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Abstract:Air-pollution mitigation can reduce Arctic black carbon (BC) deposition and

thereby slow Arctic warming by weakening snow darkening and associated radiative effects. Yet

the regional land-surface benefits of future BC-deposition reductions across contrasting

mitigation pathways remain poorly quantified. We use Polar-WRF coupled online with the10

SNICAR snow-albedo scheme to isolate the effects of spatially heterogeneous BC deposition

associated with low-emission (SSP1-2.6), intermediate-emission (SSP2-4.5), and high-emission

(SSP5-8.5) pathways during 2046–2050. All experiments share an SSP2-4.5 large-scale

meteorological background and differ only in prescribed BC deposition; they therefore quantify

the BC-deposition pathway rather than the full climate response to each SSP. Relative to15

simulations without BC in snow, Arctic-mean spring snow albedo decreases by 16.9 %, 18.1 %,

and 19.3 % under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. BC deposition increases

surface net radiation by 1.0–1.4 W m−2, spring snowmelt by 4.1–6.1 mm d−1, advances snow

disappearance by 6.7–7.6 days, and increases Arctic land-mean near-surface air temperature by

0.09–0.12 °C. Compared with SSP5-8.5, the 39.6 % lower BC deposition under SSP1-2.620

produces 12.4 %, 28.6 %, and 32.8 % smaller BC-induced changes in snow albedo, net radiation,

and snowmelt, respectively. Responses are regionally heterogeneous: Greenland shows the

strongest albedo and snowmelt responses despite relatively low deposition, whereas the

European Arctic and West Siberia show stronger radiative responses, where substantial snow

darkening coincides with greater incoming solar radiation. These results provide a process-based,25
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regional evaluation of the deposition-related Arctic climate benefits of mid-century mitigation

pathways.
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1. Introduction

Air-pollution mitigation can influence both air quality and near-term Arctic climate by30

changing emissions of short-lived climate forcers. This linkage is especially relevant in the

Arctic, where surface air temperature has increased at nearly four times the global rate since

1979 (Rantanen et al., 2022). Scenario-based assessments have shown that technically feasible

reductions in short-lived climate forcers could avoid 0.2 ± 0.17 K of Arctic warming by 2050,

with targeted reductions in carbonaceous particulate matter, particularly black carbon (BC),35

offering additional near-term climate benefits (Sand et al., 2016; Von Salzen et al., 2022). As

alternative emission pathways increasingly diverge toward the mid-21st century, a central

question is therefore not simply whether pollution mitigation affects Arctic warming, but through

which pathways and by how much.

Pollution mitigation can affect Arctic climate through two broad response pathways:40

changes in atmospheric pollutant burdens and their radiative effects, and changes in aerosol

deposition onto snow- and ice-covered surfaces. Most policy-oriented assessments have

summarized the combined climate response in terms of Arctic-mean radiative forcing or surface

temperature change, even when contributions from individual processes are estimated. For

example,Von Salzen et al. (2022) projected that maximum feasible BC emission reductions45

could avoid 0.3 °C (0.1–0.4 °C) of Arctic warming in 2050, with approximately 0.2 °C attributed

to reduced BC interactions with surface albedo. This result indicates that the surface-albedo

pathway can account for a substantial share of the Arctic climate benefit from BC mitigation.

However, Arctic-mean temperature and radiative metrics do not show how changes in BC

deposition are translated into regional snow and land-surface responses.50

Deposition-focused evaluations provide further quantitative evidence but also reveal

important limitations. After correcting model biases against observations, Jiao et al. (2014)

estimated an Arctic-mean radiative effect of approximately 0.17 W m-2 from BC in snow. Kühn

et al. (2020b) projected that additional emission mitigation in Arctic Council member states

could reduce Arctic BC deposition by 33.8% in 2050, but inferred the associated snow radiative55
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forcing from a linear deposition–forcing relationship rather than explicitly calculating changes in

snow albedo and snow processes. Hao et al. (2023) further showed that projected declines in BC

deposition could reduce the December–May radiative forcing of light-absorbing particles in

Northern Hemisphere snow from 1.3 W m-2 in 1995–2014 to 0.49–0.65 W m-2 by 2081–2100.

However, that study focused on hemispheric and end-of-century changes, with regional60

snowpack responses evaluated primarily over the Tibetan Plateau. Thus, how mid-century

changes in BC deposition affect Arctic snow albedo, surface energy balance, snowmelt, and

near-surface climate at the regional scale remains insufficiently quantified.

The Shared Socioeconomic Pathways provide a consistent framework for addressing this

gap because they link contrasting socioeconomic and energy futures with different assumptions65

about air-pollution control and pollutant emissions (O’neill et al., 2014; Riahi et al., 2017). SSP1-

2.6, SSP2-4.5, and SSP5-8.5 represent sustainability-oriented low-forcing, intermediate, and

fossil-fuel-intensive high-forcing pathways, respectively. Their associated BC deposition fields

span lower, intermediate, and higher levels of Arctic BC deposition during 2046–2050. This

period captures differences that have developed after several decades of divergent energy use70

and emission control and is consistent with the 2050 horizon adopted in recent evaluations of

Arctic pollution mitigation (Kühn et al., 2020a; Von Salzen et al., 2022). Comparing these

deposition fields therefore provides a means of evaluating how different levels of emission

mitigation alter the contribution of BC deposition to Arctic snow and surface climate.

