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ABSTRACT

An accurate determination of cloud particle phase is required for the retrieval of other cloud properties from
satellite and for radiative flux calculations in climate models. The physical principles underlying phase deter-
mination using the advanced very high resolution radiometer (AVHRR) satellite sensor are described for daytime
and nighttime, cold cloud and warm cloud conditions. It is demonstrated that the spectral properties of cloud
particles provide necessary, but not sufficient, information for phase determination, because the relationship
between the cloud and surface temperatures is also important. Algorithms based on these principles are presented
and tested. Validation with lidar and aircraft data from two Arctic field experiments shows the procedures to
be accurate in identifying the phase of homogeneous water and ice clouds, though optically thin, mixed-phase,

and multilayer clouds are problematic.

1. Introduction

Cloud particle phase, size, and density determine to
what degree radiation is absorbed, scattered, and trans-
mitted. These physical properties are directly related to
three important radiative (optical) properties. the single-
scattering albedo, volume extinction coefficient, and
phase function (cf. Slingo and Schrecker 1982). It isthe
optical propertiesthat are used in radiative transfer mod-
els for the computation of upwelling and downwelling
radiative fluxes and intensities. Therefore, the relation-
ship between the microphysical and optical properties
of clouds illuminates not only the need for estimates of
phase, size, and density, but also the physical basis for
how such estimates can be obtained from satellite mea-
surements of upwelling radiation.

Determining the cloud particle phase, liquid or solid,
is a prerequisite to estimating the particle size distri-
bution and density. An incorrect phase assessment can
lead to errorsin estimates of the other properties, which,
in turn, create uncertainties in estimates of radiative
fluxes. For example, applying the methods described in
Key (1999) to summertime, subarctic and Arctic ad-
vanced very high resolution radiometer (AVHRR) data,
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an incorrect determination of cloud phase can result in
errors of 20%—-100% in the retrieval of particle effective
radius r, (the ratio of the third to the second moments
of the particle size distribution) and optical depth for
scenes with approximately equal amounts of liquid and
solid phase clouds. Those retrieval errors translate into
errors in the calculated downwelling shortwave and
longwave fluxes of 5%—20%.

Methods have been developed for the retrieval of
cloud particle phase from the AVHRR on-board the Na-
tional Oceanic and Atmospheric Administration
(NOAA) polar-orbiting satellites. Arking and Childs
(1985) use the visible (0.6 wm), solar infrared (3.7 um),
and thermal infrared (11 wm) channels of the AVHRR
to determine a ‘“microphysical index that includes
phase. Giraud et al. (1997) retrieve cloud-top temper-
ature and a microphysical index of cirrus clouds from
AVHRR databy clustering visible and thermal radiances
and their local standard deviations. The reflectance at
3.7 um was used in addition to the visible and thermal
channel radiances of the AVHRR by Hutchison et al.
(1997a) to distinguish cirrus cloud from snow in day-
time imagery in the western United States. The Inter-
national Satellite Cloud Climatology Project (ISCCP),
which utilizes geostationary satellitesand polar orbiters,
determines phase based only on temperature in its D1
(three-hourly) and D2 (monthly) datasets; if the low- or
middle-cloud temperature is less than 260 K then it is
an ice cloud, otherwise it is liquid; high clouds are
aways ice clouds (Rossow et al. 1996).
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Methods have also been developed using thermal
channels of the high-resolution infrared sounder (HIRS)
instrument on the NOAA polar orbiters. Strabala et al.
(1994) describe the theory and application of 8-, 11-,
and 12-um brightness temperatures and brightness tem-
perature differences for particle phase determination.
These wavelengths can be used day or night. Baum et
al. (1994) examine nighttime data over the ocean using
both AVHRR and HIRS, where the HIRS radiances pro-
vide information on cloud height, including multiple
layers, and the AVHRR data provide information on
other cloud properties. Hutchison et al. (1997b) use
HIRS to resolve the ambiguity in their daytime phase
analyses with the AVHRR, distinguishing between |ow-
level water clouds and thin cirrus based on the estimated
cloud-top pressure.

