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. Cloud phase classification using SLSTR measured
’ brightness temperatures at 3.74, 10.85, 12.00 pm

s Abstract

This study investigates the sensitivity of satellite-based brightness temper-
ature measurements at 3.74, 10.85, and 12.00 pm with respect to the iden-
tification of water, ice, and mixed-phase clouds (MPC). Radiative transfer
simulations computed by SCIATRAN reveal that the directional brightness
temperature difference at 3.74 nm (ABTj3.74), which is dependent on scatter-
ing, enables water clouds and MPC separation from ice clouds. For water
clouds and MPC, ABTj3 74 typically exceeds 2 K, whereas for ice clouds it
remains below 2 K. To separate MPC from water clouds, we introduce the
Liquid Cloud Probability Index (LCPI) based on cloud top temperature and
absorption differences between water and ice at 10.85 and 12.00 pm. LCPI
values generally exceed 0.4 for water clouds but fall below 0.4 for many MPC
cases. The ABT;374 and LCPI approach is validated using the Sea and Land
Surface Temperature Radiometer (SLSTR) dual-view data collocated with
the 2B-CLDCLASS-LIDAR cloud phase product, showing over 90% accuracy
in water and ice phase classification, and approximately 60% for MPC. This
dual-view, multi-channel method enhances the detection of cloud phases, of-
fering improved results for brightness temperature measurements.

+ Keywords:
s SCIATRAN, Brightness temperature, Cloud phase, Dual-view

¢ 1. Introduction

7 Cloud phase identification retrieved from satellite-measured brightness
s temperature (BT), remains a challenging task [1-3|. These challenges arise
s because clouds can occur at varying cloud-top heights (CTH), optical thick-
0 nesses, and particle sizes, which significantly affect the Top-of-Atmosphere
u (TOA) observed BT. Bi-spectral approaches using the 10.80, 12.00 pm win-
12 dow region are commonly applied for cloud phase identification in operational
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algorithms due to the emissivity differences between water and ice [4-6]. A
recent study by Mayer et al. [3] has shown that brightness temperature differ-
ence (BTD), 10.80-12.00 pm, has limited effectiveness in distinguishing cloud
phases, especially for mid-level clouds with similar cloud-top temperatures.
The BTD for identifying cloud phases also depends on surface temperatures
and is influenced by the occurrence of mixed-phase clouds (MPC) [7-9]. MPC
comprising water and ice particles usually occurs at high latitudes with cloud
top temperatures below 273 K. These clouds pose a significant challenge for
the retrieval of cloud optical properties [2, 7, 10, 11]. The presence of even
small amounts of supercooled water droplets in MPC significantly affects
their infrared spectral signature [12]. Studies have explored the inclusion of
the 3.7 pm channel, enhancing phase sensitivity through its combined ther-
mal emission and solar reflectance [13, 14]. While the tri-channel method
(e.g., using 3.7, 10.80, and 12.00 pm) has shown improved sensitivity [15], its
utility for MPC identification remains limited. It has also been shown that
the BTD method of cloud phase classification becomes even more challenging
over snow surfaces [16, 17]. Most studies have used single-view BT measure-
ments from passive spectroradiometers to investigate cloud retrievals. Dual-
view instruments such as the Along-Track Scanning Radiometer (ATSR),
Advanced Along-Track Scanning Radiometer (AATSR), and Sea and Land
Surface Temperature Radiometer (SLSTR) provide additional insights for at-
mospheric studies [18, 19]. Although dual-view measurements have consider-
ably advanced atmospheric research, there is still a need for a comprehensive
approach that fully exploits both spectral and angular information in order
to characterize the cloud phases. Some cloud studies have investigated the
use of dual-view measurements at 3.7 pm [18, 20, 21|, but these have been
limited to cirrus clouds. A comprehensive investigation into cloud phase de-
tection using dual-view BT at 3.74 pm and BTD at 10.85 and 12.00 pm has
not yet been carried out.

