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Abstract. Arctic marine cold air outbreaks (MCAOs) are important meridional air mass transformation events accompanied by
spatially extensive cloud formation. Here, the top-of-atmosphere radiative effect of these MCAO clouds is analyzed using air-
borne thermal-infrared imaging observations conducted during the HALO-(AC )3 research campaign. Based on the capabilities
of the high-resolution (~ 10m) imaging, a fine-scale cloud mask is derived. Furthermore, two cloud radiative effects (CREs),
an all-sky CRE (including both cloudy and cloud-free areas) and a cloud-only CRE, are quantified. This way, the effects of
cloud fraction and cloud properties are separated, and the drivers of the all-sky CRE are evaluated. It is found that the increase
of the all-sky CRE downstream in an MCAO is primarily driven by cloud fraction, in particular for a strong MCAO event.
In a next step, the approach applicability and its sensitivity to coarser spatial sampling is evaluated by scaling the airborne
images down to lower resolutions of satellite observations provided by EarthCARE MSI (500m) and Terra/Aqua MODIS
(1000m). This coarsening results in an underestimation of the CREs, with maximum values found in the strong MCAO case
and at MODIS resolution with —1.9W m~2 (all-sky CRE) and —2.9 W m~2 (cloud-only CRE). The relations between CREs
and cloud fraction can still be identified for lower spatial resolutions but lack in robustness. This highlights the importance of

high-resolution airborne thermal-infrared imaging in support of large-scale spaceborne cloud observations to determine CREs.

1 Introduction

Clouds play a crucial role in the amplified warming of the Arctic, which is referred to as Arctic amplification (Wendisch
et al., 2023). In particular, liquid-water containing clouds persist year-round interacting with atmospheric radiation (Shupe
and Intrieri, 2004; Morrison et al., 2012; Kay et al., 2016). The cloud radiative effect (CRE) quantifies this interaction; it can
be calculated for the surface and top-of-atmosphere (TOA). In this study, the CRE is analyzed from a TOA-like perspective.
The CRE is negative/positive in the solar/thermal-infrared (TIR) spectral ranges indicating a cooling/warming by the clouds at
TOA. Therefore, the total CRE (solar plus TIR) depends on the season, surface (sea ice, open ocean) characteristics such as
albedo and emissivity, and the cloud macro- and microphysical properties (Shupe and Intrieri, 2004; Becker et al., 2023).
Arctic amplification is most pronounced in winter (Chung et al., 2021). During polar night with no solar radiation available,

the TIR warming effect dominates the total CRE. The TIR CRE is driven by cloud emissivity and the altitude of the cloud
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base and top in the local vertical air temperature profile (Webster, 1994; Shupe and Intrieri, 2004; Sedlar et al., 2012). Marine
cold air outbreaks (MCAOs) are frequently occurring in winter (Fletcher et al., 2016a; Dahlke et al., 2022; Ran et al., 2026).
During MCAO:s, cold and dry air moves southwards across the sea ice edge over the warm and moist open ocean surface.
MCAGO:s can extend far to the south, thereby linking the Arctic to often severe weather events in the mid-latitudes (Pithan et al.,
2018). Due to the changing atmospheric and surface conditions along the trajectories of MCAOs, the air masses experience
significant transformations, which are accompanied by cloud formation and atmospheric boundary layer (ABL) deepening due
to enhanced surface heat and moisture fluxes (Lackner et al., 2023; Kirbus et al., 2024; Wendisch et al., 2025). The strength
of these fluxes is driven by the temperature contrast between the moving air mass and the surface (Briimmer, 1996; Papritz
and Spengler, 2017). During the flow from the sea ice over the open ocean, roll convection often causes the development of
cloud streets aligned with the wind direction (Briimmer, 1999; Klingebiel et al., 2026). This process introduces significant in-
homogeneities in the macro- and microphysical characteristics of the cloud field and its radiative properties. In the downstream
direction, the original stratocumulus field transitions towards open-cell cumulus due to decoupling processes (Briimmer, 1999;
Murray-Watson et al., 2023; Paulus et al., 2026). Low-level clouds embedded in an MCAO are often of mixed-phase type with
top heights mostly below 4 km (Xia and McFarquhar, 2024). In the initial stages of an MCAQO, i.e., the first hours after crossing
the sea ice edge, the cloud fraction and cloud top height, as well as the ABL height and cloud liquid water path, increase (Lloyd
et al., 2018; Schirmacher et al., 2024). Due to the ABL deepening and the stepwise adjustment of the air mass to the changing
surface properties, the temperature at the top of the ABL and the cloud top remain fairly constant. Further downstream, cloud
fraction and liquid water path decrease due to roll break-up and precipitation formation (Murray-Watson et al., 2023). The
strength of these transformation characteristics aligns with the MCAO intensity. Stronger events favor higher cloud fractions
and cloud top heights, deeper ABLs, as well as larger liquid water paths (Murray-Watson et al., 2023; Schirmacher et al., 2024;
Xia and McFarquhar, 2024; Weber et al., 2026).

The formation and persistence of cloud streets is still being investigated. It is presumably connected to sea ice edge charac-
teristics, such as inhomogeneities and spatial geometry of the marginal sea ice zone (MIZ) and vertical wind shear (Gryschka
et al., 2008; Spensberger and Spengler, 2021; Klingebiel et al., 2025). To resolve the required small spatial scales, large eddy
simulations (LES) are initialized with measurements (Juliano et al., 2026; Paulus et al., 2026). Furthermore, weather predic-
tion models and reanalysis products are validated with respect to their realistic representation of processes during MCAOs.
Improvements have been made in the model representation of the major features of MCAOs, except for processes close to the
surface (Kirbus et al., 2024; Wendisch et al., 2025).

