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S1 - Inputs for atmospheric and snow radiative transfer model

Input parameters for the Fu—Liou radiative transfer model (RTM) typically include the
meteorological variables temperature, pressure, humidity, and ozone concentration as well
as aerosol profiles and aerosol optical depth at the wavelength of 0.55 um. Additional
required input includes cloud property profiles (i.e., liquid water content, ice water content,
effective radius of water cloud, and effective diameter of ice cloud) and surface albedo.
We obtained monthly pressure-level meteorological variables (temperature, pressure,
humidity, ozone concentration) from the Modern-Era Retrospective Analysis for Research
and Applications, Version 2 (MERRA-2) datasets (product: instM 3d asm Np). The
horizontal resolution of the dataset is 0.5° x 0.625°; vertical resolution comprises 42 levels
spread between the surface and an altitude of 80 km. MERRA-2 is a new reanalysis data
released in 2017 by NASA's Global Modeling and Assimilation Office (GMAO).! It's
based on the Goddard Earth Observing System Model, Version 5 (GEOS-5) and Data
Assimilation System, Version 5.12.4 (ADAS-5.12.4).> The MERRA-2 data is available
online through the Goddard Earth Sciences (GES) Data and Information Services Center
(DISC) (https://disc.gsfc.nasa.gov).

The BC profile and optical depth at 0.55 pm used in this study were also derived from the
MEAAR-2 datasets (product: inst3_3d aer Nv and tavgM 2d aer Nx). Here we average
the 3-hourly BC mixing ratio data on a monthly scale, and interpolate the initial 72 pressure
layers in the vertical direction to 42 pressure layers, corresponding to the vertical layers of
the meteorological variables. In addition, several AOD datasets are assimilated and
absorbed by MERRA-2, including bias-corrected AOD of the Moderate Resolution
Imaging Spectrometer (MODIS), the Advanced Very High Resolution Radiometer
(AVHRR) instruments, AOD retrievals from the Multiangle Imaging SpectroRadiometer
(MISR) over bright surfaces, and ground-based Aerosol Robotic Network (AERONET)
direct measurements of AOD.! * Therefore, the MERRA-2 AOD datasets are relatively
reliable.*

The cloud microphysical parameters, including liquid water content (LWC), ice water
content (IWC), effective radius of water cloud particles, and effective diameter of ice cloud
particles, were obtained from the monthly CERES SYNldeg Ed4A product (hereinafter
CERES, the Clouds and the Earth's Radiant Energy System).> Which are derived by
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combining cloud properties measured by the MODIS sensor on board the Terra and Aqua
platforms and geostationary satellite (GEO) images.® The product also provides four cloud
types: low-level clouds (surface—700 hPa), lower mid-level clouds (700—500 hPa), higher
mid-level clouds (500-300 hPa), and high-level clouds (300—50 hPa). The exact location
of cloud layers is determined by its effective pressure.

The clear- (*ctear) and cloudy-sky (%cloudy) surface albedo (i.e., snow albedo) at 6 bands
(0.2-0.7,0.7-1.3, 1.3-1.9, 1.9-2.5, 2.5-3.5, and 3.5-4.0 um) was simulated by the Snow,
Ice, and Aerosol Radiative (SNICAR) model under clear and cloudy sky conditions,
respectively, with a Res of 200 (1000) um for fresh (old) snow in the autumn—winter
(spring—summer) season. Meanwhile, we assumed a soil albedo of 0.3 for the bottom layer,
representing the reflection properties beneath the snowpack. The other input parameters
for SNICAR include snow thickness and density and the BC content of the snow (BCs).
Here, snow thickness and density values are derived from MERRA-2 data (product:
tavgM 2d Ind Nx), and BCs values are obtained from the Coupled Model
Intercomparison Project Phase 6 (CMIP6) historical experiment results. Here we collect a
total of 7 model results (i.e., CESM2 historical, CESM2-FV2 historical, CESM2-
WACCM historical, = CESM2-WACCM-FV2 historical, = NorESM2-LM historical,
NorESM2-MM _historical, and TaiESM1 _historical), and then give the results of the multi-
model averages. Eyring et al.” has presented a comprehensive description on the CMIP6
experimental design and organization, the CMIP6 results are publicly available at
https://esgt-node.lInl.gov/search/cmip6/. For this study, we employed the multi-model
average monthly BCg output for the period 2010-2014 to drive the SNICAR model.
Finally, the all-sky snow albedo (%ai-sky) as inputs for Fu-Liou model was then calculated
based on weighted clear- and cloudy-sky albedo values depending on the cloud fraction
(CF) (i.e., %att-sky = CF X Qeougy + (1 = CF) X @ieqry and the data of CF were obtained from
the Clouds and the  Earth's Radiant Energy  System  (CERES)

