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Supplementary Text S1
Data processing in the model-observation comparison

We excluded those snow samples affected by drifting snow or with poor spatial representativeness
reported in the studies. For the observations estimated from the Integrating Sphere integrating SandWich
spectrophotometer, we scaled the measured black carbon (BC) concentration in snow (Supplementary
Data 1) to match the BC mass absorption efficiency of 7.5 m? g”! used in Energy Exascale Earth System
Model (E3SM) Land Model (ELM). We used both the BC concentration in the top snow layer and the
snow column. For the snow samples with unreported BC concentration in the snow column, we averaged
the surface and sub-surface BC concentration to get the approximate values.

It should be noted that using point-scale field measurements for evaluation of model simulations at a
relatively coarse resolution (0.5°) is rather challenging because of the scale mismatch' and the strong
dependence of snowpack on local topography and microclimate conditions. For the evaluation of
historical simulations (before 2015), all snow samples within the same model grid cell for the same month
and year were aggregated, and then the observations and simulations were paired according to their
specific geo-location, month and year. To utilize the snowpit data for model evaluation, we compared
snowpit measurements over the TP available after 2014 with the recent climatological (2005-2014)
average of the ELM historical simulations because the ELM simulations after 2014 are driven by
projected scenarios rather than the historically observed forcing. Furthermore, we compared the limited
snowpit snow samples acquired during summer with the ELM simulated spring average, considering that
summer monthly outputs from the ELM simulations show little snow cover during that period.
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Figure S1| Spatial patterns of historical black carbon (BC) deposition rate over the Northern
Hemisphere (NH): (a) total, (b) wet, (¢) dry deposition, and (d) the ratio of wet to total deposition. Here,
the BC deposition rates are calculated based on the ensemble mean of seven CMIP6 model outputs from
December to May. In each panel, grids with an average snow water equivalent (SWE) from December to
May smaller than 5 mm are masked.
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Figure S2| Future trends of black carbon (BC) and dust deposition from 2015-2100 over the
Northern Hemisphere (NH). a,b Spatial pattern of the Sen’s slopes of BC deposition under SSP126 and
SSP585. ¢,d Spatial pattern of the Sen’s slopes of dust deposition under SSP126 and SSP585. Here, the
ensemble mean of seven CMIP6 model outputs from December to May is used to calculate the Sen’s
slope. In each panel, grids without significant increasing or decreasing trends (p>0.05 in the Mann-
Kendall (MK) test) or where snow water equivalent (SWE) is smaller than 5 mm are masked.
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Figure S3| Future relative trends of black carbon (BC) and dust deposition from 2015-2100 over the
Northern Hemisphere (NH). a,b Spatial pattern of the relative Sen’s slopes of BC deposition under
SSP126 and SSP585. ¢,d Spatial pattern of the relative Sen’s slopes of dust deposition under SSP126 and
SSP585. Here, the ensemble mean of seven CMIP6 model outputs from December to May is used to
calculate the relative Sen’s slope. The relative Sen’s slope is calculated as the ratio of the Sen’s slope to
the historical (1995-2015) average deposition rates. In each panel, grids without significant increasing or
decreasing trends (p>0.05 in the Mann-Kendall (MK) test) or where snow water equivalent (SWE) is
smaller than 5 mm are masked.
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Figure S4| Time series of average black carbon (BC) deposition from December to May over snow-
covered Tibetan Plateau (TP) regions (where the average snow water equivalent (SWE) exceeds 5
mm in the historical period of 1995-2014) under SSP126 and SSP585. For each panel, the solid line
and background shading represent the mean and standard deviation of BC deposition rates, respectively,
based on the seven CMIP6 models. The p values from the Mann-Kendall (MK) test of statistical
significance of the temporal trends from 2015-2100 are shown inside each panel.
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Figure S5| Spatial patterns of historical (1995-2100) and future (2081-2100) black carbon (BC)
emission rates over the globe: (a) historical, (b) SSP126, and (c) SSP585. Here, the BC emission rates
are calculated based on the ensemble mean of seven CMIP6 model outputs from December to May.
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Figure S6] Comparison of ELM-simulated and observed black carbon (BC) and dust concentration
in snow across the Northern Hemisphere (NH). a. Spatial distribution of field snow samples. b,¢ Scatter
plots between observed and simulated BC concentration in the top snow layer and snow column. d.
Scatter plots between observed and simulated dust concentration in the snow column. In (b,¢,d), the
dotted, dashed and solid lines are 1:1,f 1:4 (or 4:1) and 1:10 (or 10:1) ratio lines, and the correlation
coefficient and p value are labeled.
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Figure S7| Ratio of historical (1995-2014) average dust-induced albedo reduction to total albedo
reduction over the Tibetan Plateau (TP). The snow albedo reduction is calculated based on ELM
outputs from December to May. The grids where the average snow water equivalent (SWE) during