The purposes of this note are to discuss the physical
principles underlying cloud phase determination with
the AVHRR for both daytime and nighttime applications
over a broad range of conditions, and to present pro-
cedures that can be applied to the more than two decades
of AVHRR data. The theory described in Strabala et al.
(1994) needsto be clarified in the context of the AVHRR
because the 8-um HIRS channel is not available on the
AVHRR. In addition, the previous AVHRR studieswere
for either daytime or nighttime, and both the AVHRR
and HIRS studies dealt with the more typical ‘“‘cold
cloud” situation where the surface temperatureishigher
than that of the cloud. In contrast, the methods presented
here wereinitially developed for the polar regionswhere
the surface is often colder than the cloud (‘‘warm
clouds”). The methods presented are limited, however,
inthat all clouds are considered to be composed of either
liquid droplets (““water cloud’”) or solid ice crystals
(““icecloud’), and no attempt is made to identify mixed-
phase or multilayer clouds.

2. Physical principles

The determination of cloud particle phaseis based on
both physical and radiative properties. Physically, liquid
cloud droplets can exist at temperaturesaslow as —40°C
(e.g., Heymsfield et al. 1991), although clouds are likely
to be composed of both liquid droplets and ice crystals
at temperatures below —10°C. Radiatively, the spectral
difference between water and ice clouds occurs because
of differences in absorption and scattering. Figure 1
illustrates the absorption differences, showing the imag-
inary index of refraction for liquid and solid water. Be-
cause the imaginary index of refraction represents the
absorptive properties of a material, it is clear from the
figure that ice is a stronger absorber than water at the
three AVHRR thermal channel wavelengths (3.7-, 11-,
and 12-um for channel numbers 3, 4, and 5, respec-
tively), and that both ice and water are better absorbers
at 11 and 12 um than at 3.7 um. Based only on the
imaginary index of refraction, more absorption will take
placeinicecloudsat 11 and 12 wm than in water clouds,
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FiGc. 1. Imaginary index of refraction for water and ice from 3 to
13 um. The three arrows correspond to the three AVHRR thermal
channels (3.7, 11, and 12 um).

so brightness temperature differences between 3.7 and
11 um will be larger for ice clouds. The same rela-
tionship exists for 8 um as for 3.7 um, and thisis the
basis for phase retrieval using HIRS (e.g., Strabala et
al. 1994).

However, absorption alone does not explain observed
spectral differences. The radiance measured at the sat-
ellite is a function not just of absorption—emission, but
also of scattering and transmission. The single-scatter-
ing albedo w indicates the degree of effectiveness of
particles at scattering incident radiation. Unlike the
imaginary index of refraction, it applies to a size dis-
tribution of particles. Figure 2 shows o of water and
ice clouds for four different r, calculated with Mie the-
ory for spherical particles. The figure illustrates that
scattering is greater at 3.7 um than at 11 or 12 um.
This complements the principle of stronger absorption
at the longer wavelengths. The figure also shows that
the smaller the particle, the greater the scattering, and
that for typical ice crystal sizes there is very little dif-
ference in scattering across this portion of the spectrum.
Furthermore, w indicates that during the day ice clouds
will exhibit a lower reflectance at 3.7 um than water
droplets. At visible wavelengths, w of both water and
ice clouds is near unity and absorption is near zero.
However, w is as much a function of particle size as of
particle phase, so that retrieval algorithms utilizing o
are relying in part on the fact that water droplets are
typically smaller than ice crystals. Much of the discus-
sion below makes this assumption, though its effect on
the algorithms presented is minimal.

a. Nighttime

For optically thick clouds where the transmittance is
low and the surface contribution to the top of the at-
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FiG. 2. Single-scattering albedo of liquid and ice clouds for effective
redii (Re) of 5-100 um over the three AVHRR thermal channels.

