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Abstract. The surface radiation budget (SRB) strongly controls the summertime evolution of sea ice and, therefore, plays a key
role for the ongoing transformations of the Arctic climate system. Clouds can have a significant impact on the SRB, which is
quantified by the cloud radiative effect (CRE). Consequently, continuous, Arctic-wide monitoring of clouds and further factors
governing the CRE, including surface and thermodynamic properties, is required. These persistent observations can only be
provided by passive remote sensing instruments aboard polar-orbiting satellites. However, cloud detection deficiencies and the
lack of accurate surface albedo data over heterogeneous sea ice limit the precision of satellite products and subsequent CRE
estimates. Therefore, this study quantifies the accuracy of satellite cloud products, the surface albedo assumed therein, thermo-
dynamic analysis data, and the resulting CRE simulations. To isolate the contributions of individual parameters to the CRE bias,
satellite-derived simulation input is consecutively replaced with collocated aircraft observations that were collected over sea
ice north of Greenland during the Arctic Radiation—Cloud—Aerosol-Surface Interaction Experiment (ARCSIX) between May
and August 2024. It is concluded that clouds warm the surface according to simulations initialized with aircraft measurements,
whereas satellite-based CRE estimates suggest a cooling effect. This discrepancy is primarily caused by a negative bias in the
assumed surface albedo. Substantial biases are also identified for cloud height and low-level air temperature, but compensating

effects and a relatively weak sensitivity of thermal-infrared radiation to these biases mitigate their impacts on the CRE.

1 Introduction

The Arctic is the hotspot of global warming and experiences a fast and immense transformation of its climate system (Walsh
etal., 2011; Jeffries et al., 2013). Key indicators of this transition are the severe increase of the near-surface temperature, which
is accelerated by a factor of two to four compared to the rest of the globe (Rantanen et al., 2022; Chylek et al., 2022; Wendisch
et al., 2023), and the associated retreat of the Arctic sea ice. The annual minimum extent of sea ice in September has decreased

by more than 40 % over the last 45 years (Meier et al., 2024), and a completely ice-free Arctic Ocean during summer is likely
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to occur in the near future (Jahn et al., 2024; Heuzé and Jahn, 2024). However, several reanalysis products also suggest a
deceleration of the Arctic warming and sea ice decline since 2012, especially during winter (Luo et al., 2025). Nevertheless,
the sensitivity of the Arctic to global warming remains to be strong and further driven by a unique interplay of multiple
processes and feedback mechanisms (Pithan and Mauritsen, 2014; Goosse et al., 2018), which intensify the initial warming
and are commonly summarized as Arctic amplification (Serreze and Francis, 2006; Serreze and Barry, 2011; Wendisch et al.,
2023). One of the important drivers contributing to Arctic amplification is the self-enforcing surface albedo feedback (Hall,
2004; Screen and Simmonds, 2010). The melting sea ice uncovers areas of darker, ice-free ocean surfaces, leading to increased
absorption of solar radiation and, consequently, a warming of the upper ocean mixed layer. Once the heat from the mixed layer
is released to the atmosphere, it amplifies the near-surface warming and sea ice melt and, thus, can modify the atmospheric
circulation, which contributes to further changes of weather and climate in the Arctic and, probably, beyond in the mid-latitudes
(Cohen et al., 2020; Crawford et al., 2022; Wendisch et al., 2024).

Due to the importance of sea ice as a main component of the Arctic climate system, it is crucial to understand the mechanisms
triggering sea ice melt. The sea ice evolution is, besides ocean currents, largely controlled by advection of warm and moist
airmasses from the south, cold airmasses from the central Arctic, and the local surface energy budget components, which
comprise sensible, latent, conductive, and radiative energy fluxes. The surface radiation budget (SRB) is quantified by the net

irradiance F™¢*, with:
Fmt:(Fstl_FsT()l)_F(F%IR_F%IR)' (1)

The terms containing F* and F'T indicate the downward and upward irradiances (radiative energy flux densities) incident on and
leaving the surface, respectively, both separated into components covering the solar (wavelength range of 0.3—4 pm, subscript
"so1") and thermal-infrared (TIR, 4—-100 pm, subscript "Tr ") spectral ranges of atmospheric electro-magnetic radiation. Various
modelling and observation-based studies suggest that the September sea ice extent is closely correlated to the SRB in spring
and early summer, which modifies melt onset and melt rate (Kapsch et al., 2016; Huang et al., 2019). Therefore, monitoring and
understanding the variability of the SRB as a function of air temperature, water vapor, surface albedo, and clouds is essential.
In particular, low-level clouds containing partly super-cooled liquid water, which frequently occur in the Arctic (Cesana
et al., 2012), are a key factor that modifies the SRB. This modification is quantified by the cloud radiative effect (CRE), which

is defined as the difference of the net irradiances in cloudy (all-sky, nggt) and cloud-free (F(flfet) conditions, with:

CRE = Fnst — fmet, )

C

and likewise separable into a solar and a TIR component. Due to downward TIR radiation emitted by the relatively warm cloud
base, clouds have a warming effect on the surface (positive CRE) in the TIR spectral range, while they cool the surface by
reflecting radiation in the solar spectral range. Which of these two counteracting effects dominates and determines the sign of
the total CRE, depends on the combined impacts of solar zenith angle (SZA), as well as surface, thermodynamic, and cloud
conditions (Shupe and Intrieri, 2004). The TIR warming effect is often dominant for optically thin clouds, as they rapidly
approach black body emission, while their reflectivity is still weak. Hence, these clouds are particularly predestinated to boost

melt events, as, for example, observed over the Greenland ice sheet in July 2012 (Bennartz et al., 2013).
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The most accurate information on the SRB and CRE are obtained from direct ground-based or low-level aircraft measure-
ments of radiation as well as cloud and thermodynamic properties. Previous research exploited such observations to extensively
investigate the variability of the SRB and the CRE with respect to seasonality, location, and their dependence on surface and
atmospheric conditions (Shupe and Intrieri, 2004; Miller et al., 2015; Ebell et al., 2020; Becker et al., 2023, 2025). Although
these investigations advanced the understanding of cloud—surface-radiation interactions, the data are limited to a few land-
based locations or short-term field campaigns and do not provide persistent records representative for the entire Arctic. To
achieve Arctic-wide, long-term monitoring of atmospheric and surface properties, observations from space-borne instruments
onboard polar-orbiting satellites are indispensable. Due to the high revisiting frequency of such satellites in high latitude
regions, these observations have the potential to complement the continuous ground-based and temporary campaign measure-
ments with large spatial and temporal coverage. Unfortunately, direct satellite-based irradiance measurements are impossible,
making the monitoring of the SRB from space challenging. Even at the top of the atmosphere (TOA), satellite-based obser-
vations of radiative flux densities require several assumptions. Measurements of the Clouds and the Earth’s Radiant Energy
System (CERES) instrument, installed on the satellites Terra, Aqua, Suomi-NPP, and NOAA20, only yield broadband TOA
radiances within a solar (0.3—5 um), a total (0.3-200 um), and an atmospheric window (8—12 um) channel (Loeb et al., 2018).
The conversion of these initially measured radiances to irradiances involves scene-type-dependent angular distribution models,
which are selected based on ancillary data of, i. a., cloud and surface properties (Su et al., 2015; Loeb et al., 2018).

To retrieve the radiation budget at the surface, various approaches are used, which rely on complementary products of
atmospheric state parameters, including cloud properties, and surface albedo. Especially for the solar SRB component, some
satellite products bypass an explicit cloud retrieval and apply pre-calculated regression models or look-up tables depending on
water vapor amount and surface albedo to directly estimate the broadband surface irradiances from narrowband TOA radiance
observations (Wang et al., 2020; Zhang et al., 2019; Karlsson et al., 2023; Liang et al., 2021). However, these products are
usually restricted to land surfaces, provide TIR irradiances only partly, and are hardly available at a finer than daily temporal
resolution. Other products, like the CERES Cloud Radiative Swath (CRS, Scott et al., 2022), explicitly simulate the radiation
field using pixel-level satellite cloud products and assumptions on the surface albedo as input.

The CERES cloud product is based on atmosphere-corrected radiance measurements from the collocated Moderate-resolution
Imaging Spectroradiometer (MODIS, onboard Terra and Aqua) and Visible Infrared Imaging Radiometer Suite (VIIRS, on-
board Suomi-NPP and NOAA?20) instruments. Cloud temperature, cloud optical thickness (COT), and cloud effective radius
(CER) are derived from pre-simulated look-up tables covering radiances in the 11 pm, 3.75 pm, and 0.65 ym (or 1.2 um over
snow-covered surfaces) channels using an iterative procedure (Minnis et al., 2021). A similar approach is applied to measure-
ments of the Multi-Spectral Imager aboard the newly launched EarthCARE satellite (Hiinerbein et al., 2023). In contrast, the
well-established cloud products MOD06/MYDO06 from MODIS and CLDPROP from VIIRS obtain COT and CER based on
the bispectral method proposed by Nakajima and King (1990). Depending on surface albedo and cloud thermodynamic phase,
the microphysical cloud properties are inferred from look-up tables of the cloud top reflectance in non-absorbing (less than
1.2 pm) and weakly absorbing (between 1.6 um and 3.7 um) channels, which are predominantly sensitive to COT and CER,

respectively (Platnick et al., 2017, 2020). However, retrieval uncertainties increase over highly reflecting snow and sea ice
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surfaces in the Arctic due to the weak reflectance contrast between clouds and surface. Therefore, the application of a modified
method, where the non-absorbing channel is replaced by the more strongly absorbing channel at 1.6 um, is recommended over
snow-covered surfaces (Platnick et al., 2001). Furthermore, several case studies by Chen et al. (2021) suggest that a significant
amount of thin clouds seems to generally remain undetected by MODIS. Based on channel availability, the retrieval of cloud
top height (CTH) differs between MOD06/MYDO06 and CLDPROP. For mid- and high-level clouds, the former product applies
the CO; slicing method to TOA radiances measured in channels between 13 um and 15 um, while the brightness tempera-
ture at 11 um is used for low-level liquid water clouds (Baum et al., 2012). For VIIRS CLDPROP, where the CO, absorption
bands are unavailable, the CTH is obtained from optimal estimation and the brightness temperatures measured in the 8.5 pm,
11 um, and 12 pm channels (Heidinger and Pavolonis, 2009). However, both products require accurate atmospheric tempera-
ture and humidity profiles, which are usually taken from model analysis, for correct retrievals of the CTH, especially in the
case of temperature inversions. Moreover, passive satellite imagers do not provide information on cloud base properties, such
that the cloud base height (CBH) can only be estimated from statistical relationships with the COT that are usually based on
comparisons with active remote sensing products (Noh et al., 2017; Minnis et al., 2021).

