using the NCAR CAMS5 coupled with SNICAR, Zhou et al. (2012) reported that in
the spring season, the Arctic forcing increases from +0.29 W m~ to +0.37 W m™2 due to BC deposition, they also suggested
that BC snow forcing is sensitive to the wet deposition in the Arctic region. On the basis of field observations conducted by
Doherty et al. (2010). Dang et al. (2017) used SNICAR to calculate the reduction in snow albedo caused by BC in the Arctic,
and highlighted the impact of snowpack properties on the assessment of the SDE. SNICAR was also applied to quantify the
reduction in snow and ice albedo caused by long-range-transported Asian dust (Zhao et al., 2022). Although many studies have
been carried out, the key physical mechanisms and its impacts on the SDE resulting from BC are not well evaluated. Several
studies have investigated the snow-darkening effect (SDE) induced by BC and other LAPs. Using the NASA GEOS-5
(National Aeronautics and Space Administration Goddard Earth Observing System, Version 5) climate model, Lau et al. (2018)
examined the impacts of the SDE on regional surface energy and water balances over Eurasia from March to August. These
authors suggested that the SDE can intensify the extreme hot days in summer. Huang et al. (2022) employed the WRF-Chem
model to study the impurity-induced SDE in the Sierra Nevada during April-July. They found that the reductions in the snow
water equivalent and snow depth induced by the SDE were 20 and 70 mm, respectively, in June; and emphasized the negative
role of the SDE in the local ecosystem. Both studies underscore the significance of obtaining a deeper understanding of the
impacts of the SDE caused by LAPs, especially at the regional scale. However, the impacts of the SDE due to LAPs deposition
generally depend on several factors, including atmospheric processes and surface properties, therefore the SDE shows large
spatial variability in different regions. As a result, accurately assessing the impacts of the SDE and the associated feedback
mechanisms is challenging (Huang et al., 2022; Minder et al., 2016; Rohde et al., 2023).

Compared to the global climate model, weather models with high temporal and spatial resolutions have the potential to
enhance our understanding of the short-term effects and feedback mechanisms of BC deposition on Arctic snow surfaces
(Oaida et al., 2015; Rahimi et al., 2020; Rohde et al., 2023). For example, the reduced vertical and horizontal resolution of
global models may fail to accurately represent the detailed atmospheric features created by high static stability in the Arctic
(AMAP, 2021). Kang et al. (2020) emphasized the importance of enhancing the spatial resolution of models in order to more

effectively capture the spatial variability of snowpack. Furthermore, the necessity for conducting simulations with high-
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resolution models was also emphasized. To the best of our knowledge, no comprehensive studies have used weather models
to investigate the impacts of the SDE resulting from BC deposition on Arctic surface energy balances.

In this study, the SNICAR model coupled with a polar-optimized version of the Weather Research and Forecasting model
(Polar-WRF) was used to investigate the impacts of the SDE by BC deposition in spring time from online (with surface
feedbacks) and offline (without surface feedbacks) simulation experiments. The questions that we addressed in this study are
as follows: (a) How does BC deposition affect surface energy exchange in the Arctic? (b) What are the crucial physical
processes affecting the impacts of the SDE by BC deposition? (c) How the key surface feedback processes affect the SDE
caused by BC? The remainder of this paper is organized as follows: In Section 2, we explain the methodology and assumptions
used in this study. This is followed by a validation of modeling performances in meteorological fields and surface energy
balance (Section 3.1), an analysis of sensitivity tests between snow properties and albedo reduction (Section 3.2), a
quantification of the spatial distribution of impacts of the SDE by given column-mean BC concentrations in snow (Section
3.3), a consideration of the temporal evolution of the SDE at different snow depth ranges (Section 3.4), and a comparison of
physical mechanisms between off-line and on-line simulations (Section 3.5). We summarize the results and provide the

conclusions in Section 4. The list of abbreviations is shown in the Appendix A4.

2. Methodology

In this study, the Polar-WRF version 4.1.1 was used to investigate surface exchange processes in the Arctic. The SNICAR
model was employed to assess the reduction in snow albedo caused by BC. The impacts of the SDE induced by BC deposition
on the Arctic surface were quantified by integrating SNICAR with Polar-WRF, both with and without surface feedbacks. The
descriptions of the two models are provided in Section 2.1 and Section 2.2. The calculation of the surface energy balance is
introduced in Section 2.3. The mixing ratio of BC in snow and relevant snow process are introduced in Section 2.4. The model
configuration and descriptions of the observed data are detailed in Section 2.5. All the experiments conducted are summarized

in Section 2.6.

2.1. Polar-WRF/Noah-MP

The Polar-WRF version 4.1.1 has been developed and optimized for use in polar climates by optimizing heat transfer
processes through snow and ice and adding a comprehensive description of sea ice to the Noah and Noah-MP land surface
models (LSM) (Bromwich et al., 2009; Hines & Bromwich, 2008; Hines et al., 2015). The key points include (a) optimize the
treatment of heat transfer for ice sheets and revised surface energy balance calculation in the Noah and Noah-MP LSMs; (b)
comprehensively describe sea ice in Noah and Noah-MP; and (c) improve cloud microphysics for polar regions. A detailed
description of the Polar-WRF model is provided in Hines and Bromwich (2008) and Hines et al. (2015).

The main improvements of Polar-WRF are associated with the Noah and Noah-MP LSM. In modified Noah-MP, allow
users to specify spatially varying sea ice thickness, snow depth on sea ice, and the sea ice albedo to optimize the treatment of
heat transfer for sea ice. To improve the adaptability in the polar regions, the freezing point of seawater is set at 271.36 K, the
surface roughness over sea ice and permanent land ice is set at 0.001 m, the snow emissivity is set at 0.98, the snow density
over sea ice is set at 300 kg/m?3, the thermal conductivity of the transition layer between the atmosphere and snow is taken as
the snow thermal conductivity, and whenever the upper snow layer exceeds 20 cm depth, it is treated as if the snow were 20
cm thick for heat calculation. Options also allow for an alternate calculation of surface temperature over snow surfaces or
setting the thermal diffusivity of the top 0.1 m deep tundra soil to 0.25 W m* K%, representative of highly organic soil. In
addition, the droplet concentration in the Morrison 2-moment microphysics is reduced from 250 cm=3to 50 cm™3, which is
more applicable to polar regions. All improvements have enhanced the simulation capability of Polar-WRF in polar regions
(Bromwich et al., 2013; Hines et al., 2015).
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The community Noah land surface model with multiple parameterization options (Noah-MP) (Niu et al., 2011) was
originally developed based on the Noah LSM (Chen et al., 1997; Ek et al., 2003) to improve its modeling capabilities with
enhanced physical representations, This model includes a multilayer snowpack physics module, that incorporates several
important features, such as liquid water storage and melt/refreeze capability. Noah-MP has been integrated as a land component
in the WRF model and extensively utilized to investigate regional snow processes (Abolafia-Rosenzweig et al., 2022; Yang et
al., 2021; You et al., 2023). Two options were implemented for snow surface albedo in Noah-MP: one adopted from CLASS
(Verseghy, 1991) and the other from BATS (Yang et al., 1997). The equations of the two snow albedo schemes are listed in
Appendices Al and A2. In CLASS, the snow albedo for both direct and diffuse radiation is the same, with a fresh snow albedo
assumed to be 0.84. Snow aging is modeled as an exponential function of time, and the minimum value of snow albedo is 0.55.
In BATS, the fresh snow albedo is 0.95 for the visible band and 0.65 for the near-infrared band. The aging process of snow is
described as a function of time, ground temperature, and snow mass. However, neither of these schemes explicitly incorporates
snow-aerosol-radiation interactions, rendering them unsuitable for assessing the impacts of the SDE by LAPs deposition
(Oaida et al., 2015; Wang et al., 2020). Thus, in this study, the SNICAR model was integrated into Polar-WRF/Noah-MP, to
assess the impacts of snowpack properties and land—atmosphere exchange on the reduction in surface snow albedo caused by

BC deposition and the corresponding changes in the surface energy balance.

2.2. SNICAR

The SNICAR model is a multilayer two-stream model that accounts for vertically heterogeneous snow properties and the
influence of underlying surface albedo, incoming solar radiation and the presences of LAPs (Flanner et al., 2021; Flanner et
al., 2012b; Flanner & Zender, 2005). The model is based on the theory of Wiscombe and Warren (1980) and Warren and
Wiscombe (1980), with the multilayer two-stream solution from Toon et al. (1989). SNICAR has been widely used to estimate
snow albedo reduction and RF induced by LAPs deposition (Dang et al., 2017; Flanner et al., 2012a; Huang et al., 2022;
Pedersen et al., 2015), and it has been coupled with several land surface models (LSMs), including the Community Land
Model (CLM) within the Community Earth System Model (CESM) (Flanner et al., 2007; He et al., 2024),the DOE’s Energy
Exascale Earth System Model (E3SM) Land Model (ELM) (Hao et al., 2023) and the Simplified Simple Biosphere model
version 3 (SSiB-3) within the Weather Research and Forecasting Model (WRF) (Qaida et al., 2015). Recently, it has also been
integrated into the Noah-MP to enhance the snow radiative transfer process, and the results exhibited better performances than
that of the default snow albedo scheme at validation sites (Lin et al., 2024).

The SNICAR model used in this study assumes that snowpack may contain the following nine LAPs: two BC aerosols
(hydrophilic and hydrophobic), two OC aerosols (hydrophilic and hydrophobic), and five sand dust aerosols (particle sizes of
0.1-1.0, 1.0-2.5, 2.5-5.0, 5.0-10.0, and 10.0-100.0 pum). Each aerosol is associated with distinct optical properties, including
the single scattering albedo, the mass extinction coefficient and the asymmetric scattering factor. These parameters are derived
from look-up tables (Flanner et al., 2021; Flanner et al., 2012b). A detailed description of the computation of the optical
properties of snow with aerosols in SNICAR can be found in Flanner et al. (2012b).

The SNICAR model requires inputs regarding the following environmental conditions: the solar zenith angle (SZA),
downwelling spectral irradiance, and spectral albedo of the underlying surface (e.g., bare ground albedo). Information about
the snow properties, including the snow depth, snow density, snow thickness for each layer and snow grain radius is also
needed. In this study, we assume that snow grains are spherical with radii of either 100 pm (new snow) or 1000 um (old snow),
which correspond to typical snow effective grain radii (Dang et al., 2017; Warren & Wiscombe, 1980). For BC in snow, we
assume that all BC particles are uncoated and externally mixed with ice particles. Other inputs are provided by Polar-
WRF/Noah-MP outputs. For on-line coupling simulation, input datasets that are required for SNICAR through an updated

Model I/O interface. The vertical profile of BC in snow is set as the column mean for a given concentration.
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Once the size of snow particles has been determined, SNICAR initiates the process of selecting the most appropriate
optical parameters (single scattering albedo, mass extinction cross-section, and asymmetry scattering parameter). These
parameters are based on the snow grain radius and the presence of aerosol particles in the snow, and are obtained by consulting
look-up tables (Flanner et al., 2021). Other required inputs, such as the solar zenith angle (SZA), downwelling spectral
irradiance, and spectral albedo of the underlying surface, are provided by Polar-WRF/Noah-MP. SNICAR then calculates the
bulk snow albedo and the absorbed solar radiation flux in each snow layer through a series of computations. When the SZA is
greater than 0and a snow layer exists, SNICAR is called upon, and the snow albedo calculated by SNICAR is used to evaluate

the impacts of the SDE by BC deposition on the Arctic surface.