mosphere (TOA) radiance is small, absorption and scat-
tering define the spectral characteristics of a cloud.
Based on the principles presented above we expect the
nighttime brightness temperature difference between
channels3and 4, T, — T,, to be negative for thick water
clouds with small r,. For thick ice clouds w indicates
that T, — T, would be smaller than for thick water
clouds, and would be near zero for large ice particles.
Thisis, in fact, the case, as demonstrated by the model
calculations presented in Fig. 3. The model used is
Streamer (Key and Schweiger 1998), which employs a
discrete-ordinates solver. These nighttime calculations
were done using eight streams and cloud optical prop-
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erties for spherical particles. A snow surface was used
with a surface emissivity of 0.99 for al channels.

For optically thin clouds the transmissivity is not neg-
ligible so the surface and lower portion of the cloud
influence the brightness temperature measured at the
satellite, particularly at 3.7 um. Figure 3 illustratesthis,
where T, — T, for cold (surface is warmer than the
cloud) clouds increases when the optical depth issmall.
The opposite occurs for warm clouds, where T, — T,
can be negative. The relationships shown in Fig. 3 are
similar to those presented in Yamanouchi et al. [(1987)
their Figs. 3 and 4 for water and ice clouds] and Stone
et a. [(1990) their Fig. 2b for ice clouds], but also
include the warm cloud cases.

The spectral variation in surface emissivity for sur-
face types other than snow will affect the brightness
temperature differencesfor thin clouds; for example, for
a sandy soil T, — T, will be reduced. However, the
surface emissivity does not affect the phase detection
algorithm described below, because thin clouds are not
considered in the brightness temperature difference
tests. Similarly, variations in water vapor will affect T,
— T, but not the phase detection procedure.

The brightness temperature difference between 11
and 12 um, T, — T, ismuch smaller than T, — T, for
both water and ice clouds, and there is considerable
overlap for the two phases. Water and ice clouds do
form somewhat separate clusterswhen T, — T, isplotted
against T, — T, (Fig. 4; see also Strabala et al. 1994),
but the separation occurs primarily because of the dis-
tinct T, — T, differences. What is not shown in Fig. 4
is that the absolute value of T, — T increases as cloud
optical depth decreases. Therefore, large T, — T, dif-
ferences (positive or negative) indicate thin clouds, wa-
ter, or ice.
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Fic. 3. Modeled AVHRR channels 3 and 4 (3.7 — 11 um) brightness temperature differences for (left) water and (right) ice clouds.
For each of two effective radii, one cold (relative to the surface temperature) and one warm cloud case is given. Calculations were
done for midlatitude summer and winter nighttime conditions, with nadir view and a surface emissivity of 0.99.
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Fic. 4. Modeled brightness temperature differences for AVHRR channels 3 minus 4 (3.7 — 11 uwm) and channels 4 minus 5 (11
— 12 pm) for water and ice clouds. The visible optical depth for the data shown is one or greater. Water clouds have top temperatures
greater than 250 K; ice clouds are less than 270 K. Calculations were done for tropical, midlatitude, and Arctic conditions over
viewing angles from 0° (nadir) to 60°, with a surface emissivity of 0.99.

These theoretical principles give rise to certain re-
lationships that can be used to determine cloud particle
phase at night.

1) With cold water cloud, as droplet size decreases, as
optical depth T increases, and as surface temperature
T, approaches the cloud temperature T, T, — T, be-
comes more negative. For example, T, — T, will be
less than —2 K if T, is within 10 K of T, and 7 >
5.1f T, — T, is between 15 and 40 K, then 7 must
be greater than 15 for T, — T, to be less than —2 K.

2) Positive water cloud T, — T, values occur when
clouds are thin and T, — T, is large and positive.

3) The more negative T, — T, values for water clouds
correspond to ice cloud T, — T, values near zero,
either negative or positive, for water and ice clouds
of a given optical depth.

4) As T, — T, increases and is positive, ice cloud T,
— T, increases and is positive.