In this study, a theoretical radiative transfer-based analysis is conducted
using simulated daytime brightness temperatures at 3.74, 10.85, and 12.00 nm,
considering variations in cloud microphysical properties and surface temper-
ature (T5). A key objective is to develop a physically-based method for
discriminating between cloud phases using brightness temperatures. To this
end, this study proposes a simple dual-view approach at 3.74 pm, comple-
mented by a formulation involving BTD at 10.85 and 12.00 pm, to distinguish
between water and ice clouds, as well as possible MPC cases. In the latter
part of the study, the proposed phase separation technique is validated us-
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ing real brightness temperature observations from the SLSTR instrument on
the Sentinel-3A platform and comparisons with the 2B-CLDCLASS-LIDAR
product |22, 23]. The SLSTR instrument has two near-simultaneous views,
in near-nadir and oblique angles. The nadir view is directed directly down-
wards, while the oblique view angle is 55°. The 2B-CLDCLASS-LIDAR data
set provides cloud phase classification based on CloudSat radar data and
CALIPSO lidar measurements. In particular, for MPC detection, the radar
is more sensitive to larger ice particles, while the lidar is more responsive to
smaller liquid droplets, providing a reliable assessment of the cloud phase.
To improve the chances of MPC detection, collocations between SLSTR and
2B-CLDCLASS-LIDAR are carried out at high northern latitudes (> 60° N).
These regions are characterized by ocean and ice surfaces, which exhibit high
emissivities in the considered thermal infrared bands. Finally, the study fin-
ishes with a conclusion about how the presented approach discriminates the
cloud phase, with particular emphasis on the improved detection of MPC
cases using dual-view satellite measurements.

2. Method

To simulate brightness temperatures at the TOA, the SCIATRAN ra-
diative transfer is used for three cloud types (water, ice, and MPC) in a
pseudo-spherical geometry. This setup accurately accounts for scattered so-
lar light, thermal emission, and gaseous absorption simultaneously across
different wavelengths and viewing geometries [24, 25]. The spectral configu-
rations were based on the Sentinel-3A SLSTR thermal channels, specifically
the S7, S8, and S9 bands, with measured central wavelengths (spectral band-
widths) of 3.74 pm (0.38 pm), 10.85 pm (0.9 pm), and 12.00 pm (1 pm). The
simulated BT spectra are integrated over the SLSTR. spectral response func-
tions to ensure consistency with the observations. The simulations assume
clouds to be vertically homogeneous in the atmosphere (effective represen-
tation at the TOA). Simulations are performed varying cloud optical depth
(COD) values of 1, 2, 3, 5, 10, 15, 20, and 30. COD values greater than
30 are not presented, as the BTD values become saturated at higher COD
values |2, 3]. A constant solar zenith angle of 55° is assumed. For water
clouds, effective droplet radii (reg) of 4 and 16 pm are selected as the lower
and upper extremes. For ice clouds, maximal particle dimensions (Dyax) of
45 and 180 pm are considered as the limits. The optical properties of water
clouds are obtained from a database generated using the Lorenz—Mie theory
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Figure 1: The plot shows the spectral variation of the real and imaginary parts of the
complex refractive index for water and ice. The vertical lines indicate the channels used
in this study. The slopes of the imaginary part of the complex refractive index for water
and ice between 10.85 pm and 12.00 pm are provided in black.

[26], assuming a gamma size distribution [25]. Optical properties for non-
spherical ice particles are derived from Yang’s database, using a moderately
rough solid column habit with a gamma particle size distribution [27]. Since
the objective of this work is to separate the cloud phases rather than the ice
habits, a solid column shape is considered for ice crystals in ice clouds and
MPC. A previous study by Mayor et al [3| has shown that ice crystal habits
have a minimal impact on BTD values. For MPC, varying proportions of
liquid and ice are quantified using the ice fraction of the total optical depth
(IFc0a), which is the ratio of ice COD to total COD (a value of 0 indicates
water clouds, a value of 1 indicates ice clouds, and intermediate values in-
dicate MPC). In this study, the IF.q4 values considered for MPC are 0.2,
0.4, 0.5, 0.6, and 0.8. The extinction coefficient, single scattering albedo,
and asymmetry parameter of MPC are computed as weighted combinations
of water and ice contributions, with detailed formulations provided in the
Appendix A.