Accordingly, this study quantifies how scenario-dependent BC deposition modifies Arctic75

snow and land-surface climate during 2046–2050. Unlike idealized sensitivity experiments that

impose fixed BC concentrations in snow, the simulations apply spatially heterogeneous BC

deposition fields from SSP1-2.6, SSP2-4.5, and SSP5-8.5 within Polar-WRF coupled online with

the SNICAR snow-albedo scheme. All experiments use the same SSP2-4.5 large-scale

meteorological background and differ only in the prescribed BC deposition. This configuration80

isolates surface responses attributable to differences in BC deposition rather than representing

the full climate response to each SSP. The objectives are to (1) quantify differences in BC

deposition and the resulting snow-albedo reduction among the three pathways; (2) determine the

associated changes in surface radiation, near-surface air temperature, snowmelt rate, and snow-

disappearance timing; and (3) characterize the regional heterogeneity of these responses. The85
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comparison provides a process-based, regional evaluation of the land-surface climate

implications of BC-deposition changes under mid-century mitigation pathways.

2 Materials and Methods

2.1 Model configuration

This study employs the polar-optimized Weather Research and Forecasting model (Polar-90

WRF, version 4.1.1), a regional climate model specifically adapted for polar regions. Polar-WRF

incorporates several improvements over the standard WRF model for high-latitude applications,

including optimized heat transfer through snow and ice, revised surface energy balance

calculations in the Noah-MP land surface model, a comprehensive representation of sea ice

properties (thickness, density, and albedo), and adjustments to cloud microphysical parameters95

appropriate for polar conditions (Hines and Bromwich, 2008; Hines et al., 2015). The model

domain (Figure 1) covers the entire Arctic region north of approximately 60°N using a polar

stereographic projection centered at the North Pole, with a horizontal resolution of 27 km (220 × 

220 grid cells) and 50 vertical levels extending from the surface to 10 hPa.

The physical parameterization schemes are selected based on prior evaluations for Arctic100

applications (Hines et al., 2019; Zhang et al., 2025). The Morrison-2-moment scheme (Morrison

and Gettelman, 2008) is used for cloud microphysics, as it has been shown to provide the best

overall performance for simulating Arctic surface radiation and cloud properties (Zhang et al.,

2026). The Mellor–Yamada–Nakanishi–Niino (MYNN) level 2.5 scheme is employed for

boundary layer turbulence, with the corresponding MYNN surface layer scheme (Nakanishi and105

Niino, 2009, 2006). The Rapid Radiative Transfer Model for General Circulation Models

(RRTMG) handles both longwave and shortwave radiation (Iacono et al., 2008). The Noah-MP

land surface model provides the lower boundary conditions over land (Niu et al., 2011). The

Kain–Fritsch cumulus parameterization is applied on the 27 km grid (Kain, 2004).

A central feature of the modeling system is the online coupling of the Snow, Ice, and110

Aerosol Radiative (SNICAR) model (Flanner et al., 2021; Flanner et al., 2007) with Polar-WRF.

SNICAR computes spectrally resolved snow albedo across five wavelength bands (0.2–5.0 μm)

based on the two-stream radiative transfer solution of (Toon et al., 1989), explicitly accounting

for the mass concentration and optical properties of light-absorbing aerosols embedded in the
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snowpack. In the online coupling configuration, Polar-WRF provides meteorological and snow115

state variables to SNICAR at each radiation time step, and SNICAR returns the computed snow

albedo to the Noah-Mp surface scheme. This two-way coupling ensures that BC-induced albedo

changes feed back onto the surface energy balance, snowmelt, and near-surface meteorology in a

physically consistent manner (Zhang et al., 2025).

2.2 Experimental Design120

Four simulations are conducted to isolate the impacts of BC deposition under different

emission pathways. Table 1 summarizes the experiment configurations and the characteristics of

each SSP scenario. A control simulation (CTL) without BC in snow provides the baseline against

which BC effects are quantified. In the three BC experiments, BC concentrations in snow are

prescribed based on deposition fluxes from the CMIP6 NorESM2-LM model under SSP1-2.6,125

SSP2-4.5, and SSP5-8.5, respectively. All BC experiments share the same meteorological initial

and boundary conditions and differ only in the BC loading, thereby isolating the radiative and

surface energy impacts of BC deposition under each emission pathway. Each simulation covers

the period 2046–2050, with the first month treated as spin-up and excluded from analysis.

Table 1 Summary of experimental design and SSP scenario characteristics.130

Experiment SSP scenario Forcing level Socioeconomic narrative

CTL — — —

SEN_ssp126 SSP1-2.6 Low (2.6 W m-2 by

2100)

Sustainability-focused

pathway; low population

growth, high education, rapid

technological change, strong

environmental policies

SEN_ssp245 SSP2-4.5 Medium (4.5 W m-2

by 2100)

Intermediate pathway; social,

economic, and technological

trends follow historical

patterns without major

deviations

SEN_ssp585 SSP5-8.5 High (8.5 W m-2 by

2100)

Fossil-fuel-intensive

pathway; rapid economic
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growth driven by carbon-

intensive energy, high

anthropogenic emissions

2.3 Data

The meteorological initial and lateral boundary conditions for all simulations are derived

from a bias-corrected CMIP6 dataset generated using the high-resolution MPI-ESM1-2-HR

model output under the SSP2-4.5 scenario (Xu et al., 2021). This dataset provides 6-hourly fields135

of geopotential height, temperature, zonal and meridional wind, specific humidity, and surface

pressure at a horizontal resolution of 1.25° × 1.25° across 14 pressure levels, with the bias

correction performed against the ERA5 reanalysis for the historical period (1979–2014) using the

ensemble mean of 18 CMIP6 models. The use of a common SSP2-4.5 climate background for all

experiments ensures that differences in simulated BC impacts are attributable solely to the140

prescribed BC deposition fluxes rather than to differences in the background climate state. Initial

snow conditions are obtained from the NCEP GDAS/FNL dataset at 0.25° resolution.