Accurate information on the surface albedo is not only crucial for precise SRB estimates, but also required to improve the
quality of satellite cloud retrievals. Although numerous operational satellite products of surface albedo exist, none of them
is perfectly suitable for radiative transfer calculations in the Arctic and the albedo used for cloud retrievals heavily relies on
assumptions. The widely used kernel-based products MCD43 from MODIS and VNP43 from VIIRS retrieve spectral black-sky
(direct) and white-sky (diffuse) surface albedo within the solar wavelength channels (Lucht et al., 2000), but perform poorly
over snow-covered land surfaces and are unavailable over sea ice (Liu et al., 2017). In contrast, the products available over sea
ice (e. g., the VIIRS Land Surface/Sea Ice Albedo product) only provide direct estimates of blue-sky (i. e., a linear combination

of white-sky and black-sky albedo weighted by the diffuse fraction of Fj 1) broadband surface albedo (Peng et al., 2018; Qu

(o]

et al., 2016), which refers to a specific SZA and can largely reduce the accuracy of Fj

-, in radiative transfer simulations.

A general problem is that satellite-based retrievals of surface albedo work in cloud-free conditions only. However, given the
relatively slow surface albedo change over time, most products fill cloudy pixels with values from previous observations under
cloud-free conditions.

The multitude of challenges discussed above, which is further augmented by uncertainties of the ancillary thermodynamic
profiles, limits the accuracy of SRB and CRE calculations from satellite observations and raises two questions that will be
addressed in this paper: (i) How accurate are the satellite-derived cloud properties, the surface albedo used in the satellite cloud
retrievals as well as ancillary thermodynamic profiles, and (ii) how do potential biases of these quantities affect the resulting
SRB and CRE? Previous research by Chen et al. (2021) assessed the impact of MODIS-derived COT on the precision of
simulated irradiances in the solar spectral range, performing a point-by-point comparison with aircraft irradiance measurements
during two case studies in the Arctic. The present study complements this work by statistically comparing point-wise SRB and
CRE simulations initialized with a set of satellite-derived quantities on the one hand, and collocated aircraft observations on
the other hand, for an aggregation of cases over Arctic sea ice. The analysis includes solar and TIR irradiances and the satellite-

derived input parameters are successively replaced by the aircraft-measured quantities to attribute the potential CRE bias to
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discrepancies in cloud, thermodynamic, or surface properties. Section 2 introduces the aircraft measurements and satellite data
and explains their use in the radiative transfer simulation. A comparison of satellite and aircraft observations and the simulated
CRE resulting from different combinations of the input parameters are provided in Sects. 3 and 4, respectively. The CRE
differences between satellite- and aircraft-based simulations are assessed separately for the solar and TIR spectral ranges and

are then combined to examine the impact on the total surface CRE. Section 5 concludes the paper.

2 Measurements and methods
2.1 Campaign overview

The airborne measurements used in this study were collected during the Arctic Radiation-Cloud-Aerosol-Surface Interaction
Experiment (ARCSIX), which operated out of Pituffik Space Base, Greenland (formerly known as Thule Air Base). The
campaign aimed at investigating the impact of surface properties, clouds, and aerosol particles on the SRB and sea ice melt.
To cover the melting season, ARCSIX was conducted in two phases between May and August 2024. The first phase took place
during a three-week period in May/June and deployed the two aircraft P-3 Orion (P-3) and Gulfstream-III (G-III) operated by
the United States National Aeronautics and Space Administration (NASA). During the second phase, lasting about three and
a half weeks in July/August, a Learjet owned by the Stratton Park Engineering Company (SPEC Inc.) joined P-3 and G-III.
Excluding transit flights, P-3, G-III, and Learjet performed 19, 13, and 10 measurement flights, respectively. The campaign
dates and the flight statistics for both phases are given in Table 1; the flight tracks are illustrated in Fig. 1 together with the mean
sea ice concentration. The majority of the research flights were designed such that a close coordination between the aircraft was
achieved. The P-3 flew at low altitudes and performed in situ measurements of cloud, aerosol, and trace gas properties as well
as spectral and broadband radiative quantities. Furthermore, a Raman lidar, a scanning polarimeter, and a laser altimeter for sea
ice characterization were installed on the P-3. The Learjet supported the cloud observations of the P-3 with an equivalent set of
in situ instruments and an additional cloud radar. The G-III was equipped with a spectral imager along with a lidar for remote
sensing from high altitudes (11-12 km) and regularly launched dropsondes. Thus, the G-III built a bridge to space, with the
ability to mimic observations from satellites. As the extensive validation of satellite-retrieved properties for advanced remote
sensing algorithms and an improved long-term monitoring of the Arctic was an additional objective of ARCSIX, the aircraft
flights were also closely coordinated with satellite observations. Further details on the instrumentation and flight operation are
given in Taylor et al. (2026).

For studies of the CRE and the validation of satellite cloud products, specially designed cloud wall flight patterns were
performed, which are highlighted in Fig. 1. A cloud wall consists of several stacked flight legs of 100-200 km length, which
were performed by the P-3 to sample the atmosphere below, above, and inside a low-level cloud, typically in this order. To
obtain information on the vertical structure of the cloud, a porpoise leg with alternating ascents and descents through the cloud
layer along the wall was added. During three cloud wall maneuvers conducted during the second phase of ARCSIX, the Learjet
was collocated to the P-3 and undertook the porpoise leg. As an example, the flight legs of the cloud wall performed on 7 June

2024 are illustrated in Fig. 2a. For 13 out of 15 cloud walls performed during ARCSIX, the G-III overpassed the P-3 and was
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Table 1. Overview of the campaign phases and the corresponding flight statistics, excluding transit flights.

Period P-3 G-Il Learjet

Flights 9
Phase 1 10 -

(collocated) ®)
25 May-17 June
Flight hours 68.0 45.6 -

Flights 4 10
Phase 2 9

(collocated) 4) 4)
22 July—16 August
Flight hours 68.0 21.1 34.8

Phase 1: 25 May—17 June 2024 Phase 2: 22 July—16 August 2024 100
(a) (b)
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Figure 1. Flight tracks of all research flights during (a) the first phase and (b) the second phase of ARCSIX, color-coded by aircraft.

Highlighted are the cloud walls used in the present analysis. The background shading shows the average sea ice concentration during the

respective period.

collocated during at least one leg. Since the radiative transfer simulations require data of local thermodynamic profiles from

dropsonde measurements, only these 13 cloud walls with a total length of 1534 km are included in the analysis (black lines in
Fig. 1).

2.2 Data and setup of radiative transfer simulations

To determine their accuracy, satellite-derived cloud properties as well as ancillary data of thermodynamic profiles from meteo-
rological analysis and surface albedo are collocated to corresponding aircraft observations for each point along the cloud walls
(horizontal spacing of 110-130m). The analyzed properties include the cloud microphysical quantities of liquid water path
(LWP), ice water path (IWP), liquid water droplet effective radius (LER), and ice particle effective radius (IER), collectively
referred to as CldMicro in the following; the cloud base and top heights (CldHeight); the vertical profiles of air temperature

and humidity (TProf); and the surface albedo (Alb). For simplicity, the term satellite data also encompasses the ancillary data



170

175

https://doi.org/10.5194/egusphere-2026-2210
Preprint. Discussion started: 8 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

2024-06-07 15:18-15:45 — Satellite: Aqua

—_

15:20 UTC)

o
w

Liquid/ice water
content (gm~3)

71 Cloud (in-situ) e

5001 £\
A
i/ A\ v @

o
[N]

‘
e
=

Altitude (m)

P-3 (@)

o
o

N
o

(b)

=
o
o

Water path
(gm™2)
=
o
Cloud optical
thickness

(=)
o

(@ Satellite (total)

Aircraft (total)

Aircraft (liquid)

Aircraft (ice)
S : ‘ : Homogenized Aircraft COT

0 25 50 75 100 125 150 175 200
Distance (km)

=
o

Optical
thickness

o

Figure 2. (a) Altitude of the flight legs performed along the cloud wall on 7 June 2024. The green shadings and blue contours illustrate
profiles of LWC and IWC, respectively, which are derived from the measurements of in situ cloud probes during each ascent and descent of
the porpoise leg. The consequent cloud boundaries are indicated by the gray frame and hatching. (b) Total CWP from aircraft and satellite
observations, where the former is split into LWP and IWP calculated as the vertical integral of the LWC and IWC profiles shown in (a). (c)
Total COT from aircraft and satellite observations as well as the homogenized aircraft-derived COT resulting from layer-constant effective
radii. (d) Satellite COT of the granule collocated to the cloud wall. Additionally, the flight tracks of P-3 and G-III and the dropsonde locations
are shown. Colored markers indicate dropsonde profiles used in the radiative transfer simulations for the data points marked by identical color

of the highlighted cloud wall and at the bottom of (c).

in the following. The point-wise aircraft and satellite data are incorporated into radiative transfer simulations providing F, Siol,
T
FS

ol F%IR, and F%IR in cloudy and cloud-free conditions to assess the uncertainty of the satellite-derived CRE. To detect the

predominant sources of this uncertainty, the satellite data are successively replaced by the aircraft measurements. Table 2 gives
an overview of the aircraft and satellite data used as simulation input. Details are specified in the remainder of this section. The
aircraft-measured properties are regarded as ground truth in this study.