To explore the importance of small-scale cloud inhomogeneities, two-dimensional (2D) imaging observations may serve as
a useful tool (Dorff et al., 2022). Thus, dedicated observations are required for the quantification of the CRE along MCAO:s.
Because the wintertime frequency of MCAOs with weak and moderate intensity has increased in past decades (Ran et al.,
2026), TIR radiative measurements are becoming more and more crucial. In the TIR spectral range, the low-level clouds in an
MCAO primarily impact the surface radiative energy budget and have a comparably low TOA CRE (Fletcher et al., 2016b).
However, these persisting and frequent MCAOs in winter cover an extended area of 500 km to 2000 km on a zonal length scale

(Fletcher et al., 2016a). This underlines the importance of the downstream development of cloud fraction and cloud properties,
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i.e., cloud top temperature and emissivity, for the CRE from the TOA perspective. Measurements performed by polar-orbiting
satellites provide large-scale and long-term data. Radiances measured from space by MODIS (Moderate Resolution Imaging
Spectroradiometer) onboard the Terra and Aqua satellites have a spatial resolution of 1km for the TIR bands. More recently, the
EarthCARE satellite was launched and the onboard Multi-Spectral Imager (MSI, Wehr et al., 2023) measures radiances with
500m horizontal spatial resolution. Although restricted in space and time, airborne measurements fill the gap with high spatial
and temporal resolution measurements as well as concentrated localized sampling while capturing small-scale characteristics
and the radiative impact of the cloud field present during MCAOs.

To analyze the initial downstream development of the TOA CRE and to evaluate its drivers, airborne TIR imaging obser-
vations of two MCAO events with different intensities are introduced in Sect. 2 and then analyzed in Sect. 3. First, a cloud
mask is defined and a TOA-like CRE is calculated for all pixels (all-sky CRE) and for cloudy pixels only (cloud-only CRE).
With this approach the influences of cloud fraction and cloud properties on the TOA-like CRE can be evaluated separately for
the two MCAO events. Furthermore, the airborne imaging observations (~ 10m) are scaled down to the spatial resolutions of
the spaceborne instruments MSI and MODIS to evaluate the approach applicability to coarser spatial sampling and to state
the importance of small-scale resolution and thereby resolved inhomogeneities in the cloud field (Sect. 4). Section 5 sets the

results into the context of the methodology and its uncertainties and is followed by conclusions in Sect. 6.

2 Data
2.1 Airborne measurement campaign

The Arctic airborne campaign HALO-(.AC)S, conducted in the framework of the “Arctic Amplification: Climate Relevant
Atmospheric and Surface Processes, and Feedback Mechanisms” ((AC )3) research project, took place in March and April
2022. The campaign aimed to characterize air mass transformation events such as MCAOs and warm air intrusions following
a quasi-Lagrangian sampling strategy (Wendisch et al., 2024). The High Altitude and LOng range research aircraft (HALO;
Krautstrunk and Giez, 2012) was equipped to conduct remote sensing measurements over the sea ice, MIZ, and open ocean in
the Fram Strait close to Svalbard. The remote sensing payload on the aircraft comprised active as well as passive instruments
(Stevens et al., 2019; Ehrlich et al., 2025). In addition, dropsondes were launched to measure vertical air temperature, humidity,
and wind profiles (George et al., 2024).

The flight tracks sampling two selected MCAO cases are displayed in Fig. 1 in the context of the 11 um MODIS brightness
temperature image (band 31, MODIS Science Team, 2024). To quantify the intensity of the two MCAOs, the M index is
calculated (e.g., Papritz and Spengler, 2017):

M= GSKT,ocean - QSSOhPa . (1)

For this purpose, CARRA (Copernicus Arctic Regional Reanalysis) reanalysis data are used (Schyberg et al., 2021a, b) for
the selected sections (dot markers in Fig. 1) covering open ocean area with O3k, ocean and fssonpa being the potential ocean

skin temperature and the potential temperature at 850 hPa. The flight on 30 March 2022 sampled a weak MCAO with a mean
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Figure 1. Case overview. HALO flight tracks on (a) 30 March 2022 and (b) 1 April 2022 as solid beige lines with backward trajectories as
thin white lines. Locations of selected VELOX pushbrooms, which coincide with starting points of the backward trajectories, are marked by
circles and are colored by the time since the air mass crossed the sea ice edge. Sea ice concentration of 0% (AMSR?2; Spreen et al., 2008)
is indicated as a dotted white contour line. MODIS 11 um brightness temperature (band 31, MOD021KM, MODIS Science Team, 2024) is

shown in the background. The respective mean MCAO index M of the analyzed sections is given in the upper left corner.

M of 1.3K. In contrast, a strong event with a mean M about 9.8 K was captured on 1 April 2022, which is characterized by a

higher cloud fraction and more defined cloud streets in the MODIS brightness temperature image.
2.2 Selection of flight sections based on backward trajectories

To mimic the air mass transformations of individual air parcels crossing the flight path, trajectories are calculated 24 hours
backwards using the Lagrangian Analysis Tool (LAGRANTO; Sprenger and Wernli, 2015) and ERAS wind fields (Hersbach
et al., 2020). Dropsonde measurements performed during the HALO-(.AC )3 campaign are assimilated into the reanalysis data,
thereby improving its reliability (Kirbus et al., 2024). The backward trajectories start every minute from the HALO flight track
at a height of 920 hPa, which is close to cloud tops in the proximity of the sea ice edge and, therefore, should be unaffected by
surface effects. In addition, the sea ice concentration (SIC) is tracked along the trajectories using the spaceborne dataset from
AMSR?2 (Advanced Microwave Scanning Radiometer - 2; Spreen et al., 2008). Therefore, the time the air mass spent over open
ocean since crossing the sea ice edge, here defined at SIC = 0%, is calculated. This will be used as the metric “time since sea
ice” in the following.