The atmospheric temperature and pressure are taken from the U.S. Stan-
dard Atmosphere profile for water and ice clouds. For MPC, the temperature
and pressure profiles are used from the McLinden climatology database pro-
vided by SCIATRAN. To make it consistent with the validation (see more in
section 4), profiles corresponding to the high latitudes for the month of May
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Figure 2: The plot shows the scattering phase functions at 3.74 nm for water droplets and
ice crystals. The shaded regions indicate SLSTR-relevant viewing geometries for nadir
and oblique views.

are used. CTH (and its corresponding cloud top temperature (CTT) from
the profiles) is varied to represent typical values associated with different
cloud phases, i.e., water, ice, and MPC. CTH (CTT) for water clouds are set
to 1 km (281.7 K), 2 km (275.2 K), 4 km (262.2 K), and 6 km (249.2 K). For
ice clouds, the CTH (CTT) values are set to 4 km (262.2 K), 6 km (249.2
K), 8 km (236.2 K), 10 km (223.3 K), and 12 km (216.7 K). For MPC, CTH
(CTT) of 1 km (263.4 K), 2 km (259.3 K), 3 km (254.5 K), 4 km (249.5 K), 5
km (243.9 K), and 6 km (238.1 K) are considered. For all simulations, a cloud
geometrical thickness of 500 m is assumed, and temperature within the cloud
layer follows the vertical temperature gradient of the assigned atmospheric
profile. A range of surface temperatures, 290 K, 273 K, and 260 K, is used
for the simulations. Water vapor absorption is modeled consistently with the
corresponding atmospheric temperature profiles. A surface emissivity of 1 is
assumed, which is representative of the ocean and ice surfaces.

3. Results

Figure 1 presents the spectral variation of the complex refractive index
for water and ice [28, 29| with vertical lines indicating the bands used in
the study. At 3.74 pm, scattering dominates due to a relatively high real
part and a low imaginary part of the refractive index. In contrast, absorp-
tion, associated with the imaginary part of the refractive index, increases
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Variation of ABT374 [K] with COD
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Figure 3: The plots show the variation of ABT3 74 at 3.74 pm with COD for water and ice
clouds above three different surface temperatures (Ts = 260 K, 273 K, 290 K). Subplots
(a), (c), and (e) correspond to water clouds with 7 of 4 pm and 16 pm; panels (b), (d),
and (f) represent ice clouds with Dyyax of 45 pm and 180 pm. The shaded regions represent
the 2 K threshold for separating water and ice clouds.

significantly beyond 10 pm for both water and ice, indicating absorption-
dominated regimes. Using this knowledge, the scattering-dominant wave-
length of 3.74 pm is used to analyze the angular distribution of scattered
radiation through the phase functions, as shown in Fig.2, for different parti-
cle sizes. Water exhibits noticeably higher phase function values at scattering
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angles greater than approximately 130°, whereas ice displays more constant
values between 100° and 170°. Assuming that the oblique view of SLSTR
corresponds to scattering angles between 130° and 160°, and the nadir view
to angles between 100° and 120° (shown as shaded regions in the plot), the
BT difference between the two views is expected to vary depending on the
cloud phase. Given the increase of phase function values for water in the
130°-160° range compared to 100°-120°, the BT difference between these re-
gions is expected to be larger for water clouds than for ice clouds. This
difference is quantified as:

ABT37 = BTy, — BT3% (1)

