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Toward a more realistic representation of
surface albedo in NASA CERES-derived surface
radiative fluxes: A comparison with the MOSAIC
field campaign
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Accurate multidecadal radiative flux records are vital to understand Arctic amplification and constrain
climate model uncertainties. Uncertainty in the NASA Clouds and the Earth’s Radiant Energy System
(CERES)-derived irradiances is larger over sea ice than any other surface type and comes from several
sources. The year-long Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC)
expedition in the central Arctic provides a rare opportunity to explore uncertainty in CERES-derived
radiative fluxes. First, a systematic and statistically robust assessment of surface shortwave and
longwave fluxes was conducted using in situ measurements from MOSAIC flux stations. The CERES Synoptic
1degree (SYN1deg) product overestimates the downwelling shortwave flux by +11.40 Wm™2 and
underestimates the upwelling shortwave flux by -15.70 Wm™ and downwelling longwave fluxes by
-12.58 Wm™2 at the surface during summer. In addition, large differences are found in the upwelling
longwave flux when the surface approaches the melting point (approximately 0°C). The biases in
downwelling shortwave and longwave fluxes suggest that the atmosphere represented in CERES is too
optically thin. The large negative bias in upwelling shortwave flux can be attributed in large part to lower
surface albedo (-0.15) in satellite footprint relative to surface sensors. Additionally, the results show that
the spectral surface albedo used in SYN1deg overestimates albedo in visible and mid-infrared bands. A series
of radiative transfer model perturbation experiments are performed to quantify the factors contributing to
the differences. The CERES-MOSAIC broadband albedo differences (approximately 20 Wm™) explain a larger
portion of the upwelling shortwave flux difference than the spectral albedo shape differences (approximately
3 Wm™). In addition, the differences between perturbation experiments using hourly and monthly MOSAIC
surface albedo suggest that approximately 25% of the sea ice surface albedo variability is explained by
factors not correlated with daily sea ice concentration variability. Biases in net shortwave and longwave
flux can be reduced to less than half by adjusting both albedo and cloud inputs toward observed values.
The results indicate that improvements in the surface albedo and cloud data would substantially reduce
the uncertainty in the Arctic surface radiation budget derived from CERES data products.
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1. Introduction

Warming in the Arctic has increased more than twice as
fast as the rest of the world over the past 4 decades,
a phenomenon called Arctic amplification (Holland and
Bitz, 2003). The rapid and unprecedented changes in the
Arctic alter the region’s surface climate with significant
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Observing the Arctic from space is one of the most
challenging tasks in climate science. The Arctic surface
energy budget is difficult to measure and poorly under-
stood because of its unique environment, including the
high albedo of the snow/ice surface, substantial spatial
and temporal heterogeneity in surface properties (e.g.,
optics, thermal conductivity, surface roughness, leads/
ponds), large solar zenith angle, the absence of solar radi-
ation during winter, extremely low temperature and
humidity, the presence of temperature inversions, and the
frequent occurrence of supercooled mixed-phase clouds
(Curry, 1996; Shupe and Intrieri, 2004; Walsh, 2009; Dun-
can et al., 2020). The Clouds and the Earth's Radiant
Energy System (CERES) provides satellite retrieved surface
irradiances at various temporal and spatial scales (Kato et
al.,, 2018) that are widely used in analyses of regional and
global mean surface irradiances (e.g., Hakuba et al., 2016),
for constraining other energy fluxes (e.g., DeAngelis et al.,
2015; Boos and Korty, 2016), as well as for evaluating
climate models (e.g., Boeke and Taylor, 2016). However,
uncertainty in CERES irradiances is substantially larger
over sea ice than any other surface type (Su et al., 2015).
For instance, Huang et al. (2017b) compared the CERES
Energy Balanced and Filled (EBAF) derived monthly radi-
ative fluxes with 5 Baseline Surface Radiation Network
stations over the Arctic finding biases (root-mean-square
error [RMSE]) of +2.27 (4.91) Wm ™ and +4.41 (6.17) Wm™>
for downwelling shortwave (SW down) and longwave (LW
down) fluxes, respectively. Riihela et al. (2017) compared
CERES SYN1deg data against in situ observations from the
Tara drifting station, finding that over sea ice the upwell-
ing shortwave (SW up) flux at the surface is too low due to
a large negative bias in sea ice albedo, while the upwelling
longwave (LW up) flux over sea ice saturates during
mid-summer. Comparisons with airborne in situ measure-
ments also suggest that CERES Synoptic 1degree (SYN1-
deg) SW up flux is too low (Smith et al., 2017).
More recently, Kato et al. (2018) estimated uncertainty
values for the Arctic surface radiative flux terms ranging
from 12 to 16 (15) Wm™ at the monthly 1°x1°gridded
scale, with the regional annual mean bias ranging from
—4 to 4 Wm™,

These uncertainties in surface radiative fluxes come
from a variety of sources. Uncertainty in atmospheric tem-
perature and humidity from reanalysis, heterogeneity in
surface conditions (including sea ice properties, snow
cover, and albedo; Su et al., 2015), and difficulties detect-
ing and characterizing clouds over sea ice all contribute to
the CERES irradiance uncertainty (Kato et al., 2018). More-
over, clouds are gridded to, and radiative transfer calcula-
tions are done on, a quasi-equal area grid in the polar
regions, which could hinder the ability to represent fluxes
in the central Arctic (Riihela et al., 2017). In addition to
atmospheric and cloud input, errors associated with the
radiative transfer model (RTM) add another layer of uncer-
tainty to surface radiation retrievals, such as assumption
of a gamma distribution of cloud optical thickness and
treatment of vertical correlation of cloud properties (Kato
et al., 2005). Understanding these multiple potential
sources of uncertainty in CERES-derived surface radiative
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fluxes in the central Arctic requires a thorough explora-
tion of in situ observations of the thermodynamic and
radiative properties of the atmosphere and surface.

Direct, in situ time series over the central Arctic are
rare. To address needs for cross-disciplinary, process-level
understanding of the changing Arctic and thereby advance
satellite observations and models, an international consor-
tium of scientists and institutions conducted the most
comprehensive exploration of the central Arctic system
in history. Starting in October 2019, the German ice-
breaker Polarstern left Norway, as a part of the Multidisci-
plinary drifting Observatory for the Study of Arctic
Climate (MOSAIC) expedition, traveled through the north-
ern Laptev Sea and moored itself inside the freezing sea
ice pack. Over the next 10 months, the Polarstern passively
drifted with the sea ice across the central Arctic, until
reaching the ice edge in the Fram Strait on July 31,
2020, about 1,800 km from its starting position. After July
2020, the Polarstern relocated further north to continue
measurements from late August to late September 2020.
The MOSAIC ship track during April-September 2020 is
shown in Figure 1. The MOSAIC expedition provides
a comprehensive set of observations of the Arctic climate
system, to link the atmosphere, sea ice, and ocean through
physical, chemical, and biological pathways (Shupe et al.,
2020). Therefore, the MOSAIC field campaign provides an
incredible opportunity to quantify and reduce uncertainty
in CERES radiative fluxes over sea ice in the central Arctic.

In this study, a systematic and statistically robust assess-
ment of surface shortwave and longwave radiative fluxes is
performed using in situ measurements from MOSAIC,
including measurements from multiple locations on the
sea ice within approximately 15 km of the drifting Polar-
stern. We focus on surface radiative fluxes during the 2020
melt season (April-September), noting that the sea ice
changes rapidly during the melt season and thereby exerts
a large influence on the surface radiation budget (Persson,
2012; Huang et al., 2017a; Huang et al., 2019). CERES sat-
ellite observations and retrievals over the Arctic are more
reliable in summer than in winter (Huang et al., 2017b). We
are particularly interested in shortwave albedo changes that
are only relevant during the summer. Further, a series of
perturbation experiments with the Langley Fu-Liou RTM
(Fu and Liou, 1993; Fu et al., 1998) are performed, by
utilizing the surface conditions measured during the
MOSAIC field campaign to quantify contributions to the
flux differences. In this study, we focus on surface albedo
because it is thought to be one of the most uncertain input
sources in CERES products (e.g., Riihela et al., 2017; Kato et
al,, 2018; Diagio et al., 2021) and is expected to be the
largest contributor toward the large shortwave flux uncer-
tainty. The goal of this study is to understand the sources of
uncertainty in the Arctic surface radiation budget derived
from CERES to reduce these uncertainties and benefit the
Arctic climate science community.