All simulations for the subsequent analysis are performed with the discrete ordinate solver (DISORT, Buras et al., 2011) of
the radiative transfer code uvspec, which is included in the library for radiative transfer (libRadtran, Emde et al., 2016), and
the results are output at surface level (O m). For the solar simulations, the spectral range is 250-4000 nm and the molecular
absorption is considered using the parameterization of Kato et al. (1999). The local SZA is calculated from time and position
data provided by the aircraft during the below-cloud leg, while aerosol particle optical properties in the solar range are specified
using the default profile representative for maritime clean environments (Hess et al., 1998). Simulations in the TIR range are

run between 4 um and 100 um with the coarse molecular absorption parameterization by Gasteiger et al. (2014). The optical
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Table 2. Overview of aircraft measurements and satellite/ancillary products used as input for the radiative transfer simulations.

Aircraft Satellite

CldMicro MODIS MOD06/MYDO06

liquid: FCDP
CTH d VIIRS CLDPROP
ice: 2D-GRAY

CldHeight
CBH statistical relationship based on CWP and CTH (Noh et al., 2017)
TProf dropsondes GEOS-FP
statistical albedo (Moody et al., 2007) scaled with
Alb SSFR

date-dependent melt parameterization and sea ice concentration

properties of the maritime clean aerosol profile do not cover the entire TIR wavelength range. However, since the simulated
F%IR in cloudy (cloud-free) conditions differs less than 0.1 Wm~2 (0.9 W m~?) between standard, rural aerosol conditions

and a completely aerosol-free atmosphere, aerosol optical properties are neglected in the TIR simulations for simplicity.
2.2.1 Cloud properties

From an aircraft perspective, liquid and ice cloud properties are derived from measurements of the Fast Cloud Droplet Probe
(FCDP) and the Two-Dimensional-Gray probe (2D-GRAY), respectively, which were installed on the P-3 and the Learjet
among manifold other in situ cloud probes. The FCDP is a forward-scattering spectrometer probe measuring the number
concentration and size distribution of spherical liquid cloud droplets in a diameter range of 1.5-50 ym with a resolution of
1.5-4 ym (Lawson et al., 2017). From the particle size distribution, liquid water content (LWC) and LER are calculated. The
2D-GRAY is an optical array probe used to determine the size of up to 1280 um large particles with a resolution of 10 um
based on gray-scale images. Ice water content (IWC) and IER obtained from the size distribution of non-spherical particles by
the method of Baker and Lawson (2006), are included in the data set. It is assumed, that no particles outside the size ranges
of the instruments exist and that no liquid droplets are misinterpreted as ice and vice versa. Potential deviations from these
assumptions are expected to only weakly alter the retrieved bulk microphysical properties. For every ascent and descent along
the porpoise leg of each cloud wall, a tilted profile of LWC, LER, IWC, and IER through the cloud is obtained and projected
onto a vertical axis. The resulting profiles are assumed constant over the entire horizontal extent of the respective ascent or
descent, which is typically between 10 km and 20 km, but can reach up to 56 km in extreme cases. Although this horizontal
resolution is rather coarse and results in a reduced variability compared to reality, only the porpoise sampling allows to fully
characterize the vertical extent of the clouds. Figure 2a illustrates the vertical LWC and IWC profiles of a cloud reconstructed
with the described method. Based on manually adjusted LWC and IWC thresholds, CTH and CBH are then derived from
the microphysical profiles (gray frame and hatching in Fig. 2a): At least 20 m thick layers with either LWC or IWC of more
than 0.025 gm ™2 are considered cloudy and dry layers of less than 50 m are incorporated into the adjacent cloud layers. In

the radiative transfer simulations for cloudy conditions, each resulting cloud layer is represented by the vertically integrated
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LWP and IWP (Fig. 2b) as well as height-constant values of LER and IER, which are averages over the respective layer. This
vertical homogenization of the cloud changes the COT compared to a fully resolved cloud profile (Fig. 2c) and leads to an

underestimation (overestimation) of the simulated Fj ! (F%IR) by on average 4.1 Wm~2 (0.7 W m~2). Therefore, the average

LER and IER are scaled to conserve the real liquid and ice optical thicknesses for each cloud layer in the solar spectral range,
reducing the mean solar (TIR) bias to —0.1 Wm~2 (0.4 Wm™?).

Space-borne cloud observations are obtained from the MODIS MOD06/MYDO06 (Collection 6.1, Platnick et al., 2017) and
VIIRS CLDPROP (Version 1.1, Platnick et al., 2020) cloud products. Despite different retrieval algorithms, both products
provide pixel-level data of cloud phase and CTH as well as COT, CER, and cloud water path (CWP) at a spatial resolution of
about 1 km and 0.75 km, respectively. The data are stored in consecutive granules, covering a period of five (MODIS) or six
(VIIRS) minutes of observation. Considering the MODIS products from Terra (MOD06) and Aqua (MYDO06), and the VIIRS
products from Suomi-NPP and NOAA?20, the granule temporally closest to the below-cloud leg and covering the cloud wall
in its field of view is chosen to collocate the satellite observations to the aircraft measurements. Figure 2d shows the location
of the example cloud wall (yellow-red line) and the COT from the corresponding satellite granule. Given the high frequency
of polar-orbiting satellite overpasses in the Arctic, the maximum time difference between aircraft and satellite sampling is 45
minutes. Each data point along the cloud wall is then assigned the spatially closest satellite pixel for comparison. The satellite-
derived CWP and COT collocated along the example cloud wall are shown in Figs. 2b and 2c, illustrating the horizontal
resolution difference between satellite pixels and porpoise profiles. The microphysical properties are primarily taken from the
snow-optimized version of the Nakajima and King (1990) retrieval (1.6-2.1 um), but the standard product (1.2-2.1 um) is used
if the former is unavailable. As the general frequency of retrieval failures does not significantly differ between both products,
these filled gaps comprise at maximum 9 % of the observations for individual cloud walls. For Aqua, measurements within
the 1.6 ym channel are considered unreliable, such that the 1.2-2.1 um retrieval is used throughout. However, a comparison
of both retrievals for the other satellites indicates that the derived COT does not significantly differ statistically (on average
0.42, not shown). The CBH is not included in the cloud products and, therefore, determined based on Noh et al. (2017) using
statistical correlations between CWP and cloud geometrical thickness. The radiative transfer simulations are then set up with
CTH, CBH, CWP, and CER. Unlike for aircraft-measured cloud properties, where both phases can coexist, either liquid or ice
clouds are included in the simulations based on the phase from the cloud retrieval. The mixed-phase clouds analyzed here are
predominantly treated as liquid.

Since the effects of CldMicro and CldHeight are analyzed separately in this study, some simulations are set up with micro-
physical cloud properties from satellite and CBH and CTH from aircraft observations or vice versa. In the case of multi-layer
clouds, which are generally not resolved by satellite observations, this configuration requires additional considerations. If
CldHeight is derived from satellite and CldMicro from aircraft data, a single-layer cloud is simulated, where LWP and TWP
correspond to the sum of all cloud layers and LER and IER are given by the total-column mean. Conversely, a satellite-derived
CWP is partitioned among multiple cloud layers proportional to the aircraft-measured CWP distribution, while the CER is

identical for all layers.
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2.2.2 Thermodynamic profiles

Vertical profiles of measured air temperature and relative humidity are collected by dropsondes, which were typically launched
at the edges of the cloud walls overflown by the G-III. Out of 139 dropsondes, 36 profiles were processed by the simulations.
Each data point along the cloud wall is assigned the spatially closest dropsonde, resulting in a maximum distance of 71 km
and a temporal difference of 100 minutes at most. For the example case, Fig. 2d shows the dropsonde locations and highlights
the profiles corresponding to the identically colored segments of the wall, which are also indicated by the bar at the bottom
of Fig. 2c. The 2 Hz measurements of the dropsondes resulted in a vertical resolution of 6—8 m below an altitude of 5 km. To
improve the computational efficiency, the vertical resolution of the simulations was reduced such that only every 10th, 20th,
and 40th level was included below 1 km, between 1 km and 2 km, and above 2 km, respectively. The surface skin temperature
was measured by a downward-looking KT-19 infrared thermometer during the below-cloud leg.