2.3. Energy balance analysis

In this study, the surface energy balance is governed by

Hp, + PH = HS + LH + SWagn — SWip + LWgm — LW, (1)
where H,,, (W m?) is the net energy flux into the snow surface layer; and PH (W m) is the precipitation advected heat

(0 in this study). SW (W m2), LW (W m?), LH (W m™), and HS (W m) represent surface shortwave radiation, longwave
radiation, latent heat flux, and sensible heat flux, respectively.
The HS and LH are computed based on the following bulk transfer relationships from Garratt (1992) :
HS = pg X Cy X C, XU XTs —Ta (2)
LH = py X Cyy X Coy X U X (qs — qa) 3)
where p, (kg m?) is the air density, C, (J kg K™) is the air heat capacity, C;; (J kg™) is the specific latent heat of water
vaporization, U (ms™?) is the 10 m wind speed. T, (K) and T, (K) are the temperatures at the surface and in the air, respectively.
qs (kg kgt) and g, (kg kg?) are the specific humidities at the surface and in the air, respectively. C,, and C,, are the surface
exchange coefficients for heat and moisture, respectively. They are assumed to be equal in this study and calculated based on
the Monin-Obukhov (M-O) similarity theory (Brutsaert, 1982) :
KZ
C ) e () () - e () ?

where k is the von Karman constant, z (m) is the reference height, d, (m) is the zero-displacement height; L (m) is the

C

M-O length; i, and 1, are the stability functions for momentum and heat transfer, respectively. They are defined as in Chen
et al. (1997). zy,,, (M) and z,; (M) are the surface roughness lengths for momentum and heat, respectively.
Furthermore, q, is computed as follows:

0.622 x e4(T,) X RH,
Pyre — 0.378 X eg(T;) X RH; (5)
where e, (T,) (Pa) is the saturation water vapor pressure at the surface temperature (T, (K)); RH, is the surface relative

qs =

humidity, which is assumed to be 1 where there is snow cover, and P (Pa) is the surface pressure.
The RF induced by BC deposition is computed as follows:
RF = SWyouwn (SNOALB, — SNOALB,,) (6)
where SNOALB,, is the snow albedo without any impurities, and SNOALB,,.. is the snow albedo that included BC.

In this study, the calculations of the surface energy balance were coupled into the Polar-WRF/Noah-MP.

2.4 BC and Snow Process

To evaluate the snow processes and land—atmosphere interactions related to BC in snow, we assume that the mixing ratio
of BC is uniformly distributed throughout the snowpack. Additionally, a fixed mixing ratio of BC was established to eliminate
the influence of varying BC concentrations on the SDE. Previous observations of BC in Arctic snow indicate that the

concentration of BC can range from less than 5 to several hundred ng g in spring (Doherty et al., 2010; Zhang et al., 2024).
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Furthermore, BC can accumulate on the snow surface during the melting season due to its insolubility (Forsstrém et al., 2013).
As aresult, the BC concentration in Arctic snow may exceed the reported values from the initial melting (Doherty et al., 2013;
Dou et al., 2019). Taking all these factors into account, a BC mixing ratio of 50 ng g™! was chosen for Arctic snow. This value
is appropriate for evaluating the potential effects of snow processes and land-atmosphere interactions on SDE, and it is a
realistic estimate.

In this study, the mixing ratio of BC in the snowpack is fixed and remains unaffected by the processes of snowfall and
snowmelt. Consequently, the changes in snow albedo induced by BC are directly influenced by snowpack properties, such as
snow depth, snow density, and snow ice content. These properties can vary during the snowmelt process, thereby impacting
the SDE (He & Ming, 2022). The evolution of snowpack properties is computed using the multi-layer snow module of Noah-
MP(Niu et al., 2011). In Noah-MP, the snowpack can be divided into up to three layers, depending on the total snow depth
(See Appendix A3). The snow ice content and snow liquid water content in each snow layer are updated whenever melting or
refreezing occurs, provided that the snowpack has explicit snow layers (i.e., snow depth = 2.5 cm). If snow is present but its
thickness is insufficient to form an explicit snow layer, the snow ice content and snow liquid water content will no longer be
calculated, and all liquid water in the snow is assumed to be ponded on the soil surface (He et al., 2023). The snow ice content
and snow liquid water content is connected to the processes of freezing and melting, which in turn influences snow density,
depth, and other properties, ultimately affecting the impact of the SDE.

In the Noah-MP, the evolution of snowpack properties, including snow ice and liquid water content, snow thickness, and
water flux out of snowpack bottom. If the snow layer temperature is higher than freezing point (273.15 K), then the snow layer
ice is melting; if snow layer liquid water content is greater than 0, and snow layer temperature is lower than freezing point,
then ice is refreezing. Once melting or freezing active, the snow ice amount will be updated. The amount of phase-change
water is computed as:

HM,phase (l) X At (7)

AVV;thase (l) = C
LH,fus

where AWy pqse (Kg m2) is amount of phase-change water, i is the snow layer, Hy phase (W m2) is the energy residual
(surplus or loss), and it is computed as:

Tsnso (l) - Tfrz (8)
At

HM,phase @O = X Chsnow X Az

where Ty, (K) is the snow temperature, Ty, = 273.15 (K) is the freezing point, Az (m) is the thickness of snow layer,

Ch,snow (I M= K) is the volumetric specific heat capacity of snow and it is calculated as:

Ch,snow = Ch,ice X Qice,sno + Ch,wat X Qliq,sno (9)

where Cp ice (3 M2 K1) and Cppqr (3 M= K) are the volumetric specific heat capacity of ice and water, respectively,
Bice,sno aNd 8,54 o, are partial volume of ice and liquid water in snow layer, respectively.

For each snow layer, if the freezing is active, then the snow ice content (Wi, sno, [kg m™]) is updated as:

VVice,sno,new (l) = min (Wsnow,old (i)' VVice,sno,old (l) - AVVphase (l)) (10)

If the melting is active, then the snow ice content (Wi¢, sn0, [kg m?]) is updated as:

VVice,sno,new(i) = max (0: M/ice,sno,old (l) - AM/phase (l)) (11)

Then, the snow liquid water content (W4 sno, [kg m~] is updated as:
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I/Vliq,sno,new (l) = max (0' Wsnow,old (l) - Wice,sno,new) (12)

As the snow melts, the amount of liquid water content in the snowpack will rise, leading to an increase in snow density.
Once the liquid water content surpasses the snowpack's maximum capacity to hold water, the snowpack will start to flow out,
resulting in a reduction in snow depth. These changes in snow properties will influence the snow albedo reduction caused by
BC.

2.5. Model Configuration

The Polar WRF domain (Fig. 1) is set to a polar stereographic grid centered at 90N and had 220>220 grids. The spatial
resolution is selected to 27km %27 km, and there were 50 levels in the vertical from the surface to 10 hPa. The 27 km resolution
is consistent with the ERA5 reanalysis data to ensure the accuracy of large-scale meteorological conditions, and it is
significantly higher than the usual resolution employed in global climate models (which is typically over 1<) in earlier research
(e.g., Dou et al., 2012; Jiao et al., 2014; Ren et al., 2020). The initial meteorological fields in the model are derived from the
fifth generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis data (ERA5),
available every 3 h, at 0.25°=x%0.25 “spatial resolution (https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5). The
snow depth data are used the National Centers for Environmental Prediction (NCEP) operational Global Data Assimilation
System (GDAS) final analysis data with a horizontal resolution of 0.1° x 0.1° for every 3 h
(https://rda.ucar.edu/datasets/ds084.4/). The sea ice thickness, snow depth on sea ice, and the sea ice albedo data are provided
by National Snow and Ice Data Center (NSIDC, https://nsidc.org/data/data-access-tool/RDEFT4/). They are derived from the

ESA CryoSat-2 Synthetic Aperture Interferometric Radar Altimeter (SIRAL), utilizing an enhanced waveform fitting
algorithm (Kurtz et al., 2014). These data are presented on a 25 km grid as 30-day averages for the months of September
through May. The physical parameterization options applied in this study are based on Hines and Bromwich (2017) and Hines
etal. (2019), including the new version of the rapid radiative transfer model for general circulation models (RRTMG) for both
shortwave and longwave radiation (lacono et al., 2008), the Morrison 2-moment scheme for cloud microphysics, Kain-Fritch
convective scheme, and the polar-optimized Noah-MP land surface model (Bromwich et al., 2013; Niu et al., 2011). For the
boundary layer, the Mellor-Yamada-Nakanishi-Niino (MYNN) level 2.5 PBL scheme with the MYNN surface layer scheme
is used.

In addition to surface processes, atmospheric conditions like the boundary layer and clouds play a key role in effectively
simulating precipitation and snowfall, which can influence the reliability of the simulation outcomes. As a result, choosing the
appropriate boundary layer and cloud microphysics schemes is essential. In this study, the Mllor-Yamada-Nakanishi-Niino
(MYNN) level 2.5 PBL scheme and the Morrison 2-moment cloud microphysics scheme were selected. Their performances
in the Arctic are widely have been widely tested and verified (e.g., Hines & Bromwich, 2017; Hines et al., 2019; Turton et al.,
2020; Xue et al., 2021).The MYNN model is a kind of second-order closure model that was proposed by Nakanishi and Niino
(Nakanishi and Niino 2004, 2006, 2009) and is formulated as a modification of the Mellor-Yamada closure model (Mellor and
Yamada 1982). In comparison to the MYNN level-3 scheme, the MYNN 2.5-level scheme retains the significant performance
on the stable boundary layer simulations and reduces the computational cost (Kitamura, 2010; Nakanishi & Niino, 2009). The
new version of the MYNN 2.5-level scheme implemented in WRF/PWRF Version 4.1.1 can improve downward shortwave
radiation at the surface (Olson et al., 2019), which is a key factor in assessing the reduction in snow albedo caused by BC
deposition and the corresponding changes in the surface energy balance.

The Morrison 2-moment cloud microphysics scheme is a double-moment microphysics scheme that parameterizes the
mixing ratio and number concentration of hydrometeors, covering cloud droplets, rain, ice crystals, snow, and graupel

(Morrison & Gettelman, 2008). In the Polar-WREF, its droplet concentration is reduced from 250 cm—3 to 50 cm—3, which is


https://rda.ucar.edu/datasets/ds084.4/
https://nsidc.org/data/data-access-tool/RDEFT4/

275 more applicable to polar regions (Hines & Bromwich, 2017). It has been extensively tested and has shown a great simulation
capabilities, especially in the representation of mixed-phase clouds in the Arctic (Arteaga et al., 2024; Cho et al., 2020).

The simulation period spans from April 10 to May 15, 2020, coinciding with the Arctic snowmelt season. During this
time, there is extensive snow cover and stronger solar radiation, leading to more pronounced impacts of the SDE by BC
deposition. The first five days are considered the model spin-up time and are not analyzed. Some observations are used to

280 assess the model's simulation capabilities. The simulated meteorological parameters, including temperature, relative humidity,
u and v wind speeds are compared with in-situ observation data released by the National Oceanic and Atmospheric
Administration, (NOAA, https://gml.noaa.gov/dv/data/) at Barrow (156.6W, 71.3N;11 m a.s.l.) and Summit (38.5W,
72.6N; 3238 m a.s.l.). The sounding data used in this study are from the Department of Atmospheric Science, University of

Wyoming (https://weather.uwyo.edu/upperair/sounding.html). The observed downward shortwave radiation, sensible heat flux
285 and latent heat flux in Alaska (149.3<W, 68.6 N) were downloaded from the Arctic Data Center (https://arcticdata.io/). This
measurement was conducted by the University of Alaska Fairbanks (UAF) and is part of the Arctic Observing Network (AON)

project. In this measurement, an eddy covariance system was employed to measure the fluxes of CO2, water, and energy, and
it was positioned on a 3-meter-high tripod in the center of the site. More details of the data are described by Bret-Harte et al.
(2021).

Terrain Height m

135°W

45°W
45°W 30°W 15°W 0° 15°E 30°E 45°E

N | [ | - | .