5) Thin clouds have T, — T, values greater than ap-
proximately 1.5 K or less than —0.5 K. Water cloud
T, — T, values tend to be larger positive or smaller
negative than those of ice clouds.

So while ice cloud T, — T, is positive or near zero
for both thick and thin clouds, water cloud T, — T, is
negative only if the cloud is optically thick or if the
surface is significantly colder than the cloud. The value
T, — T, can be used to determine if a cloud isoptically
thin, but it is not a good discriminator of particle phase.

b. Daytime

In the presence of solar radiation, w at 3.7 um is
the primary spectral feature distinguishing ice and wa-

ter clouds. Ice particles do not scatter as efficiently as
water droplets at this wavelength because of the real
part of the index of refraction and the fact that ice
clouds are typically composed of larger particles than
water clouds. The 3.7-um reflectance depends not only
on particle phase, but also on viewing/illumination ge-
ometry and surface reflectance. This is illustrated in
Fig. 5, which shows model ed reflectances as afunction
of the scattering angle. For these daytime model results
hexagonal ice crystals were used. In the AVHRR data,
the 3.7-um reflectance is approximated by removing
from the total radiance an estimate of the emitted por-
tion based on the temperature of channel 4

I—3 — B3(T4)

= — 1
P~ L — B(T) .
where p, is the channel-3 reflectance, L, is the chan-
nel-3 radiance, B,(T,) isthe Planck function for chan-
nel 3 based on the channel-4 temperature T,, L, is the
solar constant for the band (adjusted for earth—sun dis-
tance), and w is the cosine of the solar zenith angle.
The scattering angle s isthe angle between the incident

and reflected beams, defined here as

iy = 180 — cos *(cosb,,, cosf,, + Sinby,, Sinf,, cosp),
2

where 6, is the solar zenith angle, 6, is the satellite
zenith angle, and ¢ isthe relative azimuth angle (where
0 islooking away from the sun and 180 is looking into
the sun); all angles are in degrees. As defined in (2), a
scattering angle of 0° implies forward scattering; 180°
means backscattering. The figure gives reflectances for
cloud visible optical depths between 2 and 5, and for
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3.7 micron Reflectance: Ice Cloud
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Fic. 5. AVHRR channel 3 (3.7 um) modeled reflectances as a function of scattering angle for (left) water and (right) ice clouds, and
for snow (diamond) and vegetation (square) surfaces. All clouds have visible optical depths in the range 2-15. Also shown are the
functions that approximately divide water and ice clouds for each surface type. Calculations were done using midlatitude summer

conditions.

snow and vegetation surfaces. These two surface types
exhibit very different 3.7-um clear-sky reflectances,
where snow is very dark and vegetation is relatively
bright. The smooth curves represent approximate upper
limits of ice-cloud reflectance over each surface type,
valid for ¢ values between 0° and 150°. In the case of
strong backscattering (¢ > 150°), and in the case of
thin clouds over snow, there is no clear separation be-
tween water and ice cloud.

The ratio of the 3.7- to 0.6-um reflectances was also
examined, because it provides somewhat better spectral
separation of cloud reflectances over the two surface
types because of the large difference in visible reflec-
tances. In addition, the relationship between the reflec-
tance ratio and scattering angle becomes nearly linear.
However, it provides no additional quantitative infor-
mation, so simple reflectances are used instead.

3. Procedures

The phase algorithm starts by exploiting the physical
property that only ice crystals will exist below some
threshold temperature and only liquid dropletswill exist
above some other threshold temperature. For optically

TABLE 1. Phase assignment based on temperature relationships.

Condition Phase
To— 6 < v @d T, > v, Liquid
T.— 8> ypm and T, > T, Liquid
To— 6> yonand T, < Yin Ice
T.- 6 < yunand T, < T, Ice

thick clouds the 11-um brightness temperature will be
very close to the kinetic temperature, and simple tem-
perature thresholds can be used to distinguish particle
phase. For example, if T, were less than some minimum
value, for example, vy,,, = 243.16 K (—30°C), then an
optically thick cloud would almost certainly be com-
posed of only ice crystals. Similarly, if T, were greater
than some maximum value, y,... = 273.16 K (0°C), then
the cloud would be liquid.