Since thermodynamic profiles of air temperature and humidity are not obtained from satellite observations, ancillary data
from the Goddard Earth Observing System forward processing product (GEOS-FP, version 5.29.5-p6) are used here. GEOS-FP
provides three-hourly records of geometric height, air temperature, and relative humidity for 42 pressure levels (0.1-1000 hPa)
as well as surface skin temperature and mean sea level pressure at a latitude—longitude resolution of 0.25° x 0.3125°. The data
are spatially and temporally interpolated to the points of observation along the below-cloud leg of each wall. Thus, distinct

profiles for each data point are included in the simulations with the vertical resolution given by GEOS-FP.
2.2.3 Surface albedo

Airborne observations of the spectral surface albedo are provided by the Spectral Surface Flux Radiometer system (SSFR)
during the below-cloud leg. SSFR consists of an upward- and a downward-looking spectroradiometer, which measure spectral
downward and upward irradiances, respectively, within a wavelength range of 350-2000 nm (Schmidt and Pilewskie, 2012).
The spectral resolution is 6 nm below 950 nm and 12 nm for higher wavelengths, with a sampling resolution of 4 nm and 6 nm,
respectively. To receive the downward irradiances on a horizontally aligned plane, the upward-looking sensor is stabilized by an
active leveling platform, which compensates for aircraft attitude. From the ratio of upward to downward spectral irradiance, the
spectral albedo is calculated in flight altitude (max. 340 m), but considered representative for the surface because the broadband
albedo difference between both altitudes for the given conditions is well below 0.01 according to simplified radiative transfer
simulations (not shown). Figure 3 shows the average surface albedo spectrum observed during the example cloud wall as
a turquoise line. Due to the low signal-to-noise ratio in water vapor absorption bands, which can yield unrealistic surface
albedo values and bias the radiative transfer simulations, surface albedo data in the ranges 1325-1430 nm and 1815-1970 nm
(dark gray-shaded areas in Fig. 3) are not taken from the measurements but are linearly interpolated from the surrounding
wavelengths. Furthermore, the solar wavelength ranges between 250 and 350 nm and between 2000 and 4000 nm (light gray-
shaded areas in Fig. 3), which are not covered by SSFR, are set to the mean SSFR-measured spectral albedo in the range 350—
400 nm and a constant 0.1, respectively. Since the spectral irradiances are generally low in these wavelength ranges, effects of

this decision on the simulated broadband irradiances are weak. Note that the same spectral surface albedo is used for cloudy
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and cloud-free simulations. Cloud-induced modifications of the spectral albedo are not corrected for, because their impact is
difficult to quantify and would have induced additional uncertainties (Stapf et al., 2020). In some cases, thin, semi-transparent
cloud layers were present below the aircraft, which altered the measured albedo, especially for wavelengths between 1400 nm
and 1800 nm. Simplified radiative transfer simulations suggest that the distinct average albedo spectra of cases disturbed and
not disturbed by these clouds cause differences in F STol of less than 1 W m~2 within this wavelength range. Due to this weak
effect, the data are not filtered for clouds below the aircraft. For the radiative transfer simulations, these surface-based clouds
are assumed to not be present.

As operational satellite products providing spectral surface albedo over sea ice are not available, the pixel-level albedo data
used by the cloud optical property retrievals of MOD06/MYDO06 and CLDPROP, are also applied here. Over sea ice, this
cloud-retrieval albedo is based on a simple five-year statistic of white-sky spectral albedo over permanently snow-covered
surfaces derived from the MODIS MCD43 product (Moody et al., 2007), which is scaled with a rough melt parameterization
that depends on the day of the year. The corresponding scaling factor is fixed to 0.8 during the summer months (June through
August) and transitions from 1.0 to 0.8 during a 10-day period end of May. For pixels with mixed surface type coverage, the
albedo additionally accounts for the sea ice concentration from the GEOS product for instrument teams (GEOS-IT). Over land
surfaces, the operational MODIS MCD43 values are applied. Note that the granules containing the albedo information partly
differ from those used for the cloud product, as VIIRS granules are not considered here. However, given the rather slow albedo
changes within the time difference between the temporally closest MODIS and VIIRS observations, this granule difference
does not pose a problem. In Fig. 3, the orange dots indicate the average spectral albedo along the example cloud wall for
eight MODIS channels between 0.47 and 3.6 ym. To obtain a full and reasonably shaped spectrum of the surface albedo for
the radiative transfer simulations, these channel values are combined with additional auxiliary points (triangles in Fig. 3) to
quadratically interpolate the albedo values to the spectral resolution of SSFR (orange line in Fig. 3). The spectral shape of the
albedo resulting from this quadratic interpolation resembles the shape of the SSFR-measured spectrum slightly better compared

to a linear interpolation.

3 Statistical comparison of satellite and aircraft observations

The aircraft- and satellite-derived quantities described in Sect. 2.2 are aggregated for all cloud walls and analyzed statistically.
To capture potential seasonal variations in satellite retrieval performance, separate analyses are presented for the two campaign
phases. Although the cloud walls captured a wide range of atmospheric conditions over Arctic sea ice, their statistical repre-
sentativeness for the Arctic ocean is still limited by the flight strategy and the number of samples considered in this study. As

the flight activities were concentrated over ice-covered ocean surfaces, analyses over open ocean are not provided here.
3.1 Microphysical cloud properties
Figure 4 displays histograms of aircraft- and satellite-derived CWP and COT. For the aircraft measurements, both quantities

are obtained as the sum of liquid and ice cloud properties. During the first phase of ARCSIX (Fig. 4a), almost two thirds

11



305

310

315

320

https://doi.org/10.5194/egusphere-2026-2210
Preprint. Discussion started: 8 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

2024-06-07 15:15-17:04

1.0
SSFR
0.8 MODIS interpolated
' o MODIS
479 A MODIS auxillary points
Q
0.6 1
A
o
NO
ko

0.4+

Spectral albedo

0.2

o] A
500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

0.0

Figure 3. Spectrum of SSFR-measured surface albedo averaged for the cloud wall on 7 June 2024. The mean albedo values used by the
satellite cloud retrievals and a number of auxiliary points are indicated by the symbols and used to quadratically interpolate albedo values to

the SSFR wavelengths between the MODIS channels.

of the clouds exhibited a CWP between 20 g m~2 and 80 g m~2, whereas larger values occurred only occasionally. Optically
thin clouds, which are sensitive to the TIR emissivity and typically defined by a CWP below 30 gm~2 (black dotted line),
account for about 20 % of the aircraft observations. The median CWP is 56 g m 2. The MODIS and VIIRS retrievals mostly
overestimate the CWP during the first phase, yielding a median of 81 gm™2 and a reduced fraction of optically thin clouds,
which is only about 5 %.

The second phase of ARCSIX was characterized by optically thicker clouds (Fig. 4b). The aircraft measurements indicate
that the CWP was almost constantly larger than 70 g m~2, with a median of 180 g m~2, while optically thin clouds occurred
for less than 2 % of the data points. The coarse horizontal resolution of the porpoise ascents and descents leads to a relatively
low number of unique CWP values, preventing a smoother appearance of the aircraft-measured CWP histogram in Fig. 4b.
However, the statistical underestimation of the CWP by the satellite observations for the cases analyzed here is likely not linked
to this limited sampling resolution. Although the fractions of optically thin clouds are comparable for aircraft and satellite
observations, the median satellite-derived CWP is only 104gm_2. In contrast to the aircraft measurements, the satellite-
derived frequency distributions are rather similar between both campaign phases and do not capture the observed variability.

Figures 4c and 4d illustrate the corresponding histograms of the COT, which is more directly related to F, j | than the CWP.

Note that the COT is wavelength-dependent, but approximately constant across the solar spectral range. The overall shapes of
the distributions resemble those of the CWP, reflecting the relatively weak variability of the CER that links CWP to COT. The
interquartile range (IQR) of the satellite-retrieved CER spans from 10.5 uym to 14.5 um. Although this range does not match
either LER (IQR 8.3-10.0 um) or IER (IQR 25.5-31.0 um) derived from the in situ probes, it is representative for the effective

radius of the combined liquid—ice particle size distribution, which reveals an IQR of 10.7-12.7 pm. The resulting median COT
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Figure 4. Probability density functions of aircraft-measured and satellite-derived (a,b) CWP and (c,d) COT, separated for (a,c) the first and
(b,d) the second phase of ARCSIX. The dotted line in (a) and (b) indicates the CWP threshold of 30 g m~2, discriminating optically thin and

thick cloud regimes.

values are 7.0 and 9.6 during the first phase, and 17.2 and 11.7 during the second phase of ARCSIX for the aircraft and satellite
observations, respectively.

In general, weak correlations are found between aircraft- and satellite-derived COT, indicating that the differences between
the two are largely unsystematic. The coefficient of determination R? reaches 0.29 at most for individual cloud walls and
decreases to 0.06 considering all observations. Partly, this weak correlation may be explained by the differences in spatial
resolution between aircraft and satellite observations. However, R? improves only marginally to 0.09 when the resolution of
the satellite data is coarsened to that of the porpoise profiles. Moreover, temporal mismatches between the observations could
contribute to the discrepancies, but the data show no evidence that the correlation between aircraft- and satellite-derived COT
increases for decreasing temporal difference. Further possible reasons contributing to the weak agreement include deficiencies
of the satellite cloud retrievals in the Arctic, measurement uncertainties of the in situ cloud probes, and the assumptions made
for cloud reconstruction (Sect. 2.2.1). Unlike for Chen et al. (2021), neither the detection of thin clouds nor the success rate

of the cloud retrieval poses a major problem in this study. The reason for the overall good cloud detection is that the flight
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Figure 5. (a) Probability density function of aircraft-measured and satellite-derived (a) CTH and (b) CBH, separated for both campaign
phases. Mean temperature profiles (lines) together with the corresponding interquartile-range (shadings) obtained from dropsondes and
GEOS-FP for (c) the first and (d) the second phase of ARCSIX. The dots and horizontal lines in (c) and (d) indicate the phase-separated
CBH statistics (mean as well as 25th, 50th, and 75th percentile).

activities specifically targeted clouds that were clearly visible in satellite imagery. Retrieval failures, which rarely coincide

with actual thin clouds according to the in situ measurements, occur scarcely and are excluded from the subsequent analysis.
3.2 Cloud height and thermodynamic profile