The BC deposition fluxes used to prescribe snow BC concentrations are derived from the

Norwegian Earth System Model version 2 (NorESM2-LM), which has been evaluated as

performing well in simulating present-day Arctic BC concentrations and their radiative effects145

(Chen et al., 2024). Monthly BC deposition fluxes for the three SSP scenarios are obtained for

the 2046–2050 period. The BC mass concentration in each snow layer is calculated by

integrating the deposition flux over the snow accumulation period and distributing it according to

the snow water equivalent of each layer, following (Zhang et al., 2025).

All results are analyzed over the Arctic land area, defined as model grid cells north of 60°N150

with a land fraction exceeding 50 %. For regional analysis, the domain is divided into five sub-

regions following the classification employed in previous Arctic BC studies (Dou and Xiao,

2016; Zhang et al., 2024): Greenland, North America, the European Arctic, West Siberia, and

East Siberia. BC-induced changes are calculated as the difference between each BC experiment

and the CTL simulation. All reported values represent temporal averages over the 2046–2050155

period for the spring melt season (March–May), when solar radiation is sufficient for the snow

albedo feedback to operate and BC deposition has the strongest impact on snowmelt.
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Figure 1. Polar-WRF domains and terrain height.

3 Results160

3.1 BC deposition fluxes under three SSP scenarios

To quantitatively assess the impacts of future BC deposition on Arctic land surface

processes, a prerequisite is understanding the magnitude and spatial distribution of BC

deposition fluxes themselves. As the primary forcing agent in the snow darkening chain, BC

deposition flux directly determines the amount of light‑ absorbing impurities introduced into the165

snowpack, thereby setting the upper bound for subsequent albedo reduction, surface energy

perturbations, and snowmelt acceleration. This section therefore first examines the BC

deposition fluxes across the Arctic during 2046–2050 under the three SSP scenarios.

Figure 2 presents the spatial distribution and regional averages of BC deposition fluxes

over the Arctic during 2046–2050 under the three SSP scenarios. A pronounced scenario‑170

dependent increase in deposition flux is evident, with the domain-averaged values rising from

15.4 ± 7.9 mg m-2 d-1 in SSP1-2.6 to 18.4 ± 8.7 mg m-2 d-1 in SSP2-4.5 and 25.5 ± 12.1 mg m-2 d-1

in SSP5-8.5 (Figure 2d). The difference between the highest and lowest emission pathways thus
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reaches a factor of 1.7, reflecting the strong sensitivity of Arctic BC burden to anthropogenic

emission trajectories.175

Despite these magnitude differences, the spatial pattern of BC deposition remains

remarkably consistent across the three scenarios (Figure 2a–c). The highest deposition fluxes

occur over West Siberia, followed by East Siberia, the European Arctic, North America, and

Greenland. This ordering is in good agreement with the geographic distribution inferred from

historical snow BC observations (Dou and Xiao, 2016; Zhang et al., 2024), which indicates that180

the relative importance of source regions and transport pathways persists under future climate

conditions. West Siberia and East Siberia are located close to major industrial and biomass‑

burning emission sources in Eurasia, whereas Greenland receives considerably lower BC fluxes

due to its remote location and effective scavenging during long-range transport (Qi and Wang,

2019).185

The regional boxplots (Figure 2d) further reveal that the inter-scenario differences are

largest in regions with high absolute deposition, particularly West and East Siberia, where the

SSP5-8.5 fluxes exceed those under SSP1-2.6 by more than 60 %. In contrast, over Greenland

the relative increase is smaller in absolute terms, consistent with its overall low deposition

regime. These scenario-dependent BC fluxes serve as the primary input for the subsequent190

simulations of snow albedo reduction and surface energy balance changes (Sections 3.2 and 3.3).
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Figure 2.Spatial distribution of BC deposition flux (mg m-2 d-1 ) during 2046–2050 under (a)

SSP1-2.6, (b) SSP2-4.5, and (c) SSP5-8.5. Panel (d) shows regiona-average BC deposition

fluxes for the five Arctic sub-regions defined in the inset map; boxes indicate the 25th–75th195

percentiles, whiskers the 5th–95th percentiles, and solid lines the medians. The sub-regions

are: Greenland (GR), North America (NA), European Arctic (EA), West Siberia (WS), and

East Siberia (ES).

3.2 Snow Albedo Reduction and Its Spatial Drivers

The BC deposition fluxes quantified in Section 3.1 directly determine the loading of light‑200

absorbing impurities within the snowpack, thereby driving a reduction in snow albedo. Figure 3

presents the spatial distribution of BC-induced snow albedo changes during 2046–2050 under the

three SSP scenarios. Across all scenarios, BC deposition leads to widespread darkening of the

Arctic snow surface, with domain-averaged albedo reductions reaching 16.9 ± 10.1% (SSP1-2.6),

18.1 ± 10.6% (SSP2-4.5), and 19.3 ± 10.8% (SSP5-8.5) (Figure 3d; Table 2). The progressive205
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increase from the low to high emission pathway directly reflects the scenario-dependent

enhancement in BC deposition flux (Section 3.1)..

Figure 3. Spatial distribution of BC-induced snow albedo reduction (%) during 2046–2050

under (a) SSP1-2.6, (b) SSP2-4.5, and (c) SSP5-8.5. Panel (d) shows regional-average albedo210

reductions for the five Arctic sub-regions; boxes indicate the 25th–75th percentiles, whiskers

the 5th–95th percentiles, and solid lines the medians.