However, for optically thin clouds surface emission
is a significant part of the measured radiance, and the
relationship between the surface temperature T, and the
pixel temperature T, must be considered. Using the two
thresholds above there are four relationships between
the surface temperature and T, that can be exploited to
determine the phase of clouds that have temperatures
less than v,,, or greater than v,..., as listed in Table 1.
The values v,,, = 243.16 and v, = 273.16 are used
in this study.

In practice the clear-sky temperature is used as a
proxy for T, in this step, although T, under cloud cover
will generally be somewhat lower than the clear-sky
value during the day (negative cloud radiative effect)
and somewhat higher at night. Therefore T, can be ad-
justed by a small amount 6. At night we use 6 = —2
K and during the day 6 = +2 K. Uncertainties in T,
(and &) of afew degrees should have little effect on the
results unless there is a high frequency of clouds with
temperatures clustered around the threshold values giv-
en in Table 1. If no estimate of T, is available then an
alternate, though less robust, method would be to use
simple thresholds; for example, if T, isless than 243 K
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then the cloud is ice and if T, is greater than 303 K
then the cloud is liquid. Hutchison et al. (1997b) use
—40°C for the lower threshold but suggest that —30°C
is probably areasonable lower bound. They do not sug-
gest an upper bound for liquid clouds.

Application of the four conditions in Table 1 consti-
tutes the first step of phase determination. The tests do
not handle water clouds with temperatures lessthan v,.,
or less than T, or ice clouds with temperatures greater
than y,,, or greater than T..

The second step employs the spectral properties de-
scribed in the previous section and is different for day
and night conditions. It is applied to the cloudy pixels
that were not labeled in the first step. At night the tests
are intended to identify optically thick water cloud and
thick ice cloud. The tests are (i) if T, — T, isless than
—0.5 K then it is a water cloud and (ii) if T, — T, is
greater than +1 K and T, — T, is between 0 and 1 K
then it is a thick ice cloud.

During the day the tests in the second step utilize the
two reflectance functions shown in Fig. 5, which define
a threshold ¢ between ice and water clouds

{= exp(a + %) + c, 3
where a, b, and c are coefficients based on modeled
reflectances. Only pixels with ¢ less than 150° and T,
— T, less than 1 K are evaluated, because reflectances
for strong backscattering and thin clouds are ambiguous.
Observed 3.7-um reflectances less than the threshold
function values are ice cloud; those greater than the
function values are water cloud. Surface types other than
the snow and vegetation used here should have 3.7-um
reflectances between these two cases. The same func-
tional form can be retained, and the last term (0.035 for
vegetation and an implied value of O for snow) can be
linearly interpolated for other surface types.

The last step, day and night, is to label any pixels
that were not handled by the previous two steps. A
simple temperature threshold is employed; if the 11-um
brightness temperature is less than 258.16 K (—15°C)
then the cloud isice, otherwiseitisliquid. Last, because
of thelow precision and high uncertainty inthe AVHRR
T, value (and therefore T, — T,) when temperatures are
very low, al pixels with T, less than 230 K are |abeled
as ice cloud.