2. Data and methodology

2.1. MOSAIC surface measurements and retrievals

We use radiation and meteorological measurements from
3 stations at MOSAIC (Shupe et al,, 2021; flux station
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Figure 1. The research vessel Polarstern ship track during April-September 2020, as a part of the MOSAIC
expedition. The flux station measurements during August 2—20 (yellow) and September 20-30 (green) are removed
from analysis because the measurements were made from onboard the ship in transit. DOI: https://doi.org/10.1525/

elementa.2022.00013.f1

measurements, hereafter). The flux stations included a vari-
ety of measurements including a full suite of upward and
downward looking broadband radiometers operated by
the U.S. Department of Energy Atmospheric Radiation
Measurement Program. The upwelling and downwelling
solar radiative fluxes were measured by a pair of Eppley
Precision Solar Pyranometers (295-3,000 nm), while the
upwelling and downwelling terrestrial radiative fluxes
were measured by a pair of Eppley Precision Infrared
Radiometers (3,500-50,000 nm). The downward viewing
radiometers were positioned at a nominal height of 3 m
above the surface. Similar broadband solar and terrestrial
radiative fluxes were measured by the University of Color-
ado/National Oceanic and Atmospheric Administration
(NOAA) surface flux team at 2 Atmospheric Surface Flux
Stations (ASFS30 and 50) installed at variable distances up
to about 10 km away from Met City (Cox et al., 2021a; Cox
et al,, 2021b; Cox et al.,, 2021c). The upwelling and down-
welling solar and terrestrial radiative fluxes were mea-
sured by pairs of Hukseflux SR30 pyranometers
(285-3,000 nm) and IR20 pyrgeometers (10,000—
40,000 nm) mounted at a nominal height of 2 m above
the surface. Based on the heights of the downward look-
ing radiometers at the different sites, the measurements

are representative of a circular area of about 6-14 m?
underneath the radiometers, which was typically domi-
nated by sea ice with only marginal influences from
nearby melt ponds. Additional measurements of the
near-surface meteorology and turbulent heat fluxes
were made at 2, 6, and 10 m at Met City and at 2-3 m
at the ASFSs. Note that instrument calibration adjust-
ments and a variety of quality control processes have been
applied to these data sets. While the raw measurements
were made at higher temporal resolution, we use 10-min
ASFS and Met City data to evaluate CERES hourly surface
radiative fluxes. Note that there are data quality issues
and/or the data were not obtained for scientific uses dur-
ing certain periods at different sites. Particularly, during
August 2-20 and September 20-30, 2020, all flux station
measurements are removed from the analysis (Figure 1).

From June to September 2020, surface spectral albedo
measurements were carried out along multiple survey
lines (survey line measurements hereafter), ranging in
length from 60 m to 200 m. The measurement spacing
was 5 m, and the survey lines were visited 1-6 times per
week. Measurements were made using an analytical spec-
tral devices spectroradiometer (Grenfell and Perovich,
2008) with a spectral range of 350-2,500 nm and
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reported integrated values every 1 nm based on observa-
tions made every 1.4-2 nm. The survey lines were placed
on sea ice deemed representative of sea ice conditions in
the broader area and included a mixture of snow, bare sea
ice, melt ponds, and sediment-laden ice. For more details
on the data processing and quality control, see Smith et al.
(2021a; 2021b) and Light et al. (2021). It should be noted
that there are 18 shortwave spectral bands (175.4-4,000
nm) used by CERES (Rutan et al., 2015). Therefore, the
spectral albedo from MOSAIC has been averaged for each
CERES band within the overlapping spectral range (357.5—
2,500 nm), resulting in 10 bands for comparison between
2 data sets.

To evaluate CERES products, we use surface spectral
albedo from the MOSAIC survey line measurements, while
surface broadband albedo, radiative fluxes and meteoro-
logical observations are obtained from the MOSAIC flux
station measurements. Note that the broadband albedo
measurements are also available from MOSAIC survey line
(Light et al., 2021). Here, we compare the broadband
albedo from survey line and flux station measurements
on daily scale (Figure S1). They are in a good agreement in
general, with the mean value being slightly higher in flux
station than that of survey line by 0.05 (7.50%). It is prob-
ably because the flux station is dominated by sea ice,
while the survey line included a mixture of snow, bare sea
ice, melt ponds, and sediment-laden ice. Note that differ-
ent spectral ranges (flux station: 285-3,000 nm, survey
line: 300-3,000 nm) and temporal coverage between sur-
vey line and flux station may contribute to the broadband
albedo difference. Since the goal of study is to evaluate
how surface albedo bias impacts on surface radiative flux
retrievals, we use broadband albedo from flux station
measurements to evaluate CERES products.

2.2. CERES satellite observations and retrievals

The CERES data sets used in this study include CERES
Synoptic (SYN1deg-Month and SYN1deg-Hour) and EBAF
Edition 4.1 (Ed4.1) products. The CERES SYN1deg product
provides high-quality global hourly and monthly 1°x1°
gridded top-of-atmosphere (TOA), in-atmosphere, and sur-
face radiative fluxes. The in-atmosphere and surface fluxes
are computed hourly using the Langley-modified Fu—Liou
RTM based upon inputs from Terra and Aqua Moderate
Resolution Imaging Spectroradiometer (MODIS), 3-hourly
geostationary (GEO) data, and meteorological assimilation
data from the Goddard Earth Observing System Version
5.4.1 (GEOS-5.4.1; Rutan et al., 2015).

In addition to SYN1deg, the CERES EBAF Ed4.1 data set,
with a monthly temporal scale and 1°x1° spatial resolu-
tion, is compared with MOSAIC surface measurements.
The Ed4.1 EBAF-Surface algorithm adjusts SYN1deg-
Month surface irradiances by 2 processes: bias correction
and Lagrange multiplier. Biases in surface irradiances
caused by biases in temperature, humidity, and cloud frac-
tion with known sign are adjusted in the bias correction
process. To minimize the difference between computed
and observed TOA longwave and shortwave irradiances,
the Lagrange multiplier technique is used to adjust sur-
face, atmospheric, and cloud properties by region after the
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bias correction (Kato et al., 2018). Note that only all-sky
surface radiative fluxes from SYN1deg and EBAF products
are compared with MOSAIC observations.

To collocate MOSAIC surface observations and CERES
hourly data products, the 10-min MOSAIC files are first
averaged by hour, and then each hour is matched with the
nearest 1°x1° grid box in SYN1deg-Hour and EBAF pro-
ducts. The point-by-point MOSAIC and SYN1deg-Hour
comparison results below only include days when there
are at least 2 measurements available among ASFS30,
ASFS50, and Met City; this is performed to mitigate differ-
ences due to the comparison of point measurements with
the CERES 1°x1° grid box. The MOSAIC observation is
obtained by averaging all available measurements.

In addition, since the MOSAIC measurement is com-
pared with SYN1deg data at the 1°x1° grid scale, it is
necessary to explore spatial inhomogeneity influences
on the SYN1deg-Hour bias. Specifically, spatial heteroge-
neity is defined as the ratio (in percentage) between the
“absolute variance” and the average of all available
MOSAIC measurements. The absolute variance is the max-
imum difference among each pair of measurements
(ASFS30 and ASFS50, ASFS30 and Met City, ASFS50 and
Met City) at a given time.

2.3. Langley modified Fu—Liou RTM and CERES
SYN1deg flux computation

To determine which input data contributes to the uncer-
tainties in SYN1deg product, the first step is to run
a CERES:-like calculation to reproduce the surface radiative
fluxes through the RTM during the MOSAIC observing
period (control run hereafter), which is described in this
section. In comparison, Section 2.4 describes how we per-
turb surface albedo and cloud properties to examine the
sensitivity of surface radiative fluxes to those changes
(perturbation run hereafter).

As mentioned earlier, the in-atmosphere and surface
radiative fluxes in SYN1deg are computed hourly in
approximate equal-area grid boxes using the Langley
Fu-Liou RTM (Fu and Liou, 1993; Fu et al., 1998; Kratz
and Rose, 1999; Kato et al., 1999; Kato et al., 2005). A list
of the longwave and shortwave bands in the current
model is given in Rutan et al. (2015) and Rose et al.
(2006). Note that the band structure used in computa-
tions is modified from the original Fu-Liou code and
different from Kato et al. (1999). Gaseous absorption in
the shortwave region is treated by the method described
in Kato et al. (1999) and accounts for absorption by water
vapor, carbon dioxide, ozone, methane, and oxygen. For
carbon dioxide, methane, and nitrous oxide, secularly
increasing values are used from the NOAA Global Moni-
toring Laboratory’'s annual greenhouse gas index (AGGI;
https://gml.noaa.gov/aggi/aggi.html). Gaseous longwave
absorption is treated by the method described in Kratz
and Rose (1999). A complete description of the RTM can
be found in Rose et al. (2013).

