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Aircraft Observations of Ice Crystal Evolution in an Altostratus Cloud
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ABSTRACT
�

Observations from a Lagrangian spiral descent within altostratus cloud associated with a cold front were used
to study the evolution of ice particle spectra by following populations of ice crystals as they fell through the
cloud. The flight track was corrected for wind effects and was divided into distinct regions for spatial comparison
of ice particle spectra. Analysis of size spectra for particles larger than 800 � m� revealed heterogeneity on
horizontal scales of 5 km in average particle diameter and concentration. In the temperature range � 40 � to	 20 
 C the ice crystal evolution was dominated by diffusional growth, although observations of the evolution
of the bimodal size spectra suggested that aggregation was occurring. Between � 20 � and 
 10 � C aggregation
dominated evolution.

1. Introduction

Understanding
�

the evolution of the ice phase in clouds
is necessary if advances are to be made in the study of
precipitation, which plays a large role in controlling the
distribution of water within the troposphere. It was not
until the advent of aircraft observations that it became
possible to follow the evolution of ice crystal size spec-
tra in frontal clouds and hence investigate the processes
responsible for the production of precipitation in those
clouds (e.g., Passarelli 1978b; Lo and Passarelli 1982;
Herzegh and Hobbs 1985; Gordon and Marwitz 1986;
Kajikawa and Heymsfield 1989). By making careful de-
tailed observations of the ice microphysics with aircraft
it should be possible to unravel the interaction between
the physical processes controlling the evolution of ice
crystals in a way that it is not yet possible within the
laborator y due to the complex nature of the physical
conditions and sheer number of particles involved.
These physical processes are (e.g., Mitchell 1988) (i)
advection, due to air motions enhancing or depleting
ice particle concentrations of a given size; (ii) sedi-
mentation, ice crystals falling with different terminal
velocities and redistributing throughout the height of
the cloud; (iii) vapor deposition, the growth of ice crys-
tals by sublimation of water vapor onto ice; (iv) aggre-
gation, the growth of larger complicated ice crystals by
collision and adhesion between ice crystals; (v) riming,
the growth of ice crystals by collision with supercooled
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water drops; (vi) nucleation, the production of new ice
particles through activation of ice nuclei; (vii) breakup,
the production of smaller particles due to the destruction
of larger ice crystals; and (viii) secondary multiplication
processes, the splintering of ice crystals due to rapid
freezing of supercooled water drops and/or collisions
between ice crystals.

Previous
�

works by the authors cited above have pro-
duced a conceptual picture of an ice phase-dominated
frontal cloud with a cloud top populated by small ice
crystals in a nucleation zone (e.g. Houze et al. 1976;
Gordon and Marwitz 1986; Mitchell 1988) that grow
by diffusion (process iii) until they are big enough to
fall. As the crystals fall they grow primarily by diffu-
sion, but when a given ice crystal number concentration
is achieved in the cloud, aggregational dominated
growth (process iv) takes over and continues until break-
up occurs (process vii), which is thought to stem the
broadening of the size spectra. To follow such evolution
an aircraft would have to slowly descend in a small area
and a spiral descent that drifts with the wind provides
a means of achieving this. In this paper the results of
such an experiment are described and discussed.

The
�

structure of the paper is as follows. In section 2
the experimental details are outlined. In section 3 the
results of the experiment are presented. In section 4 a
discussion of the data and comparison with other studies
are made. Conclusions are given in section 5.

2. Experimental details

a. Cloud physics instrumentation

Data
�

presented here were obtained using cloud probes
mounted on the U.K. Meteorological Research Flight
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FIG
� . 1. Synoptic situation for 1200 UTC 25 Oct 1996.

C-130. The instruments included a particle measuring
systems (PMS) 2D-C probe (pixel size 25 � m) for par-
ticles in the size range 25–800 � m that sweeps out a
volume of 5 L s � 1, and a Stratton Park Engineering
Company Inc. High Volume Precipitation Spectrometer
(HVPS), which sweeps out a volume of 1 m3 s � 1, pro-
viding good sampling for the low concentrations of large
particles. The HVPS has a pixel size of 200 � m (per-
pendicular to the direction of flight) � 900 � m (along
the direction of flight for this experiment). The probes
were both mounted on a maxipod under the port wing,
approximately 10 m away from the fuselage, with their
arms aligned vertically to allow imaging of particles
oriented in the horizontal plane such as plates.