Histograms of the satellite-derived and the highest aircraft-observed CTH are illustrated in Fig. 5a. During both phases of
ARCSIX, in total 60 % of the clouds sampled by the in situ cloud probes, mostly single-layer, revealed CTHs below 1000 m,
with a median of 570 m. The remaining observations form a second mode between 1400 m and 2200 m and are predominantly
associated with multi-layer cloud regimes. The overall CTH median is 540 m during the first and 1460 m during the second
campaign phase. The satellite observations likewise exhibit two distinct modes, which are shifted towards higher CTH values
compared to the in situ measurements. However, unlike for the aircraft observations, these modes separate the MODIS and
VIIRS data rather than single- and multi-layer cloud regimes, and reveal median values of 1150 m and 2360 m, respectively.
These systematic differences highlight the inconsistencies among the cloud height retrieval algorithms and emphasize the
difficulty of retrieving the height of Arctic low-level clouds from space. Overall, the satellite-derived CTH is overestimated for

83 % of the data points, with a mean bias of 740 m.
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Figure 5b displays the probability density functions of the CBH and indicates that the sampled cloud systems were dominated
by low-level clouds even if higher cloud layers were present. During both campaign phases, more than 80 % of the clouds
revealed a CBH of less than 600 m, with median values of 310 m and 290 m for the first and second phase, respectively. The
remaining cloud bases were observed between 1120 m and 1610 m. As for the CTH, the distribution of the satellite-derived
CBH is comprised of two well-separated modes corresponding to MODIS and VIIRS observations. Nearly all retrieved CBH
values exceed 600 m and extend up to 2770 m, resulting in median values of 1225 m for the first and 2128 m for the second
phase of ARCSIX . Although the CBH is not directly retrieved by the MODIS and VIIRS cloud algorithms, these numbers
suggest that the positive CTH bias propagates into CBH estimates. Only to a smaller extent contributes a negative bias in cloud
geometrical thickness (on average 84 m for single-layer clouds), which is statistically related to the CWP (Noh et al., 2017), to
the CBH overestimation. This negative bias occurs despite the frequently high-biased satellite CWP.

In the TIR spectral range, cloud height strongly determines the surface CRE in conjunction with the concurrent thermody-
namic profiles of air temperature and humidity. Figures 5c and 5d show the mean temperature profiles from dropsondes and
GEOS-FP for the first and second phase of ARCSIX, respectively. Additionally, simplified CBH statistics are provided for
an estimate of the cloud base temperature (CBT). During the first phase of ARCSIX (Fig. 5¢), GEOS-FP overestimated the
air temperature below 500 m by approximately 2-3 K, yielding a mean surface temperature of —0.9 °C compared to —3.9°C
measured by the dropsondes. In higher altitudes, a slightly negative bias of less than 1 K is evident, but the overall agreement
between the mean temperature profiles and their IQRs (shaded areas) is good. Consequently, GEOS-FP exhibits a weaker tem-
perature inversion at the boundary layer top. Given the relatively low variability in aircraft-measured CBH, the CBT obtained
in combination with the dropsonde profiles ranges between —10°C and —1 °C, with a median of —4.9 °C. In contrast, the
larger variability in satellite-derived CBH and GEOS-FP temperature results in a broader CBT range of —13-2 °C. However,
due to the inversion in-between, the associated median CBT value is only about 1 K lower compared to the actual CBT.

The second phase of ARCSIX (Fig. 5d) exhibits a similar behaviour as the first phase: Below 700 m, GEOS-FP shows
a higher temperature compared to the dropsondes and a slightly lower temperature aloft. However, this near-surface warm
bias is significantly weaker than during the first phase, leading to a smaller difference in mean surface temperatures between
dropsondes (—1.1°C) and GEOS-FP (—0.3 °C). Furthermore, the general temperature variability represented by the IQR is
reduced. Although the second phase was later in summer, only the lowest altitudes reveal warmer temperatures compared to the
first phase, while the free troposphere was colder. This pattern is also reflected in the CBTs, which show median (min./max.)
values of —5.1°C (—8 °C/—2 °C) for the aircraft measurements and —7.9 °C (—12 °C/—1 °C) for the combination of satellite
CBH and GEOS-FP temperature profile. Note also that the higher satellite CBH during the second phase is primarily linked to
a higher frequency of VIIRS observations.

In addition to temperature, the TIR CRE is affected by the water vapor content below the cloud. The profiles of absolute
humidity, which are not shown here, exhibit characteristics similar to those of the temperature. During the first phase, the warm
bias of GEOS-FP in the lowest altitudes coincides with higher absolute humidity. Above the boundary layer, and generally

throughout the second phase, the agreement between the averaged dropsonde and GEOS-FP profiles is strong.
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Figure 6. (a) Probability density function of broadband surface albedo derived from aircraft measurements and assumed for the satellite
cloud retrievals, separated for both campaign phases. Mean aircraft-measured and cloud-retrieval albedo spectra (lines) and spectral albedo

statistics at six wavelengths covered by MODIS channels (boxplots) for (b) the first and (c) the second phase of ARCSIX.

3.3 Surface albedo

Statistics of the surface albedo for the two phases of ARCSIX are displayed in Fig. 6. Figure 6a shows histograms of the
broadband surface albedo, which is calculated from spectrally integrating the albedo either measured by SSFR or assumed for
the satellite cloud retrievals, weighted by the spectral downward irradiance from SSFR. Note that the broadband albedo shown
here refers to the spectral range covered by SSFR only. The contributions of wavelengths outside this range will scarcely alter
the broadband albedo. During the first campaign phase, the aircraft observations over mostly snow-covered sea ice reveal a
relatively broad distribution of broadband albedo values, ranging from 0.7 to 1.0 and generating a median of 0.82. In contrast,
the cloud-retrieval broadband albedo substantially underestimates the ground truth, resulting in a median value of 0.64 only.
This underestimation is largely linked to the scaling applied to account for the sea ice melt. Descaling the data yields a median
of 0.79 for the broadband albedo. Moreover, due to the coarser spatial resolution and the limited variability in GEOS-IT sea ice
concentration (92—-100 %), this ancillary data is not able to capture small-scale variability in surface albedo, which explains the
narrower range of the corresponding albedo distribution. Statistics of the spectral albedo for the wavelengths of the MODIS
channels and the mean spectra of aircraft-derived and cloud-retrieval surface albedo for the first phase of ARCSIX are resolved
in Fig. 6b. The boxplots confirm the lower values, especially in the visible range, and the weaker variability of the surface
albedo used in the cloud retrievals.

During the second phase of ARCSIX, both the aircraft-derived and the cloud-retrieval broadband surface albedo are lower
than during the first phase (Fig. 6a), with respective median values of 0.72 and 0.60. Airborne camera imagery demonstrates
that this seasonal surface albedo decrease is related to larger open water areas and the formation of melt ponds (not shown).

However, the cloud-retrieval albedo only accounts for the former effect, as the impact of the melt parameterization is nearly
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identical for both campaign phases. Consequently, the difference between aircraft-derived and cloud-retrieval albedo is slightly
smaller during the second phase. Omitting the albedo scaling would increase the median broadband albedo to 0.75, indicating
that the current assumptions for sea ice melt are still too extreme, but also that accounting for this effect is necessary. The width
of the albedo distributions is larger compared to the first phase, which is supported by the boxplots of the spectral albedo in
Fig. 6¢. This higher variability is especially evident for the cloud-retrieval surface albedo and related to the broader range of
GEOS-IT sea ice concentration between 82 % and 97 %.

In summary, the discrepancy in surface albedo between aircraft observations and assumptions for the satellite cloud retrievals
is largely related to the scaling of the statistical albedo to account for sea ice melt. The impact of melt is overestimated, leading
to a low bias in surface albedo during Arctic summer, which is actually a wide-spread problem in modelling and satellite
remote sensing. Huang et al. (2022) found that the CERES albedo similarly underestimates measurements performed during
the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIiC). Furthermore, the multi-model mean
surface albedo of the Coupled Model Intercomparison Project Phase 6 (CMIP6) collection tends to be even lower than the
CERES albedo in the summertime Central Arctic, indicating the weak albedo representation in many climate models (Kim and
Taylor, 2026). These results emphasize the difficulty of accurately representing, i. a., sea ice melt and melt pond formation in
albedo parameterizations as well as the need for advanced representation of snow and sea ice albedo in climate models and
satellite retrievals. The albedo measurements and further observations performed during ARCSIX have the potential to serve

as a starting point for this improvement.

4 TImpact of satellite observation uncertainties on the cloud radiative effect
4.1 Thermal-infrared irradiances

In the TIR spectral range, the CRE at the surface is mainly influenced by the microphysical cloud properties and the inter-
play of cloud height and thermodynamic profile. Prior to statistically quantifying the simulated TIR irradiances for different
combinations of these either satellite- or aircraft-derived input parameters, the impact of their differences between satellite and

aircraft observations on F%IR is analyzed.
4.1.1 TImpact of microphysical cloud properties

The difference in simulated F%IR (aircraft minus satellite input) resulting from the discrepancy in CldMicro is illustrated in
Fig. 7 for each individual data point as a function of aircraft- and satellite-derived CWPs. The remaining input parameters are
obtained from the satellite data for both simulation setups. The figure shows that F%IR is sensitive to a CWP difference only
if one of the CWP values is lower than the threshold of 30 g m~2 separating optically thin and thick clouds (dotted lines). If
both values exceed this threshold, the F%IR difference is negligible, independent of CWP discrepancy. This saturation effect is
a typical feature of TIR radiation emitted by optically thick clouds, as their emissivity approaches unity (black body emission)

around the specified CWP threshold (Shupe and Intrieri, 2004). Optically thick clouds were identified for the vast majority of
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Figure 7. Aircraft- versus satellite-derived CWP, separated for the first (dots) and second (triangles) phase of ARCSIX. The color-coding
indicates the difference between F%IR in cloudy conditions resulting from simulations with satellite- and aircraft-derived input for CldMicro
(aircraft minus satellite), while the remaining input parameters are taken from satellite observations. The black dotted lines mark the threshold

of 30 g m ™2 used to separate optically thin and thick clouds.