The RTM calculations require numerous input data sets
including meteorological conditions, cloud and aerosol
properties, ozone profiles, surface spectral and broadband
albedo, snow and ice conditions, and so on. A detailed
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Table 1. The input sources for Fu-Liou radiative transfer model in this study. DOI: https://doi.org/10.1525/

elementa.2022.00013.t1

Category Variables Sources

General model inputs  Number of model cloud layers Four layers
Solar zenith angle MODIS

Solar insolation

Solver method
COz, CHy,
N,O, CFCs concentrations

Atmospheric
structure inputs

Pressure profile

Air temperature profile

Water vapor mixing ratio profile
Ozone mixing ratio profile
Surface skin temperature

Cloud inputs Cloud fraction, effective radius, optical

depth, phase, particle size

Surface inputs Spectral surface albedo

Spectral surface emissivity

Aerosol inputs Aerosol types and aerosol optical depth

Daily Solar Radiation and Climate Experiment and Total Solar
Irradiance files and earth—sun distance

Four-stream solver for shortwave and longwave calculations
NOAA Earth System Research Laboratories annual

greenhouse gas index

GEOS-5.4.1 reanalysis

MODIS

JIN lookup table, daily sea ice concentration, and monthly
Terra surface albedo history map

Determined by surface type
MATCH aerosol hourly output

MODIS = Moderate Resolution Imaging Spectroradiometer; NOAA = National Oceanic and Atmospheric Administration.

description of model inputs for SYN1deg product is given
in Rutan et al. (2015). Table 1 provides a list of ancillary
inputs used to calculate surface radiative fluxes in this
study. In addition to general model inputs and atmo-
spheric structure profiles, ozone profiles come from the
National Centers for Environmental Prediction Strato-
sphere Monitoring Ozone Blended Analysis product (Yang
et al., 1998). Cloud properties, including fraction, effective
radius, optical depth, phase, and particle size, are derived
from MODIS and multiple GEO satellites imagers. At high
latitudes, however, no GEO data are used, but sampling by
Terra and Aqua increases. Given that a bias was found
when validating retrievals over the Antarctic after initial
code development, the CERES team applied a correction
to cloud optical depth for polar daytime retrievals in
SYN1deg Ed4 product. We adopted this methodology to
make sure our RTM calculations are consistent with CERES
SYN1deg production process. Specifically, the natural log
of cloud optical depth is reduced by one during the polar
daytime (solar zenith angle > 0) when sea ice concentra-
tion is greater than 99%.

Surface albedo information comes from multiple
sources. The ocean and sea ice spectral albedos are esti-
mated by a lookup table (LUT) based on the Coupled
Ocean—Atmosphere Radiative Transfer model described
by Jin et al. (2004). A surface albedo history (SAH) map
provides monthly broadband surface albedo information
for each CERES grid box, derived from observed TOA
albedo from Terra and Aqua satellites, meteorology, and

surface type. The initial spectral albedo is normalized to
broadband albedo such that the integral of the spectral
albedo equals the broadband surface albedo. Snow and ice
information comes from National Snow and Ice Data Cen-
ter daily maps supplemented by maps from NOAA NESDIS
and a cryosphere flag derived from the MODIS clear-sky
imager. Emissivity over land and water is derived in 12
spectral bands based on surface scene type (Wilber et al.,
1999) as defined by the International Geosphere-
Biosphere Programme map of 17 Earth surface types along
with fresh snow and ice (Rutan et al., 2009).

Aerosol information comes from satellite-derived
sources as well as from a global chemical assimilation
model (Remer et al., 2005). In this case, aerosol optical
depth (AOD) comes from the Model for Atmospheric
Transport and Chemistry (MATCH; Collinset al., 2001).
MATCH is a global chemical transport model that assim-
ilates MODIS retrievals of AOD using Collection 5 after
May 2006. MATCH defines aerosol constituents through-
out the vertical atmospheric column using Optical Prop-
erties of Aerosols and Clouds from Hess et al. (1998) and
desert dust from Tegen and Lacis (1996).

Note that most inputs and data-processing procedures
for the RTM calculations in this study are identical to the
CERES SYN1deg production process, except for the solver
method. To generate the SYN1deg product, a gamma-
weighted two stream approximation (GWTSA) model
(Kato et al., 2001; 2005) is used to compute the shortwave
flux vertical profile for each cloud layer. A modified
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summertime
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Obtain the ocean and sea ice spectral albedos using Jin lookup tables
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SAH_hourly

Broadband albedo process.-”

Figure 2. The surface albedo perturbation experimental design using Fu-Liou radiative transfer model.

DOI: https://doi.org/10.1525/elementa.2022.00013.f2

2-stream approximation (Toon et al., 1989; Fu et al., 1998)
has been used for longwave flux computation. In this study,
we use the Langley Fu—Liou four-stream solver (Kato et al,,
2005) for both longwave and shortwave flux calculations.
This choice is made because the GWTSA solution reaches
anumerical singularity under conditions with a highly reflec-
tive surface and in the presence of an optically thick low
cloud in the band near 400 nm when single scatter albedos
are close to 1.0, generating unrealistic fluxes. In addition, the
GWTSA does not perform well when geometrically thick
clouds are distributed in multiple model vertical layers. We
ran RTM simulations for May and June to estimate the influ-
ence of the GWTSA versus the four-stream solver and showed
no differences in the longwave fluxes, a 3% (approximately
7 Wm™?) difference in SW down, and a 2% (approximately
3 Wm?) difference in SW up. In both cases, the four-stream
solver provided a better agreement with MOSAIC in situ
observations. The choice of solver does not change our con-
clusions. As for the monthly broadband albedo source, we
tested both Terraand Aqua SAH in SYN1deg Ed4 and found
no substantial differences in the results; thus, we use Terra
SAH only to simplify the calculations.

Figure 2 illustrates all steps in the SYN1deg produc-
tion process (Rutan et al., 2015) to produce the surface
albedo in the RTM and provides a diagram of the surface
albedo perturbation experimental design. First, at each
1°x1° grid box, the ocean and sea ice spectral albedos
are obtained using the LUTs described in Jin et al. (2004).
The initial combined spectral albedo is obtained by
a weighted average of sea ice and ocean scene fractions.
The broadband albedo is determined using the combined
spectral albedo and then is adjusted based on SAH hourly
broadband albedo (SAH_hourly).

As mentioned earlier, the SAH map provides monthly
broadband surface albedo information at overhead sun

(SAH_OHS) for each CERES grid box. Therefore, there are
several steps to convert monthly SAH_OHS to SAH_hourly.
First, using the solar zenith angle at each hour, we apply
a diurnal model to compute SAH monthly, diurnal
monthly average broadband albedo (SAH_monthly). The
diurnal model is described by Briegleb et al. (1986) and
Rutan et al (2015). Next, the SAH_monthly is adjusted
using the sea ice anomaly difference between the daily
and monthly mean sea ice concentrations. The diurnal
model is applied again with a different coefficient to get
SAH hourly broadband albedo (SAH_hourly) from the
monthly, diurnal average. The SAH_hourly value is used
to normalize the initial broadband albedo in the RTM.

2.4. RTM calculation and perturbation experiments

The control run, described in Section 2.3, uses the inputs
described in Table 1, which is consistent with the SYN1-
deg production process. To further understand the radia-
tive impact of surface albedo differences between CERES
and MOSAIC, we perform 5 broadband albedo perturba-
tion experiments, adjusting the SAH in different ways. A
detailed description of each surface albedo experiment is
provided in Table 2. The first albedo perturbation exper-
iment (A1) replaces SAH_hourly with hourly surface
albedo measured by MOSAIC ASFS30, while the second
experiment (A2) replaces the SAH_monthly with the one
averaged from MOSAIC flux station observations for each
month. In the third (A3) and fourth (A4) experiments, we
correct SAH_monthly by adding a constant for the entire
summer (+0.15) and then for each month (+0.10—0.22),
respectively. Corrections are derived from the comparison
between collocated SYN1deg-Hour data and MOSAIC
measurements (Section 3). In addition, we correct
SAH_monthly by adding a sea ice concentration depen-
dent correction factor in the fifth experiment (A5). Note
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Table 2. The description of surface albedo perturbation experimental design. DOI: https://doi.org/10.1525/

elementa.2022.00013.t2

Category Experiment

Description

Broadband albedo
perturbation
experiments

Control run
A1—"True" SAH_hourly
A2— “True” SAH_monthly

A3—Correction to SAH_monthly by
a constant in summer

A4—Correction to SAH_monthly by
a constant for each month

A5—Correction to SAH_monthly by
weighted surface albedo for each sea
ice bin

Spectral albedo
perturbation
experiments

A6—Monthly averaged spectral albedo
from control run (June—September)

A7—Monthly averaged spectral albedo
from MOSAIC (June—September)

Default TERRA monthly Surface Albedo History map

Replace SAH_hourly with MOSAIC hourly albedo

Replace SAH_monthly with MOSAIC monthly albedo

Correct bias in SAH_monthly by adding 0.15 during summer

Correct bias in SAH_monthly by adding a different constant for
each month

Correct bias in SAH_monthly by adding a different constant for
each sea ice bin; the constant is weighted by sea ice fraction
at corresponding time step

Replace initial spectral albedo with monthly averaged spectral
albedo obtained from control run from June to September

Replace initial spectral albedo with monthly averaged spectral
albedo measured by MOSAIC from June to September

MOSAIC = Multidisciplinary drifting Observatory for the Study of Arctic Climate.

that the correction factor was weighted by the sea ice
concentration at a given location such that the adjust-
ments are only applied to the sea ice portions of the grid
box, which is shown in Equation 1.