For
�

both probes the particles were binned according
to an ‘‘average particle diameter,’’ which was calculated
by taking the mean of the along-track and cross-track
maximum dimensions. Particles were not counted if they
occulted the edge of the optical array because it is not
possible to estimate the size of the particle if it does
not fall completely within the array. To eliminate ‘‘bad’’
images caused by particle fragmentation, images were
rejected if a particle’s ‘‘center of gravity’’ was not oc-
cupied by a shadowed pixel. Image frames with shad-
owed pixels too sparsely distributed (decided by com-
paring the number of shadowed pixels with the maxi-
mum area of the image) were assumed to be a frag-
mented particle and therefore also rejected. Particles that
were over 10 times longer than their width were rejected
as well (Moss et al. 1993). A depth of field correction
was carried out for the 2D-C after Knollenberg (1970),
but not for the HVPS, as the depth of field for the
particles considered exceeded the probe arm spacing.
Due to the rejection of edge-occluding particles, a cor-
rection to the sample volume was made for the 2D-C
to account for the fact that larger particles have a smaller
effective sample volume due to these particles needing
to lie nearer the center of the array to be successfully
counted, but no such correction was carried out for the
HVPS because even the largest particle sizes were only
a small fraction of the detector array size. Data presented
here are for particles with average diameters � 50 � m
for the 2D-C and � 800 � m for the HVPS.

Ambient
 

air temperature was measured with a Rose-
mount Total Temperature Probe, dew point was mea-
sured with a General Eastern dew-point hygrometer, and
liquid water was detected with a Johnson–Williams hot
wire probe. The hygrometer uses a cooled mirror to
detect the dewpoint. At low dewpoints the device may
record the frostpoint temperature instead of the dew-
point temperature.

b. Synoptic situation

At
 

1200 UTC on 25 October 1996 the U.K. Meteo-
rological Office surface analysis (Fig. 1) showed a dou-
ble cold front feature running north–south in the North
Sea, with troughs to the west of mainland United King-

dom and west of Ireland. A sequence of infrared images
are shown for 0200, 0800, 1200, and 1800 UTC 25
October 1996 (Figure 2). The National Oceanic and
Atmospheric Administration (NOAA) polar orbiter sat-
ellite images were obtained from Dundee Satellite Sta-
tion and are gridded at intervals of 10 ! in both latitude
and longitude. The numbers on the left-hand side of the
image are pixel row labels pertaining to the high-res-
olution imagery. In the 0200 UTC image the cloud band
to be sampled is visible over the southwest of the United
Kingdom and western extremities of France. Over the
next two images (0800, 1200 UTC) the cloud band as-
sociated with the front intensifies as it moves north and
east over the United Kingdom. By 1200 UTC the cloud
band appears to be well developed around the sampling
time. The final 1800 UTC image shows the cloud band
still coherent and extensive to the east of the United
Kingdom.

c. Spiral flight patterns

It is quite common for an aircraft run at a given height
to encounter a cloud that thins, breaks, and perhaps
thickens again. If microphysical data are averaged over
such a traverse it becomes difficult to disentangle the
effects of differing local conditions on the evolution of
the cloud particles. Ideally, it would be simplest to ob-
serve a population of ice crystals that have all been
exposed to similar conditions. Lo and Passarelli (1982)
suggested that the four-dimensional spatial and temporal
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FIG. 2. Infrared satellite image sequence for 0200, 0800, 1200, and 1800 UTC 25 Oct 1996 (obtained from Dundee Satellite Station). The
black
"

rectangular outline in the 1200 UTC image represents the area depicted in Fig. 3.

F
#

IG
� . 3. Flight track for flight A495. The heights of the top and base of each spiral are shown.

equation that describes the evolution of ice crystal spec-
tra through diffusional growth, aggregation, and advec-
tion could be reduced to just the single dimension of
height by sampling a volume containing ice crystals as
they fall to earth. To realize this sampling strategy it
was proposed that an aircraft should spiral within an ice
cloud, drifting with the wind and descending at a rate
close to the average ice crystal fall speed. Lo and Pas-
sarelli (1982) describe graphically how such a sampling

procedure allows the experimenter to treat the sampled
cloud as a horizontally homogeneous steady-state cloud
that varies only with altitude instead of the inhomo-
geneous time-varying cloud that it really is. The as-
sumption is made that the actual cloud is sufficiently
homogeneous over the diameter of the spiral and has
reached steady state so that differences in particle fall
speeds have no effect. However, if nucleation at cloud
top is transitory then there will be apparent changes in
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TABLE 1. Details for spirals 1 and 2.

