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Summary: One major source of uncertainty in current climate projections is the ef-
fect of clouds on the Earth’s climate system due to a direct influence on the radiative
energy budget as well as through complex feedback mechanisms. The radiative proper-
ties of clouds are governed by their microphysical properties, e.g. the thermodynamic
phase. However, the interactions of cloud and aerosol particles leading to complex ver-
tical structures of the thermodynamic phase and their influence on the optical properties
of clouds are not yet fully understood. Therefore, measurements with the Gimballed
Limb Observer for Radiance Imaging of the Atmosphere (GLORIA) are utilized during
the StratoClim (Stratospheric and upper tropospheric processes for better climate pre-
dictions) campaign in the Asian monsoon to detect cloud thermodynamic phase in the
terrestrial infrared wavelength range for cloud-side observations.

Zusammenfassung: Der Einfluss von Wolken auf das Klimasystem der Erde bildet
einen großen Unsicherheitsfaktor in aktuellen Klimaprojektionen durch einen direkten
Effekt auf den Strahlungshaushalt sowie über komplexe Feedbackmechanismen. Die
Streueigenschaften von Wolken werden durch deren mikrophysikalische Eigenschaften
(z.B. die thermodynamische Phase) bestimmt. Allerdings sind die Wechselwirkungen
zwischen Wolken- und Aerosolpartikeln, welche zu komplexen vertikalen Strukturen
der thermodynamischen Phase führen und damit die optischen Eigenschaften der Wolke
beeinflussen, noch nicht endgültig verstanden. Deshalb werden in dieser Studie Mes-
sungen mit dem Gimballed Limb Observer for Radiance Imaging of the Atmosphere
(GLORIA) während der Messkampagne StratoClim (Stratospheric and upper tropo-
spheric processes for better climate predictions) in der asiatischen Monsunregion ver-
wendet, um die thermodynamische Phase von Wolken aus Wolkenseitenbeobachtungen
im terrestrischen infraroten Wellenlängenbereich abzuleiten.
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Fig. 1: Left: Map of the flight track on 31 July 2017. Right: Corresponding flight
altitude. The colored circles correspond to their counterparts on the left image
and indicate the relation between temporal and spatial domain.

1. Introduction

Clouds influence the Earth’s climate system by affecting the hydrological cycle, redis-
tributing latent heat, and altering the radiative energy budget. The radiative properties of
clouds are governed by their optical, macrophysical (e.g., frequency of occurence, cloud
vertical extent), and microphysical (e.g., cloud droplet size distribution, thermodynamic
phase) properties. Cloud particles consist of either liquid water, ice, or a mixture of the
two. At the microphysical level, the interactions of cloud and aerosol particles lead to
highly dynamic systems with respect to phase transitions from liquid water to ice, the
depth of the mixed-phase layer, processes of particle growth, the formation of warm and
cold rain, and variations in the cloud droplet size distribution. These processes lead to a
complex vertical microphysical structure and a variable cloud particle size in particular
in deep convective clouds (e.g., Jäkel et al., 2017). The optical properties between liquid
water and ice differ and the phase transition is particularly relevant for the formation
of precipitation (e.g., Rosenfeld et al., 2008). Consequently, aerosol particles modify
the radiative effects (due to the difference in optical properties of liquid water and ice
clouds), the lifetime, and the formation of precipitation of the clouds (Twomey, 1977;
Albrecht, 1989). These effects cover a wide range of temporal and spatial scales (Rosen-
feld et al., 2014). Imaging spectroradiometers provide cloud-side observations for a
variety of different viewing angles instantaneously and, thus, are suitable for studying
profiles of the microphysical structure of clouds. Jäkel et al. (2017) investigated verti-
cal profiles of particle phase in tropical deep convective clouds exploiting differences
in the imaginary part of the refractive index of liquid water and ice in the near-infrared
wavelength range. Analogously, the thermodynamic phase can be inferred from the
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Fig. 2: Radiance profiles along flight track at wavenumber 770 cm−1 in dependence of
time of day and the tangent point (TP) altitude as measured by GLORIA on 31
July 2017. The radiance is color-coded in units nWcm−2 sr−1 cm.