Despite the differences in magnitude, the spatial pattern of albedo reduction is remarkably

consistent across the three scenarios (Figure. 3a–c). The largest reductions consistently occur

over Greenland, where the regional mean exceeds 27% under all three SSPs, reaching 32.1 ± 215

11.5% in SSP5-8.5 (Table 2). The European Arctic and West Siberia also exhibit pronounced

albedo decreases, with reductions of 23.8–25.4% and 18.7–20.7%, respectively, across the three

scenarios. In contrast, East Siberia consistently shows the weakest response, with albedo

reductions of only 13.3–15.3%.
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A notable feature of this spatial pattern is that it does not simply follow the distribution of220

BC deposition flux. Greenland receives the lowest BC deposition flux among all sub-regions

(Figure 3), yet it exhibits the strongest albedo reduction. Conversely, West Siberia, which

receives the highest BC flux, shows a smaller albedo reduction than both Greenland and the

European Arctic. This apparent paradox is resolved by considering the strong modulating role of

snow depth. As summarized in Table 2, Greenland is characterized by deep, persistent snow225

cover (regional mean depth of 1.65 ± 1.20 m), which increases the optical path length within the

snow column and enhances the probability of photon absorption by BC particles before they can

escape back to the surface. The European Arctic also possesses relatively deep snow (1.10 ± 0.8 

m), which, combined with its moderately high BC deposition, produces the second‑ largest

albedo reduction. West Siberia and North America, with intermediate snow depths (0.79 ± 0.60 230

m and 0.69 ± 0.42 m, respectively), fall between these two extremes. At the opposite end, East

Siberia exhibits both the shallowest snow cover (0.25 ± 0.13 m) and the lowest BC deposition

flux among the Eurasian regions, resulting in the weakest albedo response. In such shallow‑

snow regimes, photons have a high probability of reaching and being reflected by the underlying

ground before encountering a significant number of BC particles, thereby limiting the effective235

albedo reduction.

Table 2. Regional-average BC-induced snow albedo reduction and snow depth for the three

SSP scenarios. Values in parentheses are ±1 standard deviation.

Region Snow depth (m) Snow albedo

reduction in

SSP1-2.6 (%)

Snow albedo

reduction in

SSP2-4.5 (%)

Snow albedo

reduction in

SSP5-8.5 (%)

Greenland 1.65 (1.2) 27.2 (12.1) 29.8 (12.4) 32.1 (11.5)

West Siberia 0.79 (0.60) 18.7 (13.6) 19.8 (13.9) 20.7 (15.4)

East Siberia 0.25 (0.13) 13.3 (10.4) 14.1 (10.6) 15.3 (11.5)

North America 0.69 (0.42) 16.2 (12.4) 18,2 (12.9) 18,7 (13.3)

European

Arctic

1.1 (0.86) 23.8 (9.8%) 25.0 (10.2) 25.4 (11.8)

The comparison between the European Arctic and West Siberia offers valuable insights:

although West Siberia experiences greater black carbon (BC) deposition (Figure 2), the240
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European Arctic exhibits a more pronounced reduction in albedo due to its deeper snowpack,

which enhances the radiative impact of a given BC concentration. This observation aligns with

the sensitivity analyses conducted by Zhang et al. (2025), who found that, for equivalent BC

levels, deeper snowpacks consistently intensify albedo reduction until reaching optical

saturation. The current study further confirms that this mechanism remains robust across all three245

Shared Socioeconomic Pathway (SSP) scenarios, indicating that the combined distribution of BC

deposition flux and snow depth,rather than either variable independently determines the regions

experiencing the most significant albedo decreases. While increased BC deposition under higher-

emission scenarios amplifies the overall magnitude of albedo reduction, it does not substantially

alter the spatial distribution pattern (Figure 3). A critical implication of these findings is that250

areas characterized by deep and persistent snow cover, such as the Greenland Ice Sheet and the

European Arctic, will continue to be highly vulnerable to BC-induced surface darkening, even in

the context of stringent emission reduction efforts.

In summary, the BC-induced snow albedo reduction over the Arctic is governed by the joint

influence of BC deposition flux and snow depth. The BC deposition flux determines the overall255

magnitude of the reduction and its sensitivity to emission scenarios, while snow depth dictates

the spatial pattern and identifies which regions are most susceptible to BC-induced darkening.

This mechanistic understanding provides the basis for interpreting the surface radiation and

energy budget perturbations discussed in the following section.

3.3 Changes in Surface Energy Balance260

The snow albedo reduction documented in Section 3.2 directly modifies the surface

radiative budget by enhancing the absorption of incoming solar radiation. Figure 4 presents the

spatial distribution of BC-induced changes in net shortwave radiation (ΔSWnet) at the surface

during 2046-2050 under the three SSP scenarios.

The BC‑induced albedo reduction leads to a widespread increase in surface‑absorbed265

shortwave radiation across the Arctic (Figure 4a–c). The domain‑averaged ΔSWnet rises from

1.3 ± 1.2 W m-2 in SSP1‑2.6 to 1.5 ± 1.3 W m-2 in SSP2‑4.5 and 1.8 ± 1.5 W m-2 in SSP5‑8.5,

mirroring the scenario‑dependent progression of albedo reduction. The spatial distribution of

ΔSWnet, however, does not simply replicate that of albedo reduction. The largest shortwave

gains occur over the European Arctic, where ΔSWnet reaches 2.2 ± 1.1 W m-2 (SSP5‑8.5),270
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followed by West Siberia (2.0 ± 1.6 W m-2) and East Siberia (1.9 ± 1.4 W m-2). Greenland, despite

exhibiting the strongest albedo reduction, shows a comparatively modest ΔSWnet of

1.4 ± 1.3 W m-2 under SSP5‑8.5. This apparent discrepancy arises from the latitudinal

dependence of incoming solar radiation: the European Arctic and Siberian regions, situated at

lower latitudes than Greenland, receive higher insolation during the spring melt season. Since275

ΔSWnet is the product of albedo reduction and incident solar flux, regions with both substantial

darkening and strong insolation experience the largest absolute shortwave gains.