December to May is smaller than 5 mm are masked.
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Figure S8| Spatial patterns of historical and future concentrations of black carbon (BC) and dust in
snow column over the Northern Hemisphere (NH). a,d Historical (1995-2014) and b,c,e,f future (2081-
2100) spatial patterns of the concentration of BC and dust in snow column under SSP126 and SSP585.
Historical and future light-absorbing particles (LAP) concentrations in snow column are calculated based
on ELM outputs for December to May. In each panel, the grids where snow water equivalent (SWE) is
smaller than 5 mm are masked.
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Figure S9| Spatial patterns of historical and future snow albedo reduction caused by black carbon
(BC), dust, and light-absorbing particles (LAP) (the sum of BC and dust) over the Northern
Hemisphere (NH). a,d,g Historical (1995-2014) and b,c,e,f,h,i future (2081-2100) spatial patterns of
snow albedo reduction under SSP126 and SSP585. Historical and future snow albedo reductions are
calculated based on ELM outputs for December to May. In each panel, grids where snow water equivalent
(SWE) is smaller than 5 mm are masked.
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Figure S10| Time series of average surface radiative forcings (RF) from December to May caused
by (a) BC, (b) dust, and (c) light-absorbing particles (LAP) (the sum of BC and dust) over snow-
covered Tibetan Plateau (TP) regions (where the average snow water equivalent (SWE) exceeds 5
mm in the historical period of 1995-2014) under SSP126 and SSP58S. For each panel, the solid and
dotted lines represent future simulations with and without future LAP change, with respect to the
subscript of LAPfuwure and LAPpisc seen in the legend. The background shading represents the standard
deviation of RF based on the ELM simulations with different model configurations. Note that the p values
from the Mann-Kendall (MK) test of statistical significance of the temporal trends from 2015-2100 for all
the time series are smaller than 0.05, thus not shown inside each panel.
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Figure S11| Historical and future average snow water equivalent (SWE) from December to May
over the snow-covered Tibetan Plateau (TP) regions (where the average SWE exceeds 5 mm in the
historical period of 1995-2014) under different model configurations: (a) SSP126 and (b) SSP585.
For each panel, Climatenis+LAPhis represents the historical (1995-2014) simulations with historical light-
absorbing particles (LAP) depositions, while ClimatesuretLAPfwre and ClimateswreLAPrig represent
future (2081-2100) simulations with and without a future change of LAP depositions, respectively. The
Climatefwret LAPwis simulations used the historical average LAP depositions from 1995-2014. The
horizontal axis labels represent different model configurations (see Methods), where Control has the
ELM default settings and the others represent major adjustments made from the Control case.
Specifically, PP assumes that the terrain is flat and neglects topographic effects on solar radiation; Koch
assumes a non-spherical snow grain shape (Koch snowflake); extBC assumes external mixing between
hydrophilic BC and snow grains; intDust assumes internal mixing between dust and snow grains;
noLULCC has no land use and land cover change; MSE _high assumes high melt-water scavenging
efficiency (MSE = 2, much higher than the default value of 0.2) of hydrophilic BC; and MSE_low
assumes a low MSE (0.02) of hydrophilic BC. In (a,b), the contribution (drap) of future LAP change that
mitigates snowpack loss under each ELM configuration is noted as a percentage and is calculated as the
ratio of the SWE difference (ASWELap) between ClimatesuretLAPuwre and Climatefywret LAPhist to the
SWE difference (ASWEciimate) between ClimatenistLAPuwis: and Climatesuturet LAPsuture.
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Figure S12| Future average snow water equivalent (SWE) from December to May and
contributions of light-absorbing particles (LAP) change to future SWE. a Historical (1995-2014) and
b,c future (2081-2100) spatial patterns of average SWE under SSP126 and SSP585. d,e The differences
(ASWELap) of future (2081-2100) SWEs with and without LAP change under SSP126 and SSP585. f,g
Time series of relative ASWELap (calculated as the ratio of ASWELap to projected SWE without LAP
change) over snow-covered regions (where the average SWE exceeds 5 mm in the historical period) in the
Tibetan Plateau (TP). In (a-e), grids with an average SWE smaller than 5 mm in the historical period are
masked. In (f,g), BCuturetDustiuure, BCruwreTDusthisi, and BCristDustsuwre represent different combinations
of BC and dust depositions, where the subscripts of future and hist represent future and historical average
depositions, respectively. The p values from the Mann-Kendall (MK) test of statistical significance of the
temporal trends from 2015-2100 are shown inside each panel.
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Figure S13| Spatial differences between future (2081-2100) and historical (1995-2014) snow water

equivalent (SWE) in April under (a) SSP126 and (b) SSP585. Grids where the average SWE exceeds 5
mm in the historical period of 1995-2014 are masked.
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156
157  Figure S14| Spatial patterns of historical and future precipitation, snowfall and air temperature

158  over the Tibetan Plateau (TP). a,d,g Historical (1995-2014) spatial patterns of climate conditions.