The trajectories and SIC = 0% are used to select flight sections over open ocean. Furthermore, only sections with a latitude
greater than 78°N are considered as the flight track on the 1 April 2022 does not extend further south in the region of interest.
Data collected with aircraft pitch and roll angles greater than 6° are filtered out to avoid sharp turns. For the observations

collected on 30 March 2022, part of the trajectories cross over Svalbard. To avoid the influence of orography, the affected
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sections of the flight track are excluded from the analysis. In Fig. 1, the starting points of the remaining trajectories are
indicated by filled dot markers colored by time since the air parcel crossed the sea ice edge. To reach the latitude of 78°N, the
air masses need about 9 to 10 hours on 30 March 2022, whereas on 1 April 2022 a similar distance is traveled by the air parcel
in 5 to 6 hours. This difference is confirmed by horizontal wind speeds in the CARRA reanalysis. The mean horizontal wind
speed at 850 hPa is about 11.0m s~ for the stronger MCAO event on 1 April 2022 and 5.3m s~ ! during the weaker event on
30 March 2022 for the respective selected flight sections. This relation between MCAO intensity and wind speed was already
reported by Kolstad (2017).

2.3 Thermal-infrared imaging observations

The thermal-infrared imager VELOX (Video airbornE Longwave Observations within siX channels; Schifer et al., 2022)
measures two-dimensional (2D) fields of brightness temperatures, 15, of surfaces and cloud tops in two redundant broadband
channels and four spectral channels in the atmospheric window region from 7.7 pm to 12um. To cover a larger spectral range,
the broadband channel (7.7 — 12pm) with 1 Hz temporal resolution and a noise equivalent temperature difference (NETD) of
48 mK is used here (Schifer et al., 2023). VELOX has a field of view of 35.5° x 28.7° with 640 x 512 pixels in the across- and
along-track direction, respectively. For a target distance of 10km, the spatial resolution is about 10m x 10m per pixel. The
high spatial resolution allows for identification of small-scale cloud structures as shown by the example image in Fig. 2a. These
images are the basis for the cloud mask definition (Sect. 3.1). For the following CRE analysis (Sect. 3.2), the central stripes
of the brightness temperature fields are extracted and merged together along the flight track. These pushbroom-like images do
not suffer from effects of slanted viewing angles in flight direction and do not overlap each other. In the across-track direction,
a maximum viewing zenith angle of 17.75° is reached. A sensitivity study based on radiative transfer simulations with the
libRadtran (library for Radiative transfer) software package (Emde et al., 2016) yields a brightness temperature difference of
—0.1K for edge pixels compared to nadir. This deviation is rather small, but will be considered during the following analysis.
Each pushbroom image covers 1 min of flight time, which translates into a distance of about 12km along the flight track. The
pushbrooms are centered at the starting locations of the backward trajectories. These are indicated by the filled dots in Fig. 1,
which are colored by time since sea ice. Close to the MIZ, contamination with sea ice is likely. In the TIR wavelength range, sea
ice and clouds may have similar brightness temperatures making a distinction difficult. The pushbroom images are inspected
visually and are discarded in case of clear indications of sea ice contamination. Especially for the weak MCAO case on 30
March 2022, thin sea ice areas are detected over the ocean in 18 pushbroom images. In the case of the strong MCAO event,
only two pushbrooms are excluded. In total, 37 and 62 pushbroom images are analyzed for the weak and the strong MCAO

case, respectively.
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Figure 2. (a) Example VELOX broadband brightness temperature field (strong MCAO on 1 April 2022, northernmost horizontal leg over
open ocean). (b) Brightness temperature histogram of (a) with fitted 4th order polynomial and its first and second derivatives as well as its
extrema and turning points, which indicate the classes cloud-free (dark violet), thin cloud (light violet), thick cloud (beige). (¢) Deduced

cloud mask.

3 Methods
3.1 Cloud mask

A new cloud mask is constructed to classify the single pixels and to determine cloud fractions. The brightness temperature field
in Fig. 2a shows a typical cloud distribution of cloud streets. Three categories can be identified: cloud-free open ocean, thin
and thick cloud parts. The thin cloud parts are identified at cloud edges, at which clouds are optically thinner and the measured
brightness temperature at flight level is composed of the emission by the ocean surface and the thin cloud. Optically thick cloud
pixels are usually located in the cloud center, where the cloud is emitting like a black body. These categories are reflected in the
bimodality of the histogram shown in Fig. 2b (based on data in Fig. 2a) with one mode at lower brightness temperature values
(thick cloud), one at larger brightness temperature values (cloud-free open ocean) and the range in between, which belongs to
the thin cloud class.

To define general brightness temperature thresholds applicable for cloud regimes captured during a whole flight, all VELOX
images showing a bimodal brightness temperature distribution (including ocean surface and clouds; 62 images for the weak
MCAQO, 123 images for the strong MCAO case) are analyzed separately. For this purpose, the original VELOX images are used
as the captured area (about 6.4km x 5.1km for a target distance of 10 km) does show more isolated cloud scenes. For each

of these images, the thresholds are derived with the following procedure: (i) A 4th order polynomial function is fitted to the
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Figure 3. Cloud mask brightness temperature thresholds as dots for VELOX brightness temperature fields (selected according to Sect. 3.1)
sorted by time since sea ice for the weak MCAO (teal) and strong MCAO (violet). The means of 1h time since sea ice bins are shown as

solid lines. Dotted lines and shading represent mean and standard deviation (STD) of the bin means.

brightness temperature distribution. (ii) The two turning points of this function are computed by determining the zero crossings
of its second derivative as exemplarily shown in Fig. 2b. (iii) These turning points are used as the cloud mask threshold values,
where the lower threshold defines the distinction between the thick and thin cloud classes and the upper threshold separates
the thin cloud and cloud-free class. As an example, the application of these thresholds is shown in Fig. 2c. Figure 3 shows the
derived thresholds for the individual images, which are sorted into hourly time since sea ice bins. For each bin, the mean of
the lower and upper threshold is calculated. These bin means of the thresholds fall within a rather small brightness temperature
range and do not show a clear relation to the time since sea ice. This justifies the decision to define a cloud mask applicable to
a whole flight. Therefore, the mean and standard deviation of these bin means are computed resulting in the applicable cloud
mask for the respective flight. The standard deviations are used in a cloud mask sensitivity study in Sect. 5 and App. A.

