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ABSTRACT

NOAA Advanced Very High Resolution Radiometer (AVHRR) images revealed conspicuous tracks of
glaciated cloud in thick supercooled layer clouds over central China. These tracks were identified as being
artificially produced by cloud-seeding operations at the �10°C isotherm, less than 1 km below cloud tops,
aimed at precipitation enhancement, by means of AgI acetone generators. The cloud composition was
deduced by retrieving the cloud-top effective radius (re) and analyzing its spatial relations with cloud-top
temperatures and with the visible reflectance. Cloud-top temperature varied between �13° and �17°C. The
glaciation became apparent at cloud tops about 22 min after seeding. The glaciated tops sank and formed
a channel in the supercooled layer cloud. The rate of sinking of about 40 cm s�1 is compatible with the fall
velocity of ice crystals that are likely to form at these conditions. A thin line of new water clouds formed
in the middle of the channel of the seeded track between 38 and 63 min after seeding, probably as a result
of rising motions induced by the released latent heat of freezing. These clouds disappeared in the more
mature segments of the seeded track, which continued to expand throughout the observation period of more
than 80 min. Eventually the seeding tracks started to dissipate by expansion of the ambient cloud tops
inward from the sides. Using the brightness temperature difference between 10.8 and 12.0 �m allowed for
observation of the seeding signature deep in the clouds, even when it was obscured under thin supercooled
layer clouds. This is the third and most detailed report of effects of advertent cloud seeding for precipitation
enhancement being detected and analyzed based on satellite observations. It opens new possibilities of using
satellites for directing and monitoring weather modification experiments and operations.

1. Introduction

Modern research into cloud seeding began in 1946,
when Vincent Schaefer of General Electric noticed that
a small piece of solid carbon dioxide (dry ice) could
generate a large number of ice crystals in a laboratory-
generated supercooled fog (Schaefer 1946). He then
went up in a small aircraft and dropped crushed dry ice
into supercooled stratocumulus clouds over western
Massachusetts, and found that snow crystals did, in-
deed, fall out from the cloud, leaving a hole where
the cloud water was altered into ice precipitation,
such as shown in Fig. 1. In the following year, Bernard
Vonnegut of General Electric found that particles of
silver iodide could also generate large numbers of ice
crystals if the cloud is colder than about �5°C. Many

similar experiments have been carried out subse-
quently, showing that seeding supercooled layer clouds
with depths smaller than 1 km could leave a cleared
track that could reach a width of 3 km in 35 min and
exist for more than 2 h. Seeding of thicker layer clouds
had caused glaciation but often was not able to cause
holes in the clouds (Langmuir 1961a,b; Mason 1962).
These observations provided solid evidence of the mi-
crophysical effects of cloud seeding in thin supercooled
layer clouds. The thin layer clouds had too little water
for producing any significant surface precipitation.
However, the observed effects on these clouds were
used as justification for seeding operations that began
on much thicker clouds with the hope that it would
result in precipitation enhancement. Precipitation-
forming processes in the deeper and more convective
clouds are much more complex and posed a much
greater challenge in documenting the seeding micro-
physical signatures in conjunction with the statistical
documentation of added precipitation on the ground.

Corresponding author address: Prof. Daniel Rosenfeld, Insti-
tute of Earth Sciences, The Hebrew University of Jerusalem, Je-
rusalem 91904, Israel.
E-mail: daniel.rosenfeld@huji.ac.il

760 J O U R N A L O F A P P L I E D M E T E O R O L O G Y VOLUME 44

© 2005 American Meteorological Society

JAM2225



Each of the two was achieved separately, but their com-
bination that is necessary for scientific proof of the ef-
ficacy of cloud seeding for precipitation enhancement
has not yet been achieved (Silverman 2001).