Spiral 1 2

No. loops
Top of spiral (m)
Bottom of spiral (m)
Temperature at top ( $ C)
Temperature at bottom ( % C)

17
8200
3100&

38' 6

13
8600
4800(

42
)

* 19

FIG
� . 4. Wind-corrected flight paths of (a) spiral 1 and (b) spiral 2 for flight A495. The axes represent the distance of the aircraft from a

parcel of air encountered at the beginning of the spiral. The lettered rectangles show the regions where data have been considered in the
analysis.

the vertical evolution that are indeed due to the time-
varying evolution of the cloud.

Figure
�

3 shows two spiral flight patterns performed
on flight A495 over the North Sea revealing a strong
southerly component to the winds encountered. The
1200 UTC image includes a black outline of a rectangle,
which represents the area depicted in Fig. 3. The spirals
were started just above cloud top and were terminated
just

+
below cloud base. Table 1 gives some details per-

taining to the two spirals. For the spirals the aircraft
descended at 1 m s , 1 with an airspeed of between 150
m s - 1 at high altitude and 100 m s . 1 lower down, ex-
ecuting a 15 / left-handed bank resulting in a spiral with

loops approximately 10 km in diameter. A steeper angle
of bank would lead to a tighter spiral but effects on the
sampling efficiency of the fuselage-mounted increments
is uncertain. An ice crystal that has a fall speed of 1 m
s 0 1 is

1
quite large but it is impractical for the C-130 to

descend at a slower rate given the sortie length and depth
of spiral. All of the image data were taken while the
aircraft was banked at 15 2 , which would lead to a re-
duction in measured crystal size of roughly 4% if the
crystals were aligned perfectly horizontal.

3. Results

a. Regions of interest

Previous work using similar flight patterns has been
done by simply averaging observations over the loops
of the spiral. Such a procedure assumes that the loops
are concentric and that the cloud is horizontally ho-
mogeneous over a large area, which is not always the
case. If there exists a vertical shear in the horizontal
winds, the aircraft and ice crystals will drift with respect
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FIG
� . 5. The 2D-C images from regions (a) 1C and (b) 2A. Each horizontal strip of images is from the height given on the right. The

distance between the top and bottom rails of each strip is 800 3 m.

to each other due to their different inertias. In flights
that the Meteorological Research Flight (MRF) C-130
conducted the loops have drifted by 10 km relative to
the initial air parcel by the end of the spiral. Figures
4a,b show the flight tracks in the latitude–longitude
plane when the position of the aircraft has been cor-
rected relative to the air position at the beginning of the
spirals by subtracting the horizontal wind vectors ob-
tained during the spirals. Horizontal wind speeds were
on the order of 40 m s 4 1 and varied consistently by 4
m s 5 1 across the spiral. The variation across the spiral
may be due to heading-related problems with the wind
measuring system. Confidence in the corrected aircraft–
airparcel positions was obtained from the forward-fac-
ing video camera that showed the C-130 passing below
its own contrail in accordance with the advected track.
There was some concern that the contrails may have
contaminated the observations so total particle concen-
trations from the 2D-C probe were checked for sharp
increases at times when the forward-facing video cam-

era indicated that the aircraft was below a contrail, but
no increases were observed. Subsequent passes below
the contrail before the aircraft was completely in cloud
indicated that the contrails were descending at a slower
rate than the aircraft. Therefore, the contrails are not
thought to have contaminated the observations.