Figure 4. Spatial distribution of BC‑induced changes in net surface shortwave radiation

(W m-2, positive downward) during 2046–2050 under (a) SSP1‑2.6, (b) SSP2‑4.5, and (c)280

SSP5‑8.5.

This apparent discrepancy arises from the latitudinal dependence of incoming solar radiation:

the European Arctic and Siberian regions, situated at lower latitudes than Greenland, receive

higher insolation during the spring melt season. Since ΔSWnet scales with both the magnitude of

albedo reduction and the incident solar flux, regions combining substantial darkening with strong285

insolation experience the largest absolute shortwave gains, whereas Greenland's shortwave

enhancement is constrained by its high‑latitude location.

The surface longwave response, shown in Figure 5, is more complex and spatially

heterogeneous. In most regions, the enhanced shortwave absorption warms the surface, which in

turn increases the upward longwave emission, producing a net longwave loss at the surface.290

However, the BC‑induced changes in near‑surface atmospheric temperature and humidity

(discussed in Section 3.5) simultaneously enhance the downward longwave flux, partially

compensating for the increased upward emission. The net longwave effect therefore reflects a

regional balance between these competing processes (Figure 6b). Under SSP5‑8.5, West Siberia

experiences a modest net longwave gain (0.6 ± 0.9 W W m-2, where enhanced atmospheric295
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back‑radiation outweighs the surface emission increase. In contrast, Greenland and East Siberia

exhibit a net longwave loss (−0.2 ± 0.5 W m⁻² and −0.2 ± 0.8 W m⁻², respectively), indicating that

surface warming dominates the longwave response in these regions. Under the lower‑emission

scenarios, the net longwave effect tends toward more negative values across all regions, reflecting

the weaker atmospheric feedback at reduced BC loadings.300

Figure 5. Spatial distribution of BC‑induced changes in net surface longwave radiation

(W m-2, positive downward) during 2046–2050 under (a) SSP1‑2.6, (b) SSP2‑4.5, and (c)

SSP5‑8.5.

The net surface radiation change (ΔRnet = ΔSWnet + ΔLWnet) integrates these competing305

shortwave and longwave responses. Under SSP5‑8.5 and SSP2‑4.5, the domain‑averaged ΔRnet

reaches approximately 1.4 W m-2, while SSP1‑2.6 yields a smaller net increase of 1.0 ± 0.8 W m-

2. The regional distribution (Fig. 6a) reveals that the largest net radiation gains occur over the

European Arctic (2.4 ± 1.3 W m-2 under SSP5‑8.5), consistent with this region's combination of

strong shortwave enhancement and weak longwave compensation. Greenland, where the large310

shortwave gain is substantially offset by enhanced longwave cooling, exhibits a more moderate

net radiation increase (1.2 ± 1.0 W m-2). West Siberia, despite receiving the highest BC

deposition flux (Section 3.1), shows the second‑largest net radiation gain (2.1–2.6 W m-2 across

scenarios), benefiting from both substantial albedo reduction and relatively high insolation. The

modest difference in domain‑averaged ΔRnet between SSP5‑8.5 and SSP2‑4.5, despite their315

differing BC loadings, reflects the stronger longwave compensation under the warmer SSP5‑8.5

conditions, which partially cancels the additional shortwave gain.
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Figure 6. Regional‑average BC‑induced changes in (a) net shortwave radiation and (b) net

longwave radiation (W m-2, positive downward) for the five Arctic sub‑regions under the320

three SSP scenarios. Boxes indicate the 25th–75th percentiles, whiskers the 5th–95th

percentiles, and solid lines the medians.

The partitioning of the net radiation increment among surface energy budget components is

examined in Figure 7b. Across all scenarios and regions, the BC‑induced net radiation increase

is primarily balanced by enhanced sensible heat flux and snowmelt energy consumption. Under325

SSP5‑8.5, sensible heat flux increases by 0.5–2.1 W m-2 depending on region, accounting for

approximately 40–60% of the net radiation gain. The energy consumed by accelerated snowmelt

represents the second‑largest sink, particularly over Greenland and West Siberia where deep

snowpacks support sustained melt. Latent heat flux changes are comparatively small (0.1–

0.9 W m-2 ), consistent with the limited availability of liquid water for evaporation during the330

spring melt period when much of the surface remains snow‑covered. Ground heat flux changes

are negligible in most regions, as the thermal insulation of the overlying snowpack limits the

downward transmission of the radiative perturbation.

A notable regional contrast emerges between Greenland and the other sub‑regions. Over

Greenland, a larger fraction of the net radiation increment is consumed by snowmelt rather than335

transferred to the atmosphere as sensible heat, reflecting the vast heat capacity of the deep ice

sheet snowpack. In contrast, over the Siberian and North American regions, sensible heat flux

dominates the energy partitioning, implying stronger surface‑atmosphere thermal coupling. This

contrast has important implications for the atmospheric response to BC deposition: regions
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where sensible heat dominates will experience more pronounced near‑surface warming and340

boundary‑layer modifications, as discussed in Section 3.5.