Corrected SAH onehly = Initial SAH ponehly + Alb_bias  SIC,
(1)

where Alb bias; represents the albedo bias in SYN1deg-
Hour product relative to MOSAIC for each sea ice bin
(Figure 3) and k indicates the kth sea ice bin, ranging
from 1 to 10. In this experiment, we only apply an albedo
correction to the sea ice portion of CERES 1°x1° grid box
because measured irradiances represent the sea ice type.

In addition to the broadband albedo perturbation, we
run 2 additional experiments, A6 and A7, replacing the
initial spectral albedo with the monthly averaged spec-
tral albedo obtained from a CERES-like RTM control run
and the MOSAIC spectral albedo from June to September,
respectively. The monthly averaged spectral albedo
inputs used in the RTM are shown in Figure S4. Note
that MOSAIC spectral albedos are not available within
bands 0.1754-0.2247 pum and 2.50-4.00 um to be
matched with CERES spectral ranges. Therefore, we
extrapolate the missing values in those bands by multi-
plying the corresponding albedo in the CERES-like RTM
by the ratio between RTM albedo and MOSAIC albedo in
the nearest band.
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Figure 3.The bin-averaged (a) surface albedo measured by MOSAiC ASFS30 remote flux station and (b) CERES
SYN1deg surface albedo bias in CERES SYN1deg relative to the MOSAIC measurements as a function of sea
ice concentration. DOI: https://doi.org/10.1525/elementa.2022.00013.f3
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Table 3. The description of cloud perturbation experimental design. DOI: https://doi.org/10.1525/elementa.

2022.00013.t3

Experiment Description

Cl—Increase cloud fraction by 1%

Increase total cloud fraction by 1% (increase cloud fraction by 1%/n at each cloud layer,

while N represents the number of cloud layer)

C2—Increase cloud fraction by 3%

Increase total cloud fraction by 3% (increase cloud fraction by 1%/n at each cloud layer,

while N represents the number of cloud layer)

C3—Uncorrected retrieved cloud optical
depth is being used

C4—Combine C1 and C3
C5—Combine C2 and C3

Uncorrected retrieved cloud optical depth is being used, which means increase natural
log of cloud optical depth by 1 when sea ice >99% during polar daytime

Increase both cloud fraction and cloud optical depth as described in C1 and C3

Increase both cloud fraction and cloud optical depth as described in C1 and C3

Note that all cloud experiments were performed with surface albedo correction as described in Experiment A5, which means that the
SAH_monthly was corrected by adding a constant for each sea ice bin.

Biases in cloud properties are also an important factor
that contributes to uncertainties in derived surface radia-
tive fluxes. The results of the surface albedo experiments
below (Section 4) revealed that the SW up improved mark-
edly between CERES and MOSAIC with improved surface
albedo information; however, the differences in the SW
down increased. This increase in the SW down flux
(described in Section 4) results from the reflection of the
increased SW up flux back toward the surface by clouds.
Therefore, on top of surface albedo experiment A5, we
perform a series of cloud perturbation experiments to
better understand how the results change after adjusting
cloud properties within uncertainty bounds.

The description of the experimental design is given in
Table 3. In the first (C1) and second (C2) experiments, we
increase the total cloud fraction by 1% and 3%, respec-
tively. Specifically, the cloud fraction has been increased
by 1% (or 3%)/N at each cloud layer, where N represents
the number of cloud layers. Yost et al. (2020) compared
the CERES MODIS cloud retrievals to Cloud-Aerosol LiDAR
with Orthogonal Polarization and found that MODIS
slightly overestimates liquid cloud fraction by ~ 1%, but
underestimates ice cloud fraction by approximately 5% in
the Arctic. Therefore, we think that the selection of 1%
and 3% for total cloud fraction is within current uncer-
tainty estimates. We also increase cloud optical depth,
shown in the third experiment (C3). Specifically, the
uncorrected retrieved cloud optical depth is used in this
experiment, which increases the cloud optical depth in
the RTM calculation under high sea ice concentrations
during the polar daytime. The fourth (C4) and fifth (C5)
experiments simultaneously perturb cloud fraction (1% or
3%) and cloud optical depth.

3. The validation of CERES SYN1deg and EBAF
products by MOSAIC surface measurements

First, we compare the time series of hourly surface radia-
tive fluxes from MOSAIC ASFS30 (black) and SYN1deg-
Hour (red) in Figure 4. In general, both SW and LW fluxes
are well-aligned between the 2 data sets during April-
September 2020. Note that the SW up flux in SYN1deg-
Hour is generally smaller than that measured by the

ASFS30 station. The LW down flux in SYN1deg-Hour is
also smaller than the MOSAIC measurement, particularly
from mid-August to late September. Similar results are
found when we compare SYN1deg-Hour with ASFS50 and
Met City (Figures S2 and S3).

The scatter plots and statistics comparing each radia-
tive flux component are given in Figure 5. This figure
shows that all components in SYN1deg-Hour exhibit very
high correlations (>0.90) with the MOSAIC measurements
except net longwave (LW net) fluxes, indicating an overall
good agreement between the 2 data sets. Specifically,
SYN1deg shows a bias (RMSE) of +11.40 (33.11) Wm™*
in SW down flux, which is about 7.70% of the mean
observed value. Meanwhile, SYN1deg underestimates SW
up flux by 15.70 Wm™ and 15.18%, with the RMSE of
34.20 Wm™. A regression analysis has been performed
between MOSAIC and CERES data, as shown in light blue
in Figure 5. The regression results demonstrate that SW
up has less agreement with MOSAIC than SW down, as the
SW up slope is further away from one. In comparison, the
biases (RMSEs) of longwave fluxes in SYN1deg are smaller,
which are —12.58 (23.49) Wm™ for LW down and -2.00
(8.72) Wm™? for LW up. Both LW down and LW up have
a regression slope around 0.9. It is interesting to note that
there are large differences in LW up when the MOSAIC
surface observations reach approximately 320 Wm™ as
SYN1deg has a wider distribution (300-330 Wm?)
around this value, likely caused by differences in surface
temperature data. This result is slightly different from
Riihela et al. (2017), who concluded that the SYN1deg
LW up flux over sea ice appears to saturate to approxi-
mately 315 Wm™ during mid-summer corresponding to
the sea ice melting point.

Combining the biases in both SW_down and SW_up,
the SYN1deg shows a relatively large bias (RMSE) of
+27.59 (38.03) Wm™? for the SW_net flux and —10.53
(19.21) Wm™? for the LW_net flux compared to MOSAIC.
In terms of percentage, SYN 1deg overestimates SW_net by
62.34%, but underestimates LW_net by 57.57%. The
regression lines for both LW_net and SW_net show large
differences with the identity line (y = x). As mentioned
earlier, the point-by-point comparison in Figure 5 is made
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Figure 4. The time series of surface radiative fluxes for MOSAIC ASFS30 (black) and CERES SYN1deg (red)
during April-September 2020 for (a) downward shortwave flux (SW_down), (b) upward shortwave flux
(SW_up), (c) downward longwave flux (LW_down), and (d) upward longwave flux (LW_up). DOI: https://

doi.org/10.1525/elementa.2022.00013.f4

between MOSAIC and SYN1deg only if there are at least 2
measurements available among ASFS30, ASFS50, and Met
City. The statistical results for this subset of data are also
consistent with the data from the individual measurement
sites (Figure S5) suggesting that spatial heterogeneity in
the MOSAIC measurements does not exert a large influ-
ence on the differences in shortwave and longwave fluxes
between SYN1deg and MOSAIC. Further investigating the
influence of spatial heterogeneity, we find weak relation-
ships between the SYN1deg bias and spatial heterogeneity
for all components except the SW_net flux (Figure S6).
Recall that spatial heterogeneity variability is defined as
the ratio (in percentage) between the absolute variance
and the average of all available MOSAIC measurements. Of
note is that the bias in SYN1deg SW_net tends to be
smaller when a substantial spatial difference occurs in the
MOSAIC measurements. In other words, SYN1deg has
a better agreement with the MOSAIC observations under
conditions of larger spatial heterogeneity, likely due to the
larger spatial domain (1° x 1°) of SYN1deg compared to
MOSAIC point measurements. This result suggests that the
2 or 3 sites available during MOSAIC were insufficient to
capture the full scale of spatial heterogeneity under all
conditions.