It is evident that the thresholds are lower for the strong MCAO case on 1 April 2022 than for the weak event on 30 March
2022. Cloud tops are therefore higher and colder for the stronger MCAO, which was also shown by Weber et al. (2026). As
depicted in the satellite images in Fig. 1, the weaker MCAO favors low cloud fraction conditions whereas the strong event is

characterized by high ones.
3.2 Thermal-infrared cloud radiative effects

The cloud radiative effect is calculated pixel-wise following the independent column approximation similar to Eytan et al.
(2020) for each VELOX pushbroom image. The brightness temperatures, 7, measured by VELOX were converted to irra-

diances for each pixel (x,y). First, Ty is converted to a radiance, B, using the Planck formula and spectrally integrated over
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the wavelength range, J\, of the broadband channel 7.7 pm to 12.0 pm. Isotropy is assumed leading to a radiance-to-irradiance
conversion by multiplying with 7:
12 um
F(Tg,z,y)=m- / B(\, T, x,y) dA. 2)
7.7 um
The resulting irradiance, F'(Tj,,y), is given in units of W m =2,
The CRE, AF(Ts,x,y), is defined as the difference of the cloud-free reference irradiance, F'(Ts,x,y)cloud-frees and the
irradiance of the cloudy state, F'(T5,2,¥)cloudy. The result can be interpreted as a spatially highly resolved CRE at flight

altitude, i.e., corresponding to a TOA-like perspective if no clouds were above the aircraft:

AF(TB7$7?/) = F(TB7m7y)cloud—free - F(TBvxvy)cloudy~ (3)

The cloud-free state needed as a reference to calculate the CRE is directly derived from the VELOX measurements. For each
of the two MCAO cases, the 95th percentile irradiance of the pixels, which are classified as cloud-free, is set as the cloud-free
reference. This approach allows comparability of the different pushbroom sections for the respective case.

Due to the isotropy assumption, the irradiances are overestimated by neglecting the longer pathway through the atmosphere
for off-nadir directions. The impact on the resulting CRE is quantified by radiative transfer simulations with libRadtran using
the atmospheric profiles measured by dropsondes. A mean CRE overestimation of 0.08 W m~2 is determined for the weak
MCAO case while 0.8 W m~2 is determined for the strong MCAO case. In the strong MCAO event, the imbalance in path
length of the cloud-free and cloudy states is larger as this MCAO featured higher cloud tops. In addition, the impact of
the angular brightness temperature deviation in the across-track direction of —0.1K on the CRE is also estimated. The effect
depends on the pixel brightness temperature and is at its maximum for the cloud-free state and about —0.16 W m~2. Therefore,
while the effects of assuming isotropy for the radiance-irradiance conversion and of larger viewing zenith angles should be
considered they do not disturb the results of the following analysis, in which pushbroom mean CREs are used.

Based on the retrieved CRE fields, the cloud-only CRE, AFijoud-only, and the all-sky CRE, AFjjqky, are distinguished.
The cloud-only CRE is defined as the radiative effect of the cloudy pixels of a pushbroom-like image (only the thick cloud
class of the cloud mask is used) and thus is independent of cloud fraction. The cloud-only CRE is limited to the thick cloud
pixels, which enables to estimate the maximum possible radiative effect of these clouds by filtering out the thin cloud pixels
at the cloud edges. The all-sky CRE is the radiative effect of all pixels (cloud-free, thin cloud, and thick cloud pixels) in a
pushbroom image. Thus, the all-sky CRE is determined by the cloud properties, but also by cloud fraction. Figure 4a to 4c
show an example VELOX pushbroom image, the applied cloud mask, and the CRE calculated for all pixels of the pushbroom,
i.e., the all-sky CRE. The pixels classified as cloud-free or thin cloud by the cloud mask are hatched to highlight the CRE of the
thick cloud pixels, i.e., the cloud-only CRE. The two types of CRE allow for an analysis of the CRE drivers and the separation

of the impact of cloud properties from cloud fraction.
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Figure 4. (a) VELOX pushbroom image in the broadband channel with applied cloud mask in (b) and pixel-wise calculated CRE in (c),

where areas with pixels classified as thin cloud or cloud-free by the cloud mask are hatched.

4 Results and discussion
4.1 Cloud fraction and cloud top brightness temperature

200 The weak and strong MCAO cases are characterized by contrasting cloud conditions. For the weak MCAO, accumulated over
all analyzed pushbrooms about 67.6 % of the pixels are cloud-free while only 23.7% and 8.7 % are classified as thin and thick
cloud, respectively. In contrast, the majority of pixels from the strong MCAO are in the thick cloud class (67.7 %), 20.9% are
in the thin cloud class, and about 11.4 % are cloud-free.

To analyze these contrasts in more detail, Fig. 5a and Sc present the downstream evolution of the total cloud fraction (thin

205 plus thick cloud fraction) as mean values for hourly time since sea ice bins. In both MCAOs, the total cloud fraction increases
after a certain time since sea ice and reaches its maximum at the greatest temporal distance to the sea ice edge. However, the
total cloud fraction is rather variable for the first hours after crossing the sea ice edge during the weak MCAO because only
one pushbroom could be analyzed for these bins. For the strong MCAO case, the total cloud fraction is generally high with a

slight decrease in the 1-2 hours since sea ice bin. This could be explained by a lee effect of Svalbard (see MODIS image in
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Figure 5. Downstream development of total cloud fraction (thin plus thick cloud fraction; top panels) and cloud top brightness temperature
(thick cloud pixels; bottom panels) T, cioud (@), (b) during the weak MCAO and (c), (d) for the strong MCAO. Pushbrooms were sorted
into 1h bins of time since sea ice. Bin means and standard deviations are displayed. Gray numbers at the top state the number of pushbroom

images in each bin.