difference in brightness temperature between 11 and 8.5 µm in the terrestrial infrared
wavelength region (e.g., Martins et al., 2011). This was, among others, demonstrated by
Chylek et al. (2006) who retrieved the cloud thermodynamic phase using the Moderate
Resolution Imaging Spectroradiometer (MODIS) for nadir viewing geometry. Within
this study, measurements with the Gimballed Limb Observer for Radiance Imaging of
the Atmosphere (GLORIA) are utilized during the StratoClim (Stratospheric and upper
tropospheric processes for better climate predictions) campaign in the Asian monsoon
to detect cloud thermodynamic phase in the terrestrial infrared wavelength range for
cloud-side observations.

2. Measurements and instrumentation

The StratoClim campaign aimed at improving the understanding of key processes in the
upper troposphere and lower stratosphere (UTLS) region. It comprised an aircraft cam-
paign in the Asian monsoon based at Kathmandu, Nepal, during July and August 2017
and measurements at a tropical ground station on Palau Island. The airborne instrumen-
tation was installed on the Russian high-altitude aircraft M55 Geophysica. This study
focuses on the third research flight on 31 July 2017. The flight track is shown in Fig. 1.
The flight covered two main legs over Northeast India in altitudes of 17.5 km and 20 km,
respectively.

The GLORIA instrument combines a Fourier transform spectrometer with a 2-D de-
tector array (128× 48 pixel) covering the spectral range between 7-13 µm utilizing in-
flight calibration with two blackbodies and a 3-axis compensation for aircraft movement.
The measured spectral radiance (in units Wm−2 sr−1 µm−1) is available as the row aver-
age for 127 super pixels for each image. In total, 413 images were taken by GLORIA
during the flight.

3. Methodology

Figure 2 shows the measured radiance at wavenumber 770 cm−1 in dependence of the
time of day and the tangent point (TP) altitude for the research flight on 31 July 2017.
In general, the aircraft flew above an optically thick cloud layer emitting the highest
radiance values. The GLORIA instrument observed the cloud scene from the side and
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Fig. 3: Relative spectral response functions (in µm−1) in dependence of wavelength for
the two MODIS channels M29 (black) and M31 (red).

from above. From time to time, thin cirrus clouds above the cloud layer were observed.
At around 4:50UTC, a discontinuity in the measured radiances is visible due to an abrupt
change in flight altitude (from 17.5 to 20 km, compare Fig. 1) and the corresponding
change in viewing geometry.

The data analysis comprises (1) the spectral band integration with respect to MODIS
channels M29 and M31, (2) the calculation of the brightness temperatures at M29 and
M31, and (3) the detection of the thermodynamic phase using the brightness temperature
difference method.

3.1 Spectral band integration

To lower the data amount following the very fine spectral sampling of up to 0.0625 cm−1

within the spectral range of 770 to 1400 cm−1, spectral band integration with respect to
the MODIS channels M29 and M31 (in the terrestrial infrared) is performed. The choice
of the satellite channels (e.g., Chylek et al., 2006) is based on the spectral behavior of
the complex refractive indices of water and ice. At M29 (8.4-8.7 µm) no difference and
at M31 (10.8-11.3 µm) a strong difference between the refractive indices is found. In
addition, the ozone band at approximately 9.5 µm is avoided. Furthermore, spectrally
close bands minimize the effect of the cloud particle size (Chylek et al., 2006). The
relative spectral response (RSR) functions of the two MODIS channels M29 and M31
are shown in Fig. 3. The central wavelengths are 8.55 and 11 µm, respectively.

The band integration is done by integrating the spectral radiance with respect to the
RSR functions of the two MODIS channels.