The difference between CERES SYN1deg-Hour and
MOSAIC measurements can be also attributed to CERES
sampling as satellites view a larger domain including both
ocean and sea ice. We quantify this effect by only including
the CERES footprints with high sea ice concentration
(>80%) in the comparison (Figure S7), resulting in approx-
imately 70% of the points being kept. In general, there is
no substantial difference between all points and the
points with high sea ice concentrations except SW_up
flux. Specifically, under high sea ice concentrations, the
correlation of SW_up flux increased from 0.94 to 0.96,
and both bias (from —15.70 to —10.96 Wm?) and RMSE
(from 34.20 to 27.91 Wm?) reduced, demonstrating the
influence of satellite versus surface-based sampling on
SW_up flux bias. Similar issues can be found in surface
broadband albedo comparison. The CERES surface albedo
bias decreases slightly considering only sea ice concentra-
tions >80% (Figure 3; described below).

Since SW_up flux from CERES SYN1deg-Hour shows
the largest bias and RMSE relative to the MOSAIC mea-
surements, we take a closer look at its differences in each
individual month (Figure 6). In general, the SYN1deg-
Hour and MOSAIC observations correlate better during
April-July (>0.80) than in August and September. The very
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Figure 5. Comparison of surface radiative fluxes between MOSAIC ground observations and CERES SYN1deg
during April-September 2020 for (a) downward shortwave flux (SW_down), (b) upward shortwave flux
(SW_up), (c) downward longwave flux (LW_down), (d) upward longwave flux (LW_up), (e) net shortwave
flux (SW_net), and (f) net longwave flux (LW_net). The correlation (Corr) with P value in parenthesis, absolute
bias relative to the mean value of MOSAIC measurement (Bias) with relative bias (%) in parenthesis, root-mean-square
error (RMSE), and regression equation are provided for each radiative flux component. A linear regression line is also
provided (blue) to be compared with identity line (y = x, black). The point-by-point comparison is shown between
MOSAIC observations and SYN1deg only if there are at least 2 measurements available among ASFS30, ASFS50, and
Met City. The MOSAIC observations are obtained by averaging all available measurements at a given time.
DOI: https://doi.org/10.1525/elementa.2022.00013.5

low correlation (0.23) and large relative bias (—23.38%) in  ice concentration greater than 80%. The more northerly
August are influenced by the smaller sample size and grid points (approximately 85°N) in August and Septem-
remain unchanged when considering only points with sea  ber may have an impact on the comparison, due to the
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Figure 6. The monthly comparison of surface radiative fluxes between MOSAIC observations and CERES
SYN1deg during (a) April to (f) September 2020 for upward shortwave flux (SW_up). The mean value
(Mean) of MOSAIC measurements with sample size in parenthesis, correlation (Corr) with P value in parenthesis,
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root-mean-square error (RMSE) and regression equation are provided for each month. A linear regression line is also
provided (blue) to be compared with identity line (y = x, black). DOI: https://doi.org/10.1525/

elementa.2022.00013.f6

smaller solar radiation. Since the mean SW_up flux differs
by month, it is more meaningful to compare the relative
biases rather than absolute values. In this case, the largest
relative biases occur in mid-summer and are smaller in
late spring (April) and early fall (September) possibly
related to greater surface albedo spatial heterogeneity in
mid-summer.

In general, surface SW_down is biased high, and
LW_down is biased low in CERES SYN1deg. These biases
suggest that the atmosphere represented in the CERES
product is too optically thin (e.g., too few clouds and/or
too thin clouds). A complete exploration of satellite cloud
property retrieval biases beyond the perturbation experi-
ments in Section 4 and their influence on CERES surface
radiative fluxes is beyond the scope of this analysis and
will be addressed in future work.

Next, we quantify the sources of uncertainty in SYN1-
deg surface radiative fluxes by comparing several meteo-
rological variables with available MOSAIC measurements
(Figure 7). Note that these variables are used as inputs to
calculate the SYN1deg radiative fluxes only. The surface
albedo in SYN1deg-Hour is consistently lower than the
MOSAIC flux station observations by 0.15 (—21.01%), with

the RMSE of 0.17 and regression slope of 0.90 (Figure 7a),
contributing substantially to the large negative bias in the
SW_up flux (Figure 5b; see Section 4). Note that the
SYN1deg surface albedo bias depends on sea ice concen-
tration at 1°x1° grid scale. As shown in Figure 3b, the
surface albedo bias decreases as the sea ice concentration
increases, ranging from —0.43 to —0.10, due to the sam-
pling differences between CERES and MOSAIC surface
sites. Under high sea ice concentrations (>80%), the sur-
face albedo biases are stable and remain between —0.10
and —0.14. This dependence on sea ice concentration is
expected because the surface irradiance measurements
represent the radiative fluxes over sea ice. Therefore, the
differences are larger when we compare MOSAIC measure-
ments with CERES grid boxes with high ocean fraction.
The results are consistent with Riihela et al. (2017), where
they found that SYN1deg surface albedo over sea ice is
lower than the Tara drifting station measurements from
April-June 2007. As in the surface radiative flux compar-
ison, we consider these differences for only CERES foot-
prints with high sea ice concentrations (>80%) (Figure
S8). There is no substantial difference between all points
and the points with high sea ice concentration. As
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Figure 7. Comparison of CERES SYN1deg input to Fu-Liou radiative transfer model with MOSAIC surface
measurements during April-September 2020 for (a) surface albedo, (b) surface pressure, (c) surface skin
temperature, (d) surface water vapor mixing ratio, and (e) surface wind speed. The correlation (Corr) with
P value in parenthesis, absolute bias relative to the mean value of MOSAIC measurement (Bias) with relative bias
(percentage) in parenthesis, root-mean-square error (RMSE) and regression equations are provided for each variable.
A linear regression line is also provided (blue) to be compared with identity line (y = x, black)The point-by-point
comparison is shown between MOSAIC observations and SYN1deg only if there are at least two measurements
available among ASFS30, ASFS50, and Met City. The MOSAIC observations are obtained by averaging all available
measurements at a given time. DOI: https://doi.org/10.1525/elementa.2022.00013.f7

expected, the slight difference occurs for surface albedo.
Due to sampling differences, both bias (from —0.15 to
—0.14) and RMSE (from 0.17 to 0.16) in surface albedo are
slightly reduced under high sea ice concentrations, while
the correlation decreased from 0.78 to 0.75. In addition to
sea ice concentration, snow and the presence of melt
ponds in summertime also enhance the spatial heteroge-
neity of surface albedo, which further increases the uncer-
tainties in comparison between satellite and surface
measurements. We also compared the broadband albedo
in SYN1deg-Hour with the one directly measured by
MOSAIC survey line on a daily scale. As expected, a smaller
difference (—0.09) is found in SYN1deg-Hour when com-
pared to survey line, probably because the survey line
contains more melt ponds than flux station.

We also compare the spectral shape of surface albedo
between CERES and MOSAIC survey line measurements
(Figure 8). Note that MOSAIC measured spectral albedo
is only available during June-September 2020. Overall,
the CERES spectral albedo (0.7-0.8) is larger than that
of MOSAIC within the visible band (0.3-0.7 um) by 0.1-

0.2 and mid-infrared band (>1.5 um) by approximately
0.1, while lower than MOSAIC within the near-infrared
band (0.7 —1.4 pm) by 0.0-0.3. The monthly averaged
spectral albedo shows similar patterns except July, during
which the CERES spectral albedo is lower than MOSAIC by
approximately 0.1 within the visible band. Recall that
CERES broadband albedo is lower than that measured
by the MOSAIC flux stations.