Fig. 1b). For both MCAO cases, the thick cloud fraction increases while the thin cloud fraction remains constant or decreases
in the downstream direction as larger cloud clusters develop and less thin cloud edges are present.

Figures 5b and 5d illustrate the downstream development of the mean brightness temperature of the thick cloud pixels per
bin. Comparing the two MCAO cases, the mean cloud top brightness temperature is lower for the stronger event and ranges
between —22°C and —21°C. The weaker event features cloud tops with brightness temperatures about —11°C to —10°C.
Murray-Watson et al. (2023) showed that more intense MCAO events have higher and colder cloud tops. Weber et al. (2026)
determined the cloud top height for both regarded cases (see their Fig. 5a) and found that higher cloud top heights were
observed for the strong MCAO on 1 April 2022 (up to 1500m) than for the weak MCAO on 30 March 2022 (up to 750m)
in the initial hours since crossing the sea ice edge. Although a small downstream decrease is observed, the mean cloud top
brightness temperature remains fairly constant due to the vertical extension of the ABL in the initial stages of the MCAO, as it

was also reported by Murray-Watson et al. (2023).
4.2 Thermal-infrared cloud radiative effects

The downstream evolution of the CREs is presented in Fig. 6. The selected pushbrooms are again sorted into hourly bins of
time since sea ice and their all-sky and cloud-only CRE distributions are shown. The all-sky CRE distributions for the weak
MCAO have their dominant mode at low values reflecting the low cloud fraction. In contrast, the all-sky and cloud-only CRE
distributions for the strong MCAQO show almost identical distributions for each bin, highlighting the thick cloud regime as
dominant. The variability and multimodality in the distributions is caused by the sampling statistics and local variations.

The general magnitude of the cloud-only CRE is almost twice as high for the stronger MCAO case compared to the weaker

event. This is supported by the colder cloud tops characteristic for the strong MCAO (Fig. 5d).
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Figure 6. Downstream development of cloud-only (grey) and all-sky CRE (light blue) (a) for the weak MCAO and (b) for the strong MCAO
case. The pushbroom images were sorted into 1 h time since sea ice bins. Bin distributions are shown as violins, bin means are indicated and

connected by dashed lines.

In addition, the mean CRE of each bin is indicated. The mean cloud-only CRE is rather stable for both cases whereas the
mean of the all-sky CRE increases with time since sea ice. The cloud-only CRE depends solely on the cloud properties whereas
the all-sky CRE encompasses both, the cloud fraction and properties. This indicates that the microphysical properties of the
clouds themselves do not change distinctly with increasing time since sea ice whereas the cloud fraction is driving the all-sky
CRE increase.

To elaborate on the dependence of the CREs on cloud fraction, Fig. 7 shows the mean all-sky and cloud-only CRE in relation
to the total cloud fraction for all pushbrooms for the two MCAO cases, respectively. Although the cases capture two different
cloud fraction regimes, the relations are found to be linear and a linear function is fitted. In the case of the all-sky CRE, the
coefficients of determination R? for the fit are high with 0.95 and 0.93 for the weak and strong MCAO, respectively. R? is
lower for the cloud-only CRE with values of about 0.70 and 0.62 for the two cases. Although the cloud-only CRE is solely
dependent on cloud emissivity and cloud top temperature, a nonlinear emissivity increase for critical optical thicknesses below
10 cannot be ruled out, even with the consideration of thick cloud pixels only. Thus, it is possible that the relation shown here
implicates a nonlinearity, but additional information is needed to confirm this.

The sensitivity of the CRE to cloud fraction is naturally higher for the all-sky CRE than for the cloud-only CRE. The change
of cloud-only CRE with cloud fraction indicates that cloud properties, i.e., cloud top temperature and emissivity, also change
with cloud fraction and, therefore, within the downstream air mass transformation. The slope of the cloud-only CRE function
would be close to unity in the case of clouds that are not changing. However, Weber et al. (2026) report a downstream increase
in effective radius of liquid water droplets at cloud top, and Murray-Watson et al. (2023) show an increase in liquid water path.
For the cloud optical thickness, these changes would counteract and imply a limited change in emissivity. Furthermore, the
cloud top temperature shown in Fig. 5b and d remains fairly constant. Thus, the cloud-only CRE is only increasing weakly
with higher cloud fraction, which can also be interpreted as a proxy for the time since sea ice in this context.

As both factors, cloud fraction and cloud properties, are combined in the all-sky CRE, it is concluded that the all-sky CRE

is mainly driven by cloud fraction and only weakly by changing cloud properties. In addition, the sensitivity, i.e., the slope of
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Figure 7. Pushbroom mean all-sky and cloud-only CRE as a function of total cloud fraction (thin plus thick cloud fraction). A linear fit is

applied, the respective linear functions and the coefficient of determination R? are given for both MCAO cases.

the linear function, of 35.80 W m~2 for the strong MCAO is almost three times larger than the slope of 13.35 W m~2 for the
weak MCAO.

The intercept of the linear function describing the all-sky CRE for the strong MCAO is rather large and negative. While
this statement may imply a less robust extrapolation to low cloud fractions, the negative number could also be explained by a
potential underestimation of the all-sky CRE. For the strong MCAO case, only 11.4% of all pixels are classified as cloud-free
and might be contaminated by thin cloud parts. Therefore, the selected cloud-free reference could be underestimated as it will

be discussed in Sect. 5.2.
4.3 Applicability to coarser spatial sampling

To evaluate the approach applicability and the sensitivity of cloud fraction, CREs and their relation regarding the spatial
resolution of the TIR imaging observations, the resolution of the VELOX pushbrooom images (~ 10m) is scaled down to
EarthCARE MSI (500 m) and Terra/Aqua MODIS (1000 m) spatial resolutions. For this purpose, the VELOX pushbrooms are
cut to whole kilometers to accommodate a fair comparison between all resolutions. Figure 8 shows an example pushbroom
that captures cloud street structures during the strong MCAO at these different spatial resolutions. It is evident that the cloud-
free gaps between the cloud streets become less distinct and that brightness temperature contrasts diminish for coarser spatial
resolutions. This is also reflected in the pixel classification by the VELOX cloud mask, which is shown for the two MCAO
cases in Fig. 9. As a result of areal averaging with decreasing spatial resolution, the cloud-free and thick cloud fraction are

decreasing while the thin cloud fraction is increasing.
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Figure 8. (a) VELOX pushbroom image, showing cloud streets during the strong MCAO event on 1 April 2022, scaled down to (b) MSI and
(¢) MODIS resolutions.