To compute the ABT3 74 using SCTATRAN simulations, this study inves-
tigated specific geometries corresponding to nadir and oblique viewing angles.
The oblique and nadir scattering angles correspond to angles approximately
147.47° (SZA=55°, VZA=55°, RAA=140°) and 118.26° (SZA=55°, VZA=10°,
RAA=50°), respectively. Using the available viewing geometries, the result-
ing ABTj3.74 for both water and ice clouds for different T, are shown in Fig.3.
ABTj3 74 values of water clouds consistently exceed 2 K across all T, showing
the strong angular contrast between the observations at different viewing an-
gles at 3.74 pm. Larger droplets (16 pm) produce higher ABTj3 74 compared
to smaller ones (4 um), with the separation between them being most evident
at higher COD. For water clouds having larger r.g, the ABT3 74 are larger
than 5 K for all 7T,. Even though the values of ABTj 7, for water clouds
with smaller r.g are less than for the larger r.g, the values of ABT3 74 are
still greater than 2 K. This difference between smaller and larger droplets in
the water clouds is due to the larger gradient for larger water droplets in the
phase functions between the two views (Fig.2). The water clouds with CTH
at 1 km, consisting of smaller r.g, show ABTj3 74 values of approximately 2
K. In contrast, for ice clouds, phase function differences between the views
are minimal at 3.74 pm. Across all T, and particle sizes, ABT;57, remains
below 2 K and is often negative for COD values less than 10. Over warm sur-
faces (Ts = 290 K), ABTj3.74 values for ice clouds are relatively large negative
magnitudes compared to cold surfaces (Ts = 260 K). Ice clouds composed
of larger Dpax (180 pm) exhibit lower values as compared to ice clouds with
smaller Dy, (45 pm) across all T,. For COD greater than 10, ABT5 74 values
range from 0 to 2 K. However, ice clouds are usually optically thin, and such
optically thick ice clouds are rare. In both cases of water and ice clouds, T
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ABT3_74 for MPC (Ts =273 K)
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Figure 4: The plot shows the variation of ABT3 74 at 3.74 pm with COD for MPC as a
function of IF¢.q, at T of 273 K. Each row corresponds to a different CTH (1 km, 3 km,
5 km from top to bottom). Each column represents a different combination of rg and
Diax- The shaded region represents the 2 K threshold.

impacts more strongly the ABT5.74 for COD values less than 10.

For MPC, Fig.4 presents the ABT3 74 at T, = 273 K at CTH 1 km, 3 km,
5 km (results for CTH 2 km, 4 km, 6 km and results for T, = 260 K and T
= 290 K are given in the appendix section: Fig.B.8, Fig.B.9 and Fig.B.10).
Each panel in the figure represents a different combination of CTH, 7.,
Dy for MPC. Each row represents the increasing CTH levels. The first
two columns show the combination of smaller water droplets (rog = 4 pm)
with two extreme crystal sizes (Dpyax = 45, 180 pm) in the MPC, while
the following two columns show the combination of larger water droplets
(reg = 16 pm) with two extreme crystal sizes (Dpax = 45, 180 pm) in the
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MPC. At T, = 273 K, for most of the cases, the ABT3 7, values for MPC
are greater than 2 K. MPC composed of smaller water droplets have lower
ABTj3 74 values and is less sensitive to IF.,q as compared to MPC with larger
water droplets (for all CTH) (see comparisons between columns 1,2 to 3,4 in
Fig. 4). At low COD values, as the CTH increases, the ABT3 74 values for
MPC are less than 2 K. Similar to water clouds, the T has a lesser impact as
COD values become higher (COD > 10). For COD values less than 10, as T
increases, the ABTj3 74 values become closer to 0 K (especially when IF.,q =
0.8), making it difficult to distinguish them from ice clouds. MPC with high
[F.0q (when IF.q = 0.8), at COD values less than 5, over warmer Ty (290
K), the ABTj 74 are always less than 2 K (Fig. B.10). Overall, in most cases,
the presence of water results in the MPC ABTj 74 values becoming greater
than 2 K, except for MPC with low COD values over warmer surfaces.
While the ABTj374 helps distinguish ice clouds from water-containing
ones, it becomes less effective for differentiating water clouds from MPC
(as both water and MPC have values greater than 2 K). To address this
issue, this study uses the spectral characteristics of cloud absorption in the
thermal infrared bands. As discussed above, the absorption increases from
10.85 to 12.00 pm for both water and ice. However, between 10.85 and
12.00 pm, the rate of increase (i.e., the slope) is notably steeper for ice than
for water (Fig. 1). This results in stronger absorption at 12.00 pm for ice
clouds relative to 10.85 pm, producing larger BTD. Water clouds, on the
other hand, exhibit a more gradual slope and hence smaller BTD values.
From the previous studies, water clouds often exhibit BTD values of less than
1 K [30, 31]. Additionally, water clouds are typically warmer, with cloud-
top temperatures exceeding 260 K. These two properties, i.e., low BTD and
relatively warm temperatures, serve as reliable indicators of distinguishing
water clouds from the rest. To incorporate these traits quantitatively, we