1 5 10 50 100 200 400 600 800 1000 1500 2000 2500 3000 3500

290
Figure 1. Polar-WRF domain and terrain height. The red circles indicate the locations of the observation sites chosen

for model evaluation in this study. The data from the Barrow and Summit stations are used to validate the

performance of the modeled meteorological fields; the simulated vertical profiles of temperature, relative humidity,

and wind speed are compared with the observed data from the Danmarkshavn and Ostrov stations; and EC_OBS is
295 the location of the surface energy observed by Bret-Harte et al. (2021) .
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2.6. Experimental Design

Two surface feedback processes are considered in this paper: the aging and melting processes of snow, in which
changes in snow density and snow depth directly affect the reduction in snow albedo caused by BC, and the interaction
between the land and atmosphere. The feedback processes between land and atmosphere can influence the impact of BC
on the surface energy balance. In this study, the effects of these two key processes on snow albedo reduction caused by
BC are assessed by comparing the differences in results between offline and online experiments. Several experiments
have been designed (Table 1) to understand how BC deposition affects the surface energy exchange process in the Arctic and
the importance of atmospheric processes and snow properties for the SDE. SNICAR-OFF is the offline coupling simulation,
it was used to calculate the baseline of the SDE induced by BC deposition without snow cover change and land—atmosphere
exchange process. The online simulation (SNICAR-ON) is fully coupled with Polar-WRF and the impacts of the SDE at every
model timestep are computed by contrasting the dirty and clean snow albedo under the current surface and atmospheric
conditions. Discrepancies between SNICAR-OFF and SNICAR-ON outcomes demonstrate the importance of surface feedback
processes in comprehensively assessing the impacts of SDE. The SEN experiments are offline sensitivity experiments for the
SNICAR model. SEN1-3 were designed to test the effects of snow density, snow depth, and snow grain size on the reduction
of snow albedo caused by BC, respectively. SEN4 was designed to test the impact of the distribution of BC within snow on
BC-induced changes in snow albedo. The purpose of the SEN experiments is to test the sensitivity of SNICAR to snow
properties and to preliminarily assess the impact of snow characteristics on the reduction in snow albedo caused by BC.

Table 1. Summary of model simulations

Name Mixing Snow density Snow depth Snow grain BC Surface
ratio of (kg m®) (m) radius distribution feedback
BC (ng g?) (nm) with snow processes
CTL 0 Provided by Provided by 100 um (new Vertically Included
NCEP GDAS  NCEP GDAS snow) or 1000 uniform
final analysis  final analysis um (old snow) distribution
data data
SNICAR- 50 Sameas CTL  Sameas CTL Same as CTL Same as CTL Not included
OFF
SNICAR- 50 Sameas CTL  Sameas CTL Same as CTL Same as CTL Included
ON
SEN1 50 Sameas CTL  Sameas CTL Set as 50, 150, Same as CTL Not included
250,500,100
SEN2 50 Set as 100, Same as CTL Same as CTL Same as CTL Not included
200,500
SEN3 50 Sameas CTL  Setas 0.05, Same as CTL Same as CTL Not included
0.1,0.25,0.5,1.0
SEN4 50 Sameas CTL  Sameas CTL Same as CTL BC attop 5cm Not included

layer
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3. Results
3.1. Evaluation of model performance

Meteorological parameters, such as the 2-m temperature and near-surface wind speed, are important factors of surface
energy balance. In order to validate the performance of modeled meteorological fields at near-surface layers, the model results
of CTL experiment were compared with in-situ observation data. The CTL experiment includes all surface feedback processes
and is close to real-world simulation. The comparison results are shown in Fig. 2 and the corresponding statistical metrics,
including mean bias (MB), root mean square error (RMSE), and correlation coefficient (R), are listed in Table S1. The modeled
2-m temperature matches well with the observations at both stations (Rs > 0.9), except that some of the extremely high and
low values appear abruptly. For relative humidity, the model captures the temporal variations fairly well at the Barrow station
(Rs > 0.8), but a relatively high bias is found at the Summit station (Rs = 0.68, RMSE = 6.06). The mismatch in relative
humidity between observations and simulations can be attributed to differences in the planetary boundary layer and surface
parameterization settings in the model schemes (Qian et al.,2016). The simulated wind speed agrees well with the
measurements, with Rs greater than 0.8, but the model underestimates the wind speed at both o stations (the MBs are -0.23 m
st at the Barrow stations and -0.84 m s at the Summit station). For wind direction, the north-west wind at Barrow and
southwest wind at Summit are generally captured by the simulation results. Similar bias of relative humidity and wind can also
be found in other studies (e.g., Chen et al.,2021;Wilson et al.,2021).

The observed and simulated vertical profiles of temperature, specific humidity, and wind speed from the Danmarkshavn
(18.7W, 76.8N; 12 m a.s.l.) and Ostrov (137.9<E, 76.0N; 8 m a.s.l.) stations at 00:00 and 12:00 (UTC) averaged over the
simulation periods are also shown in Figs. S1 and S2. Generally, the model captures the vertical profiles of temperature quite
well at both stations. However, the performances of the u-wind speed and v-wind are not as good as that of the temperature,
and underestimation of the wind speeds are found for both the u and v components.

Surface feedback processes such as land—atmosphere exchange and changes of snowpack have already coupled into the
Polar-WRF/Noah-MP and their performances have been widely validated (e.g., Justino et al., 2019; Li et al., 2022; Smith
etal.,2017). To better access the impacts of these two surface feedback processes on the reduction in snow albedo caused
by BC deposition and the corresponding changes in the surface energy balance, the modeled downward shortwave
radiation, sensible heat flux (HS) and latent heat flux (LH) are also compared with the observation data in Alaska (149.3<W,
68.6N), details of the data are described by Bret-Harte et al. (2021). The results are shown in Fig. 3., and the statistical
parameters of the observations and simulations are listed in Table S2. The simulation results agree well with the observed
downward shortwave radiation; the MB is 0.24 W m2 and the R is 0.88. The evident diurnal variations in HS and LH are also
reproduced. However, the overestimation of the HS and the underestimation of the LH were observed. These biases may result
from the inaccurate land surface characteristics (e.g., land cover and topography) used in this study and the coarse model
resolution. In summary, the Polar-WRF model reproduces the spatial-temporal evolutions of both meteorological fields and

surface heat balance components fairly well, which provides confidence for further investigations.

10



350

355

360

365

0
-1 (32) = g?f 1o

100

»
3

3

Relative humidity %

2
Relative humidity %

Alr temperature"C
Alr temperature °C
Lo

S0
40

25

04-15  04-20  04-25  04-30 0505 05-10 0515 Tis 0420 0425 0430 0505 0510 0818
Time Time

~30 - ~ - - - - | -89 | - - ” - - |
04-15 0420 0425 0430 0505 0510 05- 04-15 0420 0425 0430 0505 0510 0515
Thme

Time Time

20,
25, 00 400 1

() =& 2 == @i == @z ==

Wind speed m/s
Wind direction ®

Wind speed m/s
‘Wind direction ®
.

0- . S . e .

15 04- 25 04-30 0505 05 5-15 X - - . | 0 . g ! . !

SIS e ‘:m: el sl 00445 04-20 0425 04-30 0505 0510 0515 0415 0420 0425  04-30 0505 0510 0515 u'fus 04-20 0425 0430 0505 0510 0515
Time Time Time

Figure 2. Time series of observed and simulated three-hourly average 2-m temperature (°C), 2-m relative humidity
(%), 10-m wind speed (m s?), and 10-m wind direction (9 at the Barrow station (al-d1) and Summit station (a2-d2)

from 15 April to 15 May 2020.
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Figure 3. Time series of observed and simulated three-hourly average (a) incident solar radiation (SW) (W m), (b)
sensible heat flux (HS) (W m) and (c) latent heat flux (LH) (W m) in Alaska from 15 April to 15 May 2020. Positive

(negative) values indicate gain (loss) by the atmosphere.

3.2. Sensitivity tests

Apart from the concentration of BC in snow, there are other factors that also influence snow albedo reduction induced by
BC, including snow depth, snow density, snow effective grain radii and the vertical profile of BC in snow (Dang et al., 2015;
Dang et al., 2017; Wang et al., 2014). Fig. S3 shows the relative changes in albedo reduction for different snow depths, snow
properties and vertical profiles of BC in snow from SEN experiments. The reduction in snow albedo caused by BC is affected
by the size of snow grains in the visible band (Dang et al., 2016; Warren & Wiscombe, 1980). As shown in Fig. S3a, the
magnitude of snow albedo reduction induced by BC deposition increases with increasing snow grain radius. As snow ages, the
size of snow grains progressively increases over time (Colbeck, 1982), and this change in snow grain size has significant
implications for the effects of BC deposition within snowpack..

Similarly, the manifestation of the SDE by BC is more pronounced for old snow characterized by high snow density (Fig.
S3b). The density of snow tends to increase as it ages or undergoes various processes, such as melting and refreezing (Brun,
1989) , consequently contributing to a reduction in snow albedo. (Flanner et al., 2021; He & Ming, 2022). As shown in Fig.S3,
compared with BC in a freshly fallen snowpack (snow density of 100 kg m-%), BC in a snowpack with high density (500 kg m-
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%) can result in a maximum threefold greater reduction in snow albedo within the visible band. Snow depth has also emerged
as a pivotal factor influencing the SDE induced by BC. Deeper snowpacks contain greater amounts of BC, resulting in more
substantial impacts on albedo reduction (Fig. S3c). Fig. S3d shows the impacts of snow albedo reduction by BC using the
different vertical profiles of BC in snow. Notably, applying the BC concentration of the surface layer (top 5 cm) to the entire
snow column yields a snow albedo closely resembling that of the column-mean BC profile. These findings highlight the

importance of the BC concentration in surface layers for determining the SDE from BC deposition.

3.3 Spatial distribution of the SDE due to BC deposition

As discussed in Section 3.2, the direct albedo reduction caused by BC in snow is also influenced by factors other than the
LAP concentration (Dang et al., 2015; Dang et al., 2017; He et al., 2018). Consequently, for a given BC concentration, the
SDE resulting from BC and its impacts on the surface energy exchange process exhibit noticeable regional variations across
the Arctic (see Figs. 4-5). Fig. 4 shows the mean snow albedo reduction induced by BC deposition. There are significant
discrepancies between the results of the on-line and off-line simulations with the same mixing ratio of BC. In the case of
SNICAR-OFF (the offline coupling simulation and the surface feedback processes are not included), a BC concentration of 50
ng g* results in an average reduction of 0.0079 in broadband snow albedo across the Arctic. The most substantial impact of
the SDE is observed in Greenland and Baffin Island, where the maximum decrease in snow albedo due to BC deposition
exceeds 0.01. Conversely, for SNICAR-ON (the online coupling simulation and the surface feedback processes are included),
the SDE caused by BC is relatively weak, with the most pronounced change (>0.008) observed in Greenland and Eastern
Siberia.

Fig. 5 illustrates the impacts of the SDE induced by BC deposition on the surface energy balance. The spatial distribution
of the SDE-induced increase in daily-averaged RF closely corresponds to regions exhibiting significant reductions in snow
albedo for both SNICAR-OFF and SNICAR-ON (Fig. 5a and Fig. 5e). Changes in other heat balance components are also
consistent with SDE-induced RF. For SNICAR-OFF (Fig. 5b-d), BC deposition at 50 ng g can cause an average radiative
forcing of +1.6 W m™ with a maximum of 4.7 W m2in the Greenland region; upward longwave radiative changes are more
pronounced in Greenland and the western Arctic of Russia, with a maximum of +0.55 W m; changes in sensible heat
transported by the surface to the atmosphere are stronger in the Greenland region, with a maximum of 3.3 W m 2 and changes
in latent heat occur in the Baffin Island region, with a maximum of 2.4 W m2. For SNICAR-ON (Fig. 5f-h), the simulated BC
deposition with a concentration of 50 ng g™ can cause an average radiative forcing of +1.4 W m2 with a maximum of 4.6 W
m2in Greenland and the western Russian Arctic; the upward longwave radiative changes are more pronounced in the western
Russian Arctic, with a maximum of +0.51 W m, while negative values of -0.54 W m occur in the eastern Russian Arctic.
Sensible heat transport from the surface to the atmosphere is stronger in Greenland and the eastern Russian Arctic, with a

maximum of 3.7 W m-2, and the maximum change in latent heat is observed in Greenland, reaching a maximum of 1.7 W m2.,

(b)

0.00 200 400 6.00 800 10.00 0.00 200 4.00 6.00 800 10.00
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Figure 4. Mean snow albedo reduction (10-®) induced by BC deposition in (a) SNICAR-OFF, and (b) SNICAR-ON.