data points. Especially for the second phase of ARCSIX, Fig. 7 indicates a low number of optically thin clouds observations.
However, for these few cases, the values of F%IR obtained with the satellite-derived CWP significantly overestimated the
values resulting from the aircraft-derived CWP by roughly 50 W m~2. During the first campaign phase, a larger collection of
thin cloud observations was classified as optically thick by the satellite retrievals, causing an enhanced F%IR compared to the

simulations with aircraft-measured cloud properties.
4.1.2 Impact of cloud height and thermodynamic profile

The impacts of CldHeight and TProf on F%IR are closely linked, as the CBT largely determines the radiation emitted by the
cloud base towards the surface. The differences in CBT and simulated F%IR (aircraft minus satellite input) resulting from the
distinct CldHeight between satellite and aircraft cloud observations are shown in Fig. 8a (blue symbols). The simulation input
for CldMicro and TProf is fixed to the satellite cloud product and GEOS-FP, respectively, for this comparison. In accordance
with the increase of the GEOS-FP temperature towards the surface (Fig. 5), the majority of data points during both campaign
phases reveals a warmer CBT at the lower, aircraft-measured CBH (positive CBT difference), which causes a larger F%IR at the
surface. Although TIR irradiances are proportional to the air temperature to the fourth power, the data generally suggest a nearly
linear increase of F%IR with increasing CBT within the temperature range analyzed here. Despite the respectable correlation
(R? = 0.89), the resulting surface F: %IR difference is significantly weaker than the emission difference expected from the CBTs,
assuming black body emission (green symbols in Fig. 8a). The distinct slopes imply the impact of non-uniform atmospheric
water vapor absorption and reemission below the cloud on the F%IR difference. Although the thermodynamic profile is identical

in both cases (GEOS-FP), the vertical extent of the atmospheric column, and, thus, the integrated water vapor IWV) below
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Figure 8. Difference in CBT and F%IR in cloudy conditions, separated for the first (dark-colored dots) and the second (light-colored triangles)
phase of ARCSIX and resulting from simulations with (a) satellite- and aircraft-derived CldHeight (aircraft minus satellite), (b) distinct input
for TProf (dropsondes minus GEOS-FP), and (c) the combined change of CldHeight and TProf. The blue symbols represent the irradiance
difference at the surface, the green symbols mark the theoretical black body emission at the cloud base, and the red symbols indicate the

irradiance difference just below the aircraft-measured CBH.

the cloud are reduced when the satellite-derived CBH is replaced by the aircraft measurements. The on average 3.2 kg m—2
lower IWV decreases the absorbed portion of the cloud-emitted irradiance that is reemitted at usually warmer atmospheric
temperature below the cloud and, therefore, limits the increase of F%IR towards the surface. In combination with the warmer
aircraft-derived CBT, this reduced F%IR increase causes that the surface F%IR difference is smaller compared to the cloud-
emitted irradiance difference for the given aircraft—satellite CBH contrast. The red symbols in Fig. 8a represent the irradiance
difference just below the aircraft-derived CBH. The good agreement with the F%IR difference at the surface demonstrates that
the additional water vapor between satellite- and aircraft-derived CBH largely accounts for the modification of the relationship
between CBT difference and F%IR difference.

Modifying TProf similarly results in changes of CBT as well as temperature and humidity characteristics below the cloud.
Figure 8b shows the same analysis as Fig. 8a, but for the differences between simulations initialized with dropsonde-measured
and GEOS-FP profiles. For these simulations, CldMicro is obtained from satellite observations and CldHeight corresponds
to aircraft measurements. In contrast to Fig. 8a, most data points reveal negative and absolutely larger F%IR differences,
corresponding to the lower air temperature obtained from the dropsondes compared to GEOS-FP at the aircraft-derived CBH
(Fig. 5). Especially for the first phase of ARCSIX, CBT differences of down to —4 K are found, while the more similar
temperature profiles during the second phase inhibit differences lower than —2 K. Compared to Fig. 8a, the slopes of the
differences in surface F%IR and cloud-emitted irradiance show better agreement, which implies that the atmospheric impact

below the cloud differs weakly. Despite a significant overestimation of low-level absolute humidity by GEOS-FP, especially
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during the first campaign phase, the impact of water vapor is restricted by the generally small distance between the low-level
cloud and the surface. The IWV differences are one order of magnitude smaller compared to Fig. 8a.

The distinct importance of water vapor for the effects of CldHeight and TProf distorts the relationship between the dif-
ferences in F%IR and CBT when both effects are combined (Fig. 8c). While a CBT change of 1 K induced by the effect of
TProf is associated with a F%IR difference of more than 4 Wm~2 (Fig. 8b), the below-cloud IWV difference resulting from
the distinct CldHeight partly offsets a difference in cloud-emitted irradiance and causes a surface F%IR difference of roughly
1.3Wm~2 per Kelvin only (Fig. 8a). Thus, the decreasing effect of TProf on F%IR dominates over the increasing effect of
CldHeight for similar CBT differences, which are frequent especially during the first phase of ARCSIX. However, this rough
compensation of CBT differences does not coincide with a full compensation in F%IR. In fact, for numerous data points, the
CBT obtained from aircraft measurements and dropsonde profiles is larger than the satellite- and GEOS-derived CBT (positive
CBT difference), but the corresponding F%IR difference is negative. Nevertheless, the F%IR difference tends to increase for

larger CBT difference.
4.1.3 Statistical simulation results

To statistically quantify the individual contributions of the previously discussed effects on the TIR irradiances, Fig. 9 compares
the simulation results under cloudy and cloud-free conditions for different combinations of satellite- and aircraft-derived input
parameters. In all panels, the leftmost (gray) boxplot represents the simulations based solely on satellite (and ancillary) data,
while the rightmost (red) boxplot results from pure aircraft-measured input and is considered ground truth. In-between, the
results for several configurations with satellite-derived input partially replaced by the aircraft measurements are given to isolate
the impacts of the individual drivers.

The simulation results of F%IR in cloudy conditions are displayed in Fig. 9a for the first phase of ARCSIX. The simulations
with satellite-only input (labeled "None") yield a median of 298 W m~2, with the central 50 % of data lying in a range between
288 W m ™2 and 304 W m 2. On the other hand, the median representing the ground truth ("TProf + CldHeight + CldMicro"
from aircraft measurements) amounts to only 288 W m~2. Although this decrease in F%IR seems counterintuitive given the
high-biased satellite-derived CBH, it reflects compensating effects of CldHeight and TProf and is consistent with the occa-
sional misclassification of optically thin clouds as optically thick by the satellite retrievals (Fig. 7). Consequently, replacing
only CldMicro with aircraft measurements (labeled "CldMicro") reduces the median F%IR to 289 W m~2. The magnitude of
this decline is statistically limited by the relatively small number of misclassified data points. Consistent with the CBH dif-
ference, an additional change in CldHeight from satellite to aircraft observations increases the median of the surface F%IR by
about 9 W m™2 ("CldHeight + CldMicro"), which is less than expected from the CBT contrast (about 12 W m~2) due to the
simultaneously reduced vertical extent of the below-cloud layer (Fig. 8a). The narrower range of aircraft-measured CBT raises
the lower IQR bound of F%IR compared to using the satellite-retrieved CldHeight. The counteracting effect of changing TProf
from GEOS-FP to dropsonde profiles, causing colder temperatures at the aircraft-measured CBH (Fig. 5b), reduces the median
F%IR by 10 W m~2, which indicates that the effect of TProf slightly overcompensates the effect of CldHeight. Although the

median CBT resulting from the combination of satellite-derived CBH and GEOS-FP temperature is slightly lower compared to
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Figure 9. Statistics of (a,b) F%R in cloudy conditions, (c,d) F%IR in cloud-free conditions, and (e,f) F%IR, simulated for various combina-

tions of aircraft-measured and satellite-derived input and separated for (a,c,e) the first and (b,d,f) the second phase of ARCSIX. All boxplots

are labeled according to the input parameters that are taken from the aircraft measurements ("ground truth"). The boxes indicate the IQR and

the whiskers cover all data points that are max. 1.5 x IQR apart from the box; median and mean are represented by the horizontal line within

the box and the triangle, respectively. Note that the statistics for combinations with missing boxplots in (c¢,d) do not differ from the closest

distribution to the left.
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aircraft observations, the effect of TProf is largely unaffected by atmospheric modification below the cloud and, thus, results in
a larger F%IR change for an identical CBT difference (Fig. 8). At the satellite-derived CBH, the mean temperature difference
between GEOS-FP and dropsonde is small, but the larger temperature variability in the dropsonde profiles broadens the IQR
of F%IR (compare "TProf" vs. "None").

The results of cloudy F%IR obtained for the second phase of ARCSIX are shown in Fig. 9b and exhibit a magnitude com-
parable to the first phase. In contrast, the weaker temperature variability (Fig. 5) causes generally narrower distributions. Pure
satellite input yields a median of 295 W m~2 and an IQR of 292-297 W m~2. For the ground truth, a comparable median
value is obtained. Compared to the first phase, this improved agreement is mainly related to two disparities. First, the aircraft-
measured CldMicro alters the simulated F%IR only marginally due to the predominance of optically thick clouds suggested by
both satellite and aircraft observations (Fig. 7). Second, the counteracting effects of CldHeight and TProf compensate almost
perfectly and modify the median of F%IR by about 5W m~?2 each. The weaker effect of TProf compared to the first phase
is consistent with the better agreement of the thermodynamic profiles and, consequently, the CBT between GEOS-FP and
dropsondes (Figs. 5c, 8b).