formulated the Liquid Cloud Probability Index (LCPI) as:

1 1 9
14+ e—(BT12.00—260) ) 14+ e(BT10.85—BT12.00)—1 ( )

LCPI =

The first term, involving BT5 oo, increases when the temperature exceeds
260 K, typical of water clouds, and decreases for colder cloud tops, as found
in ice or MPC. The second term increases when the BTD is less than 1 K,
a characteristic of water clouds. By multiplying these two terms, the LCPI
attains high values only when both conditions are satisfied (warm cloud top
temperatures and low BTD), strongly indicating the presence of water clouds.
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If either the temperature is low or the BTD is large, the LCPI becomes low,
effectively indicating ice or MPC conditions. To visualize this behavior, LCPI
versus ABTj 74 is plotted in Fig. 5 and Fig. 6. In these figures, the LCPI
is on the horizontal axis and ABTj5 74 is on the vertical axis. Each row in
these figures displays the distribution of simulated cloud cases, colored by a
third physical parameter (COD, IF..q in Fig. 5 and CTH, T in Fig. 6). This
illustrates how these physical parameters influence the spread of cloud types
using LCPI and ABTj.74.

Water clouds generally exhibit high LCPI values (typically > 0.4), partic-
ularly under optically thick conditions, as illustrated in Fig. ba. Exceptions
occur for water clouds at CTH values close to 6 km, where LCPI values can
be lower (Fig. 6a). MPC occurs across a wide range of LCPI values, with low
LCPI values observed for COD values greater than 5, as shown in Fig. 5b.
There are cases where the LCPI values of optically thick MPC are also high,
making it difficult to distinguish from water clouds. These optically thick
MPC occur at CTH values less than 2 km, i.e., MPC with relatively warmer
CTT (Fig. 5b, Fig. 6b). This implies that distinguishing MPC from water
clouds becomes particularly challenging at lower CTH. MPC with high IF..q
(> 0.6) also have high LCPI values, when their COD is less than 5 and with
high Ty (Fig. 5b, Fig. 5d, Fig. 6d). As a result, these MPC may have similar
brightness signatures to those of pure phase clouds. Even though there are
cases where MPC and water clouds have similar LCPI values, most over-
lapping cases using ABTj 7, are identified using LCPI. For ice clouds, the
LCPI values are typically low, often close to zero. However, some ice clouds
show LCPI values exceeding 0.4, particularly when they occur over high T
and low CTH (4 km) (Fig. 6a, Fig. 6¢). Optically thin ice clouds over warm
T, also exhibit high LCPI values due to significant thermal emission from
the underlying surface (Fig. 5a, (Fig. 6¢). However, these cases can be ef-
fectively distinguished using low ABTj374 values. T plays a critical role in
the distinguishing of MPC from ice clouds using ABTj3 74, as optically thin
MPC over warm surfaces may exhibit very low ABTj3 74 similar to those of
ice clouds (Fig. 5b, Fig. 6d). Overall, ABTj3 74 serves as a reliable indicator
for distinguishing between water and ice clouds with a 2 K threshold, while
the LCPI threshold of 0.4 separates possible MPC cases from water clouds.