159  b,c,e,f,h,i The difference between future (2081-2100) and historical climate conditions under SSP126 and
160  SSPS58S. Historical and future climate conditions are calculated based on CESM outputs from December
161  to May.

162
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Figure S15| Spatial distributions of the contribution (6Lap, see Methods for its definition) of future
light-absorbing particles (LAP) change to mitigating snowpack loss under (a) SSP126 and (b)
SSP585. Grids where the average snow water equivalent (SWE) exceeds 5 mm in the historical period of
1995-2014 are masked.
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Figure S16| The black carbon (BC)-induced reduction of historical (1995-2014) average snow water
equivalent (SWE) from December to May over the Tibetan Plateau (TP). The SWE reduction is
calculated based on ELM historical simulations with and without BC deposition. The grids where the
average SWE during December to May is smaller than 5 mm are masked.
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Figure S17| Time Series of (a,b) winter precipitation, (c,d) winter air temperature, and (e,f) April
snow water equivalent (SWE) over snow-covered Tibetan Plateau (TP) regions (where the average
SWE exceeds S mm in the historical period of 1995-2014) under (a,c,e)SSP126 and (b,d,f) SSP585.
For each panel, the legend ‘CESM2/ELM’ represents either CESM2 data (precipitation or air
temperature) or ELM simulated SWE; ‘Mean of CMIP6’ represents the ensemble mean of the seven
CMIP6 models (Table S1) used in the study; ‘CMIP6’ represents each CMIP6 model used in the study;
and the vertical dashed line indicates the year 2015 when the SSP scenarios start. The p values from the
Mann-Kendall (MK) test of statistical significance of the temporal trends from 2015-2100 for
CESM2/ELM and Mean of CMIP6 are shown inside each panel.
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Table S1| Historical and future surface radiative forcings (RFs, Wm?) from December to May
induced by black carbon (BC), dust, and BC+dust (i.e., the sum of BC and dust) over the snow-
covered regions (where the average snow water equivalent (SWE) exceeds 5S mm in the historical
period of 1995-2014) in the Northern Hemisphere (NH) and Tibetan Plateau (TP) in ELM control
simulations.

LAP NH TP

Historical SSP126 SSP585 Historical SSP126 SSP585
BC 0.79 0.13 0.17 3.16 0.57 0.61
Dust 0.37 0.49 0.28 1.24 1.58 0.69
BC+dust 1.3 0.65 0.49 5.13 2.39 1.47
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Table S2| Details of seven Earth system models in the CMIP6 experiments used in the study.

Model Name Institute/Center Original spatial Reference
resolution
(longitude x
latitude)
CanESMS5 Canadian Centre for | 2.8°x 2.8° Swart et al.?
Climate Modelling
and Analysis,
Canada
CESM2 National Center for | 1.25° x (0.94° Danabasoglu et al.?
Atmospheric
Research, USA
GFDL-ESM4 Geophysical Fluid 1.25°x1.0° Held et al.*
Dynamics
Laboratory, USA
INM-CMS5-0 Institute of 2.0°x1.5° Volodin et al.’
Numerical
Mathematics of the
Russian Academy
of Sciences, Russia
MIROC6 Japanese modeling 1.4°x1.4° Tatebe et al.’
community, Japan
MRI-ESM2-0 Meteorological 1.9°x1.9° Yukimoto et al.”
Research Institute,
Japan
NorESM2-LM Norwegian Climate | 2.5° x 1.9° Seland et al.®

Center, Norway
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Table S3| ELM-based experiments with different model configurations. TOP and PP represent the
shortwave radiation parameterizations with and without considering the topographic effects on solar
radiation. MSE represents the melt-water scavenging efficiency of hydrophilic black carbon (BC).

Case ID Topographic | Snow grain | Mixing state | Mixing Land use MSE

effects on shape of state of and land

solar Hydrophilic- | dust-snow | cover

radiation snow change
Control TOP Spherical Internal External Yes 0.2
PP PP Spherical Internal External Yes 0.2
Koch TOP Koch Internal External Yes 0.2

Snowflake

extBC TOP Spherical External External Yes 0.2
intDust TOP Spherical External Internal Yes 0.2
noLULCC | TOP Spherical Internal External No 0.2
MSE high | TOP Spherical Internal External Yes 2
MSE low TOP Spherical Internal External Yes 0.02
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