It can be seen that although the loops are not con-
centric it is still possible to select small regions of in-
terest that are passed through by all or some of the loops.
For the spirals considered here, eight regions measuring
5 6 6 km were selected by eye for spiral 1, and five
regions measuring 7 7 7 km for spiral 2.

b. Ice crystal image data

To convey a sense of the evolution, Figs. 5a,b show
a series of 2D-C images obtained at different heights
within the cloud. The evolution shows small crystals
too small to be attributed a crystal habit near cloud top
increasing in size as they fall to an altitude of 4 km



1930 VOLUME 56J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

FIG
� . 6. The 2D-C spectra for flight A495 spiral 1. The axes of the individual spectra are defined by the key at the base of the figure. The

solid line is the mean spectra and the dotted lines represent the minimum and maximum values encountered. The spectra are arranged in
columns of graphs that were derived from the region in Fig. 4a designated by the letter at the head of the column. The main vertical axes
represent the height and approximate temperature ( 8 2 9 C) associated with each spectra.
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FIG. 7. The 2D-C spectra for flight A495 spiral 2. The axes of the individual spectra are defined by the key at the base of the figure. The
solid line is the mean spectra and the dotted lines represent the minimum and maximum extremes encountered. The spectra are arranged in
columns of graphs that were derived from the region in Fig. 4b designated by the letter at the head of the column. The main vertical axes
represent the height and approximate temperature ( : 2 ; C) associated with each spectra.
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FIG. 8. HVPS and 2D-C spectra for flight A495 spiral 1. The axes of the individual spectra are defined by the key at the base of the figure.
The solid line is the mean spectra and the dotted lines represent the minimum and maximum extremes encountered. The spectra are arranged
in columns of graphs that were derived from the region in Fig. 4a designated by the letter at the head of the column. The main vertical axes
represent the height and approximate temperature ( < 2 = C) associated with each spectra.
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TABLE 2. Spiral 1: > ? N
@

o data.

Region

A
(m B 1)

C D
(m E 1)

No

(m F 3 G m H 1)
No I J NoK

(m L 3 M m N 1)
No O P No

(m Q 3 R m S 1)
Ht
(m)

T
(K)

1C 6877
5765
3841
2700
2029
1928
2603

730
380
111

77
T
43
79
T

112

27
75
58
17

6
1
1

9
41
45
)
13

5
1
1

78
T

136
74
T
21

7
2
2

5324
5026
4750
)
4456
)
4144
3858
3557

255
257
259
261
262
264
264

1D 4407
5272
5949
5413
5100
3557
3551
3644
3034

333
663
551
344
179
117
103
202
173

2
9

36
81

102
30
26

9
1

1
3

16
46
72
T
23
21

6
1

3
27
81

145
143

38
33
15

2

5885
5577
5284
4987
4725
)
4387
4090
)
3804
3486

251
254
256
258
259
261
263
264
265

1E 5800
5184
5370
4103
3489
2972
2245

779
322
384
169

91
79
T
44

21
24
77
53
44
35
12

7
14
39
37
35
28
10

66
42
)

153
76
T
56
44
)
14

5523
5265
4925
4659
)
4305
4026
)
3726

254
256
258
260
261
263
264

1F 5818
5483
3908
3063
2523
2203

560
341
163
100

78
T
68

6
29
27
22
14

7

2
17
20
17
11

6

14
50
37
28
18

9

5175
4855
4563
)
4239
3961
3676

257
259
260
262
263
265

1H 5580
3050
2391
1951
2114

302
79
63
48
74

88
23
12

6
3

51
19
10

5
2

151
28
15

7
3

4804
)
4522
4201
)
3924
3626

259
260
262
264
265

before shrinking as cloud base is approached. Review-
ing the forward-facing video camera showed that a faint
22 U halo about the sun was visible near cloud top for
both spirals but disappeared during the descent, indi-
cating that some hexagonal ice crystal structure was
present at cloud top.

c. Initial data reduction and presentation

During each pass through a region of interest the time
of flight was sufficient to accumulate several 10-s ice
crystal size spectra. Maximum, minimum, and average
values of the size spectra were obtained for each size
bin. The resulting spectra plots are displayed as a series
of graphs, each representing one pass through the region
of interest (Figs. 6–8). The plots are of number con-
centration normalized by the bin diameter versus av-
erage particle diameter. On each plot is a solid line that
represents the mean value for each pass through the
region and two dashed lines representing the minimum
and maximum normalized concentrations encountered
within the region for a given particle size. The absence
of a minimum line for sizes where an average value

exists indicates that a minimum concentration of zero
was encountered. These individual spectra plots are then
arranged vertically with the position of the horizontal
axis of each spectrum corresponding to the height and
temperature ( V 2 W C) at which the spectrum was ob-
tained.