Similar spatial patterns are observed in both scenarios, with the most pronounced impacts of the SDE occurring in
Greenland and relatively weaker impacts observed in the western Russian Arctic (Fig. 6). The spatial variability in the impacts
of the SDE induced by BC is primarily attributable to regional disparities in snow conditions, as elucidated in Section 3.2. Fig.
7 presents the distributions of snow depth and snow density across various Arctic regions, revealing that regions with greater
snow depth, such as Greenland, exhibit more pronounced impacts of the SDE. Conversely, in the western Russian Arctic,
where snow depths are shallow and snow densities are low, the impacts of SDE resulting from BC deposition are comparatively
weaker. Additionally, within the SNICAR-ON simulations, substantial impacts of the SDE are observed in the eastern Russian

Arctic, attributable to the greater snow density and relatively greater snow depth prevalent in the region.

400 300 200 100 000 100 200 300 400 200 15 100 050 000 050 100 150 200 200 150 -100 05 000 050 100 150 200 200 150 100 0850 000 050 100 150 200

Figure 5. Mean change in (a) RF (W m), (b) sensible heat flux (HS) (W m), (c) latent heat flux (LH) (W m?), and
(d) surface upwelling longwave radiation (LW) (W m) induced by BC deposition from SNICAR-OFFThe same as
(e—h), respectively, except for SNICAR-ON. Positive (negative) values indicate gain (loss) by the atmosphere apart
from RF.

The snow albedo reduction induced by BC deposition is determined by a complex combination of multiple factors,
including the properties of snowpack (e.g., snow depth and snow density), the underlying surface albedo and the incoming
solar radiation (Dang et al., 2017; Flanner et al., 2021; Lin et al., 2024). In our simulation, we maintain a consistent mass
mixing ratio of BC and uniform microphysical properties of snow particles. Thus, the mass of BC in snow is directly related
to the snow depth, emerges as the primary determinant of the intensity of the SDE due to BC deposition. As discussed above,
regions characterized by deeper snow, such as Greenland, demonstrate a more pronounced impact of SDE. In general, snow
depth exhibits a nonlinear relationship with snow albedo (Flanner et al., 2021; Zhong et al., 2017). As snow depth increases,
the total optical depth of the snowpack also increases. However, when the snowpack becomes sufficiently optically thick,
photons are unable to pass through the medium without being absorbed or reflected. Consequently, beyond this threshold,

further increases in snow depth no longer have an effect on the reduction in albedo caused by BC in snow. To better understand
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the relationship between the SDE and snow depth, statistical analyses are conducted to examine the correlation between the
snow albedo reduction induced by BC and snow depth across three distinct snow conditions (deep, moderate, and shallow), as
delineated by Niu et al. (2011) (see Appendix A3).

Based on the results from SNICAR-OFF (the offline coupling simulation and the snow processes are not included), the
relationship between the snow albedo reduction caused by vertically uniform distribution of 50 ng g* BC and snow depth are
observed. Fig. 8a shows the statistical relationships between the snow albedo reduction and snow depth across various Arctic
regions under shallow, moderate, and deep snow conditions. For shallow snow (Fig. 8al), a distinct linear relationship is
evident between the reduction in snow albedo and snow depth, characterized by an R-squared value exceeding 0.85 and a
correlation coefficient below -0.9. Hence, a higher mass of BC in snow is closely correlated with a more pronounced impact
of the SDE when the snow depth is shallow. For moderate snow (Fig. 8a2), a weak linear relationship is observed between the
reduction in snow albedo and snow depth, yielding a correlation coefficient of approximately 0.5 and an R-squared value of
approximately 0.4. For deep snow condition (Fig. 8a3), the snow albedo reduction induced by BC and the impacts of SDE
reach maximum levels.

Similar statistical relationships between the RF due to BC deposition and snow depth are also found, as shown in Fig. 8b.
For shallow snow conditions (Fig. 8b1), a distinct linear relationship is evident between the RF and snow depth, characterized
by an R-squared value exceeding 0.7 and a correlation coefficient greater than 0.85. However, as snow depth increases (Fig.
8b1-b2), the linear relationships weaken, with significantly smaller correlation coefficients (<0.4). These findings suggest that
snow depth plays a key role in evaluating the mass of BC on the SDE. Particularly during melting periods, the SDE caused by

BC deposition may vary as the snow melts, warranting further investigation.
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Figure 6. Snow albedo reduction and RF induced by BC in snow from SNICAR-OFF (al-a2) and SNICAR-ON (b1-

b2) across different Arctic regions.
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3.4 Temporal Evolution of the SDE caused by BC Deposition

As discussed above, the impacts of the SDE can be affected by changes in snowpack properties through two primary
mechanisms. First, this study assumed that the distribution of BC was uniform throughout the snowpack, indicating that deeper
layers of snow contained higher concentrations of BC particles. The overall mass of BC present in snow can influence the
modeling effects of the SDE. In addition, as snow ages and begins to melt, the effects of the SDE induced by BC increase due
to the reduced snow albedo (He & Ming, 2022). To analyze the impact of the evolution of snow on the SDE, this study
categorized snow into three types on the basis of snow depth and investigated the related changes on the SDE as snow ages
and melts. The three snow conditions are determined on the basis of the total snow depth (hs,,): shallow (0.025m < hy,, <
0.25m), moderate (0.25m < hg,, < 0.45m) and deep (h,, = 0.45m). The detailed information is shown in Appendix A3.
Based on SNICAR-ON simulation results (include the snow processes), the temporal evolution of the SDE caused by a fixed
50 ng gt BC has been studied. Fig. 9 illustrates the temporal evolution of changes in the surface energy balance induced by
BC deposition. Apparent diurnal variations can be found in all changes in the surface heat balance components. As shown in
Eq.6, the RF resulting from BC deposition is strongly dependent on the incoming solar radiation. In general, solar radiation
exhibits distinct diurnal and seasonal variations, which can significantly influence the RF attributed to BC deposition.
Consequently, these variations can affect the impacts of the SDE on the surface energy exchange process in the Arctic. Fig.
9a shows the temporal evolution of the RF induced by BC. Noticeable diurnal variations in RF are evident and the most
pronounced influence of the SDE occurs at the peak sun elevation (Fig. 10a).

The temporal trends of the impacts of the SDE due to BC deposition under different snow conditions are also shown in
Fig. 9 and Fig. 10b. At the beginning of the simulation, the impacts of the SDE are relatively weak due to the lower solar
radiation (Fig. 10a) and the freshness of the snowpack. As the snow ages and incident solar radiation increases, the impacts of
SDE caused by BC have also increase. However, as the snow melts and snow depths decrease, a gradual decrease in snow
albedo caused by BC is observed for moderate and shallow snowpacks, resulting in a weakened SDE. Conversely, in the case
of a deep snowpack, the snow depth remains sufficiently deep throughout the melting period. A decrease in snow depth has
little impacts on the albedo reduction. Moreover, BC-induced changes in snow albedo are augmented as snow ages (Fig. 10b).

The increased absorption of incident solar radiation by BC deposition alters the surface heat balance components through
various mechanisms. Fig. 11a and Fig. 11bdepict the changes in surface temperature and snow melt induced by BC deposition
respectively. These changes can directly influence the surface energy balance. For the HS (Fig. 9b), a similar diurnal variation
pattern to that of the RF is observed. As illustrated in Eq.2, the HS is governed primarily by the temperature difference between
the surface and the atmosphere. With decreasing in snow albedo, the surface absorbs more solar radiation leading to an increase
in surface temperature (Fig. 11a), and consequently enhancing the HS towards the atmosphere. The LH is influenced by both
temperature and humidity differences between the surface and atmosphere (Eq.3). Thus, the change in the LH induced by the
SDE is influenced not only by the increase in surface temperature but also by the process of snow melting. The diurnal variation
in the LH (Fig. 9c) also coincides with RF, exhibiting relatively low values. However, as the snow melts faster (Fig. 11b) and
surface runoff increases, the change in the LH may gradually increase over a longer time scale. (Lau et al., 2018). The LW is
directly related to the increase in surface temperature. However, due to the high specific heat capacity of snow, the increase in

surface temperature caused by BC deposition on snow cover is minimal. Therefore, the LW change is negligible (Fig. 9d).
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Figure 7. Distribution of (a) snow depth (m) and (b) snow density (kg m=) across different Arctic regions.

In addition to the surface variables, the impacts of SDE by BC deposition can also influence the near-surface air through

land-atmosphere interactions. Fig. 11c and Fig. 11d illustrate the changes in 2-m temperature and 2-m specific humidity

induced by BC deposition respectively. At the onset of the simulation, the 2-m temperature exhibits minimal change until

approximately a week into the simulation. As the energy exchange between the surface and the near-surface air progresses,

the air temperature gradually increases. A similar pattern is observed for the 2-m specific humidity. Near-surface humidity can

be directly influenced by snowmelt. Initially, snowmelt remains unchanged (Fig. 11b). However, as the snow albedo decreases

and more solar radiation penetrates the surface, the internal energy and liquid content of the snowpack increase. When the

liquid water fraction of the snowpack exceeds the maximum allowable snowpack liquid mass fraction, water fluxes out of the

snowpack, accelerating the rate of snowmelt (He et al., 2023), and leading to an increase in the near-surface specific humidity.

g
Y
=
3
2
S r=-0.96 =
-1.2 R-square=0.93
-1.4
0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225 0.250 0.250 0375 0300 0325 0350 0375 0.400 0.425 0.450
Snow dpeth (m)) Snow dpeth (m)) 0.6 0.8 1.0 1.2 1.4
4.0 4.0 4.0
35 (bl) 35 35
30 r=0.86 10 ke
Fas 25 s
g g £
20 z20 220
215k Z1s 215
g - B Z 15
1.0 42 1.0 3 1.0
0.5 0.5{% 05
0.0 0.0
0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225 0.250 0.250 0.275 0.300 0.325 0.350 0375 0.400 0.425 0.450 00

Snow dpeth (m))

Snow dpeth (m))

0.6 0.8 L0

Snow dpeth (m))

1.2

Figure 8. Relationship between (al-a3) the snow albedo reduction (%) induced by BC deposition and snow depth (m)
505 and between (b1-b3) the RF (W m?) and snow depth (m)

16



10 5
(a) E—— (b) o —
k4| —— Moderate snow —— Moderate snow

—=—Shallow snow —=—Shallow snow

o
2

RF W/m"-2
AHS W/m*-;

e i
1t ok Eypeyiiple

o LI I ! 0 A WARNT WIS TNV TR VR WY Y TS TR N TR N
04-15 IH 18 04-21 04-24 04-27 04-30 05-03 05-06 05-09 05-12 04-15 04-18 04-21 04-24 04-27 04-30 05-03 05-06 05-09 05-12
Time Time

5 s
(C) —+— Deep snow (d) —— Deep snow
—— Moderate snow

= Moderate snow

—=— Shallow snow

=== Shallow snow

w

ALH W/m*-2
ALW W/m*-2

~
™

M WNTY A VOO o) v
be24 0827 0E30 03 0506 0K osiz
Time

Figure 9. Averaged three-hour on-line simulation results of the change in the (a) RF (W m) (b) sensible heat flux (HS)
510 (W m?) (c) latent heat flux (LH) (W m-) (d) surface upwelling longwave radiation (LW) (W m2) induced by BC

deposition in different snow layers. Positive (negative) values indicate gain (loss) by the atmosphere apart from RF.

500 0.0300

(a) —=<— Deep snow 0.0275 (b) —<— Deep snow
450 —— Moderate snow o —— Moderate snow
400 —— Shallow snow 0.0250 —— Shallow snow
0.0225
~350 '
:,' I I s [ ] 1 ;‘ ‘ 1 0.0200
I ' i A4t '
§3oo | FE b i [l hid | II,I'I 0.0175
z ) H N o [ ! g '
> 250 |1 ‘ I“"I 1‘ ’ "u IH’,H‘ 11111 R
o i el L bk & 12 H | i
%zoox WELEEE [ 1 0.0125
8 il {‘M il
E 5o} \" ‘” | { | (IR
AT I ‘ |I 0.0075
“'
H.”E*ll l“"“l” { 0.0050
1R R O Bk O i
S011pifi it E H L 000
L] ‘ *
Oﬁ »o\“{? ixlx’i tHE““ . 0,000
04-15 0420 04-25 04-30  05-05 0510 T704-15 0420 0425 04-30  05-05  05-10
Time Time
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515 reduction induced by BC deposition in different snow layers.