(https://ceres.larc.nasa.gov/products.php?product=SYNldeg). In addition, all other

products used in this study are also for the year 2010-2014 and, unless otherwise stated,

have been remapped to 2.5° x 1.875° resolution to match CMIP6 model results.


https://ceres.larc.nasa.gov/products.php?product=SYN1deg
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2 Figure S1. Spatial distribution of the measured black carbon (BC) concentration across the
3 Northern Hemisphere. Here the Northern Hemisphere are separated into twelve study regions, and

4 regions are labelled in order from A to L.
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2 Figure S2. Comparison of the snowpack BC measurements and CMIP6 multi-model averaged BC

3 concentrations in the HNA, Greenland, WHE, EHE, WMNA, WC, TP, and NEC.



AN W B W

90°N 700 @ T T T T T T T T T 11
—a— A: HNA
—¥—B: Greenland —+—H: EME
—e—C: WHE —— | WC
‘ ‘ , 600 —e—D: EHE —— . TP 7
o°N : : Rt —*—E: WMNA —8—K: EC
180°W  120°W  60°W  O°F 60°E  120°E 180°F F EMNA —— | NEC .
90°N . . : ‘ —— | ok N m et e

: ' 8 % 500 - .

60°N [

30°N

60°N [

30°N

0°N ' i -
180°W  120°W  60° 0°E 60°E  120°E 180°F

90N M5 A

60°N

3N - R g
-~ i R s .
180°W  120°W  60°W 0°E 60°E  120°E  180°F 200

90°N . . : ‘ .

60°N [

30°N

o°N N :
180°W  120°W  60°W  O°E  60°E  120°E  180°E

0 2 5 10 20 50 100 200 300 500 1000 2000 5000 g Jan Feb Mar Apr May Jun Jul Aug Sep Oct Noec

BC in snow (ngg™) Months
Figure S3. Spatial distributions of mean seasonal snow BC contents in the Northern Hemisphere
for (a) DJF, (b) MAM, (c) JJA, and (d) SON during 2010-2014. Regional averages for the entire
hemisphere are shown in the bottom left corner of each panel. (¢) Mean monthly BCs for each

region.
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Figure S4. Spectral snow albedo simulated by the SNICAR model with 0, 20, 50, 100, 500, 1000,
and 2000 ng g! of BC contamination for fresh snow (solid line) and old snow (dotted line), under
cloudy sky conditions. Gray areas denote the typical spectral solar irradiance for mid-latitude
winter. Fu—Liou bands at the solar spectra (0.2-0.7, 0.7-1.3, 1.3-1.9, 1.9-2.5,2.5-3.5, and 3.5-4.0

um) are shown separated by gray dashed lines.
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Figure S5. Spatial distributions of mean seasonal radiative effect of (a—d) atmospheric BC (

RETOA RET0A
atmo) and (e—f) snow BC ("~ snow) over the Northern Hemisphere in 2017 at the TOA. Regional

averages for the Northern Hemisphere are shown in the bottom left corner of each panel.
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Figure S6. As for Figure S3, but depicting (a—d) atmospheric BC ("~ atmo) and (e—f) snow BC (
Sur
RE

snow) radiative effect at the surface.



1 Table S1. The correction factor of CMIP6 averaged BC concentrations in snow for different

2 regions.

Region Correction factor
A: HNA 2.964
B: Greenland 1.244
C: WHE 0.919
D: EHE 2.531
E: WMNA 1.977
F: EMNA 1.977
G: WME 0.994
H: EME 1.069
I. WC 1.069
J. TP 2.275
K: EC 1.022
L: NEC 1.022
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