4, Limitations

The phase of thin clouds cannot be determined with
brightness temperature differences (step 2, night) be-
cause T, — T,and T, — T, are nonzero and of the same
sign for both phases. If they are very warm or very cold,
the temperature tests (step 1) will correctly identify
them, but thin water clouds with temperatures less than
Ymax OF €SS than T, and thin ice clouds with temperatures
greater than v,,, or greater than T, are problematic.
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Ice clouds with small particles (less than 10-15 um)
and water clouds with large droplets (greater than 15—
20 pum) have similar T, — T, responses (Fig. 3), and
therefore are ambiguous in the phase detection proce-
dure (step 2). Fortunately, two physical properties al-
leviate this problem. First, large droplets and small ice
crystals are more common at high and low temperatures,
respectively, so they are more likely to be handled by
the temperature tests in step 1. Second, typical water
droplet effectiveradii are closer to 10 um and ice crystal
effective radii are commonly in the 30-50-um range [ cf.
Rossow et al. (1996) for a description of the ISCCP
radiative model, which uses values of 10 um for water
clouds and 30 um for ice clouds]. Incorrect phase de-
termination for clouds with these ““extreme’” particle
sizes is therefore expected to be relatively infrequent.

The phase determination procedures label all cloudy
pixels as either ice (solid) or water (liquid). Multilayer
and mixed-phase clouds are not identified as such. This
problem is particularly apparent in the case of ice cloud
over water cloud during the day. If theice cloud isvery
cold then the temperature tests (step 1) will label it as
ice. Otherwise, it will be labeled as water cloud by the
reflectance test. In both cases the result is not incorrect,
but is not completely correct either. Incorrect results
typically occur in two other situations. Very thin water
clouds over snow/ice may be mislabeled during the day
because of the low 3.7-um reflectance of the underlying
surface. The same will be true of clouds that occupy
only a small proportion of a pixel, as often occurs for
cumuliform clouds and at cloud edges.

5. Validation

Validation of the algorithms presented here is per-
formed using two datasets: surface-based lidar depo-
larization ratios and aircraft measurements of cloud par-
ticle characteristics. The Depolarization and Backscatter
Unattended Lidar (DABUL) instrument, developed at
NOAA's Environmental Technology Laboratory (ETL),
was deployed as part of the year-long Surface Heat Bud-
get of the Arctic Ocean (SHEBA) project (Moritz et al.
1993). Daytime and nighttime data over a broad range
of illumination and temperature conditionsare available.
Over the course of the year DABUL documented that
liquid water phase was prevalent in the Arctic atmo-
sphere even during the darkest, coldest winter months
(Intrieri et al. 1999). The lidar obtained continuous mea-
surements with a range resolution of 30 m and a time
resolution of 5 s. The lidar data used in this study were
processed for 10-min time averages.

DABUL, which operates at a wavelength of 523 nm,
transmits very short pulses of laser light into the at-
mosphere. A small portion of this energy is scattered
back to the system, in two orthogonal polarizations, to
yield range-resolved information on cloud and aerosol
particle properties (Alvarez et a. 1998). Because the
light scattering process depends on the scattering angle
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Fic. 6. Cloud particle phase from the AVHRR and lidar depolarization ratio during the
SHEBA year. Depolarization ratios less than 0.11 are primarily water or mixed-phase clouds.
The AVHRR results use a value of zero for water and one for ice; intermediate values

correspond to scenes with both phases present.

as well as the particle shape, size, orientation, and com-
position we can utilize the lidar polarization backscatter
to infer phase. Symmetric (spherical) particles back-
scatter energy through a combination of axial reflections
and/or surface waves that do not change the incident
polarization state. The backscatter from complicated
shapes (crystalline) induces internal reflections that ro-
tate the incident polarization state resulting in depolar-
ization.

Lidar measurements of cross- and copolarization re-
turns are used to distinguish between theliquid and solid
phases of water in the atmosphere. The depolarization
ratio is defined as the ratio of the intensity of the re-
ceived or backscattered light in the perpendicular po-
larization to the intensity of the backscattered light in
the paralel direction. Small raindrops, water-cloud
droplets, and fog are considered to be spherical and have
depolarization ratios that theoretically approach 0. Non-
spherical particles such as ice crystals and snowflakes
contain a cross-polarized component produced by in-
ternal reflections and refractions and can exhibit de-
polarization ratios greater than 0.30. Although a variety
of laboratory and field studies have been conducted to
quantify the depolarization ratios associated with water,
mixed-phase, and ice particles, results vary widely. By
data point inspection and comparisons with the micro-
wave radiometer liquid water column measurements, it
was determined that DABUL depolarization values of
less than 0.11 indicate liquid water phase.