3.2 Calculation of brightness temperature

The brightness temperature TB can be calculated from the spectral radiance I(λ) using
Planck’s law:

TB =
hc

kBλ
·

{
ln

[
2hc2

λ5(sr)I(λ)
+ 1

]}−1

. (1)
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Fig. 4: Brightness temperature profiles along flight track for MODIS channel M31 in
dependence of time of day and the tangent point (TP) altitude as measured by
GLORIA on 31 July 2017. The brightness temperature is color-coded in units K.

Herein, h denotes the Planck constant (6.6262 ·10−34 Js), kB is the Boltzmann constant
(1.3806 · 10−23 JK−1), c the speed of light in vacuum (2.997925 · 108ms−1), and λ the
wavelength.

For the channel M31, the brightness temperature profiles along the flight track are
shown in Fig. 4. Analogously to the emitted radiance, the cloud fields exhibit higher
brightness temperatures than the clearsky above.

3.3 Thermodynamic phase detection

The brightness temperature difference (BTD) is calculated as,

BTD = TB,M29 − TB,M31 . (2)

A preliminary cloud detection selects cloudy pixels as seen by GLORIA based on the
cloud index as demonstrated by Spang et al. (2008). The cloud index is calculated as
the ratio of spectral radiance at 830 cm−1 (atmospheric window region) and 792 cm−1

(dominated by CO2 emission). Cloud indices below the threshold of 2 indicated the
presence of clouds.

For all cloudy pixels, the thermodynamic phase is retrieved based on the decision
matrix following Baum et al. (2000). A BTD below -1.0K indicates liquid water within
the cloud. In contrast, BTD values above 0.5K indicate ice.

4. Results and discussion

Figure 5a shows the brightness temperature difference for the research flight on 31 July
2017. The preliminary cloud detection is illustrated in Fig. 5b and is in agreement with
the visual estimation. Cloudy pixels where ice was detected are shown in green in
Fig. 5c. Cloud particles were detected as ice for all cirrus clouds above the cloud layer.
In the top parts of the convective cloud layer, ice was detected. The comparison with
Fig. 4 shows for the convective layer mostly constant brightness temperatures indicating
a view from the top. However, e.g. during the time marked with a black rectangle in
Fig. 5c (5:48-5:53UTC), some periods with cloud-side observations occured. This can
be deduced from the change of the brightness temperature with TP altitude.
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Fig. 5: (a) Brightness temperature difference BTD (in K) along flight track on 31 July
2017. (b) Same as in a. In addition, cloudy pixels are shown in gray. (c) Same
as in b. In addition, pixels where ice was detected are shown in green. The black
rectangle marks the time range for the detailed study in Fig. 6.

This time period is illustrated in more detail in Fig. 6a. Ice could be detected at the
cloud top and in the overlying thin cirrus cloud. Figure 6b explicitly shows the 20 verti-
cal profiles observed with GLORIA. The brightness temperature at 8.55 µm wavelength
(M29) is shown with respect to the BTD. In addition, the thresholds of BTD for the de-
tection of liquid water, mixed-phase, and ice particles are shown. Thus, between a liquid
layer and the ice layer at the cloud top, a layer with mixed-phase cloud particles could
be identified. Note that the brightness temperature is shown as a vertical coordinate and
is not equal to the actual air temperature.
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Fig. 6: (a) Brightness temperature difference BTD (in K) along flight track on 31 July
2017 between 5:48UTC and 5:53UTC. The time range corresponds to the black
rectangle in Fig. 5. Cloudy pixels are shown in gray. Pixels where ice was de-
tected are shown in green. (b) Brightness temperature at 8.55 µm (in K) in
dependence of BTD (in K) for the 20 vertical profiles shown in (a) (gray color).
In addition, BTD thresholds corresponding to liquid water, mixed-phase, and ice
detection are illustrated with black dashed lines.

5. Conclusions

The study demonstrates the feasibility of the cloud thermodynamic phase retrieval uti-
lizing brightness temperature differences for limb observations in the terrestrial infrared
wavelength region with the GLORIA instrument. Future research efforts with the GLO-
RIA instrument could be extended to legs with lower flight altitudes yielding better
viewing geometry for cloud-side observations.
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