Furthermore, the change in total cloud fraction due to resolution is analyzed in Fig. 10a. For low total cloud fractions,
the coarser MSI and MODIS resolutions yield an underestimation, which is caused by averaging over primarily cloud-free
and sparsely occurring cloudy VELOX pixels. A turning point is reached with increasing total cloud fraction, and for total
VELOX cloud fractions larger than 0.3, an overestimation is found for lower resolutions. Here, the increasing occurrence of
cloudy VELOX pixels is causing a loss in cloud-free area. Therefore, for the MODIS resolution overcast conditions are already
reached for a VELOX total cloud fraction close to 0.85.

Similarly, the derived pushbroom mean all-sky and cloud-only CREs are compared for different spatial resolutions in Fig.
10b and Table 1. A general underestimation in the CREs derived from the coarser resolutions is found, which varies depending
on MCAO case and spatial resolution. The underestimation in the all-sky CRE is mainly caused by the change in the cloud-free
reference irradiance and only weakly by the single pixel irradiance. As described in Sect. 3, the 95th percentile of the cloud-free
pixel irradiance is chosen as the reference. With scaling down the spatial resolution by areal averaging, this cloud-free reference
decreases. This effect is amplified for the strong MCAO due to the smaller cloud-free fraction of pixels and, therefore, potential
contamination by cloudy pixels while averaging. Thus, the mean MSI/MODIS all-sky CRE bias is —0.25/—0.30 W m~? for
the weak MCAO case and —0.72/—1.86 W m~2 for the strong MCAO.

The cloud-only CRE at MSI and MODIS resolutions is also lower than the VELOX CRE. Other than the impact of the
cloud-free reference, irradiances of the thick cloud pixels are also affected by scaling down the resolution. In general, the thick
cloud irradiance is increasing for lower resolutions, i.e., the cloud tops are warmer. Consequently, the cloud-only CRE is un-
derestimated with a mean MSI/MODIS bias of —0.76/—1.26 W m~2 for the weak MCAO case and with —1.22/—2.90 W m~2
for the strong MCAO.

13



290

https://doi.org/10.5194/egusphere-2026-5857
Preprint. Discussion started: 9 November 2026
(© Author(s) 2026. CC BY 4.0 License.

7019

60 1

50 4

40 -

Fraction (%)

301

20 A

10 A

Weak MCAO

Strong MCAO

B Cloud-free
[ Thin cloud
[ Thick cloud

0- T
VELOX

MSI

T T
MODIS VELOX
Spatial resolution

MsI

MODIS

EGUsphere\

Figure 9. Cloud-free, thin and thick cloud fractions for the different spatial resolutions accumulated for all analyzed pushbrooms during the

weak and strong MCAO.

MSI/MODIS total cloud fraction

©
N}

o
©

o
o

°
>

VELOX total cloud fraction

b) 30 1
o  Weak MCAO
o Strong MCAO iy o Cloud-only CRE
|| - . .
MSI MODIS ° om - 254 © All-sky CRE
ot -
Seoopn i r‘:\ o Cloud-only CRE é A
s § 204 ° All-sky CRE ﬁp i
o MSI MODIS T
4 o=
° o s} {8
< 15 oA
o8 P 4
°® 3 &
(™Y E 10 4 6}0
r 0 &
°® = &
00
L 5 &

(] 1 ©

Se &)

L K)O

®
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30

VELOX TIR CRE (Wm~2)

Figure 10. (a) Comparison of total cloud fractions (thin plus thick cloud fraction) for different spatial resolutions (MSI - turquoise, MODIS
- blue) and MCAO cases (weak MCAO - dots, strong MCAO - squares). (b) Comparison of all-sky (filled markers) and cloud-only (open
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In summary, Fig. 11 shows the relation of CREs and total cloud fraction for the different resolutions. Similar to Fig. 7, the

relations are fitted with a linear function. The respective functions and the coefficients of determination are given in Table

1. The increasing underestimation of both CREs with decreasing resolution is seen here once again. There is a transition

from underestimated total cloud fraction for very low cloud fractions to an overestimation for higher cloud fractions, which

is especially visible for the weak MCAO case featuring mostly cloud-free scenes (Fig. 11a). Otherwise, the general shift

from VELOX CREs and total cloud fractions to MSI and MODIS equivalents is directed to lower CREs and higher total cloud
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Figure 11. Pushbroom mean all-sky (saturated colors, filled markers) and cloud-only (pastel colors, open markers) CREs as a function of
total cloud fraction (thin plus thick cloud fraction) for VELOX (pink), MSI (turquoise) and MODIS (blue) resolutions for (a) the weak
MCAO and (b) strong MCAO. Fitted linear functions and coefficients of determination R? can be found in Table 1. Please be aware of the

different axes scaling.

fractions. However, the overall relation between cloud fractions and all-sky CRE as well as cloud-only CRE is still represented,

though it is less robust for coarser resolutions as expressed by the decrease of the coefficient of determination.