The surface pressure in SYN1deg agrees well with the
one measured by MOSAIC, with a positive correlation of
0.99 and a slightly negative bias of —0.39 hPa (—0.04%).
The surface skin temperatures measurements from
MOSAIC are derived from surface upwelling and down-
welling longwave fluxes assuming a surface emissivity of
0.985 (Persson et al., 2002; Figure 7c). The SYN1deg
underestimates surface skin temperature by —0.07°C
(-1.20%) compared with the MOSAIC measurements. As
expected, there are large differences in surface skin tem-
perature when the surface reaches melting point, which
contributes to biases in LW_up flux when it is around
320 Wm? (Figure 5d). A similar issue is found in LW_net
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Figure 8. The surface spectral albedo in CERES-like radiative transfer model control run (solid line) and
MOSAIC (dashed line) for each month during April-September 2020. Note that the MOSAIC measured
spectral albedo is only available during June—September. The black lines represent June—September averaged
spectral albedo. DOI: https://doi.org/10.1525/elementa.2022.00013.f8

flux (Figure 5f), as SYN1deg has a wide distribution when
MOSAIC reaches 0 Wm ™2, This result is influenced by the
larger spatial domain of CERES; that is, CERES SYN1deg
data includes more heterogenous scenes with tempera-
ture values that represent the average of ice-free ocean
and sea ice portions of the grid box. Depending on salinity,
the freezing point of ocean water is between 0°C (fresh)
and —1.8°C (typical salty), while it should be 0°C for fresh
snow on sea ice. Therefore, compared to MOSAIC ice-only
point measurements, a larger spatial domain in SYN1deg
would result in temperature differences since it contains
both ice and ocean. The MOSAIC observations also indicate
little variability in the broadband surface emissivity during
the measurement period. Figure 7d shows a good agree-
ment of the surface water vapor mixing ratio between the 2
datasets, with a slightly negative bias of —0.06 g/kg
(—2.16%) in SYN1deg. A more thorough validation of SYN1-
deg longwave fluxes is needed once the vertical profiles of
water vapor become available from the MOSAIC field cam-
paign. The GOES-5.4.1 simulated wind speed, which par-
tially determines the surface spectral albedo, exhibits
a positive bias of 1.05 m/s (24.16%) and RMSE of
1.86 m/s compared to MOSAIC measurements. However,
the wind speed is only one of several factors determining
the initial spectral albedo LUTs and exerts very little impact
on the radiative fluxes.

The results above are based on the comparison
between SYN1deg-Hour and MOSAIC surface observa-
tions. Given that the CERES EBAF is a widely used product
to evaluate most of the Coupled Model Intercomparison
Project Phase 5/6 climate models (e.g., Wild et al., 2015;
Dolinar et al., 2015; Boeke and Taylor, 2016; Baker and
Taylor, 2016; Wild, 2020), it is worthwhile to investigate
how the biases in CERES hourly products are transferred

to EBAF monthly products. Therefore, CERES SYN1deg-
Hour (blue), SYN1deg-Month (green), and EBAF (red) pro-
ducts are compared with MOSAIC measurements and
shown in Figure 9. As for shortwave fluxes, EBAF shows
the smallest overall bias among the 3 products, with a bias
of +6.54 Wm™2 for SW_down flux and —11.51 Wm™? for
SW_up flux. Riihela et al. (2017) also found a reduced
underestimation of SW_up flux in EBAF compared to
SYN1 deg. As for the LW_down flux, EBAF contains the
largest bias for almost all 6 months, with the overall bias
-12.31 Wm™2 (-4.36%). The overall bias of LW_up flux in
EBAF, however, is smaller than from SYN1deg-Hour and
SYN1deg-Month products (Figure 9d). The overall small
bias for EBAF is due to compensating effects of large
positive biases in May and June and negative biases in
April and September. In addition, the SW_net flux bias
in EBAF is smaller than that in SYN1deg-Month for all
months except September. The overall positive bias in
EBAF has been reduced by 15% compared with
SYN1deg-Month. In comparison, the LW_net bias in EBAF
increased by approximately 20% relative to SYN1deg-
Month, particularly in May, June, and July.

The similar comparison between CERES products and
MOSAIC is also done for surface albedo shown in Figure
10. Here, we compare the monthly Terra (purple) and
Aqua SAH (yellow). The CERES EBAF shows the best
agreement with MOSAIC surface measurements from
April to September, with a minimum bias of —0.08
(—11.29%) among all products. In addition, the negative
biases (-0.14) in SYN1deg-Hour and SYN1deg-Month are
larger than that in Terra (—0.10) and Aqua SAH (-0.13).
Differences between Terra and Aqua SAH, however, are
primarily attributed to satellite sampling in the polar
regions (Rutan et al., 2009). Overall, the CERES EBAF
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Figure 9. The monthly surface radiative fluxes obtained from MOSAIC observations (black), CERES SYN1deg
(blue), and CERES EBAF (red) during April-September 2020 for (a) downward shortwave flux (SW_down),
(b) upward shortwave flux (SW_up), (c) downward longwave flux (LW_down), (d) upward longwave flux
(LW_up), € net shortwave flux (SW_net), and (f) net longwave flux (LW_net). The absolute bias relative to the
mean value of the MOSAIC measurements, with relative bias (%) in parenthesis are provided for each radiative flux
component and each product, which are calculated from all collocated hourly data points. DOI: https://doi.org/

10.1525/elementa.2022.00013.f9

improves from SYN1deg products in terms of shortwave
fluxes and surface albedo through the bias correction
and Lagrange multiplier to the SYN1deg-Month product
(Kato et al.,, 2018). However, the EBAF longwave fluxes
show larger biases compared with SYN1deg-Month. Con-
tributing to these larger longwave biases are likely the

large uncertainties in Arctic temperature measurements
in the bias correction process and the disconnected
nature of TOA and surface fluxes due to frequent occur-
rence of temperature inversions that would inhibit the
ability to constrain surface fluxes with TOA flux
measurements.
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Figure 10. Same as Figure 9, but for surface albedo.
DOI: https://doi.org/10.1525/elementa.2022.00013.
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4, Perturbation experiments with RTM

4.1. Surface albedo perturbation experiments

The analyses above demonstrate that surface albedo sig-
nificantly contributes to the large negative bias in SW_up
flux in CERES SYN1deg products. Therefore, we perform
CERES-like RTM calculations, replacing the CERES surface
albedo with other approximations of this parameter to
quantify its contribution to the SYN1deg bias.

Different strategies are used to perturb either SAH_
hourly or SAH_monthly. Table 4 shows the difference
relative to the mean value from MOSAIC measurements
(in percentage) for each radiative flux component in var-
ious RTM perturbation experiments. As a result of most
perturbations, the magnitude of the bias in SW_up flux is
substantially reduced compared to the control run, which
is —14.14% relative to MOSAIC observations. Concurrently,
the bias in SW_down flux is increased from +4.31%,
reaching 7%—10%, which can be explained by enhanced
multiple reflections between clouds and the highly reflec-
tive surface (e.g., Wendler et al., 2004). There are no
changes in either LW_down or LW_up with perturbed
broadband surface albedo. The A1 experiment, using the
observed hourly broadband albedo, shows a large change
in the SW_up flux (+15.28%) and the largest change in
SW_down flux (+5.27%) relative to the control run. This
improvement can also be demonstrated by the regression
analysis, as the slope increases from 0.82 (control run) to
0.87 (A1) for SW_up (Fig. S9). As expected, changes are
smaller in SW fluxes when we adjust the SAH at monthly
scale (A2); the differences between A1 and A2 stem from
high frequency variability in surface albedo that is not
accounted for when modeling daily surface albedo vari-
ability using sea ice concentration anomalies as is
assumed in the CERES SYN process (Figure 2). This result
suggests that surface albedo variability that cannot be
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explained by sea ice concentration variations (e.g., snow,
melt ponds) accounts for approximately 4 W m™2 (+0.10—
0.22) of the negative bias in the SW_up flux. A3 and A4
represent more feasible correction approaches in the SAH
data; we correct SAH_monthly by either a single constant
during summer (+0.15) or different values for each
month. The changes in SW_up in A3 (+16.02%) and A4
(+16.82%) are close to A1, while the bias in SW_down is
smaller by approximately 1%. It should be noted that A3
exhibits the smallest bias in SW_net (+25.73%) among all
experiments. The last broadband surface albedo perturba-
tion experiment A5 shows a similar change in SW_net
(—22.15%) compared to A1, with a smaller change in both
SW_down and SW_up. Specifically, the bias (RMSE) for
SW_down and SW_up in A5 are +14.71 (44.00) Wm? and
-0.24 (33.55) Wm?, respectively (Table 5). Overall, the
bias (RMSE) of the SW_net flux decreased to +14.99
(28.68) Wm™ from +26.44 (38.69) Wm™ in the control
run. Experiment A5 is believed to be the most appropriate
method because the surface albedo adjustment is scaled
by the sea ice concentration in each 1°x1° grid box to
account for CERES and MOSAIC sampling differences
(Section 2.4).