In cloud-free conditions, represented by Figs. 9c and 9d, F%IR depends on the thermodynamic profile only. During both
campaign phases, simulations set up with GEOS-FP yield higher values compared to using the dropsonde profiles, which is
related to the warmer low-level temperatures in GEOS-FP. During the first phase, the respective median values are 226 W m ™2
and 222 W m~2, while slightly lower values of 224 Wm~2 and 221 W m~?2 are obtained for the second phase. Similar to
cloudy conditions, the variability is lower during the second than during the first campaign phase, while the generally larger
temperature variability in the dropsonde profiles compared to GEOS-FP widens the IQR for both phases.

Since the temperature profile is assumed to not change between cloudy and cloud-free conditions, F%IR is identical in both
situations and illustrated in Figs. 9e and 9f. Similar to F%IR in cloud-free conditions, F%IR depends solely on the input used
for TProf, as it is driven by the surface skin temperature only. GEOS-FP systematically overestimates the surface temperature
measured by the KT-19 (Fig. 5). This overestimation of on average 3 K during the first and 1 K during the second phase
decreases the median Fi; from 311 Wm~2 to 2908 Wm ™2 and from 312 W m~2 to 308 W m~2, respectively, when the
GEOS-FP profile is replaced by the dropsonde (KT-19) observations. These numbers reflect the warming of the surface over
the summer months, which is poorly represented by GEOS-FP. Again, the stronger variability in measured surface temperature
and a generally weaker surface temperature variability during the second phase of ARCSIX are imprinted in the widths of the

IQR.
4.2 Solar irradiances

The main drivers of the solar CRE are the microphysical cloud properties, the surface albedo, and the SZA. As the SZA
calculated for a given time and location is invariable between aircraft- and satellite-derived simulation input, only the effects

of aircraft—satellite differences of the former two drivers on the net solar irradiance FS* are analyzed.
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Figure 10. Aircraft- versus satellite-derived (a) CWP and (b) COT, separated for the first (dots) and second (triangles) phase of ARCSIX.
The color-codings indicate the differences between F5" in cloudy conditions resulting from simulations with satellite- and aircraft-derived
input for CldMicro (aircraft minus satellite), while the remaining input parameters are taken from satellite observations. The black dotted
lines in (a) mark the threshold of 30 g m~2 used to separate optically thin and thick clouds. (c) Same as (a) and (b), but for aircraft-derived

versus cloud-retrieval broadband albedo, where the color-coding indicates the differences in F15* resulting from the distinct input for Alb.

4.2.1 Impact of microphysical cloud properties

Similar to Fig. 7, aircraft- against satellite-derived CWP and the difference in simulated F25' corresponding to the discrepancy
between the two (aircraft minus satellite input) are shown in Fig. 10a for each data point. The simulation input for CldHeight,

TProf, and Alb is completely based on satellite data. The sensitivity of F¢* to the CWP shows a fairly distinct characteristic

sol
compared to the TIR spectral range, as F'* is still sensitive to CWPs larger than 30 g m 2. Nevertheless, the fading colors for

larger CWP values suggest that the sensitivity slightly decreases with increasing CWP. The dashed line, along which aircraft-

and satellite-derived CWP are equal, does not well separate positive and negative differences in F’5*. This inconsistency

is probably related to the slight overestimation of the combined ice-liquid CER by the satellite observations, which causes

a positive bias of the satellite-derived F2¢* (negative difference) for identical CWP values. As indicated by Fig. 10b, the

sol

COT, combining the effects of CWP and CER, correlates better with Fsréjt and irradiance differences of 0 are well distributed

along the 1:1-line of aircraft- and satellite-derived COT. Although positive and negative FS* differences are revealed for both

phases of ARCSIX, the distribution of the markers and the corresponding colors imply that the statistical overestimation and

underestimation of the COT by the satellite observations mainly causes a smaller and larger F25" during the first and second

phase of ARCSIX, respectively.
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4.2.2 Impact of surface albedo

Figure 10c shows the F2S* difference resulting from the contrast in surface albedo between the data derived from aircraft
observations and used for the satellite cloud retrievals. The simulations used for this comparison rely on the satellite products
and GEOS-FP for input of cloud and thermodynamic properties. The low bias in cloud-retrieval broadband surface albedo
during both campaign phases indicated by Fig. 6 is also obvious in Fig. 10c for most data points and leads to an underestimation
of the corresponding F2S' (negative differences). Due to the lower SZA, this underestimation is stronger during the first

campaign phase for a given albedo discrepancy.
4.2.3 Statistical simulation results

In analogy to the TIR irradiances, Fig. 11 presents box-whisker statistics of simulated solar irradiance components for different
combinations of satellite- and aircraft-derived input parameters. As some drivers affect only one of the spectral regions, these
combinations partly differ from those shown for the TIR counterparts.

For the first phase of ARCSIX, Fig. 11a displays the results of F5* under cloudy conditions. Pure satellite-derived sim-
ulation input (labeled "None") yields a median of 105 W m~2 and an IQR of 84-119 W m~2. Compared to the TIR range,
the wider IQR indicates a stronger sensitivity of the solar irradiances to environmental variability, whereas differences in IQR
width among the configurations shown in Fig. 11 are relatively small. The ground truth exhibits a substantially lower me-
dian of 64 W m~2. This decline in FS* is dominated by the surface albedo discrepancy, while a change in CldMicro has a
counteracting effect (Fig. 10). Replacing only CldMicro with aircraft-measured properties ("CldMicro") decreases the COT
and increases the median F2S* by 9 W m™2. In contrast, the decrease induced by the higher aircraft-measured albedo alone
amounts to 47 Wm~2 ("Alb"). Aircraftsatellite differences in CldHeight and TProf have negligible effects on the solar irra-
diances, with deviations below 1 W m~2 across all components shown in Fig. 11.

The differences in F2<t arise from the individual effects of CldMicro and Alb on F jol and F T

sol “o1» Which partly compensate and

are shown in Figs. 11b and 11c, respectively. The effect of CldMicro primarily affects F; + increasing its median by 13 W m—2

sol”
following a replacement of satellite-derived simulation input by aircraft measurements ("None" vs. "CldMicro"). This increase
is only weakly propagated to FST01 through surface reflection (2 W m~2). The analogous effect of Alb is stronger for FST01 than

for F¢

sol’

increasing the medians by 81 Wm~2 and 45 W m~2, respectively ("Alb" vs. "None"). The albedo effect on Fj01 is
mainly related to enhanced multiple reflections between cloud and surface due to the higher aircraft-measured surface albedo
and, interestingly, more impactful than the difference in COT between satellite and aircraft observations.

Under cloud-free conditions, which are represented by Fig. 11d, F2$* depends on the ineffective thermodynamic profile and
the surface albedo only. Similar to cloudy conditions, replacing the cloud-retrieval surface albedo with the SSFR measurements
reduces the median from 199 W m~—2 to 116 W m~2. Because of the generally higher solar irradiances in cloud-free conditions,
this decrease is more pronounced than in cloudy conditions.

Figures 11e-h reveal that, during the second phase of ARCSIX, the on average higher SZA compared to the first phase (70°

vs. 62°) causes generally lower solar irradiances. For cloudy conditions (Fig. 11e), the purely satellite-based simulations result
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Figure 11. Same as Fig. 9, but for of (a,e) F25" in cloudy conditions, (b,f) Fjol in cloudy conditions, (c,g) FSTOl in cloudy conditions, and
(d,h) Fsriﬁt in cloud-free conditions, separated for (a—d) the first and (e-h) the second phase of ARCSIX.
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in a median F2$* of 65 W m~2 ("None"), compared to 40 W m~? for the ground truth. Again, the effect of Alb dominates
over the effect of CldMicro. However, in contrast to the first phase, the isolated changes of CldMicro and Alb both reduce

: t
the median of I}

by 12Wm~2 and 15 W m~2, respectively. Apart from the sign change in the effect of CldMicro, the
conclusions for Fjol and FST01 (Figs. 11f and 11g) do not depart from those drawn for the first phase of ARCSIX. The effect

of CldMicro is larger for F¥ | (31 W m™2) than for F | (20 W m~2), while the effect of Alb is dominated by F_ (31 W m 2
vs. 20 W m~2). Although both effects amplify for F2S

s they partially compensate for the individual irradiance components.

The characteristics of the cloud-free F25' (Fig. 11h) closely resemble those of the first campaign phase. Simulations using the
low-biased cloud-retrieval surface albedo yield a median of 152 W m~2, which is significantly larger compared to 114 W m~2
resulting from the SSRF measurements. A notable feature is the wider IQR, which likely reflects the stronger albedo variability

compared to the first phase.
4.3 Total cloud radiative effect

For selected combinations of satellite- and aircraft-derived simulation input, Fig. 12 displays the statistics of TIR and solar
CRE against each other. This illustration allows to directly assess the total warming or cooling effect of clouds during ARC-
SIX. The data of the first campaign phase are represented by Fig. 12a. Initializing the simulations with satellite data alone

yields a median TIR CRE of about 71 W m~2 and a median solar CRE of —94 W m~2, which combine to a total cooling effect
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of the clouds. This cooling effect is only slightly reduced when the simulation input for CldMicro is replaced with in situ mea-
surements, because the 3 W m~2 weakening of F%IR (Fig. 9a) is compensated by a 5 W m ™2 strengthening of F2S* (Fig. 11a)
under cloudy conditions. Similar to CldMicro, replacing the input for CldHeight with aircraft-derived values exclusively affects
the irradiances in cloudy conditions. As a result of this input replacement, the TIR (and total) CRE increases by an additional
6 W m™2, consistent with the lower and, therefore, warmer cloud bases. Changing TProf from GEOS-FP to dropsonde input
counteracts the effect of CldHeight on the TIR CRE. However, in contrast to the cloudy F%IR, where both effects compensate
almost completely (Fig. 9a), the decrease in TIR CRE due to the modified TProf is only 2 W m~2, since the underlying differ-
ences in F%IR partly compensate for cloudy and cloud-free conditions. As discussed earlier, the influence of both CldHeight
and TProf is small in the solar range, altering the solar CRE by less than 1 W m~2. Among the configurations discussed so far,
the median total CRE revealed only a weak variability and ranged between —23 W m™2 and —16 W m 2. However, the use
of the measured surface albedo in the simulations leads to a cloud warming effect of approximately 20 W m 2. This switch of
the sign of the total CRE corresponds to an increase in the solar CRE (i. e., weakening cooling effect) by roughly 35 W m~2,
which is related to the stronger reduction in F2$* for cloud-free than for cloudy conditions (Figs. 11c and 11d).

