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The Cloud Phase Discrimination From a Satellite
A. A. Kokhanovsky, O. Jourdan, and J. P. Burrows

Abstract—A new technique to identify mixed-phase clouds but
also clouds with supercooled water droplets using satellite mea-
surements is proposed. The technique is based on measurements
of the backscattered solar light at wavelengths 1.55 and 1.67 m in
combination with cloud brightness temperature measurements at
12 m. For the first time, the concept of the phase index–tempera-
ture correlation plot (the P-T diagram) is introduced in the cloud
remote sensing. Retrievals of cloud temperature and cloud phase
index are performed using data from the Advanced Along Track
Scanning Radiometer (AATSR) and Scaning Imaging Absorption
Spectrometer for Atmospheric Chartography (SCIAMACHY)
both onboard the Envisat platform.

Index Terms—Cloud remote sensing, temperature, thermo-
dynamic phase.

I. INTRODUCTION

THE thermodynamic state (TS) of clouds influences precip-
itation, atmospheric dynamics, radiation, heat, and mass

transfer. The proper partitioning of cloud phase is particularly
important in precipitation processes as it directly impacts on
the type of hydrometeors released (rain, snow, hail, sleet, etc.).
The identification of cloud thermodynamic phase is not only
critical for precipitation prediction but also to specify the accu-
rate optical and microphysical properties of clouds. In this re-
spect, Knap et al. [5] stated that the determination of the phase
of clouds should be regarded as the first step in algorithms de-
signed for the retrieval of cloud properties from satellite mea-
surements. Additionally, the assessment of the TS of clouds is
relevant to solve applied problems such as the icing occurring
on an aircraft. As a result, the problem of the TS determina-
tion attracted a considerable amount of attention in the past (see
among others, Acarreta et al. [1], Baum et al. [2], Knap et al. [5],
and Turner et al. [12]). In particular, a comprehensive dataset re-
lated to the cloud TS was obtained using satellite-based infrared
(IR) observations [2]. It was found that, generally, the bright-
ness temperature difference between channels located at 8.5 and
11 m is positive for ice clouds and is negative for water clouds.
However, one important shortcoming of an IR-based method to
detect the cloud phase lies in the fact that the technique is not
capable to deal with supercooled water or mixed-phase clouds.

We propose here to use in addition to thermal IR data,
measurements at wavelengths 1550 and 1670 nm. In fact,
it is known that the absorption spectra of ice and water dis-
play significant differences in the spectral range [1550 nm,
1670 nm] [5], [9]. Therefore, this specific behavior can be
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Fig. 1. Browse image of the scene studied. A sample of Hurricane Isabel
(17.09.2003, 14:50UTC) captured by AATSR instrument onboard Envisat
(orbit 08094) is seen in the middle of image.

used to enhance the thermodynamic phase retrievals based on
thermal infrared measurements. Unfortunately, instruments
capable of measuring radiances simultaneously at wavelengths
1.55, 1.67, 8.7, and 11 m are not available. Consequently,
simultaneous satellite measurements over the same cloud field
but using different instruments installed on the same space
platform were combined to infer cloud field TS. This technique
enables the discrimination of warm water clouds from ice
clouds, mixed-phase states, and supercooled water clouds.

Specifically, we used measurements at the wavelength
12 m from the Advanced Along Track Scanning Radiometer
(AATSR) on Envisat. Measurements at 1.55 and 1.67 were
obtained using Scaning Imaging Absorption Spectrometer
for Atmospheric Chartography (SCIAMACHY) [3]. Further
information on these instruments can be found on the following
website: http://www.esa.int/envisat/instruments.html. In this
study, SCIAMACHY measurements had a spatial resolution
of km , whereas AATSR data had a resolution of
1 km . Therefore, the AATSR measurements were integrated
to the size of SCIAMACHY pixel. Additionally, only SCIA-
MACHY pixels with cloud fractions above 99% and over an
underlying ocean surface were used in this study. The values
of for SCIAMACHY pixels were obtained using collocated
highly spatially resolved AATSR data. The AATSR pixel has
been considered as a completely cloudy one if the reflection
function in the visible correspondent to this pixel exceeded
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Fig. 2. P-T diagram. The temperature T is expressed in degrees Celsius (see
text) using brightness temperature measured by AATSR assuming that cloud
can be represented as a black body. The phase index P is defined as the ratio of
the reflectance at 1550 nm to that at 1670 nm.

the threshold value . Indeed, Kokhanovsky and von
Hoyningen-Huene [6] showed that the reflection function over
ocean is smaller than the nominal value .