Figure 7. (a) Regional‑average BC‑induced changes in net surface radiation (W m⁻²,

positive downward) for the five Arctic sub‑regions under the three SSP scenarios. Boxes

indicate the 25th–75th percentiles, whiskers the 5th–95th percentiles, and solid lines the345

medians. (b) BC‑induced surface energy budget changes (W m⁻²) by region under the three

SSP scenarios. Components shown: net shortwave radiation (ΔSWnet), net longwave

radiation (ΔLWnet), sensible heat flux (ΔSH), latent heat flux (ΔLH), and ground heat flux

(ΔG). Positive values indicate energy gain by the surface (for radiative fluxes) or energy

transfer from the surface to the atmosphere (for turbulent fluxes).350

3.4 Snowmelt Acceleration and Snow Cover Change

The BC-induced snow albedo reduction and the resulting surface radiative perturbation

documented in Sections 3.2 and 3.3 directly accelerate snowmelt and alter the timing of snow

disappearance over the Arctic land surface. Figure 8 presents the spatial distribution of BC‑

induced changes in snowmelt rate during 2046–2050 under the three SSP scenarios, and Figure 8355

shows the regional statistics of snowmelt enhancement and the corresponding advance in snow

disappearance timing.

The BC deposition drives a widespread acceleration of snowmelt across the Arctic (Figure

8a–c). The domain-averaged snowmelt rate increases by 4.1 ± 3.4 mm d-1under SSP1-2.6,

strengthening to 5.6 ± 4.9 mm d-1under SSP2-4.5 and 6.1 ± 4.9 mm d-1under SSP5-8.5, a nearly360

50 % enhancement from the lowest to the highest emission pathway. The spatial pattern of
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snowmelt enhancement closely follows that of net shortwave radiation increase (Section 3.3),

with the largest values concentrated over northern Greenland, Baffin Island, and West Siberia

(Figure 9a). Greenland shows the largest absolute snowmelt increase among all regions, with

regional means of 7.1 ± 5.4 mm d-1(SSP1-2.6), 10.1 ± 7.9 mm d⁻¹ (SSP2-4.5), and 9.2 ± 7.0365

mm d-1(SSP5-8.5), consistent with its maximal albedo reduction. West Siberia follows with the

secondlargest snowmelt enhancement, benefiting from both strong shortwave gain and its

moderately deep snowpack. The European Arctic, despite showing the largest net radiation

increase, exhibits a relatively smaller snowmelt response (1.9–3.7 mm d-1), likely because its

shallower snow cover limits the total meltwater production even under enhanced energy input.370

Figure 8. Spatial distribution of BC‑induced changes in snowmelt rate (mm d-1) during

2046–2050 under (a) SSP1‑2.6, (b) SSP2‑4.5, and (c) SSP5‑8.5.

A more ecologically and climatically consequential metric than the melt rate itself is the

advance in the timing of complete snow disappearance. Figure 8b shows the BC‑induced shift in375

the snow‑free date across the five sub‑regions. The domain‑averaged snow disappearance

advances by 6.7 ± 3.8 days under SSP1‑2.6, extending to 7.2 ± 3.2 days under SSP2‑4.5 and

7.6 ± 3.5 days under SSP5‑8.5. Regionally, the strongest advances occur over Greenland (up to

10.1 days under SSP5‑8.5), northern Baffin Island, and West Siberia (up to 7–8 days), whereas

the European Arctic shows a more modest advance of 3.7 days. The inter‑scenario differences in380

snow disappearance timing (approximately 1 day between SSP1‑2.6 and SSP5‑8.5 in the domain

average) are smaller than those for deposition flux or radiative forcing, because snowmelt timing

is also strongly controlled by the background meteorological conditions, which are held constant

across the three scenarios in experimental design (Section 2.3).

The ecological significance of earlier snow disappearance extends well beyond the385

immediate melt period. A 7–10 day advance in snow‑free conditions exposes the underlying
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tundra and soil surfaces to solar radiation earlier in the spring, lengthening the growing season

and enhancing surface warming through the albedo feedback (Chapin et al., 2005)(Chapin et al.,

2005). Earlier snowmelt also alters the timing of soil thaw, modifies the seasonality of surface

hydrological processes, and can promote permafrost degradation (Bokhorst et al., 2016). These390

cascading impacts are particularly relevant for the climatically sensitive regions identified as

northern Greenland, Baffin Island, and West Siberia, where the combination of deep snow,

strong BC‑induced darkening, and substantial melt acceleration produces the most pronounced

changes in snow cover duration.

395

Figure 9. Regional statistics of BC‑induced snowmelt changes during 2046–2050 under the

three SSP scenarios. (a) Snowmelt rate increase (mm d-1). (b) Advance in snow

disappearance timing (days). Boxes indicate the 25th-75th percentiles, whiskers the 5th–

95th percentiles, and solid lines the medians.