The visually observed seeding tracks provided the
basis for embarking on extensive cloud-seeding projects
for rain enhancement. Forty years later a similar devel-
opment occurred, when the discovery of satellite-ob-
served ship tracks in thin marine layer clouds brought
to our awareness the coalescence-suppressing effects
of the pollution aerosols from the stacks of ships (Al-
brecht 1989). This triggered the current era of intense
research of the role of cloud–aerosol interactions on
drizzle, cloud optical properties and impacts on the
Earth radiation budget, and climate implications. The
analog to rain enhancement by cloud seeding was the
rain suppression by air pollution from clouds that are
much deeper than the marine stratus layer. Insights to
this became possible when satellite methodology was
developed to infer the relation between the vertical
evolution of the cloud microstructure and precipitation-
forming processes in convective clouds (Rosenfeld and
Lensky 1998). This methodology was applied to obtain
evidence of precipitation suppression by smoke from
forest fires (Rosenfeld 1999) and by urban and indus-
trial air pollution (Rosenfeld 2000), and the way by
which large salt aerosols can restore the precipitation
(Rosenfeld et al. 2002; Rudich et al. 2002).

The pollution impacts on cloud microstructure and pre-
cipitation can be considered as inadvertent cloud seeding

that can be clearly visible from satellites. We are aware
of two previous probable advertent glaciogenic seeding
signatures in convective clouds (Woodley et al. 2000,
and Fig. 13 in Rosenfeld and Woodley 2003). Yu et al.
(2005) present a seeding track at the top of deep super-
cooled layer clouds that can be traced exactly to the
aircraft trajectory and document the correspondence
between the dispersion of the seeding material and the
horizontal extent of the seeding track. In this study we
analyze quantitatively the satellite data to obtain fur-
ther physical insights to the seeding effects in this case,
in what appears to be one of the first steps toward satellite
applications to advertent weather modification.

2. Satellite observations

The National Oceanic and Atmospheric Administra-
tion (NOAA)-14 Advanced Very High Resolution Ra-
diometer (AVHRR) High Resolution Picture Trans-
mission (HRPT) data from 0735 UTC 14 March 2000
were processed and rendered (Fig. 2a and Fig. 3) ac-
cording to the microphysical scheme of Rosenfeld and
Lensky (1998). The seeding track appears conspicu-
ously in red, imbedded in the ambient supercooled
layer clouds in yellow and orange colors. The times and
coordinates of the flight track of the seeder aircraft are
given in Table 1 and marked on Fig. 3. The aircraft
ascended to the altitude of 4000 m while circling near
point O. Then it started seeding at point A, flying gen-
erally westward (from right to left in Figs. 2 and 3) on
a zigzag line; its turning points are marked by the char-

FIG. 1. The general view of the dry-ice-seeded racetrack pattern in supercooled cloud layer 37 min
after the start of the seeding and 24 min after the end of the seeding. The cloud layer extended between
4500 and 6800 ft over Utica, NY, with a top temperature of �5.6°C. The picture was taken at 1521 UTC
24 Nov 1948 from an altitude of 17 630 ft. (From Langmuir 1961b.)
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acters B–H. The aircraft seeded point A 80 min before
the satellite overpass time. The seeded track became
younger from points A to H. The seeder aircraft passed
through point H 15 min after that satellite overpass.
The cloud-seeding flight time from A to H lasted 66
min, consuming 880 g of AgI. The seeding rate was
0.222 g s�1. The formula of the operational seeding
material is as follows (the unit is grams): AgI, 20; NH4I,
6.2; Acetone 879 (1111 mL); water, 50; NH4ClO4, 3.0;
and NaClO4, 41.7, forming a concentration of �2% ac-
etone solution of AgI.