As indicated by Fig. 12b, the second phase of ARCSIX exhibits a broadly similar pattern. The main differences compared
to the first phase arise from the larger SZA and differences in CldMicro. While the median of the purely satellite-derived
TIR CRE is nearly identical to the first phase (71 W m~2), the SZA difference causes an absolutely lower median solar CRE
of —82 W m~2. Consequently, the total cooling effect suggested by the satellite input is weaker during the second phase
despite a similar satellite-derived COT. Replacing CldMicro with the aircraft-measured cloud properties largely compensates
for this weakening because of the significantly thicker clouds prevailing during the second phase. The resulting median of
the solar CRE is —93 Wm™2. The TIR CRE for replaced CldMicro remains nearly unchanged due to the predominantly
opaque clouds and is, therefore, about 3 W m~2 higher than during the first phase. Accordingly, the medians obtained when
additionally replacing the input for CldHeight and CldHeight+TProf with aircraft measurements are shifted towards larger
values. As for the first phase, the most pronounced change in the solar and total CRE results from the surface albedo difference
between assumptions for the satellite cloud retrievals and SSFR observations. Although the second phase shows a slightly
smaller reduction in the solar cooling effect (about 25 W m~2), which is caused by both the lower SZA and smaller albedo
discrepancies, the median total CRE still transforms into a warming effect of around 5 W m~2. In contrast to the first phase,
however, the associated interquartile range suggests that this transformation does not occur for all data points. Furthermore,
the opposing effects of CldMicro and Alb in the solar range lead to a smaller bias of the satellite-derived total CRE relative to
the ground truth than during the first phase of ARCSIX.

The previous analyses demonstrate that satellite-derived CRE estimates can be strongly biased by deficiencies of satellite
retrievals and ancillary data in the Arctic. In particular, the simulated CRE suffers from the poorly represented and negatively
biased surface albedo assumed for the satellite retrievals, which can cause a cooling effect although clouds actually warm the
surface. In contrast, uncertainties in other satellite-derived properties are less critical and typically lead to CRE deviations of

only a few W m~2. Despite individual drivers revealing significant biases (e. g., CBH), their effects often compensate partially.
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Together with the generally weaker sensitivity to these parameters, this compensation limits the resulting inaccuracies of the

CRE in the TIR range.

5 Conclusions

The performance of MODIS and VIIRS cloud products, a statistical surface albedo product scaled to account for sea ice melt,
and thermodynamic profiles by the GEOS-FP analysis over Arctic sea ice were evaluated against aircraft measurements in
this paper. These aircraft measurements were provided by in situ cloud probes, spectroradiometers, and dropsondes during
ARCSIX between May and August 2024. Furthermore, the discrepancies in SRB and CRE resulting from radiative transfer
simulations initialized with the satellite and aircraft observations were investigated and the effects of individual drivers were
assessed by successively replacing satellite-derived simulation input with the aircraft-measured data. The point-wise collocated
aircraft- and satellite-derived input parameters and simulated SRB and CRE were aggregated for multiple cases and analyzed
statistically for the two campaign phases.

During the first phase of ARCSIX, the COT derived from the satellite data overestimated the aircraft measurements, while
an underestimation was observed during the second phase. However, only for the first campaign phase affected this bias the
TIR SRB and CRE, which shifted to on average 2.5 W m~2 larger values for the satellite-derived cloud properties, whereas
the dominance of optically thick, opaque clouds prevented the TIR irradiances from a serious shift during the second phase.
The mean satellite-derived solar CRE was roughly 8 W m~2 lower (stronger cooling effect) and 9 W m~2 higher for the first
and second phase, respectively. The combined discrepancy between satellite- and aircraft-derived total CRE is rather weak
despite the lack of a general correlation between aircraft- and satellite-derived COT that probably results from measurement
uncertainties and different spatial resolutions. In contrast to the results reported by Chen et al. (2021), clouds undetected by the
MODIS and VIIRS retrievals were rarely encountered in the cases analyzed here, mainly because the flight plans were based
on clouds clearly visible in satellite images. Nevertheless, the cloud detection problem should not be ignored as a potential
source of uncertainty for satellite-based SRB estimates and addressed in upcoming research.

The cloud height obtained from the satellite retrievals showed a significant overestimation on the order of 1km, which
is more severe for the VIIRS (on average 1730 m) than for the MODIS (725 m) retrieval algorithm. During both phases of
ARCSIX, these higher satellite-derived clouds resulted in 1-3 K colder CBTs and reduced the TIR SRB and CRE by about 3—
4 W m~?2 on average. However, this reduction was partly compensated by effects of discrepant air temperature profiles between
dropsondes and GEOS-FP. Especially during the first campaign phase, the air temperature in the lowest 500 m was too high
and led to an underestimated strength of the capping inversion in GEOS-FP. Likely, the uncertainties in satellite-retrieved cloud
height are largely linked to a similar bias in the ancillary temperature profiles, which require a sufficient accuracy to precisely
assign an altitude to the measured brightness temperatures. Therefore, testing the performance of cloud height retrievals for real
measured temperature profiles in future work will be beneficial to disentangle the impact of retrieval algorithm and temperature
input on the cloud height uncertainty. The solar radiation is weakly affected by both cloud height and thermodynamic profile

differences.
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660 The spectral sea ice albedo assumed for the satellite-based cloud retrievals was consistently too low compared to the aircraft
measurements. This underestimation is primarily related to the overestimated sea ice melt during summer, which caused a
larger disagreement for the first than for the second phase of ARCSIX. As a result, the corresponding solar SRB showed a
significant high bias, which is stronger in cloud-free than in cloudy conditions and results in a lower CRE (stronger solar
cooling effect) than actually present.

665 In total, the dominance of optically thick clouds, compensating effects between cloud height and thermodynamic profile,
and a generally weaker sensitivity limit the variability in TIR CRE resulting from the different combinations of aircraft- and
satellite-derived simulation input. The median values ranged between 68 Wm~2 and 74 W m~2 for the first and between
71Wm~2 and 77 W m~2 for the second phase of ARCSIX. In contrast, the solar cooling effect strongly varied between
—90 W m~2 for the cloud-retrieval and —55 W m™2 (first phase) or —65 W m~2 (second phase) for the aircraft-measured

670 surface albedo. For both campaign phases, this surface albedo discrepancy caused a cooling effect of clouds using the albedo
assumed for the satellite cloud retrievals, although a warming effect was present in reality.

The findings of this study imply that the albedo assumed for the MODIS and VIIRS cloud retrievals do not well represent
Arctic sea ice conditions during the analyzed period, causing a bias in the simulated CRE, but also limiting the accuracy of
satellite-derived cloud microphysical properties. A too low surface albedo is expected to yield an overestimated COT, although

675 the observations of this study support this suspicion only partly. Nevertheless, as a low bias in sea ice albedo is a general
problem in climate models and remote sensing applications (Huang et al., 2022; Kim and Taylor, 2026), a more realistic
representation of the surface albedo and associated processes, such as sea ice melt or melt pond formation, is required for
more accurate cloud retrievals and radiation budget calculations in the Arctic. The results presented here serve as a first step
towards this improvement using ARCSIX field campaign observations. Simultaneously, current research focuses on improving

680 the kernel-based satellite retrieval of spectral albedo over snow and sea ice surfaces by means of airborne measurements of

spectral surface albedo and directional surface reflectance performed during ARCSIX.

Data availability. The aircraft data analyzed in this study are published at the NASA Langley Atmospheric Science Data Center. In situ cloud
data from P-3 and Learjet are available at NASA/LARC/SD/ASDC (2025b, https://doi.org/10.5067/SUBORBITAL/ARCSIX/DATA001/
P3B/Cloud_AircraftInSitu_1) and NASA/LARC/SD/ASDC (2025a, https://doi.org/10.5067/SUBORBITAL/ARCSIX/DATA001/Learjet/Cloud_
685 AircraftInSitu_1), respectively. The SSFR observations are obtained from NASA/LARC/SD/ASDC (2025e, https://doi.org/10.5067/SUBORBITAL/
ARCSIX/DATA001/P3B/Radiation_AircraftInSitu_1) and the dropsonde profiles can be found at NASA/LARC/SD/ASDC (2025c, https://
doi.org/10.5067/SUBORBITAL/ARCSIX/DATA001/G3/Dropsondes_1). NASA/LARC/SD/ASDC (20254, https://doi.org/10.5067/SUBORBITAL/
ARCSIX/DATA001/P3B/MetNav_AircraftInSitu_1) contains the position and meteorological data from the P-3, including the KT-19 mea-
surements. Satellite cloud products from MODIS observations aboard Terra (MODIS Atmosphere Science Team, 2017a) and Aqua (MODIS
690 Atmosphere Science Team, 2017b), and VIIRS observations aboard Suomi-NPP (VIIRS Atmosphere Science Team SSEC University Of
Wisconsin-Madison, 2019) and NOOA-20 (VIIRS Atmosphere Science Team SSEC University Of Wisconsin-Madison, 2021) were used.
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