d. Size spectra

For spiral 1 the evolution of the sub-800-X m diameter
spectra from cloud top to 5000 m can be seen by looking
down each of the columns in Fig. 6. The spectra appear
well developed between 8000 and 7300 m with particle
sizes observed up to 600 Y m in diameter. Below 7300
m the largest particle sizes drop to 400 Z m and a mode
begins to appear centred around 300 [ m.\ The mode
moves to larger diameters with decreasing altitude and
eventually passes out of the range of the 2D-C probe
at 6000 m. Below 6000 m, particles smaller than 400] m\ exhibit exponential spectra, while for particles of
sizes greater than 400 ^ m the gradient of the line shal-
lows markedly but particle counts are low as evidenced
by minimum counts of zero for these size bins. Platt
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FIG. 9. Evolution of _ with height for five regions with error bars
of one standard deviation derived from HVPS data. A temperature
scale ( ` 2 a C) is also given.

F
#

IG
� . 10. Evolution of large ice particle concentration with height

for five regions with error bars of one standard deviation derived
from HVTS data. A temperature scale ( b 2 c C) is also given.

(1997) suggests that the smaller end of the ice crystal
spectra can be fitted with a power law. In this case the
variation in number concentration encountered in each
region of interest makes it difficult to determine if a
power law would be significantly better than an expo-
nential fit (e.g., Fig. 6, column c, bottom spectrum).

As
 

for the first spiral the sub-800-d m\ ice crystal size
spectra for spiral 2 (Fig. 7) become broader with de-
creasing altitude. The presence of a mode is only really
visible in 2B and 2D, appearing at about 6500 m and
moving to greater diameters until it retreats to smaller
diameters below an altitude of 6000 m. For diameters
smaller than 200 e m the size spectra again appear to
be exponential. The differences between the size spectra
seen in spiral 1 and 2 are discussed in section 4a.

Figure
�

8 shows the evolution of particles within the
range of both the 2D-C and HVPS probes from below
6000 m to cloud base for spiral 1 (no significant HVPS
signal was observed during spiral 2). Again, looking
down each column reveals a common sequence. The
sub-800-f m\ spectra show a constant exponential spectra
with a change in slope at around 400 g m (see Fig. 8).
As altitude decreases, exponential spectra become well
defined as larger particles in excess of 3.5 mm are en-
countered. Below 3750 m the large particles begin to
disappear as can be seen for regions 1C and 1D until

only the sub-800-h m particles remain, which was the
case in Figs. 5a,b. In all regions the passing of the mode
from the 2D-C range is the precursor of particles being
observed in the HVPS range.

It can be seen in regions 1C, 1D, and 1E that particles
with diameters greater than 1000 i m exist at greater
altitudes than for 1F and 1H. It is also notable that larger
particles appear more frequent for 1C than 1D. The large
particle spectra can be well approximated by an expo-
nential distribution such as Gunn and Marshall (1958)
and parametrized with the following equation, which
allows differences in the large particle spectra to be
examined more easily:

N
j

(D
k

) l N
j

0 exp( m n D
k

) dD, (1)

where N
j

is a number concentration, D is the mean particle
diameter, and N

j
0 and o are parameters controlling the

shape of the curve. For such an exponential distribution
it can be shown that the total concentration of particles
in the size range a to

p
b q m i\ s N

j
0 exp( r s D

k
) dD. By

tb∫a

examining changes in these parameters it is possible to
make some deductions about the evolution of the large
ice particles ( u 800 v m). In making a least squares fit to
Eq. (1) in log-linear space the error estimates for the
slope, ( w x ) and intercept ( y N

j
0), can also be obtained
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FIG. 11. Evolution of z for ice crystals in the size range 50–200{ m with height for five regions with error bars of one standard de-
viation derived from 2D-C data. A temperature scale ( | 2 } C) is also
given.

FIG. 12. Evolution of 50–200-~ m ice particle concentration with
height for five regions with error bars of one standard deviation de-
rived from 2D-C data. A temperature scale ( � 2 � C) is also given.

and have been used in all plots of these parameters (tab-
ulated in Table 2).