To fully understand the composite image, it is neces-
sary first to interpret the information of the individual
AVHRR channels and some additional fields produced
by them. According to the visible image (Fig. 2b) the

seeding appears to have produced a channel in the
cloud tops; it is obvious by the shadow structures in the
visible image. Using the length of the shadows to cal-
culate the depth of the channel results in a depth of 700
m at cross section 9 (see markings on Fig. 3), deepening
to about 1300 m at cross section 7, remaining about this
depth to cross section 5 and deepening to about 1500 m
at cross section 2. As expected for the lower tops, they
were also warmer. The channel is, therefore, visible
also in the cloud-top temperature map of 12.0-�m
brightness temperature, illustrated in Fig. 2d. The 12.0-
�m brightness temperature is selected because the
clouds have greater emissivity at this wavelength as
compared with 10.8 �m. With little water vapor above
the cloud tops, as is the case here, the 12.0-�m bright-

FIG. 2. NOAA-14 AVHRR microphysical rendering of the seeding track over central China on 0735 UTC 14 Mar 2000. The aircraft
flew generally westward, that is, from right to left, so that the seeding track becomes older from left to right. (a) The color composite
is red for the visible reflectance, green for the 3.7-�m reflectance component, and blue for the 10.8-�m brightness temperature,
according to the scheme of Rosenfeld and Lensky (1998). The surface is rendered in a topographic-like image, where the height is
determined by the 12.0-�m cloud-top brightness temperature. Lower temperatures are shown as a higher surface, in accordance with
the decreasing cloud-top temperature with an increasing cloud-top height. The top of a supercooled layer cloud is indicated by the
yellow color, whereas the glaciated seeding track is marked by the red track in the clouds. The following other cloud properties are
shown: (b) 0.6-�m reflectance; (c) 3.7-�m reflectance, where darker indicates larger cloud drops or ice cloud; (d) relief rendering of the
12.0-�m cloud-top brightness temperature, with colder being bluer; (e) 10.8-�m minus 12.0-�m brightness temperature difference,
where larger values are brighter and indicate thinner clouds; (f) cloud particle effective radius, where brighter indicates larger values.
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ness temperature is closer to the actual cloud-top tem-
perature than at 10.8 �m. According to this, cloud-top
temperature in the channel became progressively
warmer with respect to the ambient cloud by 0.4°, 0.9°,
and 1.2°C for cross sections 9, 7, and 5, respectively (see
Fig. 4). The value reached 1.5°C in segment AB. This
trend of cloud-top warming in the seeded track contin-
ued with its increasing age to a difference of 2.5° and
4.0°C in cross sections 4 and 1, respectively.

The ambient clouds had particle effective radius of

10–15 �m and top temperatures from �13° to �17°C.
The methodology of Rosenfeld and Lensky (1998) im-
plies that cloud tops were supercooled on the verge of
drizzling and/or being of a mixed phase composition.
The seeder aircraft was not equipped with a cloud phys-
ics probe, but after landing the aircraft was still coated
in places with a thick layer of ice, indicating that it flew
through severe icing conditions during much of its seed-
ing mission. The composition of the cloud within the
seeding track was ice, as indicated by the strong absorp-
tion of the solar reflectance component of 3.7 �m (Fig.
2c) that resulted in a large indicated effective radius of
the cloud-top particle (Fig. 2f) that appears bright. The
typical size of ice particles that form in mixed phase
clouds is much larger than 10–15 �m, and they appear
even larger when the cloud particle effective radius is
retrieved with the algorithm for water droplets, as done
in this study. Therefore, this combination of a relatively
small effective radius and low temperatures indicate
that the ambient clouds are composed of supercooled
droplets, possibly with low concentrations of ice par-
ticles. This suggests that the seeded cloud volume gla-
ciated into ice hydrometeors that precipitated, and so
lowered the cloud-top height. According to the shadow
length and the temperature difference, the depth of the
channel in the clouds increased with the age along the

TABLE 1. The report of the seeder aircraft. Time of reported
seeding initiation is 0615 UTC. The time of the satellite overpass
is 0735 UTC.