Since the MOSAIC measurements are mostly over sea
ice, we also compare the results from all perturbation
experiments using all data points and just those points
with high sea ice concentrations (>80%; Table S1). In
general, the agreement in SW_up flux is slightly improved
under high sea ice concentrations in most perturbation
experiments. As for SW_down flux, the bias is increased in
all perturbation experiments except A1, which means that
fundamental issues remain in how the atmosphere is trea-
ted (i.e., the atmosphere is too optically thin or there are
too few clouds) in the satellite-based retrieval process.

To quantify the impacts of albedo spectral shape on the
shortwave flux bias, we run 2 additional experiments, A6
and A7, by replacing initial spectral albedo with monthly
averaged spectral albedo obtained from the RTM control
run and MOSAIC spectral albedo, respectively. Experiment
A7 should only be compared directly with A6 because
these calculations are made only for June—September, not
the entire melt season. As mentioned earlier, the CERES
albedo is larger than MOSAIC within the visible band (0.3—
0.7 um) and mid-SW infrared band (>1.5 um), while smal-
ler than MOSAIC within the shortwave near-infrared band
(0.7 =1.4 pm). By using the MOSAIC spectral albedo, the
SW_up flux bias becomes more negative by 2.61% or
—2.93 Wm™? compared to Experiment A6, which uses the
CERES spectral albedo. Additionally, this change in the
spectral albedo shape results in a closer agreement in the
SW_down flux, with a change of —1.02% and —1.76 Wm™
relative to A6. Using the MOSAIC spectral albedo gives
a more negative SW_up flux bias, which is opposite to the
less negative value derived by replacing with MOSAiC
broadband albedo. First, these results may suggest that
the underestimation of broadband albedo is partially com-
pensated by the overestimation of spectral albedo in vis-
ible bands in the CERES SYN1deg product. Second, the
integration of spectral albedo from the MOSAIC survey
line may not be comparable with broadband albedo
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Table 4. The relative bias to the mean value (in %) from Multidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAIC) measurements in Fu—Liou radiative transfer model control run and surface albedo perturbation runs.
DOI: https://doi.org/10.1525/elementa.2022.00013.t4

Experiment SW_down (%)  SW_up (%) SW_net (%) LW_down (%) LW_net (%)

Control run +4.31 -14.14 +51.2 -2.51 -34.8

A1—"True” SAH_hourly 1+9.58 (+5.27) +1.14(+153) +31.0(-20.1)  -2.51(0.00)  —34.8 (N/A)

A2—"True” SAH_monthly +7.86 (+3.55) —175(+124) +323(-188)  —2.51(0.00)  —34.8 (N/A)

A3—correction to SAH_monthly by a +861(+430) +188(+160) +257 (-254)  -2.51(0.00)  —34.8 (N/A)
constant in summer

Ad4—correction to SAH_monthly by +8.88 (+4.57) +2.68 (+16.8) +26.7 (—24.5) -2.51 (0.00) —-34.8 (N/A)
a constant for each month

A5—correction to SAH_monthly by 1805 (+3.74)  -0.18 (+14.0) +29.0(-22.2)  -2.51(0.00)  —34.8 (N/A)
weighted surface albedo for each sea ice
bin

A6—monthly averaged spectral albedo +6.38 (N/A) -13.5 (N/A) +44.4 (N/A) -3.21 (N/A) +44.1 (N/A)
from control run (June—September)

A7—monthly averaged spectral albedo +5.36 (-1.02) -16.1 (-2.61)  +46.4 (+2.00)  -3.21(0.00) +44.1 (0.00)

from MOSAIC (June-September)

The changes relative to control run in each perturbation run is provided in parentheses. Note that the values in parentheses for
Experiment A7 are the relative changes to A6. SW_down = downward shortwave flux; SW_up = upward shortwave flux; SW_net =
net shortwave flux; LW_down = downward longwave flux; LW_net = net longwave flux.

Table 5. The biases (in Wm) of surface shortwave fluxes in Fu-Liou radiative transfer model control run and surface
albedo perturbation runs relative to the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC)

measurements. DOI: https://doi.org/10.1525/elementa.2022.00013.t5

Experiment SW_down SW_up SW_net

Error Type Bias RMSE Bias RMSE Bias RMSE
Control run +7.88 415 -18.5 383 +26.4 38.7
Al +17.5 45.1 +1.49 32.6 +16.0 27.7
A2 +14.4 437 -2.29 323 +16.7 28.7
A3 +15.7 44.5 +2.46 339 +13.3 27.5
A4 +16.2 44.8 +3.50 34.5 +12.7 271
A5 +14.7 44.0 -0.24 336 +15.0 28.7
Ab +11.0 44.1 -15.1 37.8 +26.1 40.5
A7 +9.19 429 -18.0 38.7 +27.3 42.0

All the values are in W m™2. SW_down = downward shortwave flux; SW_up = upward shortwave flux; SW_net = net shortwave flux.

measurements from the flux station due to inconsistent
spectral ranges. Further, it is possible that the survey line
samples contain more ponded sea ice than the flux sta-
tion, which could contribute to these differences in the
broadband/spectral albedo comparisons. In terms of
SW_up flux, differences in the spectral albedo shape
between CERES and observations suggest an approxi-
mately 3 W m? effect (A6 and A7), whereas the broad-
band albedo differences are an approximately 20 W m™
effect (A5 and control run). In this case, the difference in
CERES broadband albedo makes a larger contribution to
the uncertainty in SW_up flux than spectral albedo shape.
However, it should be noted that only a specific spectral

range was measured by MOSAIC, which is expected to
have only a minor impact on these results.

4.2. Cloud perturbation experiments

The SW_down flux bias increased with the increased sur-
face albedo in each perturbation experiment. This
increase can be attributed to the brightening of the sur-
face and an increase in multiple reflections between
clouds and surface. As mentioned earlier, the SW_down
flux is biased high and LW_down flux is biased low, sug-
gesting that there might be too few clouds and/or too
thin clouds. In response to this finding, we perform
a series of cloud perturbation experiments on top of the
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A5 surface albedo changes to estimate the magnitude of
the cloud property changes required to offset this bias
(see Table 3).

Table 6 shows the percentage bias relative to mean
observed values for each radiative flux component,
while Table 7 provides bias and RMSE in units of Wm™
in each experiment relative to MOSAIC measurements.
Compared to the albedo perturbation Experiment A5, the
bias in SW_down flux has been slightly decreased to
+14.23 Wm™? (7.79%) and +13.67 Wm™ (7.48%) when
the cloud fraction is increased by 1% and 3%, respectively.
Therefore, as cloud fraction increases, the bias in
SW_down flux decreases, while the SW_up bias increases
in (negative) magnitude. The effects of the 1% and 3%
cloud fraction perturbations are small. Overall, the
SW_net flux biases in both experiments slightly decreased,
which is considered as an improvement from A5. It is
interesting to note that the biases of LW_down and
LW_net were slightly reduced in C1 and C2.
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The third cloud perturbation experiment (C3), which
increases the natural log of the polar daytime cloud opti-
cal depth by one, exhibits much larger changes in both
shortwave and longwave fluxes. Specifically, the bias in
SW_net flux decreased to +10.69 Wm™ (+20.68%) from
+14.99 Wm™? (+29.00%) in Experiment A5, with the bias
in SW_down flux of +5.14 Wm™? (2.81%). Similarly, the
bias in LW_net flux was reduced by more than half to
—14.49%, due to the improvement in LW_down flux. As
expected, the fourth (C4) and fifth (C5) experiments show
the minimum biases in both SW net and LW net fluxes, as
they increase both cloud fraction and cloud optical depth.
Among the 5 experiments, C5 exhibits the closest agree-
ment with the MOSAIC measurements, with biases in
SW_net flux of +10.29 Wm ™2 (+19.90%) and LW_net flux
of —=5.97 Wm™2 (-10.53%). The results from all CERES-like
RTM perturbation experiments demonstrate that the
biases in both SYN1deg shortwave and longwave fluxes
can be substantially reduced by correcting albedo and

Table 6. The relative bias to the mean value (in %) from Multidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAIC) measurements in Fu-Liou radiative transfer model control run and cloud perturbation runs.