5 Analysis of uncertainties
5.1 Cloud mask

The new cloud mask developed here relies on two thresholds, which are determined statistically as a mean value. To evaluate
the sensitivity of the main result (see Fig. 7) to changes in these thresholds, their standard deviations (see Fig. 3) are added
and subtracted (see Appendix A). It is found that the slopes and intercepts are changing slightly on the order of 1 W m™2 to
2'W m~—2. However, the results for the all-sky CRE tend to converge for low and high cloud fractions, reaching states in which
pixels are clearly cloud-free or thick cloud, independent of the threshold shift. These shifts only matter in the intermediate
range of cloud fractions. Here, the uncertainty caused by the cloud mask is highest due to more cloud edges. However, a linear
relationship between all-sky CRE and cloud fraction in the regarded cloud fraction regimes is evident and robust. It appears
reasonable to apply one set of thresholds for a whole flight as the emission of the clouds is not changing much with time since
sea ice as shown in Fig. 5. The use of observations at coarser spatial resolutions further compounds the possible impact of
cloud mask thresholds and their derivation. As shown in Fig. 10a the impact of coarser spatial resolution is reflected in cloud
fractions skewed to the dominant state in the area of interest, i.e., cloud-free or cloudy. The analyses are based on the cloud
mask thresholds that are derived with bimodal brightness temperature distributions captured by the high resolution airborne
imaging by VELOX. This gives rise to the question, could spaceborne measurements with coarser resolution be able to resolve

this bimodality and apply a similar cloud masking method?
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Table 1. Comparison of all-sky CRE, cloud-only CRE and their relation to total cloud fraction for different spatial resolutions of the airborne
VELOX and the spaceborne MSI and MODIS instruments. Mean biases are given as the mean differences between pushbroom mean MSI/-

MODIS CRE and VELOX CRE. The linear functions are describing the relation of CRE (y, in W m~2) and total cloud fraction (z).

VELOX (~ 10m) MSI (500 m) MODIS (1000m)
Weak MCAO
All-sky CRE
Mean bias (W m™2) - —0.25 —0.30
Function, R? y=13.36-x 4 1.26; 0.96 y=10.94-x41.61;0.95 y=9.12-2+2.11;0.92
Cloud-only CRE
Mean bias (W m™?) - —0.76 —1.26
Function, R> y=2.35 -2+ 14.03; 0.68 y=173-2413.51;0.37 y=0.82-2413.57;0.08
Strong MCAO
All-sky CRE
Mean bias (W m™2) - —0.72 —1.86
Function, R? y=35.89-x —10.18; 0.93 y=237.84-x—13.92;0.83 y=239.77-x — 18.00; 0.67
Cloud-only CRE
Mean bias (W m™?) - —1.22 —2.90
Function, R? y=8.22-z+18.67;0.61 y=9.35-2+16.14; 0.53 y=10.33-x+13.25; 0.36

5.2 Thermal-infrared cloud radiative effects

In general, the calculation of the all-sky CRE from TIR imaging observations using a pixel-wise approach yields similar
magnitudes of CRE as reported in existing literature (Fletcher et al., 2016b). Nevertheless, it has to be considered that here the
broadband refers to the specific spectral range of the TIR atmospheric window from 7.7 um to 12 ym. For a direct comparison to
the terrestrial CRE for the full spectral range from 3um to 100 pm, this difference has to be considered. With radiative transfer
simulations performed with libRadtran, this difference is quantified based on a selection of atmospheric profiles measured
by dropsondes during the respective flights. For the weaker MCAO case, the difference between the terrestrial and thermal-
infrared CRE is about 8.35 W m~2 while for the stronger event it is about 15.95 W m~2. As the CRE is defined here as the
difference between the cloud-free and cloudy upward irradiance, use of the full spectral range is impacting both irradiances
due to enhanced absorption outside the atmospheric window. The cloud-free irradiance is attenuated more strongly than the
cloudy irradiance due to the warm ocean surface acting as an emission source and the longer pathway through the atmosphere.
For the weak MCAO case, the clouds are lower and this imbalance between the states is therefore smaller compared to the

stronger MCAO event.
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Uncertainties concerning whether a pixel is truly cloud-free could also have an impact. For the strong MCAO event on 1
April 2022, it is not clear if a 100 % cloud-free pixel is present. The cloud fraction is generally high for this case and the upper
threshold of the cloud mask is —7.8 °C, which is rather low. For the cloud-free reference state needed to calculate the CREs, this
is a crucial assumption. This potential underestimation of the cloud-free irradiance may have led to a general underestimation
of the CREs. Thus, even as gaps between cloud streets visually appear to be cloud-free, there could still be traces of water vapor
or humidified aerosol particles. Several studies already refer to these radiative effects close to cloud edges as the cloud transient
zone (Eytan et al., 2020; Calbé et al., 2024). A coarser spatial sampling with spaceborne instrumentation might aggravate this

challenge further.

6 Summary and conclusions

The TOA-like cloud radiative effects during a weak and a strong Arctic MCAO event are analyzed using airborne thermal-
infrared imaging observations with high spatial resolution (~ 10m). A new threshold-based cloud mask is developed and
applied, which discriminates between thin and thick cloud as well as cloud-free pixels. Based on the cloud mask, two types
of CRE are calculated: the all-sky and cloud-only CRE, to separate the effects of cloud fraction and cloud properties (cloud
emissivity and cloud top temperature). CREs and cloud fraction for the two MCAO cases are analyzed in their downstream
development along trajectories. It is found that the downstream increase of the all-sky CRE is primarily driven by cloud fraction
and that this relation is three times larger for the stronger MCAO event. The cloud-only CRE only increases weakly with time
since sea ice indicating that the cloud properties do not change much.

Furthermore, the approach applicability and its sensitivity to the spatial resolution of the observations is tested. The airborne
measurements are scaled down to the spatial resolutions of the EarthCARE MSI (500 m) and Terra/Aqua MODIS (1000m)
instruments. Differences in cloud fraction and CRE magnitude are identified. The strongest underestimations of the all-sky
and cloud-only CRE are determined for the strong MCAO case at the MODIS resolution and are about —1.9W m~2 and
—29Wm™2, respectively. Nevertheless, similar relations between CREs and cloud fraction are found at all resolutions. How-
ever, reduced sampling of cloud and cloud-free features implies more uncertainty and less robustness of the conclusions. This
particular point justifies the need for high-resolution spectral imaging of clouds in the Arctic.