10
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Figure 5: The plots show the variation of ABTj3 74 with the LCPI for simulated water,
ice, and MPC. Subplots (a) and (c) display water and ice clouds, while (b) and (d) show
MPC. The top row is color-coded by COD, and the bottom row by IF.uq.

4. SLSTR validation with 2B-CLDCLASS-LIDAR

Using the SCIATRAN-based results from the previous section, the two
phase-sensitive parameters, ABT374 and LCPI, are derived from SLSTR
measurements and validated by comparison with 2B-CLDCLASS-LIDAR

11
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Figure 6: Same as Fig. 5 but top row is color-coded by CTH, and the bottom row by T.

data. The BT data at 3.74 nm (for both views), 10.85 pm, and 12.00 pm
are available at 1 km spatial resolution from the SLSTR-L1B data prod-
uct. The oblique views of SLSTR are parallax-adjusted to the nadir view,
as mentioned in Virtanen et al. [19]. Both the SLSTR and 2B-CLDCLASS-
LIDAR data are collocated with a distance of 2 km and a temporal window
of +£5 minutes at high latitudes (above 60° N) on the 3rd of May, 2020.
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Figure 7: The plot shows the distribution of SLSTR cloud pixels in the ABT3 74 vs LCPI
space, color-coded by cloud phase from the 2B-CLDCLASS-LIDAR product for the day
3rd May 2020. The plot is divided into three regions: (1) ABT35.74 < 2 K, where ice clouds
dominate; (2) ABT374 > 2 K and LCPI > 0.4, where water clouds dominate; and (3)
ABTj3 74 > 2 K and LCPI < 0.4, representing MPC conditions. The percentages represent
the relative frequency of each cloud phase within that region.

The analysis is restricted to cases with vertically homogeneous cloud phases
from 2B-CLDCLASS-LIDAR data. Fig.7 represents the LCPI vs ABTj3 74
plot calculated from SLSTR and color coded by the phase information from
the 2B-CLDCLASS-LIDAR product. The plot is divided into three regions,
based on the results presented in Section 3, with each region corresponding
to a dominant cloud phase. These divisions are constructed to encompass
the majority of ice, water, and MPC cases as characterized by their LCPI
and ABTj 74 values. The three divisions are defined as: (1) Ice-dominated
regime (ABT;74 < 2 K), (2) Water-dominated regime (ABT37, > 2 K and
LCPI > 0.4), and (3) MPC regime (ABT374 > 2 K and LCPI < 0.4). In the
ABT;374 < 2 K region, 92% of pixels are classified as ice phase, with only 4%
each for water and MPC, demonstrating that low directional contrast is a
strong indicator in separating ice clouds from water-consisting clouds. Con-
versely, in the region with LCPI > 0.4 K and ABT374 > 2 K (upper right),
91% of pixels are water clouds, indicating the presence of liquid-only clouds.
In the region where the liquid droplet signature is evident (ABT374 > 2 K)
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but LCPI values remain low, likely due to strong absorption by ice and lower
CTT, MPC are detected in nearly 60% of the cases. As the plots show using
only LCPI alone, i.e., BTD between 10.85 pm and 12.00 pm, it is very hard
to distinguish between water and ice clouds (as also described in the previ-
ous works mentioned in Section 1). The addition of oblique and nadir views
from 3.74 pm enhanced the detection capability, and a combination with
10.85 pm and 12.00 pm makes it possible to distinguish MPC under many
conditions, with exceptions described in Section 3. These results demon-
strate the complementary nature of solar and thermal emission at 3.74 pm,
as well as thermal emission at 10.85 pm and 12.00 pm, in detecting complex
cloud phases in passive dual-view satellite measurements.