DOI: https://doi.org/10.1525/elementa.2022.00013.t6

SW_down SW_up SW_net LW_down LW_net

Experiment (%) (%) (%) (%) (%)

Control run +4.31 -14.1 +51.2 -2.51 -34.8
A5—correction by a constant for each month +8.05 -0.18 +29.0 -2.51 -34.8
Cl—increase cloud fraction by 1% +7.79 -0.43 +28.7 -2.41 -33.2
C2—increase cloud fraction by 3% +7.48 -0.71 +283 -2.28 -31.3
C3—uncorrected retrieved cloud optical depth is being +2.81 -4.22 +20.7 -1.15 -14.5

used

C4—combine C1 and C3 +2.52 —4.48 +20.3 -1.04 -12.8
C5—combine C2 and C3 +2.17 -4.80 +19.9 -0.89 -10.5

The relative change in each perturbation run to control run is provided in parenthesis. SW_down = downward shortwave flux;
SW_up = upward shortwave flux; SW_net = net shortwave flux; LW_down = downward longwave flux; LW_net = net longwave flux.

Table 7. The biases (in Wm™2) of surface shortwave fluxes in Fu-Liou radiative transfer model control run and
perturbation runs relative to the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC)
measurements. DOI: https://doi.org/10.1525/elementa.2022.00013.t7

Experiment SW_down SW_up SW_net LW_down LW _net
Error Type Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE
Control run +7.88 415 -18.5 38.3 +26.4 38.7 -7.09 19.5 —6.45 16.6
A5 +14.7 44.0 -0.24 336 +15.0 28.7 -7.93 20.5 -7.05 171
C1 +14.2 43.9 -0.56 336 +14.8 28.5 -6.80 19.4 —6.16 16.5
c2 +13.7 43.7 -0.93 337 +14.6 284 -6.43 19.3 -5.80 16.5
C3 +5.14 39.6 -5.51 334 +10.7 25.6 -3.25 16.8 -2.69 14.8
C4 +4.60 39.5 -5.86 335 +10.5 255 -2.92 16.8 -2.37 14.8
C5 +3.97 39.5 —6.28 336 +10.3 253 —-6.60 19.4 -5.97 16.5

All the values are in W m™2. SW_down = downward shortwave flux; SW_up = upward shortwave flux; SW_net = net shortwave flux;
LW_down = downward longwave flux; LW_net = net longwave flux.
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cloud biases together and that correcting only surface
albedo worsens the agreement in SW down flux between
CERES and MOSAIC.

The reduction in the SW_down bias is small due to
adjusting the cloud properties, especially in C1 and C2.
By increasing surface albedo and clouds simultaneously,
the multiple reflections are expected to be stronger than
when increasing surface albedo alone. The failure of the
constant cloud fraction and cloud optical depth correc-
tions to simultaneously account for the SW_down and
SW_up biases indicates that errors in the MODIS cloud
property retrievals depend upon the specific conditions.
Yost et al. (2020) showed that compared to active-sensor
data CloudSat and CALIPSO, several MODIS-retrieved
cloud properties show the largest difference in polar
regions. In addition to cloud fraction and optical depth,
other cloud properties, such as vertical structure and cloud
phase may play a role, and the RTM solver could also
influence the surface radiative flux biases. Thus, a more
sophisticated, condition dependent approach is needed to
account for MODIS cloud property retrieval biases in order
to resolve the SW flux biases. It is also important to note
that the cloud treatment may not be the only contributing
factor to the CERES SW biases; the unrealistic representa-
tion of other atmospheric conditions (e.g., water vapor
vertical profiles) could also play a role.

5. Summary and conclusions

It is well known that uncertainty in CERES-derived irra-
diances is substantially larger over sea ice than any other
surface. The year-long MOSAIC expedition has provided
unprecedented observations of the Arctic and so allows
for a much more complete uncertainty analysis of CERES
radiative fluxes based on well calibrated surface
observations.

First, a systematic and statistically robust assessment of
surface shortwave and longwave fluxes was conducted
using in situ measurements from MOSAIC in the Arctic
ice pack. The CERES SYN1deg product overestimates the
SW_down flux (+11.40 Wm™2/+7.70%) as well as under-
estimates the SW_up (-15.70 Wm™2/-15.18%) and
LW_down fluxes (-12.58 Wm2/-4.71%) at the surface
during summer. In addition, large differences in LW_up
flux (approximately 320 Wm™?) occur when the surface
reaches the melting point (approximately 0°C), which can
be explained by the errors in surface skin temperature
obtained from GEOS-5.4.1 and the larger heterogeneity
of satellite footprints compared to the ground-based in
situ observations. The large negative bias in the SW_up
flux can be attributed to the underestimation of surface
albedo in SYN1deg-Hour. Specifically, the surface albedo
in SYN1deg-Hour is consistently lower than that of
MOSAIC by 0.15 (-21.01%). While sampling differences
between CERES and MOSAIC in situ measurements can
contribute to differences, results considering only CERES
grid boxes with high sea ice concentrations (>80%) to
minimize sampling differences show a similar surface
albedo underestimation (—0.14).

In addition to a direct comparison, we performed
a series of RTM perturbation experiments to quantify
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contributions to uncertainty. Different strategies are
used to perturb SAH_hourly or SAH_monthly. In general,
the bias in the SW_up flux is substantially reduced
in these perturbation experiments relative to the
control run, which showed a —14.14% bias relative to
the MOSAIC observations. Concurrently, in these pertur-
bation experiments, the bias in SW_down flux is
increased, ranging from 7% to 10%, due to enhanced
multiple reflections between clouds and the more reflec-
tive surface. The results with the closest agreement to
MOSAIC observations are obtained by adjusting the
CERES surface albedo input with a constant value pro-
portional to sea ice concentration within each 1°x1° grid
box. Specifically, the bias (RMSE) for the SW_down and
SW_up fluxes in this experiment (A5) are +14.71 (44.00)
Wm? and —0.24 (33.55) Wm 2, respectively. Overall, the
bias (RMSE) of the SW_net flux in this A5 experiment
decreased to +14.99 (28.68) from +26.44 (38.69) Wm ™
in the control run. In addition, a compensating effect
between underestimation of broadband albedo and over-
estimation of spectral albedo in visible and mid-infrared
bands in SYN1deg datasets is found and contributes to
the shortwave flux differences. The difference in CERES
broadband albedo (approximately 20 Wm™2) contributes
to larger uncertainty in SW_up flux than spectral albedo
shape (approximately 3 Wm™2).

Moreover, the positive bias in SW_down flux and the
negative bias in LW_down flux suggest that the atmo-
sphere represented in the CERES product might be too
optically thin. Therefore, another set of perturbation
experiments was performed that simultaneously modified
the cloud inputs and surface albedo. Particularly, the
experiment (C5) that increased cloud fraction by 3% and
the natural log of cloud optical depth by one, along with
the adjustment to sea ice albedo from the A5 experiment,
exhibited the best results among the 5 cloud experiments.
The bias in the SW_net flux of +19.90% and the LW_net
flux of —10.53% represent reductions of more than half
compared to the control run. The results from all CERES-
like RTM perturbation experiments demonstrate that
biases in both SYN1deg shortwave and longwave fluxes
must be addressed by correcting albedo and cloud biases
together. Thus, when correcting for errors in the surface
albedo, one must also simultaneously correct for biases in
cloud properties.

This study focuses on surface radiative fluxes during
summertime. We plan to extend our study to the full year
observing period, although the uncertainty in satellite
retrieved cloud and radiation properties is expected to be
larger in winter than in summer. Longwave radiation dom-
inates the Arctic surface energy budget for almost one-half
of the year when insolation is absent or weak; therefore, it
is extremely important for the Arctic system year-round
(Curry et al,, 1996; Marty et al., 2003). The MOSAIC field
campaign offers a unique opportunity to assess surface
longwave observations in winter. Furthermore, the differ-
ences between CERES-MODIS cloud properties and MOSAIC
can be identified once MOSAIC cloud observations become
available, facilitating additional RTM perturbation experi-
ments with more representative cloud uncertainties. In
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addition, the uncertainties in surface radiative fluxes from
satellite measurements come from other sources. Note that
some atmospheric and surface measurements from
MOSAIC are still being processed and undergoing quality
control. In the future, we plan to perform a radiation bud-
get closure study using the available thermodynamic, sur-
face, and cloud information collected aboard the Polarstern
and at extended sites. Overall, the results can effectively
inform the future development of CERES products, partic-
ularly in the polar regions. The goal of this project is to
reduce uncertainties in the Arctic surface radiation budget
derived from satellite measurements, which will greatly
benefit the Arctic climate science community.
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