Time
(UTC)

Minutes
before

satellite Place
Altitude

(m)
Speed

(km h�1)

0558 97 O (34°24�, 109°14�) 2200
0615 80 A (34°18�, 108°56�) 4000 400
0619 76 B (34°24�, 108°43�) 4000 400
0633 62 C (34°15�, 108°13�) 4350 400
0642 53 D (34°41�, 107°47�) 4350 300
0648 47 E (34°31�, 107°23�) 4350 300
0659 36 F (34°54�, 106°50�) 4350 320
0708 27 G (34°21�, 107°08�) 4350 320
0721 14 H (33°38�, 106°56�) 4350 320
0735 0 I (33°19�, 106°09�) 4350 320

FIG. 3. Same as Fig. 2a, but for a larger area, without the 3D rendering. The characters are the
locations along the seeding trajectory as shown in the companion paper of Yu et al. (2005). The
numbered lines mark the locations of the cross sections shown in Fig. 3.
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FIG. 4. Cross sections across the seeding tracks, at the respective numbered lines in Fig. 3. The left
ordinate scales the reflectance at 0.6-�m (A1, black) and 3.7-�m (A3, green) channels, and the cloud-top
particle effective diameter (Deff, red line with full circles at each satellite pixel). The right ordinate scales
the brightness temperatures at 10.8-�m (T4, blue line) and 12.0-�m (T5, purple line) channels. Note the
gradual widening of the seeding track as it matures from section 10 to 1, as indicated by the decreased
3.7-�m reflectance, increased re, increased cloud-top temperatures, and the increased brightness tem-
perature difference.
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whole track, reaching about 1.5 km near point A. The
aircraft-reported cloud thickness from the visible base
to the top was 2.3–2.8 km, so that there was still 0.8–
1.3-km-thick cloud depth left below the channel.

The decreased cloud thickness is revealed also by the
brightness temperature difference (BTD) of 10.8- and
12.0-�m channels shown in Fig. 2e. The BTD is near
zero for opaque clouds with cold tops. However, when
the clouds become sufficiently thin or lose their water,
upwelling radiation from the warmer objects below the
clouds penetrates them and increases the brightness
temperature that is measured by the satellite instru-
ments. Because 10.8 �m is more transparent to the
thermal radiation than the 12.0-�m channel, it will ap-
pear as having larger brightness temperature, so that
the BTD would increase for less opaque clouds and for
greater thermal contrast with the underlying surface
(Inoue 1989). The BTD of the ambient clouds was 0.2–
0.3 K, indicating that they were quite opaque and thick.
The BTD within the seeded track decreased with some
lag after the glaciation, showing no decrease in the
newly glaciated track in cross section 10. At cross sec-
tion 9 the BTD already increased to 0.7 K and kept
increasing gradually to 1.3 K at point A. Apparently,
the seeding track in the BTD image (Fig. 2e) is slightly
obscured by thin layer clouds that occur above it. The
seeded track can be seen under the higher thin super-
cooled cloud layer near point F. Indeed, the seeder
aircraft crew reported having seen thin layer clouds
above them in that vicinity.

The color composite image (Fig. 2a and Fig. 3) high-
lights the cloud-top microstructure and shows the sharp
contrast between the flat-top supercooled layer clouds
and the glaciated clouds in the seeded track. It appears
that thin, new bright yellow clouds, which are supercooled
water clouds with very small drops, formed inside the
channel of the seeded track between points F and C.

The evidence that the seeded cloud became thinner
comes from the visible image showing a channel (Fig.
2b), the warming of the cloud tops in the seeded track
(Fig. 2d), and the increase of BTD in the seeded track
(Fig. 2e). The seeded cloud became thinner apparently
because the cloud top descended and it lost water to
precipitation throughout its depth. The seeding track
shows in BTD through the thin water clouds that ob-
scure some of the segments. The seeding track becomes
wider all the way to point A in the BTD image. This
suggests that the narrowing of the seeding track in the
visible image (Figs. 2a, 2b, and 3) is due to spreading of
the preexisting water clouds from the sides closing
above the channel of the seeding tracks. This is evident
visually in Fig. 2a.