As discussed above, the SDE resulting from BC is closely associated with snow depth. The average changes in surface
energy under various snow conditions are listed in Table 2. Notably, regions with deep snow experience more significant
impacts from the SDE due to BC deposition, despite not necessarily receiving the highest levels of incident solar radiation

520 (Fig. 10a). This can be explained by the duration of the SDE, as depicted in Fig. 10b. The snow albedo reduction induced by
BC deposition remains relatively high throughout the simulation in deep snow regions. Conversely, in shallow and moderate
snow regions, the snow albedo reduction resulting from BC gradually decreases as snow melts until it is completely melted.
For a given column-mean BC concentration in snow, the impacts of SDE are approximately 25-41% greater in deep snow-

covered areas than in shallow snow-covered areas, leading to a 19-40% increase in snowmelt. These findings underscore the
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importance of addressing BC deposition in regions characterized by deep snow (e.g., Greenland), as deep snow may have a

more pronounced impact on surface energy exchange.

Table 2. Average changes in heat balance components (W m -2); surface skin temperature, TSK (K); 2m air temperature,
T2 (K); and snow melt (mm d?) in different snow layer regions. SW, LW, LH, and HS represent incoming solar
radiation, longwave radiation, latent heat flux, and sensible heat flux, respectively. Positive (negative)values indicate

gain (loss) by atmosphere. The Hm is computed as the residue of all heat balance components.

Deep snow Moderate snow Shallow snow
Snow albedo -0.0089 -0.0057 -0.0021
RF (W m?) -1.64 1.21 0.97
LW (W m?) 0.15 0.16 0.11
HS (W m?) 0.61 0.43 0.38
LH (W m?) 0.46 0.30 0.26
Hm (W m?) 0.42 0.32 0.22
TSK (K) 0.078 0.061 0.047
T2 (K) 0.064 0.046 0.031
Snow melt (mm d?) 0.072 0.058 0.033

3.5 Differences in physical mechanisms between off-line and on-line methods

The impacts of the BC-induced SDE on the Arctic surface and near-surface air from both the off-line and on-line
experiments are summarized in Table 3. The impacts of SDE by BC are greater for SNICAR-OFF than for SNICAR-ON. The
disparities between the off-line and on-line simulations can be attributed to their distinct physical mechanisms. As described
in Table 1, the off-line experiment (SNICAR-OFF) does not incorporate surface and atmospheric processes related to the
impacts of the SDE on the surface energy balance. In contrast, all relevant processes are included in the on-line experiment
(SNICAR-ON), making its mechanisms more comprehensive and closer to real-world conditions. Consequently, the disparities

observed in their outcomes serve to elucidate the significance of these associated processes.

Table 3. Average changes in heat balance components (W m 2); surface skin temperature, TSK (K); and snow melt
(mm d?) during the simulation period. SW, LW, LH, and HS represent incoming solar radiation, longwave radiation,
latent heat flux, and sensible heat flux, respectively. Positive (negative)values indicate gain (loss) by atmosphere. The

Hm is computed as the residue of all heat balance components.

SNICAR-ON SNICAR-OFF
Snow albedo -0.0068 -0.0079
RF (W m-?) 1.4 -16
LW (W m-2) 0.14 0.16
HS (W m-2) 0.48 0.55
LH (W m-?) 0.34 0.38
Hm (W m-2) -0.44 -0.51
TSK (K) 0.067 0.071
Snow melt (mm d?) 0.069 0.078

As previously emphasized, snowpack conditions, especially snow depth play a key role in BC-induced albedo reduction.
In Sections 3.2 and 3.3, an evident correlation between the impacts of SDE by BC and snow depth was established. Fig. 12
provides a typical example comparing the disparity in snow albedo reduction due to BC between the off-line and on-line
simulations. According to the SNICAR-ON simulations (the snow processes are included), the impacts of SDE by BC vary
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with snowfall and snowmelt processes. For instance, at the beginning (April 15-20), as the snow depth decreases due to
snowmelt, the impact of the SDE due to BC deposition weakens. However, with subsequent snowfall (April 21-April 23), the
impacts of the SDE are enhanced due to the increase in snow depth. In contrast, the modeled snow albedo reduction by BC of
the SNICAR-OFF(the snow processes are not included) is not influenced by changes in snow conditions. Therefore, the
reduction of snow albedo remains constant in response to incident solar radiation. As a result, the decrease in modeled snow
albedo caused by BC in SNICAR-OFF is approximately 16.2% greater than that by SNICAR-ON on average, leading to

stronger modeled impacts of the SDE.

0.50 0.50
45

L@ = ) =TT

ATSK (K)

ASWE (mm)

Time

Figure 11. Averaged three-hour on-line simulation results of the changes (a) surface temperature (K) (b) snow melt
(mm h?) (c) 2-m air temperature (K) and (d) 2-m specific humidity (g kg™*) induced by BC deposition in different snow

layers.

Land-atmosphere interactions are another crucial process affecting the modeled impacts of the SDE induced by BC. The
changes in surface energy balance induced by BC are not only influenced by surface variables but also controlled by near-
surface air conditions. Fig. 13 illustrates the impacts of land-atmosphere interactions on the modeled changes in surface energy
balance. As defined in Eq.2, sensible heat, the transfer of heat from the surface to the atmosphere without any phase change,
is dependent on the temperature difference between the surface and near-surface air. Fig. 13a shows the temperature difference
between the surface and the near-surface air from SNICAR-ON (in black line, the land-atmosphere interactions are included)
and SNICAR-OFF (in green line, the land-atmosphere interactions are not included). Initially, there is no apparent difference
between SNICAR-ON and SNICAR-OFF. However, as the energy exchange process between the surface and the near-surface
air progresses, the air temperature also increases (Fig. 11c), thereby reducing the transfer of sensible heat from the surface to
the atmosphere due to the smaller temperature differences between the surface and the air. Hence, the modeled changes in the
HS from SNICAR-OFF are 12.3-57.7% greater than those from SNICAR-ON during the simulation period.
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Figure 12. (a) Averaged three-hour simulation results of the snow albedo reduction by BC deposition and (b) snow
depth change during the period.

A similar phenomenon has also been observed in the modeled LH changes. According to Eq.3, the surface latent heat
flux is controlled by the specific humidity differences between the surface and the near-surface air. Excluding the effect of
changes in temperature discussed above, the specific humidity in the near-surface air is closely related to snowmelt. Fig. 13b
depicts specific humidity differences between the surface and near-surface air from SNICAR-ON (black line) and SNICAR-
OFF (green line). When BC is deposited on the snow surface and reduces its albedo, the snow absorbs more solar radiation,
leading to accelerated snowmelt (Kang et al., 2020), An increase in snowmelt (Fig. 11d) can increase the near-surface specific
humidity, consequently resulting in lower changes in latent heat flux. Therefore, the modeled LH changes from SNICAR-OFF
are 8.7-51.4% greater than those from SNICAR-ON during the simulation period.

In summary, the differences in the modeled impacts of the SDE by the same BC concentrations in snow between the on-
line and off-line simulations can be explained by two main processes: snowmelt and land-atmosphere interactions. Fig. 14
shows how the two processes affect the impacts of SDE due to BC deposition. As discussed above, the off-line simulation
tends to overestimate the impacts of the SDE, by up to more than 50% sometimes due to the lack of relevant processes.
Therefore, it is crucial to consider all relevant atmospheric and surface processes to accurately estimate the impacts of SDE by

BC, particularly its effects on the surface energy balance.

4. Conclusions

By comparing off-line and on-line coupled simulations between Polar-WRF and SNICAR, this study investigated the
critical mechanisms and key factors influencing changes in surface heat transfer considering the impacts of the SDE induced
by BC deposition in the Arctic. First, the performances of the modeled meteorological fields and surface energy balance were
validated by comparing them with in-situ and ground-based observation data. The simulation results generally captured the
values and variation trends of the observation data. To test the sensitivity of the SNICAR model and explore the factors
influencing the impacts of the SDE at given BC concentrations, several sensitivity tests were conducted. The results indicated
that snowpack properties, such as snow depth, snow density, and the snow grains size, can affect snow albedo reduction caused
by BC. Moreover, similar spatial distribution characteristics of impacts of the SDE induced by BC from off-line and on-line
coupling simulations were found, with more pronounced impacts observed in regions with greater snow depth and density,
such as Greenland and Eastern Siberia. In SNICAR-OFF, a clear relationship between snow depth and snow albedo reduction
by BC was also observed and discussed. Additionally, the temporal evolutions of SDE impacts on both surface and near-
surface air as snow melts and ages was investigated by SNICAR-ON. Finally, based on the above findings, two main physical

mechanisms affecting the impacts of the SDE on surface energy balances were highlighted by comparing the results from
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online and offline coupled simulations, aiming to provide valuable suggestions for accurately assessing the impacts of the SDE

by deposition in the Arctic. The four main conclusions are summarized as follows:

1.

The simulation results indicate that BC deposition can directly affect the surface energy balance by decreasing snow
albedo and its corresponding daily-averaged RF. On average, BC deposition at 50 ng g* can cause RF values of 1.6 W
m2 and 1.4 W m2according to the SNICAR-OFF and SNICAR-ON configuration, respectively. Similar spatial patterns
are observed in both simulations, with the most pronounced impacts of the SDE occurring in Greenland and relatively
weaker impacts observed in the western Russian Arctic. The RF resulting from BC deposition can reach greater 4 W m
and is primarily found in Greenland, Baffin Island, and East Siberia, regions characterized by deep snow depths and high
snow densities.

The impacts of the SDE due to BC are strongly influenced by snow depth. In SNICAR-OFF, when the snow depth is
shallow, a clear linear relationship with a correlation coefficient exceeding 0.9 and an R-squared value greater than 0.85
between the snow depth and the reduction in snow albedo has been observed. As snow depth increases, the snow albedo
reduction induced by BC and the impacts of the SDE gradually increase until reaching maximum values when the
snowpack becomes sufficiently optically thick.

Apparent diurnal variations can be found in all changes in the surface heat balance components: in SNICAR-ON, the
impacts of the SDE increases as the incident solar radiation increases, and the most pronounced influences occur at the
peak sun elevation. The impacts of the SDE tend to increase as snow ages and decrease as snow melts. Regions with deep
snowpack, such as Greenland, tend to exhibit greater sensitivity to BC deposition due to the higher mass of BC in snow
and the longer duration of the SDE. For a given column-mean BC concentration in snow, the impacts of the SDE are
approximately 25-41% greater in deep snow-covered areas than in shallow snow-covered areas, leading to a 19-40%
increase in snowmelt in SNICAR-ON.

Compared to the offline coupling simulation, snowmelt and land-atmosphere interactions have significant impacts on
assessing changes in the surface energy balance caused by BC deposition. The impacts of the SDE due to BC deposition
diminish gradually as snow melts. On average, the decrease in snow depth due to snow melt can offset 16.2% of decrease
in snow albedo caused by BC, and this decrease can reach more than 50% during periods of accelerated snowmelt. Near-
surface air temperature and specific humidity can also be influenced by BC deposition through land-atmosphere
interactions, and changes in near-surface air meteorological factors can reduce the HS by 12.3-57.7% changes in HS and
the LH by 8.7-51.4%.

LRI

—— airsurface process —— airsurface process
(a) ~— No air-surface process (b) —— No airsurface process

00

L

Time

Figure 13. Differences between the (a) temperature (K) and (b) specific humidity (g kg) of the surface and air during

the air-surface exchange process (black line) and without the air-surface process (green line)

There are several uncertainties and limitations in this study. For instance, the evolution of snow effective grain size is not

considered, although it may significantly influence snow reduction (Dang et al., 2015; Flanner et al., 2021). Additionally, BC
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can accumulate on snow surfaces during melt amplification due to its insolubility (Doherty et al., 2010; Forsstrdm et al., 2013).
The accumulation of BC in snow can also affect the SDE. Moreover, earlier snow melting resulting from the SDE induced by
BC deposition may alter atmospheric circulation and the cloud fraction, leading to significant changes in Arctic climate (Jiang
et al., 2016; Lau et al., 2018). Clouds also play an important role in assessing the SDE, such as their radiative effects and
impact on snowfall. However, studying clouds in the Arctic presents several challenges (AMAP, 2021; Huang et al., 2010).
This research primarily emphasizes surface feedback processes while overlooking the role of clouds. These areas warrant
further research to better understand their implications for Arctic climate dynamics.