5. Conclusions

This study demonstrates the value of combining dual-view brightness
temperature measurements at 3.74 pm (ABTj74), with brightness tempera-
ture differences at 10.85 pm and 12.00 pm to enable cloud phase discrimina-
tion using satellite remote sensing. Using detailed radiative transfer simula-
tions with SCTATRAN, we establish that the directional brightness temper-
ature difference at 3.74 pm provides a physical basis for separating ice from
water-containing clouds. However, this alone proves insufficient for isolating
mixed-phase clouds (MPC) from water clouds. To enhance sensitivity, we
introduce the Liquid Cloud Probability Index (LCPI), a temperature and
brightness temperature difference-based indicator derived using 10.85 pm
and 12.00 pm measurements. The LCPI values are high for water clouds,
and low for ice-consisting clouds in most cases. From the simulated results,
distinguishing MPC and water clouds becomes more challenging when MPC
occurs at CTH less than 2 km, and distinguishing MPC and ice clouds be-
comes more challenging for optically thin cases and warm surfaces. Surface
temperatures play a crucial role, especially for optically thin MPC. Validation
of LCPI-ABTj3 74 values from SLSTR data with the 2B-CLDCLASS-LIDAR
product demonstrated 90% classification accuracy in distinguishing between
water and ice clouds and 60% for MPC. This makes it a useful approach,
especially when the traditional brightness temperature differences method at
10.85 pm and 12.00 pm has its limitations. It also manages the identification
of MPC regimes that are often misclassified in most of the existing methods.
Overall, this study demonstrates the potential of using the brightness tem-
peratures at 3.74, 10.85, and 12.00 pm in passive remote sensing for cloud
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s phase retrieval. The methodology applies to current dual-view sensors, such
s as SLSTR. It provides a foundation for future multi-angle missions seeking
si0 to improve the cloud retrievals, their radiative impacts, and their changes in
su  a warming world.

sz Appendix A. Optical Properties of MPC

313 For MPC composed of both liquid and ice particles, the total COD is
s expressed as

T = Tice T Twaters (Al)

315 The bulk single-scattering properties i.e., the extinction efficiency (Q.),
us  single-scattering albedo (wp), and asymmetry parameter (g) are defined as

<Qe> = IFCOD : <Qe,ice> + (1 - IFCOD) : <Qe,water> (AQ)

_ IFCOD : <Qs,ice> + (1 - IFCOD) : <Qs,water>

w , A3
< 0> <Qe> ( )
<g> _ IFCOD : <Qs,ice> * Gice + (1<C; :>[FCOD) . <Qs,water> * Jwater . (A4)
317 where
<Qs> = IFCOD 3 <Qs,ice> + (1 - IFCOD) : <Qs,water> (A5)
218 IFcop € [0, 1] denotes the contribution of ice to the total extinction.

s0 Appendix B. ABT3.74 plots of MPC at various T,.
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Figure B.8: Same as Fig. 4 but at CTH 2 km, 4 km, 6 km.
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Figure B.9: Same as Fig. 4 but for T of 260 K at all considered CTH.
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Figure B.10: Same as Fig. 4 but for T of 290 K at all considered CTH.
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Data availability

SCIATRAN is available from the Institute of Environmental Physics
(IUP) (https://www.iup.uni-bremen.de/sciatran/). Contains modified Coper-
nicus Sentinel data [2020]. The SLSTR L1B data can be accessed from the
Copernicus Data Space Ecosystem (CDSE)
https://browser.dataspace.copernicus.eu/. The 2B-CLDCLASS-LIDAR data
can be accessed at
https://www.cloudsat.cira.colostate.edu/data-products/2b-cldclass-lidar; last
access: February 2024.
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Highlights

Directional brightness temperature difference at 3.74 ym can be used to separate water
and ice clouds. When used with brightness temperature differences at 10.85 ym and
12.00 ym, mixed-phase clouds can be identified.

Mixed-phase clouds occurring at lower cloud top heights are challenging to separate
from water clouds.
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