II. P-T DIAGRAM

A browse image of the scene analyzed from the orbit 08094
(17.09.2003, 14:50–15:03 UTC) of Envisat is shown in Fig. 1.
It displays a portion of Hurricane Isabel close to the coast of
Florida. The scatter diagram of phase index-temperature for the
whole area is shown in Fig. 2. Only cloudy pixels with cloud cov-
erage above 99% were selected for this study. The phase index

is defined as the ratio of the reflection function at 1550 nm
to that at 1670 nm. Generally, the atmospheric extinction de-
creases with the wavelength. This leads to smaller atmospheric
optical thickness and also smaller reflection function for larger
wavelengths. Therefore, one may expect that is larger than one
for cloudless atmosphere over ocean. The value of is smaller
than one for clouds due to enhanced light absorption by liquid
water or ice at 1550 nm as compared to that at the wavelength

nm. An interesting point is that the value of is
systematically smaller for ice as compared to liquid water.
Knap et al. [5], Acarreta et al. [1], and Kokhanovsky et al. [7]
have proposed to use this feature to identify ice clouds.

The spectral dependencies of the imaginary parts of the re-
fractive indexes of water and ice in the interval 1300–1800 nm
are presented in Fig. 3. It follows that the gradients of func-
tions are larger for ice as compared to water in the spec-
tral range 1500–1800 nm. This also influences the spectral re-
flectance curves and, therefore, . We have performed radiative
transfer calculations of in the assumption that both cloud
droplets and crystals have the spherical shape. The cloud op-
tical thickness was varied in the range 5–30. The effective radii

Fig. 3. Imaginary part of the complex refractive index of water [11] and
ice [13].

Fig. 4. Histogram of the cloud phase index.

of droplets and crystals were changed in the range 5–30 m.
The frequency distributions of obtained values of for water
and ice clouds are shown in Fig. 4. It follows that histograms of
the phase index are different for ice as compared to water. The
account for the nonspherical shape and the larger size of ice par-
ticles as compared to water droplets enhances these differences
even further. We find that is in the range of [0.5–0.7] for most
of ice cloud cases. Interestingly, our calculations are confirmed
by Fig. 2 as well since it is known that water droplets do not
exist at temperatures below C.

The detection of clouds with supercooled water is difficult
with the concept of the phase index standing alone. On the
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other hand, mixed clouds can hardly be discriminated only
using the brightness temperature . The cloud-top temperature

in degrees Celsius as shown in Fig. 2 is equal to ,
where is obtained from measured brightness temperature (at
12 m) assuming that the cloud can be modeled as a black body.
Therefore, our technique is not suitable for semitransparent ice
(cirrus) clouds where the surface temperature would affect the
determination of T in the P-T diagram.

It is often observed, from in situ measurements [4], that the
top of mixed-phase clouds is characterized by remnant super-
cooled water droplets whereas the rest of the cloud below is ice
precipitating. This means that the radiative properties (measured
from space) may be governed by water droplets rather than by
ice crystals in these cases, hampering therefore the water-phase
retrievals in lower cloud layers. In any case, the results given
here are related to conditions at cloud tops. The technique is not
capable to resolve vertical variations of the cloud phase.

The - diagram shown in Fig. 2 allows us to classify clouds
with respect to their phase. It follows from Fig. 2 that the phase
index is always larger than 0.8 for warm water clouds (

C). It is in the range of [0.5–0.7] for cold ice clouds (
C). Usually, clouds with negative temperatures ranging

from zero to C are difficult to classify. However, taking
threshold values 0.7 and 0.8 established above, we can identify
liquid and solid water as shown in Fig. 2 even in this problem-
atic region (the remaining data corresponding to mixed-phase
clouds). In particular, four separate areas on the diagram shown
in Fig. 2 can be distinguished.