Overall, this study emphasizes the importance of considering all relevant atmospheric and surface processes, especially
the processes of snow melting and land-atmosphere interactions, to accurately estimate the impacts of the SDE on surface
energy exchange. In addition, understanding the temporal evolution of the SDE is also crucial for comprehending how BC
deposition affects surface energy exchange in the Arctic. Previous studies have predominantly estimated the impacts of the
SDE on the Arctic by calculating the average RF due to BC deposition (Chen et al., 2022; Dang et al., 2017; Dou et al., 2012),
which may not fully capture the impacts of the SDE from BC deposition on Arctic climate change. Therefore, future research
should prioritize high-resolution modeling studies that incorporate detailed physical processes to enhance our understanding

of the impacts of the SDE on Arctic climate change.
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Figure 14. Conceptual diagram of SDE due to BC deposition on the surface energy exchange process: (a) off-line (b)

on-line

Appendix
Al. CLASS scheme

In CLASS, the snow albedo is calculated as follows:
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min(Qgpowdt, swep,) X (0.84 — SNOALB,,;) (AL)

SWepmy

SNOALB = SNOALB.,, +

where SNOALB is the snow albedo, SNOALBY,, is the snow albedo before snowfall, swe,,,,, =1 mm is the critical value
of the new snow water equivalent, which is assumed to fully cover the old snow the Q,,,,, is the snowfall rate (mm s), and
dt is the time step.

The snow albedo is assumed to be no less than 0.55. The process of determining the now age is expressed by an

exponential function of the modeling time step:

—0.01d¢ (A2)

SNOALBE,; = 0.55 + SNOALBL;} — 0.55) X exp ( )

3600
where SNOALBL;} is the snow albedo before snowfall at the last time step.

A2. BATS scheme

In BATS, the snow albedos of diffuse and direct radiation are different. For fresh snow, the snow albedo is 0.95 for the
visible band and 0.65 for near-infrared band. They are calculated as follows:
SNOALBg;; = 0.95(1 — 0.24,) (A3)
SNOALBg;, = 0.65(1 — 0.54,) (A4)
where SNOALBy;; and SNOALBg;, are the snow albedos of diffuse radiation for the visible band and the near-infrared
band respectively. A, is a factor of snow aging.
For direct radiation:
SNOALBsy; = SNOALBg;, + 0.4Z,(1 — SNOALBg;;) (A5)
SNOALBg;, = SNOALBg;, + 0.4Z,(1 — SNOALBg;;) (AB)
where SNOALB,4, and SNOALB,, are the snow albedos of direct radiation for the visible band and for the near-infrared
band, respectively. Z.. is a factor of the solar zenith angle.
Z . is defined as follows:

7 - 1.5 3 (A7)
€ 14 cosZ
Where Z is solar zenith angle.

The process of snow age determination is described as follows:

Ts (A8
A, =——
¢ 141
ey max(0, Aswe) (A9)
s SWep,
At = (11 + T, + 73)107%dt (A10)
= 5000( ! ! )
e = TFRZ TG
7, = exp(arg) (A11)
T, = min(1, exp(10arg))
T3 == 0.3

where TFRZ is the freezing temperature set to 273.16 Kin Noah-MP, TG is the ground temperature (K), and Aswe is the

difference in snow water equivalents between the current time step and the previous time step.

A3. Snow Layers in Noah-MP

Based on the total snow depth (h,,), the snowpack can be divided into as many as three layers. The detailed descriptions
are shown in Yang and Niu (2003). When hg,,, is less than 0.045 m, there is no snow layer. When hg,, > 0.025 m, and less

than 0.05 m, only one snow layer is created, and its thickness (Az,) is equal to hg,,. When hg,,.> 0.05 m, two snow layers
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are created and their thicknesses are equal. When hg,,,> 0.01 m, the two-layer thicknesses are: 0.05 m and hg,,-0.05 m

respectively. When hy,,> 0.15 m, a third layer is created; the three-layer thicknesses are: Az_, =0.05 m, and Az_; = Az, =

695 @ m; and when hg,, >0.45 m, the layer thicknesses for the three snow layers are: Az_, =0.05 m, Az_; =0.2 m, and
Azy = hgpp-0.25 m.
Based on the snow layers in Noah-MP and the snowpack depths, three snow conditions are determined: shallow
(0.025m < hg,, < 0.25m), moderate (0.25m < hg,, < 0.45m) and deep (hy,, = 0.45m). The three snow conditions are
used to analyze the relationships between the total mass of BC in snow and its impact on SDE in Section 3.3 and 3.4.
700

A4. List of abbreviations

Abbreviation Definition

BC Black Carbon

SDE Snow darkening effect

Polar-WRF Polar-optimized version of the Weather Research and

Forecasting model
SNICAR Snow, Ice, Aerosol, and Radiation (SNICAR) model, in this
study, the SNICAR was coupled in Polar-WRF/Noah-MP as

a snow albedo parameterization to investigate the SDE by

BC.
RF Radiative Forcing
LSM Land surfacing model
Noah LSM A land surface model that simulates the interactions between

the land and atmosphere. It has already been coupled with
WREF as a land surface scheme. In Polar-WRF, the Noah-MP
has been optimized for polar regions.

Noah-MP The community Noah land surface model with multiple
parameterization options. It is based on the Noah LSM
developed by Niu et al. (3011). It has already been coupled
with WRF as a land surface scheme. In Polar-WRF, the
Noah-MP has been optimized for polar regions.

CLASS The Canadian Land Surface Scheme snow albedo
parameterization in Noah-MP

BATS The Biosphere—Atmosphere Transfer Scheme snow albedo

parameterization in Noah-MP
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Code availability. The code of Polar-WRF can get from the https://polarmet.osu.edu/PWRF/registration.php, the SNICAR
source can download in https://github.com/mflanner/SNICARV3, Polar-WRF/Noah-MP coupled with SNICAR code is
available at https://github.com/ZhangZiL u0831/PWRF_NoahMP_SNICAR.

24


https://polarmet.osu.edu/PWRF/registration.php
https://github.com/mflanner/SNICARv3
https://github.com/ZhangZiLu0831/PWRF_NoahMP_SNICAR

710

715

720

725

730

735

740

745

Competing interests. The authors declare that they have no conflict of interest.

Financial support. This paper is supported by the National Key Research and Development Program (Grant nos.
2022YFC2807203,2022YFB2302701).

Acknowledgements. The simulations conducted in this study were supported by the National Key Scientific and Technological
Infrastructure project “Earth System Numerical Simulation Facility” (Earth Lab). We also thank Cenlin He (NACR) and
Jinming Feng (CAS, IAP) for their help with code.

References

Abolafia-Rosenzweig, R., He, C., McKenzie Skiles, S., Chen, F., & Gochis, D. Evaluation and Optimization of Snow Albedo
Scheme in Noah-MP Land Surface Model Using In Situ Spectral Observations in the Colorado Rockies. Journal of
Advances in Modeling Earth Systems, 14(10), e2022MS003141. €0i:10.1029/2022MS003141,2022

AMAP. AMAP Assessment 2015: Black carbon and ozone as Arctic climate forcers. Arctic Monitoring and Assessment
Programme (AMAP). Oslo, Norway.2015

AMAP. Impacts of Short-lived Climate Forcers on Arctic Climate, Air Quality, and Human Health. Summary for Policy-
makers. Arctic Monitoring and Assessment Programme (AMAP), Tromsg Norway.2021

Arteaga, D., Planche, C., Tridon, F., Dupuy, R., Baudoux, A., Banson, S., Baray, J.-L., et al. Arctic mixed-phase clouds
simulated by the WRF model: Comparisons with ACLOUD radar and in situ airborne observations and sensitivity of
microphysics properties. Atmospheric Research, 307, 107471. €o0i:10.1016/j.atmosres.2024.107471,2024

Barry, R. G., Serreze, M. C., Maslanik, J. A., & Preller, R. H. The Arctic Sea Ice-Climate System: Observations and modeling.
Reviews of Geophysics, 31(4), 397-422. €0i:10.1029/93RG01998,1993

Bintanja, R., van der Linden, E. C., & Hazeleger, W. Boundary layer stability and Arctic climate change: a feedback study
using EC-Earth. Climate Dynamics, 39(11), 2659-2673. €0i:10.1007/s00382-011-1272-1,2012

Bokhorst, S., Pedersen, S. H., Brucker, L., Anisimov, O., Bjerke, J. W., Brown, R. D., Ehrich, D., et al. Changing Arctic show
cover: A review of recent developments and assessment of future needs for observations, modelling, and impacts. Ambio,
45(5), 516-537. €0i:10.1007/s13280-016-0770-0,2016

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., Flanner, M. G., et al. Bounding the
role of black carbon in the climate system: A scientific assessment. Journal of Geophysical Research: Atmospheres,
118(11), 5380-5552. €0i:10.1002/jgrd.50171,2013

Bret-Harte, S., Euskirchen, E., & Edgar, C. Terrestrial carbon, water and energy fluxes measured by eddy covariance, and
associated biomet variables, at three adjacent tundra ecosystems at Imnavait Creek, Alaska,
2020. d0i:10.18739/A27027983,2021

Bromwich, D. H., Hines, K. M., & Bali, L.-S. Development and testing of Polar Weather Research and Forecasting model: 2.
Acrctic Ocean. Journal of Geophysical Research: Atmospheres, 114(D8). €0i:10.1029/2008JD010300,2009

Bromwich, D. H., Otieno, F. O., Hines, K. M., Manning, K. W., & Shilo, E. Comprehensive evaluation of polar weather
research and forecasting model performance in the Antarctic. Journal of Geophysical Research: Atmospheres, 118(2),
274-292. €0i:10.1029/2012JD018139,2013

Brun, E. Investigation on Wet-Snow Metamorphism in Respect of Liquid-Water Content. Annals of Glaciology, 13, 22-
26. €0i:10.3189/S0260305500007576,1989

Brutsaert, W. A. Evaporation Into the Atmosphere. D. Reidel, Dordrecht, . Netherlands. 299.1982

Chen, F., Janji¢, Z., & Mitchell, K. Impact of Atmospheric Surface-layer Parameterizations in the new Land-surface Scheme
of the NCEP Mesoscale Eta Model. Boundary-Layer Meteorology, 85(3), 391-421. €0i:10.1023/A:1000531001463,1997

25



750

755

760

765

770

775

780

785

790

Chen, X., Kang, S., Yang, J., & Ji, Z. Investigation of black carbon climate effects in the Arctic in winter and spring. Sci Total
Environ, 751, 142145. €0i:10.1016/j.scitotenv.2020.142145,2021

Chen, Y., Li, X., Xing, Y., Yan, S., Wu, D., Shi, T., Cui, J., Zhang, X., & Niu, X. Historical Changes of Black Carbon in Snow
and Its Radiative Forcing in CMIP6 Models. Atmosphere, 13(11). €0i:10.3390/atmos13111774,2022

Cho, H., Jun, S.-Y., Ho, C.-H., & McFarquhar, G. Simulations of Winter Arctic Clouds and Associated Radiation Fluxes Using
Different Cloud Microphysics Schemes in the Polar WRF: Comparisons With CloudSat, CALIPSO, and CERES. Journal
of Geophysical Research: Atmospheres, 125(2), e2019JD031413. €0i:10.1029/2019JD031413,2020

Clarke, A. D., & Noone, K. J. Soot in the Arctic snowpack: a cause for perturbations in radiative transfer. Atmospheric
Environment (1967), 19(12), 2045-2053. €0i:10.1016/0004-6981(85)90113-1,1985

Colbeck, S. C. An overview of seasonal snow metamorphism. Reviews of Geophysics, 20(1), 45-
61. €0i:10.1029/RG020i001p00045,1982

Dada, L., Angot, H., Beck, I., Baccarini, A., Quelever, L. L. J., Boyer, M., Laurila, T., et al. A central arctic extreme aerosol
event triggered by a warm air-mass intrusion. Nat Commun, 13(1), 5290. €0i:10.1038/s41467-022-32872-2,2022