The uncertainty analysis shows that the cloud mask is primarily sensitive to intermediate cloud fractions and its robustness
for the extrema, i.e., cloud-free and opaque states. Challenges in the applied approach encompass contamination by sea ice and
the definition of a cloud-free reference state. An analysis of the thin cloud class and its radiative effect would be a crucial next
step for estimating the importance of cloud edges. The conclusions presented here are based on two MCAO cases. A statistical
analysis of MCAO events of varying intensity would be a prospective extension of this study.

This analysis demonstrates that airborne TIR imaging can resolve tightly aligned cloud streets in MCAOs and that a pixel-
wise calculation of CRE can assist in separating its driving factors. These conclusions are of importance for the frequently
occurring MCAO events in winter during polar night. Due to their large spatial extent across longitudes and latitudes, the

TOA CRE needs to be quantified by polar-orbiting satellites. These spatially coarser observations can benefit from validation

17



360

365

370

375

380

385

https://doi.org/10.5194/egusphere-2026-5857
Preprint. Discussion started: 9 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

with the highly resolved and focused sampling strategies of airborne measurements. As a result, the impacts of these air mass
transformation events for Arctic amplification and connected Arctic-mid-latitude linkages can be more accurately assessed,

quantified, and parameterized in modelling frameworks.

Code and data availability. Two Jupyter notebooks are provided as supplementary material and contain the basic concept of the presented
cloud mask and the cloud radiative effect calculation while reproducing Fig. 2 and Fig. 4. An overview of observational datasets col-
lected during the HALO-(AC )3 campaign can be found in Ehrlich et al. (2025). The VELOX brightness temperature fields are available
at https://doi.org/10.1594/PANGAEA.963401 (Schéfer et al., 2023). The dropsonde profiles can be accessed at https://doi.pangaea.de/10.
1594/PANGAEA.968891 (George et al., 2024). Aircraft position and attitude data are published on the HALO database (https://doi.org/10.
17616/R39Q0T) at https://halo-db.pa.op.dlr.de/mission/130 (HALO Database, 2026). Backward trajectories are available upon request. An
archive of AMSR? sea ice concentration data can be accessed at https://seaice.uni-bremen.de/sea-ice-concentration/amsre-amsr2/ (Spreen

et al., 2008).

Appendix A: Cloud mask sensitivity

The sensitivity of the cloud mask was analyzed by adding/subtracting the standard deviation (STD) to/from the mean thresholds
(see Fig. 3). In total, four cases can be tested: adding the STD to the lower (Ib) and upper boundary (ub) (+ STD Ib and ub),
subtracting from both (— STD 1b and ub), and the two combinations (+ STD lb, — STD ub; — STD Ib, + STD ub). The first two
cases focus on a shift in thick cloud fraction and cloud-free fraction whereas the latter two add a shift in thin cloud fraction.
Furthermore, the cloud-free reference is higher for + STD ub shifts and lower for — STD ub shifts. Figure A1 shows the
relation of the CRE to the cloud fraction for these four changes in the cloud mask in comparison to using the mean thresholds
as in Fig. 7. The two MCAO cases captured contrasting conditions with low cloud fractions during the weak MCAO and high
cloud fractions during the strong MCAOQO. Therefore, the sensitivity of the CRE on the cloud mask can be tested for two regimes
of cloud fractions separately.

For the all-sky CRE "+ STD 1b and ub" and "— STD 1b, + STD ub" (1) are the same, and "— STD Ib and ub" and "+ STD Ib,
— STD ub" (2) are also the same. These pairs match because the result does not differ in the sum of thin and thick cloud fraction.
Compared to using the mean thresholds, for (1) the cloud fraction is higher whereas (2) has a lower cloud fraction. Therefore,
the all-sky CRE is shifted to higher/lower cloud fractions. For the strong MCAO event the linear functions describing pairs (1)
and (2) converge with the linear function based on the mean thresholds at high cloud fractions. This intersection is expected
given that the all-sky CRE should converge for opaque conditions that are clearly thick cloud, despite the threshold shifts.
Similarly, a convergence is reached for low cloud fractions in the weak MCAO case, where cloud-free conditions dominate.

In contrast, the impact of the different thresholds on the cloud-only CRE is more complex because only the thick cloud
pixels are considered. The "4 STD Ib and ub" case also allows pixels with higher brightness temperatures to be classified as
thick cloud, yielding a lower CRE for these pixels. The opposite effect can be observed for the "— STD Ib and ub" case. The

other two cases just change the total cloud fraction due to an additional change of the thin cloud fraction. A convergence is
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Figure Al. (a) and (b) mean all-sky/cloud-only CRE for the weak MCAO as a function of total cloud fraction (thin plus thick cloud fraction)

for different variations of the cloud mask thresholds. Fitted linear functions are given. (¢) and (d) same figures for the strong MCAO. Please

be aware of the different axis scaling.

visible at higher cloud fractions. For low cloud fractions during the weak MCAO, the range of cloud-only CREs is wider due to
sparsely occurring thick cloud pixels in their initial state (first hours since leaving the sea ice), which are not as homogeneous
as those closed, thick cloud layers.

In conclusion, a convergence is expected in the cloud-only CRE for high cloud fractions due to the rather homogeneous
cloud layers and a broader distribution for lower and intermediate cloud fractions. In this case, the fitted linear function is more
dependent on the cloud mask thresholds.

For the all-sky CRE, only the range of intermediate cloud fractions is critical because at low (homogeneous ocean surface)
and high cloud fractions (rather homogeneous closed cloud layers) the all-sky CRE is rather indifferent to slightly changing
thresholds for the cloud mask. This also highlights the separation of high and low cloud fraction cases as two regimes that
when analyzed independently can be constrained with a linear fit.

Finally, for the analysis of the relation between CREs and the cloud fraction, these variations do not change the initial linear

function significantly. Deviations of slopes and intercepts are in the range of 1Wm™2 to 2W m~2.
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