• Region 1: Predominantly ice crystals are present. We
see that pure crystalline clouds do not exist at temper-
atures above C for the case studied. Indeed, for

C, the values of become larger than 0.7 thus
indicating the presence of liquid water droplets. Moreover,
particle size retrievals show that crystals at lower tempera-
tures have generally smaller sizes as compared to the case
of ice clouds at higher temperatures. This is demonstrated
in Fig. 5, where the frequency distribution of the particle
absorption length defined by Kokhanovsky and Nauss
[8] is presented for the region 1 at temperatures below and
above C. The value of is proportional to the size of
particles with the coefficient of proportionality dependent
on assumed shapes of crystals as discussed in [8].

• Region 2: Warm Water Clouds. It follows from Fig. 2 that
for warm water clouds ( C). Therefore,

values of at lower temperatures indicate super-
cooled water droplets.

• Region 3: Clouds With Supercooled Water Droplets. There
are a lot of clouds with supercooled droplets in the temper-
ature interval [ C, C] for the case studied. This co-
incides with aircraft observations performed in this range
of cloud temperatures [10].

• Region 4: Mixed-Phase Clouds. This region is of a great
importance for the formation of the precipitation. Interest-
ingly, mixed clouds can exist in a wide range of tempera-
tures down to C.

A technique solely based on the thermal IR measurements
will identify clouds at C as liquid water clouds and

Fig. 5. Histogram of the particle absorption length as derived using a semi-
analytical cloud retrieval algorithm [8]. Black bars correspond to the region 1 at
temperatures above �40 C. Light bars correspond to T � �40 C.

clouds with temperatures below C as crystalline ones.
Therefore, there is no way to assess the thermodynamic state
in the region from C until 0 C by the only use of thermal
infrared measurements. However, we see that the concept of the
phase index allows us to identify ice, supercooled water, warm
water, and mixed clouds using the P-T diagram shown in Fig. 2.
The concept of the phase index alone is not capable to distin-
guish regions with warm clouds and supercooled droplets (see
Fig. 2). However, this is possible using the P-T diagram pre-
sented here.

The maps of temperature and thermodynamic phase for the
case shown in Fig. 1 highly correlate (see Figs. 6 and 7). The
state positioned in the vicinity of 30 N latitude (see Fig. 7) cor-
responds to the hurricane area as shown in browse image (see
Fig. 1). We see that ice, mixed, and supercooled liquid water
clouds are present in the area of a hurricane. Liquid water is
mostly present close to the edge of the hurricane. Generally, the
distribution of water with respect to its thermodynamic state is
very complex in hurricanes and must be studied in more detail.

III. CONCLUSION

We propose a technique to identify various phases of water
in clouds using near-IR and thermal IR measurements. On one
hand, this shows the importance of synergy between various in-
struments on the same space platform (e.g., AATSR and SCIA-
MACHY on Envisat). On the other hand, this demonstrates the
potential of adding one more channel (1.55 m) to the set of
wavelengths available on AATSR (0.55, 0.67, 0.87, 1.6, 3.7,
10.7, and 12.0 m) for the cloud research.
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Fig. 6. Cloud-top temperature map for the area given in Fig. 1. Only results for
30 � 60 km SCIAMACHY pixels with a cloud cover above 99% are shown.
Pixels in the upper part of this figure correspond to clouds seen in the upper part
of Fig. 1. Pixels around latitude 30 N correspond to the hurricane area shown in
Fig. 1.

Fig. 7. Same as in Fig. 4 but for the cloud thermodynamic phase.

The advantage of the P-T diagram technique lies in the fact
that it does not require complex numerical calculations. Also
the method is very fast and simple. It can be put as the basis
for the the automatic cloud TS determination numerical proce-

dure using the analysis of the P-T thresholds as explained above.
Clearly, independent measurements are needed to validate the
performance of our technique.

It is of advantage to develop an instrumentation, which is
capable to measure radiation at wavelengths 1.55, 1.67, and
12 m simultaneously and with a high spatial resolution. This
will allow in the future to prepare maps as shown in Fig. 7 in a
great more spatial detail and also better understand the cloud
phase distribution in clouds and hurricanes. The task of this
letter was to demonstrate the capability of the technique with
the current state-of-the-art instrumentation. The technique can
be used as a way to get an additional cloud product from the
synergy of AATSR and SCIAMACHY.
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