Dang, C., Brandt, R. E., & Warren, S. G. Parameterizations for narrowband and broadband albedo of pure snow and snow
containing mineral dust and black carbon. Journal of Geophysical Research: Atmospheres, 120(11), 5446-
5468. d0i:10.1002/2014JD022646,2015

Dang, C., Fu, Q., & Warren, S. G. Effect of Snow Grain Shape on Snow Albedo. Journal of the Atmospheric Sciences, 73(9),
3573-3583. €0i:10.1175/JAS-D-15-0276.1,2016

Dang, C., Warren, S. G, Fu, Q., Doherty, S. J., Sturm, M., & Su, J. Measurements of light-absorbing particles in snow across
the Arctic, North America, and China: Effects on surface albedo. Journal of Geophysical Research: Atmospheres,
122(19). €0i:10.1002/2017jd027070,2017

Doherty, S. J., Grenfell, T. C., Forsstrém, S., Hegg, D. L., Brandt, R. E., & Warren, S. G. Observed vertical redistribution of
black carbon and other insoluble light-absorbing particles in melting snow. Journal of Geophysical Research:
Atmospheres, 118(11), 5553-5569. €0i:10.1002/jgrd.50235,2013

Doherty, S. J., Warren, S. G., Grenfell, T. C., Clarke, A. D., & Brandt, R. E. Light-absorbing impurities in Arctic snow.
Atmospheric Chemistry and Physics, 10(23), 11647-11680. €0i:10.5194/acp-10-11647-2010,2010

Dou, T.-F., & Xiao, C.-D. An overview of black carbon deposition and its radiative forcing over the Arctic. Advances in
Climate Change Research, 7(3), 115-122. €0i:10.1016/j.accre.2016.10.003,2016

Dou, T., Du, Z., Li, S., Zhang, Y., Zhang, Q., Hao, M., Li, C., et al. Brief communication: An alternative method for estimating
the scavenging efficiency of black carbon by meltwater over sea ice. The Cryosphere, 13(12), 3309-3316. €0i:10.5194/tc-
13-3309-2019,2019

Dou, T., Xiao, C., Shindell, D. T., Liu, J., Eleftheriadis, K., Ming, J., & Qin, D. The distribution of snow black carbon observed
in the Arctic and compared to the GISS-PUCCINI model. Atmospheric Chemistry and Physics, 12(17), 7995-
8007. d0i:10.5194/acp-12-7995-2012,2012

Ek, M. B., Mitchell, K. E., Lin, Y., Rogers, E., Grunmann, P., Koren, V., Gayno, G., & Tarpley, J. D. Implementation of Noah
land surface model advances in the National Centers for Environmental Prediction operational mesoscale Eta model.
Journal of Geophysical Research: Atmospheres, 108(D22). €0i:10.1029/2002JD003296,2003

Flanner, M. G. Arctic climate sensitivity to local black carbon. Journal of Geophysical Research: Atmospheres, 118(4), 1840-
1851. €0i:10.1002/jgrd.50176,2013

Flanner, M. G., Arnheim, J. B., Cook, J. M., Dang, C., He, C., Huang, X., Singh, D., et al. SNICAR-ADv3: a community tool
for modeling spectral snow albedo. Geoscientific Model Development, 14(12), 7673-7704. €0i:10.5194/gmd-14-7673-
2021,2021

26



795

800

805

810

815

820

825

830

Flanner, M. G., Liu, X., Zhou, C., Penner, J. E., & Jiao, C. Enhanced solar energy absorption by internally-mixed black carbon
in snow grains. Atmos. Chem. Phys., 12(10), 4699-4721. €0i:10.5194/acp-12-4699-2012,2012a

Flanner, M. G., Liu, X., Zhou, C., Penner, J. E., & Jiao, C. Enhanced solar energy absorption by internally-mixed black carbon
in snow grains. Atmospheric Chemistry and Physics, 12(10), 4699-4721. €o0i:10.5194/acp-12-4699-2012,2012b

Flanner, M. G., & Zender, C. S. Snowpack radiative heating: Influence on Tibetan Plateau climate. Geophysical Research
Letters, 32(6). €0i:10.1029/2004GL022076,2005

Flanner, M. G., Zender, C. S., Randerson, J. T., & Rasch, P. J. Present-day climate forcing and response from black carbon in
snow. Journal of Geophysical Research, 112(D11). €0i:10.1029/2006jd008003,2007

Forsstrdm, S., Isaksson, E., Skeie, R. B., Strdm, J., Pedersen, C. A., Hudson, S. R., Berntsen, T. K., et al. Elemental carbon
measurements in European Arctic snow packs. Journal of Geophysical Research: Atmospheres, 118(24), 13,614-
613,627. €0i:10.1002/2013jd019886,2013

Garratt, J. R. The atmospheric boundary layer. Cambridge University Press. Cambridge, England.,1992

Guo, H., & Yang, Y. Spring snow-albedo feedback from satellite observation, reanalysis and model simulations over the
Northern Hemisphere. Science China Earth Sciences, 65(8), 1463-1476. €0i:10.1007/s11430-021-9913-1,2022

Hall, A., & Qu, X. Using the current seasonal cycle to constrain snow albedo feedback in future climate change. Geophysical
Research Letters, 33(3). €0i:10.1029/2005GL025127,2006

Hansen, J., & Nazarenko, L. Soot climate forcing via snow and ice albedos. Proceedings of the National Academy of Sciences,
101(2), 423-428. €oi:doi:10.1073/pnas.2237157100,2004

Hao, D., Bisht, G., Rittger, K., Bair, E., He, C., Huang, H., Dang, C., et al. Improving snow albedo modeling in the E3SM
land model (version 2.0) and assessing its impacts on snow and surface fluxes over the Tibetan Plateau. Geosci. Model
Dev., 16(1), 75-94. €0i:10.5194/gmd-16-75-2023,2023

Haywood, J. M., & Shine, K. P. The effect of anthropogenic sulfate and soot aerosol on the clear sky planetary radiation budget.
Geophysical Research Letters, 22(5), 603-606. €0i:10.1029/95GL00075,1995

He, C.,, P. V., M. Barlage, F., Chen, D., Gochis, R., Cabell, T., Schneider, R. R., et al. The Community Noah-MP Land
Surface Modeling System Technical Description Version 5.0, (No. NCAR/TN-575+STR). €0i:10.5065/ew8g-yr95,2023

He, C., Flanner, M., Lawrence, D. M., & Gu, Y. New Features and Enhancements in Community Land Model (CLM5) Snow
Albedo Modeling: Description, Sensitivity, and Evaluation. Journal of Advances in Modeling Earth Systems, 16(2),
€2023MS003861. €0i:10.1029/2023MS003861,2024

He, C., Liou, K. N., & Takano, Y. Resolving Size Distribution of Black Carbon Internally Mixed With Snow: Impact on Snow
Optical Properties and Albedo. Geophysical Research Letters, 45(6), 2697-2705. €0i:10.1002/2018g1077062,2018

He, C., & Ming, J. Modelling light-absorbing particle-snow-radiation interactions and impacts on snow albedo: fundamentals,
recent advances and future directions. Environmental Chemistry, 19(5), 296-311. d0i:10.1071/en22013,2022

Hines, K. M., & Bromwich, D. H. Development and Testing of Polar Weather Research and Forecasting (WRF) Model. Part
I: Greenland Ice Sheet Meteorology. Monthly Weather Review, 136(6), 1971-1989. €0i:10.1175/2007MWR2112.1,2008

Hines, K. M., & Bromwich, D. H. Simulation of Late Summer Arctic Clouds during ASCOS with Polar WRF. Monthly
Weather Review, 145(2), 521-541. €0i:10.1175/MWR-D-16-0079.1,2017

Hines, K. M., Bromwich, D. H., Bai, L., Bitz, C. M., Powers, J. G., & Manning, K. W. Sea Ice Enhancements to Polar WRF.
Monthly Weather Review, 143(6), 2363-2385. €0i:10.1175/MWR-D-14-00344.1,2015

Hines, K. M., Bromwich, D. H., Wang, S. H., Silber, I., Verlinde, J., & Lubin, D. Microphysics of summer clouds in central
West Antarctica simulated by the Polar Weather Research and Forecasting Model (WRF) and the Antarctic Mesoscale
Prediction System (AMPS). Atmos. Chem. Phys., 19(19), 12431-12454. €0i:10.5194/acp-19-12431-2019,2019

Huang, H., Qian, Y., He, C., Bair, E. H., & Rittger, K. Snow Albedo Feedbacks Enhance Snow Impurity-Induced Radiative
Forcing in the Sierra Nevada. Geophys Res Lett, 49(11), e2022GL098102. €0i:10.1029/2022GL098102,2022

27



835

840

845

850

855

860

865

870

875

Huang, L., Gong, S. L., Jia, C. Q., & Lavoué& D. Importance of deposition processes in simulating the seasonality of the Arctic
black carbon aerosol. Journal of Geophysical Research: Atmospheres, 115(D17). €0i:10.1029/2009JD013478,2010
lacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M. W., Clough, S. A., & Collins, W. D. Radiative forcing by long-
lived greenhouse gases: Calculations with the AER radiative transfer models. Journal of Geophysical Research:
Atmospheres, 113(D13). €0i:10.1029/2008JD009944,2008

Jacobson, M. Z. Climate response of fossil fuel and biofuel soot, accounting for soot's feedback to snow and sea ice albedo
and emissivity. Journal of Geophysical Research: Atmospheres, 109(D21). €0i:10.1029/2004JD004945,2004

Jiang, Y., Lu, Z., Liu, X., Qian, Y., Zhang, K., Wang, Y., & Yang, X. Q. Impacts of global open-fire aerosols on direct radiative,
cloud and surface-albedo effects simulated with CAM5. Atmos. Chem. Phys., 16(23), 14805-14824. €0i:10.5194/acp-16-
14805-2016,2016

Jiao, C., Flanner, M. G., Balkanski, Y., Bauer, S. E., Bellouin, N., Berntsen, T. K., Bian, H., et al. An AeroCom assessment of
black carbon in Arctic snow and sea ice. Atmospheric Chemistry and Physics, 14(5), 2399-2417. €0i:10.5194/acp-14-
2399-2014,2014

Justino, F., Wilson, A. B., Bromwich, D. H., Avila, A., Bai, L.-S., & Wang, S.-H. Northern Hemisphere Extratropical
Turbulent Heat Fluxes in ASRv2 and Global Reanalyses. Journal of Climate, 32(7), 2145-2166. €0i:10.1175/JCLI-D-18-
0535.1,2019

Kang, S., Zhang, Y., Qian, Y., & Wang, H. A review of black carbon in snow and ice and its impact on the cryosphere. Earth-
Science Reviews, 210. €0i:10.1016/j.earscirev.2020.103346,2020

Kitamura, Y. Modifications to the Mellor-Yamada-Nakanishi-Niino (MYNN) Model for the Stable Stratification Case.
Journal of the Meteorological Society of Japan. Ser. 11, 88(5), 857-864. €0i:10.2151/jmsj.2010-506,2010

Kurtz, N. T., Galin, N., & Studinger, M. An improved CryoSat-2 sea ice freeboard retrieval algorithm through the use of
waveform fitting. The Cryosphere, 8(4), 1217-1237. €0i:10.5194/tc-8-1217-2014,2014

Lamare, M. L., Lee-Taylor, J., & King, M. D. The impact of atmospheric mineral aerosol deposition on the albedo of snow
&amp; sea ice: are snow and sea ice optical properties more important than mineral aerosol optical properties?
Atmospheric Chemistry and Physics, 16(2), 843-860. €0i:10.5194/acp-16-843-2016,2016

Lau, W. K. M., Sang, J., Kim, M. K., Kim, K. M., Koster, R. D., & Yasunari, T. J. Impacts of Snow Darkening by Deposition
of Light-Absorbing Aerosols on Hydroclimate of Eurasia During Boreal Spring and Summer. Journal of Geophysical
Research: Atmospheres, 123(16), 8441-8461. €10i:10.1029/2018jd028557,2018

Li, F., Wan, X., Wang, H., Orsolini, Y. J., Cong, Z., Gao, Y., & Kang, S. Arctic sea-ice loss intensifies aerosol transport to the
Tibetan Plateau. Nature Climate Change, 10(11), 1037-1044. d0i:10.1038/s41558-020-0881-2,2020