3.5 Near-Surface Meteorological and Cloud Responses400

Beyond the direct surface radiative and snowmelt impacts, BC deposition also modifies

near-surface meteorology, atmospheric vertical structure, and cloud microphysical properties

through land–atmosphere feedbacks. Figure 10 presents the spatial distribution of BC-induced

changes in 2-m air temperature, specific humidity, and 10-m wind speed under the three SSP

scenarios, with each row corresponding to one scenario.405

The enhanced surface shortwave absorption and subsequent snowmelt drive a widespread

near‑surface warming over the Arctic land areas. The 2‑m temperature increase scales with

emission forcing, with domain‑averaged values of 0.09 ± 0.06 °C (SSP1‑2.6; Figure 10a1),

0.10 ± 0.08 °C (SSP2‑4.5; Figure 10b1), and 0.12 ± 0.07 °C (SSP5‑8.5; Figure 10c1). The
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warming is most pronounced over Baffin Island, West Siberia, and northern Greenland, where410

local temperature increases exceed 1 °C under SSP5-8.5, consistent with the regions of strongest

snow albedo reduction and sensible heat flux enhancement identified in Sections 3.2 and 3.3. The

2‑m specific humidity exhibits a similar spatial pattern but with more modest magnitudes,

increasing by up to 0.3 g kg⁻¹ under SSP5‑8.5 over the same regions (Figure 10c2), reflecting

enhanced evaporation from the warming surface and accelerated snowmelt. Changes in 10‑m415

wind speed are spatially heterogeneous and generally small, remaining within ±0.4 m s⁻¹ across

all scenarios (Figure 10a3–c3), with localized increases over Greenland and West Siberia and

decreases over East Siberia, likely reflecting regionally specific modifications to surface

roughness and boundary‑layer stability induced by snow cover changes.

420

Figure 10. Spatial distribution of BC‑induced changes in 2‑m air temperature (°C), 2‑m

specific humidity (g kg-1), and 10‑m wind speed (m s-1) during 2046–2050 under (a1–a3)

SSP1‑2.6, (b1–b3) SSP2‑4.5, and (c1–c3) SSP5‑8.5.425
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The atmospheric response to BC deposition extends well above the surface. The

longitude‑height cross‑sections of temperature and specific humidity changes under SSP5‑8.5

(Figure 11) reveal that significant warming penetrates to the upper troposphere (>7000 m) over

the 50°W–50°E sector, with magnitudes exceeding 0.5 °C in the mid‑to‑upper troposphere. The

specific humidity response shows a similar vertical structure but is confined to lower magnitudes430

(<0.15 g kg-1). The deep vertical penetration of the thermal signal suggests that BC‑induced

surface perturbations can influence atmospheric stability and circulation beyond the boundary

layer, likely through enhanced vertical mixing driven by increased sensible heat flux in the

tundra regions (Section 3.3).

435

Figure 11. Longitude- height cross- sections (averaged over 65°N–90°N) of BC- induced

changes in (a) air temperature (°C) and (b) specific humidity (g kg-1) under SSP5- 8.5 during

2046–2050.

An important and previously underappreciated consequence of these atmospheric changes is

the modification of cloud microphysical properties. Figure 12 presents the BC‑induced changes440

in cloud liquid water fraction under the three SSP scenarios. While changes in total cloud cover

are minor and spatially incoherent, the cloud liquid water fraction exhibits a consistent and

scenario‑dependent increase over the Arctic. Under SSP5‑8.5, the liquid water fraction increases

by more than 0.2 locally over Greenland, Baffin Island, and West Siberia (Figure  12c), regions

that coincide with the strongest near‑surface warming and moisture increases (Figure 10). The445
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domain‑averaged increase is more modest but systematically intensifies from SSP1‑2.6 to

SSP5‑8.5.

This increase in cloud liquid water fraction represents an indirect pathway through which

BC deposition may influence the Arctic climate system: surface warming and enhanced

evaporation promote a shift from ice‑phase to liquid‑phase cloud particles in mixed‑phase450

clouds, which in turn modifies cloud radiative properties, liquid droplets are more effective

shortwave reflectors and longwave emitters than ice crystals, potentially feeding back onto the

surface energy balance. While the magnitude of this cloud adjustment is relatively small in the

domain average, its concentration in the climatically sensitive regions of Greenland and the

Siberian Arctic warrants further investigation with higher‑resolution, convection‑permitting455

simulations.

Figure 12. Spatial distribution of BC‑induced changes in cloud liquid water fraction during

2046–2050 under (a) SSP1‑2.6, (b) SSP2‑4.5, and (c) SSP5‑8.5.460

3.6 Discussion

Table 3 summarizes the scenario-dependent BC-induced responses. Across the

experiments, larger BC deposition is associated with stronger snow darkening, greater surface

net radiation, and faster spring snowmelt. The response magnitude, however, varies among

individual metrics and regions because the deposition signal is modified by the evolving snow465

state and surface energy balance.

The experiments isolate a coherent deposition-driven response across the Arctic land

surface: greater BC loading produces larger snow darkening, increased surface net radiation, and

faster spring melt. The contrast between SSP1-2.6 and SSP5-8.5 is especially informative
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because BC deposition is about 65 % higher in the latter, whereas the corresponding BC-induced470

changes in snow albedo, net radiation, and snowmelt are 14 %, 40 %, and 49 % larger,

respectively. The different scaling among these variables shows that deposition does not

propagate linearly through the snow–energy-balance system. Snow state, solar input, melt

timing, and the partitioning of additional energy between melt and turbulent fluxes all regulate

the final response.475

Table 3. Summary of BC-induced changes in Arctic land surface processes during

2046–2050 under three SSP scenarios.