In Fig. 9, � for particles � 800 � m is plotted against
both height and approximate temperature. The error bars
are equivalent to one standard deviation. At an altitude
of 5000 m all of the large particle spectra have a � of
6000 m � 1, but by 4000 m the value of � appears to have
diverged considerably for the five regions. For region
1D at 4000 m � is

1
3500 m � 1; for 1C and 1H � is 2000

m � 1; and for 1E and 1F � is 2700 m � 1. Below 4000 m,
values of � appear to converge.

The concentrations derived from � and N
j

0 for an ex-
ponential distribution defined by ice particles � 800 � m
[ N

j
0 exp( � � D) dD] are shown in Fig. 10. Con-

�
∫
�

800 � m

centrations are plotted against altitude and temperature
and the error bars again represent one standard devia-
tion. Apart from 1F, concentrations for all the regions
peak between � 15 � and � 10 � C, with values between
500 and 1100 m � 3. From 6000 to 4000 m the concen-
trations build up while � remains� constant. At temper-
atures warmer than � 10 � C the concentrations fall off,
coinciding with the decrease in � .

For spiral 1 below an altitude of 6000 m to cloud
base the spectra for particles greater than 50   m\ and
smaller than 200 ¡ m also appear exponential and can

therefore be similarly parameterized using Eq. (1). Fig-
ure 11 shows a decrease in ¢ for the 50–200-£ m spectra
from 1.0 ¤ 104

¥
m ¦ 1 at 6000 m to 0.7 § 104

¥
m\ ¨ 1 at

3500 m. For individual 50–200-© m spectra the con-
centrations [ N

j
0 exp( ª « D) dD] remain fairly con-200

¬ ­
m∫

�
50 ® m

stant around 2.3 ¯ 10 4 m ° 3 ± 0.7 ² 10 4 m\ ³ 3 (Fig. 12).

4. Discussion

a. Differences between spiral 1 and spiral 2

Although
 

two spirals were performed the data from
the first spiral were more extensive. The reasons for the
differences between the two spirals are as follows. Spiral
2 differed from spiral 1 in that (i) the cloud encountered
was thinner, (ii) the ice crystal number density mode
did not grow out of the range of the 2D-C, and (iii) no
significant signal was observed with the HVPS. these
differences can be explained in terms of the synoptic
situation and temperature and dewpoint profiles for se-
lected regions shown in Fig. 13 (the general eastern
hygrometer may actually be locating the frost point).
The relative cloud thicknesses as defined by differences
in cloud-base altitude are consistent with the advance-
ment of the cold frontal surface. Because the frontal
surface increases in altitude toward the west, as the front
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F
#

IG
� . 13. Dewpoint (dashed line) and temperature (solid line) for

regions in spiral 1 and 2.

moves farther east the height of the frontal surface at a
given point gradually increases thereby raising the level
of the cloud base. The dewpoint was measured with the
general eastern dewpoint hygrometer and shows profiles
1C and 1D as definitely subsaturated below 4500 m.
The same can be said of 2B and 2C below 5500 m,
which correlates well with the decrease of the mode
diameter in the sub-800-́ m size spectra and the 2D-C
images presented in Fig. 5. It is suggested that the rel-
ative thicknesses of the cloud for spirals 1 and 2 was
the main difference resulting in a curtailed evolution for
the ice crystals in spiral 2.

b. Evolution

The results presented are for just one cloud and so
may not be representative of all cold frontal clouds, but
in the following discussion comparisons with results
from other studies will be made. Throughout the descent
no significant liquid water content was measured with
the Johnson–Williams probe. Lo and Passarelli (1982)
similarly report no measurement of supercooled water
in spiral descents ahead of an occluded front, near the
center of a low pressure system and in the warm sector
of a cyclone. However, Gordon and Marwitz (1986) do
present measurements of liquid water content for de-
scents in the warm sector of a decaying system and

ahead of a cold front with embedded convection.
Heymsfield (1977) presents results from many aircraft
observations in ice clouds associated with frontal sys-
tems and observes that supercooled water was only en-
countered within regions of convection and strong uplift
but absent from stratiform clouds colder than µ 10 ¶ C.
The lack of liquid water content observed in this case
suggests that no strong embedded convection was en-
countered and, hence, that the system may be decaying,
but as the satellite image sequence showed, the cloud
band appears to be in quite an active state during the
sampling period.