Li, J., Miao, C., Zhang, G., Fang, Y.-H., Shangguan, W., & Niu, G.-Y. Global Evaluation of the Noah-MP Land Surface Model
and Suggestions for Selecting Parameterization Schemes. Journal of Geophysical Research: Atmospheres, 127(5),
€2021JD035753. €0i:10.1029/2021JD035753,2022

Lin, T.-S., He, Cenlin., Ronnie, A., ., Chen, F., Wang, W., Michael, B., & David, J. G. Implementation and evaluation of
SNICAR snow albedo scheme in Noah-MP (version 5.0) land surface model. .2024

Mellor, G. L., & Yamada, T. Development of a turbulence closure model for geophysical fluid problems. Reviews of
Geophysics, 20(4), 851-875. €10i:10.1029/RG020i004p00851,1982

Minder, J. R., Letcher, T. W., & Skiles, S. M. An evaluation of high-resolution regional climate model simulations of snow
cover and albedo over the Rocky Mountains, with implications for the simulated snow-albedo feedback. Journal of
Geophysical Research: Atmospheres, 121(15), 9069-9088. €0i:10.1002/2016jd024995,2016

Myers, S., Isla H., Kerby, J. T., Phoenix, G. K., Bjerke, J. W., Epstein, H. E., Assmann, J. J., John, C., et al. Complexity
revealed in the greening of the Arctic. Nature Climate Change, 10(2), 106-117. €0i:10.1038/s41558-019-0688-1,2020

28



880

885

890

895

900

905

910

915

Nakanishi, M., & Niino, H. An Improved Mellor-Yamada Level-3 Model with Condensation Physics: Its Design and
Verification. Boundary-Layer Meteorology, 112(1), 1-31. €0i:10.1023/B:BOUN.0000020164.04146.98,2004

Nakanishi, M., & Niino, H. An Improved Mellor-Yamada Level-3 Model: Its Numerical Stability and Application to a
Regional Prediction of Advection Fog. Boundary-Layer Meteorology, 119(2), 397-407. €0i:10.1007/s10546-005-9030-
8,2006

Nakanishi, M., & Niino, H. Development of an Improved Turbulence Closure Model for the Atmospheric Boundary Layer.
Journal of the Meteorological Society of Japan. Ser. 11, 87(5), 895-912. €0i:10.2151/jmsj.87.895,2009

Niu, G.-Y., Yang, Z.-L., Mitchell, K. E., Chen, F., Ek, M. B., Barlage, M., Kumar, A., et al. The community Noah land surface
model with multiparameterization options (Noah-MP): 1. Model description and evaluation with local-scale
measurements. Journal of Geophysical Research: Atmospheres, 116(D12). €0i:10.1029/2010JD015139,2011

Oaida, C. M., Xue, Y., Flanner, M. G., Skiles, S. M., De Sales, F., & Painter, T. H. Improving snow albedo processes in
WRF/SSiB regional climate model to assess impact of dust and black carbon in snow on surface energy balance and
hydrology over western U.S. Journal of Geophysical Research: Atmospheres, 120(8), 3228-
3248. €0i:10.1002/2014jd022444,2015

Olson, J. B., Kenyon, J. S., Angevine, W. A., Brown, J. M., Pagowski, M., & Suselj, K. A Description of the MYNN-EDMF
Scheme and the Coupling to Other Components in WRF-ARW [Technical Memorandum]. €0i:10.25923/n9wm-
be49,2019

Pedersen, C. A., Gallet, J.-C., Strdm, J., Gerland, S., Hudson, S. R., Forsstrdm, S., Isaksson, E., & Berntsen, T. K. In situ
observations of black carbon in snow and the corresponding spectral surface albedo reduction. Journal of Geophysical
Research: Atmospheres, 120(4), 1476-1489. €0i:10.1002/2014JD022407,2015

Previdi, M., Smith, K. L., & Polvani, L. M. Arctic amplification of climate change: a review of underlying mechanisms.
Environmental Research Letters, 16(9), 093003. €0i:10.1088/1748-9326/ac1c29,2021

Qian, Y., Yan, H., Berg, L. K., Hagos, S., Feng, Z., Yang, B., & Huang, M. Assessing Impacts of PBL and Surface Layer
Schemes in Simulating the Surface—Atmosphere Interactions and Precipitation over the Tropical Ocean Using
Observations from AMIE/DYNAMO. Journal of Climate, 29(22), 8191-8210. €0i:10.1175/JCLI-D-16-0040.1,2016

Qian, Y., Yasunari, T. J., Doherty, S. J., Flanner, M. G., Lau, W. K. M., Ming, J., Wang, H., et al. Light-absorbing particles in
snow and ice: Measurement and modeling of climatic and hydrological impact. Advances in Atmospheric Sciences, 32(1),
64-91. €0i:10.1007/s00376-014-0010-0,2014

Quinn, P. K., Stohl, A., Arneth, A., Berntsen, T. K., Burkhart, J. F., Christensen, J. H., Flanner, M. G., et al. (2011). The Impact
of Black Carbon on Arctic Climate (2011).

Rahimi, S., Liu, X., Zhao, C., Lu, Z., & Lebo, Z. J. Examining the atmospheric radiative and snow-darkening effects of black
carbon and dust across the Rocky Mountains of the United States using WRF-Chem. Atmos. Chem. Phys., 20(18), 10911-
10935. d0i:10.5194/acp-20-10911-2020,2020

Ren, L., Yang, Y., Wang, H., Zhang, R., Wang, P., & Liao, H. Source attribution of Arctic black carbon and sulfate aerosols
and associated Arctic surface warming during 1980-2018. Atmospheric Chemistry and Physics, 20(14), 9067-
9085. d0i:10.5194/acp-20-9067-2020,2020

Rohde, A., Vogel, H., Hoshyaripour, G. A., Kottmeier, C., & Vogel, B. Regional Impact of Show-Darkening on Snow Pack
and the Atmosphere During a Severe Saharan Dust Deposition Event in Eurasia. Journal of Geophysical Research: Earth
Surface, 128(7), €2022JF007016. €oi:10.1029/2022JF007016,2023

Salzen, v., Knut, Whaley, C. H., Anenberg, S. C., Van Dingenen, R., Klimont, Z., Flanner, M. G., Mahmood, R., et al. Clean
air policies are key for successfully mitigating Arctic warming. Communications Earth & Environment,
3(1). d0i:10.1038/s43247-022-00555-%,2022

29



920

925

930

935

940

945

950

955

960

Smith, W. L., Hansen, C., Bucholtz, A., Anderson, B., Beckley, M., Corbett, J. G., Cullather, R. I., et al. Arctic Radiation-
IceBridge Sea and Ice Experiment: The Arctic Radiant Energy System during the Critical Seasonal Ice Transition. Bulletin
of the American Meteorological Society, 98, 1399-1426. €0i:10.1175/BAMS-D-14-00277.1,2017

Toon, O. B., McKay, C. P., Ackerman, T. P.,, & Santhanam, K. Rapid calculation of radiative heating rates and
photodissociation rates in inhomogeneous multiple scattering atmospheres. Journal of Geophysical Research:
Atmospheres, 94(D13), 16287-16301. €10i:10.1029/JD094iD13p16287,1989

Verseghy, D. L. Class—A Canadian land surface scheme for GCMS. I. Soil model. International Journal of Climatology,
11(2), 111-133. €0i:10.1002/joc.3370110202,1991

Wang, W., Yang, K., Zhao, L., Zheng, Z., Lu, H., Mamtimin, A., Ding, B., et al. Characterizing Surface Albedo of Shallow
Fresh Snow and Its Importance for Snow Ablation on the Interior of the Tibetan Plateau. Journal of Hydrometeorology,
21(4), 815-827. €0i:10.1175/JHM-D-19-0193.1,2020

Wang, Z. W., Gallet, J. C., Pedersen, C. A., Zhang, X. S., Strém, J., & Ci, Z. J. Elemental carbon in snow at Changbai Mountain,
northeastern China: concentrations, scavenging ratios, and dry deposition velocities. Atmospheric Chemistry and Physics,
14(2), 629-640. €0i:10.5194/acp-14-629-2014,2014

Warren, S. G., & Wiscombe, W. J. A Model for the Spectral Albedo of Snow. II: Snow Containing Atmospheric Aerosols
(Vol. 37).1980

Wilson, A. B., Bromwich, D. H., & Hines, K. M. Evaluation of Polar WRF forecasts on the Arctic System Reanalysis domain:
Surface and upper air analysis. Journal of Geophysical Research: Atmospheres,
116(D11). €0i:10.1029/2010JD015013,2011

Wiscombe, W. J., & Warren, S. G. A Model for the Spectral Albedo of Snow. I: Pure Snow. Journal of Atmospheric Sciences,
37(12), 2712-2733. €0i:10.1175/1520-0469(1980)037,1980

Xue, J., Bromwich, D. H., Xiao, Z., & Bai, L. Impacts of initial conditions and model configuration on simulations of polar
lows near Svalbard using Polar WRF with 3DVAR. Quarterly Journal of the Royal Meteorological Society, 147(740),
3806-3834. €0i:10.1002/qj.4158,2021

Yang, Q., Dan, L., Lv, M., Wu, J., Li, W., & Dong, W. Quantitative assessment of the parameterization sensitivity of the Noah-
MP land surface model with dynamic vegetation using ChinaFLUX data. Agricultural and Forest Meteorology, 307,
108542. €0i:10.1016/j.agrformet.2021.108542,2021

Yang, Z.-L., Dickinson, R. E., Robock, A., & Vinnikov, K. Y. Validation of the Snow Submodel of the Biosphere—Atmosphere
Transfer Scheme with Russian Snow Cover and Meteorological Observational Data. Journal of Climate, 10(2), 353-
373. €0i:10.1175/1520-0442(1997)010<0353:VOTSS0>2.0.C0O;2,1997

Yang, Z.-L., & Niu, G.-Y. The Versatile Integrator of Surface and Atmosphere processes: Part 1. Model description. Global
and Planetary Change, 38(1), 175-189. €0i:10.1016/S0921-8181(03)00028-6,2003

You, Q., Cai, Z., Pepin, N., Chen, D., Ahrens, B., Jiang, Z., Wu, F., et al. Warming amplification over the Arctic Pole and
Third Pole: Trends, mechanisms and consequences. Earth-Science Reviews, 217,
103625. €0i:10.1016/j.earscirev.2021.103625,2021

You, Y., Huang, C., Hou, J., Zhang, Y., Wang, Z., & Zhu, G. Improving the estimation of snow depth in the Noah-MP model
by combining particle filter and Bayesian model averaging. Journal of Hydrology, 617,
128877. €0i:10.1016/j.jhydrol.2022.128877,2023

Zhang, Z., Zhou, L., & Zhang, M. A progress review of black carbon deposition on Arctic snow and ice and its impact on
climate change. Advances in Polar Science, 35(2), 178-191. €0i:10.12429/j.advps.2023.0024,2024

Zhao, X., Huang, K., Fu, J. S., & Abdullaev, S. F. Long-range transport of Asian dust to the Arctic: identification of transport
pathways, evolution of aerosol optical properties, and impact assessment on surface albedo changes. Atmos. Chem. Phys.,
22(15), 10389-10407. €0i:10.5194/acp-22-10389-2022,2022

30



Zhong, E., Li, Q., Sun, S., Chen, S., & Chen, W. Analysis of euphotic depth in snow with SNICAR transfer scheme.
Atmospheric Science Letters, 18(12), 484-490. €0i:10.1002/asl.792,2017
Zhou, C., Penner, J. E., Flanner, M. G., Bisiaux, M. M., Edwards, R., & McConnell, J. R. Transport of black carbon to polar
965 regions: Sensitivity and forcing by black carbon. Geophysical Research Letters,
39(22). €0i:10.1029/2012GL053388,2012
Zou, X., Bromwich, D. H., Montenegro, A., Wang, S.-H., & Bai, L. Major surface melting over the Ross Ice Shelf part II:
Surface energy balance. Quarterly Journal of the Royal Meteorological Society, 147(738), 2895-
2916. d0i:10.1002/gj.4105,2021
970

31