Variable SSP1-2.6 SSP2-4.5 SSP5-8.5 Change (SSP5-

8.5 vs SSP1-2.6)

BC deposition

(mg m-2 d-1)

15.4 18.4 25/5 ↑ 65%

Snow albedo

reduction (%)

16.9 18.1 19.3 ↑ 14%

Net shortwave

radiation increase (W

m-2)

1.3 1.5 1.8 ↑ 38%

Net radiation increase

(W m-2)

1.0 1.4 1.4 ↑ 40%

Snowmelt increase

(mm d-1)

4.1 5.6 6.1 ↑ 49%

Snow disappearance

advance (days)

6.7 7.2 7/6 ↑ 13%

Maximum local 2-m

warming (°C)

~0.3 ~0.7 >1.0 Significant

Increase in cloud

liquid water fraction

<0.05 ~0.10 >0.2 Significant

Note: Values represent domain-averaged results for the Arctic land area, except for maximum local

warming and cloud liquid water fraction increase, which are reported as local maxima. Percentage

changes are calculated as (SSP5-8.5 – SSP1-2.6) / SSP1-2.6 × 100%.480
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The regional patterns further show that the deposition map alone is not a map of Arctic

vulnerability to BC. Greenland receives relatively low BC deposition but exhibits the strongest

snow-albedo and snowmelt responses because its deep, persistent snow cover maintains an

optically important snow surface through the spring melt season. In contrast, the European Arctic485

and West Siberia exhibit stronger surface radiative responses where appreciable snow darkening

coincides with larger incoming solar radiation. This distinction is important for interpreting

mitigation benefits: the largest reduction in deposition need not occur where the largest reduction

in snowmelt or surface energy absorption is realized.

The analysis extends deposition-focused studies that estimated snow radiative effects from490

bulk deposition–forcing relationships or emphasized hemispheric, end-of-century changes (Jiao

et al., 2014; Chen et al., 2024; Hao et al., 2023). It also complements the earlier idealized

sensitivity analysis of snow darkening in Polar-WRF (Zhang et al., 2025). Here, spatially

heterogeneous and scenario-specific deposition fields are translated through the online snow-

albedo coupling into regional changes in snow albedo, surface energy balance, and snowmelt.495

Direct numerical comparison with global model forcing estimates is nevertheless not one-to-one,

because the background climate, deposition fields, snow BC treatment, and response metrics

differ among studies.

The atmospheric and cloud adjustments diagnosed in this study should be interpreted as

secondary responses to the snow-surface perturbation. Their domain-mean magnitude is small,500

and the present single realization was not designed to quantify a robust cloud-phase feedback.

The central result is therefore the directly simulated snow-albedo, surface-radiation, and

snowmelt response to prescribed BC deposition. Ensemble experiments with fully interactive

aerosol, cloud, and chemistry processes are needed to determine whether the localized cloud

changes amplify or damp the deposition-driven surface signal.505

Several limitations define the interpretation of the scenario contrasts. First, BC deposition is

taken from one Earth system model and therefore does not represent the full uncertainty in future

BC emissions, transport, and wet and dry removal. Second, the conversion from prescribed

deposition to snow BC loading depends on assumptions about snow accumulation, vertical

redistribution, and meltwater scavenging. Third, the common SSP2-4.5 meteorological510

background intentionally excludes scenario-related changes in circulation, temperature,

precipitation, and snow state. The reported values should consequently be interpreted as the
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contribution of the BC-deposition pathway, not as the total difference in Arctic climate among

the three SSPs.

Within these bounds, the SSP1-2.6 versus SSP5-8.5 contrast provides a quantitative515

measure of the potential land-surface benefit associated with lower BC deposition by mid-

century. A 39.6 % decrease in deposition is accompanied by weaker snow darkening, smaller

net-radiation perturbations, and less snowmelt acceleration, although the size of each benefit

differs across regions. Future assessments should combine multi-model deposition ensembles,

source-resolved BC fields, and scenario-specific climate backgrounds to constrain the full Arctic520

climate benefit of BC mitigation.

4. Conclusion

This study quantified the Arctic land-surface response to scenario-dependent BC deposition

during 2046–2050 using Polar-WRF coupled online with the SNICAR snow-albedo scheme. By

applying SSP1-2.6, SSP2-4.5, and SSP5-8.5 BC deposition fields under a common SSP2-4.5525

meteorological background, the simulations isolate the contribution of the BC-deposition

pathway rather than the full climate response to each SSP.

BC deposition produces substantial, scenario-dependent changes in Arctic snow and surface

climate. Under SSP1-2.6, SSP2-4.5, and SSP5-8.5, Arctic-mean spring snow albedo decreases by

16.9 %, 18.1 %, and 19.3 %, respectively. Surface net radiation increases by 1.0–1.4 W m−2,530

spring snowmelt increases by 4.1–6.1 mm d−1, snow disappearance advances by 6.7–7.6 days,

and Arctic-land mean near-surface air temperature increases by 0.09–0.12 °C.

The response is spatially heterogeneous. Greenland has the strongest snow-albedo reduction

and snowmelt response despite relatively low BC deposition because its snow cover is deep and

persistent. The European Arctic and West Siberia show stronger surface-radiative responses535

where snow darkening coincides with larger incoming solar radiation, whereas East Siberia

shows the weakest overall response. Relative to SSP5-8.5, the 39.6 % lower BC deposition under

SSP1-2.6 reduces the BC-induced snow-albedo, net-radiation, and snowmelt responses by

12.4 %, 28.6 %, and 32.8 %, respectively.

These results demonstrate that cleaner mid-century pathways, through lower BC deposition,540

weaken Arctic snow darkening and spring snowmelt acceleration. The magnitude and

geographical expression of this benefit vary across the Arctic, indicating that the climate
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implications of BC-deposition changes should be interpreted in the context of regional snow and

radiative environments. The quantified effects remain subject to uncertainties in future BC

deposition, snow BC parameterization, and the fixed meteorological background. Multi-model545

deposition ensembles and fully coupled chemistry–climate simulations are needed to quantify the

complete climate response. By isolating the BC-deposition pathway, the present analysis

provides a process-based, regional reference for assessing the land-surface climate implications

of BC mitigation during the mid-21st century.
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