The intensity and/or depolarization ratio fields were

compared with a threshold to determine cloud base and
top heights. Signal-weighted average values of the de-
polarization ratio for each layer were then calculated.
These ratios yielded the associated phase of that layer.
It is important to note that lidar signal can attenuate in
heavy water-laden clouds. The detection of water oc-
currence in the column is accurate but the observation
of ice cloud above a water cloud may have a negative
bias.

Figure 6 gives a comparison of AVHRR-derived
cloud phase and lidar depolarization ratio during the
SHEBA year. The lidar results are for the highest alti-
tude layer detected. Multilayer, multiphase cases were
excluded from the analysis. The AVHRR results for a
50 km X 50 km area around the lidar location were
used, but only for scenes with a cloud fraction of at
least 0.6 (60%). Data are once daily at approximately
1400 local solar time. The AVHRR phase labeling is
zero for water and one for ice; intermediate values cor-
respond to scenes with both phases present in varying
proportions. The figure illustrates that for homogeneous
scenes there is almost perfect agreement between the
lidar and satellite determinations of phase; that is, al
cases labeled as water (ice) cloud by the AVHRR al-
gorithms, day or night, are also labeled as water (ice)
cloud by the lidar method. For the cases where the
AVHRR agorithm found both phases present but more
water than ice cloud—as indicated by an area-average
phase value less than 0.5—the lidar cloud type was usu-
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ally water. The results for the cases with more ice than
water cloud show a similar pattern.

Measurements of cloud particle characteristics by
cloud probes on research aircraft can also be used and
provide the most direct measurements. The drawbacks
to using aircraft data are that flights typically occur dur-
ing the daytime hours and cloud vertical and horizontal
variability and differences between flight times and sat-
ellite overpass times result in very few cases that are
satisfactory for validation studies. Here we provide very
limited validation with only four daytime cases. The
validation data are from the Beaufort and Arctic Storms
Experiment (BASE) that took place north of Alaskain
the fall of 1994 (Curry et al. 1997), and from SHEBA.
The National Center for Atmospheric Research C-130
aircraft was used in both experiments. Relatively ho-
mogeneous clouds occurred on the following dates: 18
May 1998 (water, optically thick), 3 June 1998 (water,
optically thin), 7 June 1998 (ice and water), and 12
October 1994 (mixed-phase cloud). The first three are
from SHEBA; the last is from BASE. In the SHEBA
cases the particle phase retrievals were completely ac-
curate. For the 18 May case only the 3.7-um reflectance
test (step 2) was needed. For 3 June T, — T, was greater
than 1.0 for many pixels so the phase for those pixels
was determined only by the T, value (step 3), which
was 262 K or greater. The 7 June case had some water
cloud identified as such by the reflectance test (step 2),
and cold ice cloud labeled by the temperature test (step
1). All three tests are therefore useful. The AVHRR
retrievals identified the mixed-phase cloud on 12 Oc-
tober as a water cloud because of its high 3.7-um re-
flectance.

6. Conclusions

The physical principles underlying the retrieval of
cloud particle phase with the AVHRR reflected infrared
(3.7 um) and thermal (11 and 12 wm) channels were
described for daytime, nighttime, cold cloud, and warm
cloud conditions. It was demonstrated that brightness
temperature differences at the three wavelengths and
reflectance at 3.7 um provide necessary, but not suffi-
cient, information for phase determination, and that the
relationship between the cloud and surface temperatures
must also be considered. Algorithms that utilize these
principles were presented and were shown to be accurate
for homogeneous phase cloud cases when compared
with lidar and aircraft measurements. Although it is
clear that the AVHRR does not provide enough spectral
information to determine accurately the phase of some
thin clouds or to identify multilayer, multiphase cloud
systems, the results presented here demonstrate that the
instrument can be used for accurate phase determination
in general.
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