The clouds that close on the seeding track from its

sides in its older parts are not reformed, but, rather, are
the spreading of the old preexisting cloud matter. This
is supported by the larger cloud particle size than that
of the new clouds that formed in the middle of the
seeded track, as shown in cross section 6 of Fig. 4. This
is seen also qualitatively in the brighter 3.7-�m reflec-
tance of these clouds on the dark background of the
seeding track (Fig. 2c), as compared with the darker
color of the ambient water clouds outside the channel.

3. Synoptic situation

The 500-hPa (Fig. 5a) map shows a tilted short wave
with its axis just to the west of the study area. A cold
front with air from a cold anticyclone swept through the
seeded area moving from northwest to southeast ahead
of the upper-trough axis, replacing light variable sur-
face winds with moderate northerly winds, and drop-
ping the temperatures by about 10°C, changing the
widespread regional light precipitation from rain to
snow (Fig. 5b). The region was overcast with low and
medium clouds that were much wider than could be
ascribed to the surface cold front. The relation of the
isotherms and the 500-hPa surface suggest that these
clouds were caused by warm advection of air that is
lifted with the general rising motion at the eastern flank
of the upper trough.

4. Physical interpretation

Multispectral analysis of NOAA AVHRR data was
able to detect clearly the structural and microphysical
changes in a seeded track within supercooled layer
clouds, as induced by an operational cloud-seeding air-
craft mission with the AgI acetone burner. Comparison
of the seeded track with the aircraft reports (Table 1) of
the marked locations on Fig. 3 allow us to time the age
of the various segments of the seeded track (Yu et al.
2005). The seeded track appears about 22 min after
seeding (to the south of point G along line GH in Fig.
3). Its first manifestation is the reduced reflectance at
3.7 �m, which reflects the onset of glaciation to the
point of being discernable by the satellite. Soon after
that the visible cloud tops appear to start sinking, as
seen just to the south of the location of point G in Fig.
2b. This starts to appear as warming of the cloud-top
temperature at about 27 min after seeding, or 5 min
after the satellite-detected onset of glaciation, as seen
just to the north of the location of point G in Figs. 2a,
2b, and 2d. The increase in BTD appears simulta-
neously with the appearance of glaciation, before there
was time available for the cloud to lose condensates as
precipitation. Therefore, it is suggested that the BTD
signature, which usually indicates decreasing optical
depth of the clouds, occurs because of the disappear-
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ance of the large number of supercooled cloud droplets
on the much smaller number of relatively large ice crys-
tals. This process of coagulation is known to be associ-
ated with a decrease in the optical depth for a given
water path. It is worth noting that, despite the increased
BTD, the visible (0.6 �m) reflectance in the seeded tracks
did not decrease at all, and even somewhat increased.
This indicates that the clouds were still quite thick and
contained much water in various forms. This combina-
tion of moderate BTD values with high visible reflec-
tance is typical of mature glaciated precipitating clouds.

The glaciation advances and releases latent heat that
causes the air to rise in the middle of the seeded track
and form a cloud line of small supercooled droplets just
in the middle of the channel that is caused by the sink-
ing of the glaciated cloud tops. This starts shortly after
point F, and is seen vividly in Fig. 2a. The age of the
seeding track at this point is about 37 min after seeding.
The growth of small water clouds inside the seeded
track keeps occurring intermittently until point C,
which is 62 min after seeding. The disappearance of
these midtrack water clouds later suggests that the
seeded track has matured and no additional latent heat
of freezing is being released. In contrast to the midtrack
ridge clouds that appear to form because of the latent
heat of freezing at the time of prime development of
the seeding track, the maturation of the seeding track is
associated with its narrowing and eventual dissipation
due to expansion of the tops of the ambient clouds from
the sides inward.

The ice particles that compose the top of the glaci-

ated seeded track descend gravitationally, while the
warmed air rises and form these new clouds at the
middle of the seeding track. The shadow structure in-
dicated that the glaciated cloud top descend about 1500
m within a little more than an hour. This translates to a
terminal fall velocity of �40 cm s�1 for the ice particles
that compose the cloud top, if the air was vertically still.
This terminal fall velocity is typical for plane dendrites,
which is the likely crystal habit in these conditions.
Langmuir (1961b) also used the shadows for estimating
a sinking rate of 30–35 cm s�1 for the cloud tops in his
dry-ice-seeded tracks that occurred at relatively low
heights (�2200 m), and with modest supercooling of
about �5°C. The greater fall velocity that is reported
here is consistent with the larger ice crystals at the
lower temperatures and the lower air density in this
study. The forming of the new small water clouds within
the seeded track indicates that there is some rising mo-
tion of the air, making this velocity the lower bound.
Aggregation can take place lower in the seeding track,
and the aggregates can fall much faster as snowflakes.
Thin clouds start to close again from above on the
seeded track with its maturation, as can be seen in seg-
ment AB of the track in Fig. 2a. However, deeper in the
cloud the glaciation continues to expand, as is evident
by the BTD signature (Fig. 2e).

The aircraft operators reported initiation of seeding
at point A, but the seeding signature continues back to
point O, where the aircraft was circling upward before
it had started seeding. Despite that, there is a large
apparent seeding signature. Is this due to aircraft-

FIG. 5. Synoptic maps at 1200 UTC 14 Mar 2000 of (left) 500 hPa with isotherms (°C, red), geopotential height lines (10 gpm, blue),
and vorticity lines (10�5 s�1, green). (right) Surface map shows the cold front and weather conditions using the standard synoptic
symbols. The turning points of the seeding track are denoted by the characters A–I.
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produced ice particles (Rangno and Hobbs 1983;
Woodley et al. 2003), or was the AgI generator actually
ignited before reaching point A? In any case, how did
the seeding plume expand to the cloud top at 5.3 km
from the seeding level of 4 km at point A, or even lower
at point O? (see Table 1). The Xian radiosonde of 1200
UTC (located near point O) ascended in the adiabati-
cally moist lapse rate cloudy layer between 3.7 and 5.3
km (from �6° to �17°C), topped by a temperature
inversion. In such conditions the latent heat release due
to the seeding-induced glaciation probably caused ris-
ing motions that could propagate the seeding effect in
the moist-adiabatic cloudy layer all the way to the cloud
top. We suggest that latent heat was actually released
and caused rising motion in the seeded track based on
the subsequent formation of the midtrack ridge of clouds.
In contrast to these clouds that formed at the time of
prime development of the seeding track, the matura-
tion of the seeding track is associated with its narrowing
and eventual dissipation because of expansion of the
tops of the ambient clouds from the sides inward.

5. Conclusions

Glaciogenic cloud seeding in thick supercooled layer
clouds modified them to the extent that can be clearly
detected by the operational orbital weather satellites.
The retrieved properties of the seeded track suggest
that seeding glaciated the cloud through a deep layer
and initiated the precipitation processes, as intended.
The satellite view allows for observation of the scale of
the seeding effects in time and space (the respective
scales are hours and hundreds of kilometers). It opens
new possibilities of using satellite for directing and moni-
toring weather modification experiments and operations.

The observed profound impact of the artificially
added ice nuclei on the clouds suggests that similar ef-
fects can be expected by naturally occurring ice nuclei,
such as desert dust particle that can nucleate ice starting
at �7° to �11°C. Therefore, it is reasonable to predict
that desert dust would glaciate supercooled layer clouds
and induce their dissipation by a process of “snow out.”
This might be applicable also to convective clouds, but
this is still an open question. These demonstrated im-
pacts of ice nuclei on clouds have important ramifica-
tions on the sensitivity of the hydrological and radiative
climate processes to naturally occurring ice nuclei, such
as in desert dust, as well as to the scarcely documented
anthropogenic ice nuclei.

It is hoped that this demonstration of the use of sat-
ellite capabilities to detect glaciogenic seeding effects on
supercooled clouds will bring advancement in the field
along the same lines as that of the satellite-observed
ship tracks, which inspired the development of the field

of cloud–aerosol interactions on the properties of ma-
rine stratocumulus and their climatic implications.
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