The results obtained from the spiral descents are as-
sumed to represent microphysical sampling from a
steady-state frontal cloud. At cloud top small particles
are prevalent. Eventually, a bimodal spectrum develops
and the mode in the number concentration migrates to
larger diameters with decreasing altitude. The existence
of bimodal ice crystal spectra is well documented (e.g.,
Heymsfield 1975; Arnott et al. 1994; Francis et al. 1994;
Francis 1995). Francis et al. (1994), Francis (1995), and
Mitchell et al. (1996) present size spectra from cirrus
associated with a warm front in which it appears that
the mode also progresses as altitude decreases, indicat-
ing that this behavior may be common in frontal clouds.
Further, the fact that Francis et al. ascended through the
cloud (P. N. Francis 1998, personal communication) and
still encountered the same modal behavior implies that
modal progression may be a ‘‘steady-state’’ feature of
frontal clouds. It is not clear why the mode exists or
what mechanism controls its movement, but Mitchell et
al. (1996) suggest that the mode is due to a balance
between diffusion and aggregation.

Figure 14 is a close-up of some of the spectral evo-
lution from spiral 1 that shows spectra derived from the
2D-C probe for three consecutive heights separated by
approximately 300 m, and serves to highlight the pro-
gression of the mode that can be seen consistently be-
tween the various regions studied. In all cases the
change is from a mode at small diameters and high
concentrations to a mode at larger diameters and lower
concentrations. Figure 15 shows the variation of the
mode diameter as a function of height. In each case the
mode diameter has been estimated by eye. At 6700 m
all regions have a mode centred at around 300 · m, but
as altitude decreases differences in the position of the
mode’s center begin to become apparent with 1F and
1G reaching 500 ¸ m at lower altitudes than 1C, 1B,
and 1H. If ice particles 300 ¹ m in diameter are assumed
to have a fall velocity of 0.7 m s º 1 then

p
the mode pro-

gresses at 0.4 » m s\ ¼ 1.
Given the above facts, is it possible to draw conclu-

sions about the nature of bimodal spectra? It was ob-
served that the migration of the mode out of the 2D-C
range was concurrent with the appearance of particles
in the HVPS range, and it will be shown later from the
analysis of the large particle data that diffusion is
thought to be the dominant growth process at temper-
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FIG. 14. Selected spectra from different regions indicated in the top left corner in spiral 1 showing
the
½

evolution of the mode with decreasing altitude. The dashed line is the highest of the three
spectra, the solid line is intermediate, and the dash–dot is the lowest.

atures below ¾ 15 ¿ C. It is not possible to comment much
on the diffusional growth rate of the ice crystals because
the supersaturation with respect to ice is unknown, but
even if the diffusional growth rate was close to the rate
quoted above, the presence of a minimum and the re-
duction in number concentration as the mode moves to
larger diameters implies that aggregation is occurring.
The modeling study by Mitchell et al. (1996) of bimodal
spectra also suggests that the aggregation process is re-
quired to generate a minimum in the size spectra.

The conclusion that is drawn is that the mode’s evo-
lution is dominated by diffusional effects but is signif-
icantly affected by aggregation, which serves to define
the mode. The appearance of the mode marks the onset
of the growing importance of aggregation in the evo-
lution of ice spectra and may be of great importance in
converting cloud ice into precipitation-sized particles.

After the mode migration phase, ice particles appear
in the HVPS range with size spectra that behave ex-
ponentially. For exponential size distributions plots of
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FIG. 15. The diameter bin of the mode in the 2D-C spectra for
A495 spiral 1.

À
and N

j
0 in log–log space are useful in determining

whether aggregation or diffusional growth is dominating
the evolution of the ice crystal spectra. This type of
analysis originates from parameterizing the equations
representing the ice crystal spectral evolution (Passarelli
1978a; Mitchell 1988). In Fig. 16 all spectral evolutions,
apart from 1H, show an initial increase in N

j
0 while Á

remains relatively constant. This indicates that diffu-
sional growth is the dominating growth mechanism. Ag-
gregation may still be occuring but does not yet dom-
inate. However, once the ambient air temperature has
warmed above Â 15 Ã C then both N

j
0 and Ä decrease along

a straight line with a gradient of approximately 2 in log–
log space, indicating growth dominated by aggregation
(e.g., Mitchell 1988; Lo and Passarelli 1982). Mitchell
graphically depicts the difference in the evolution of Å
when only diffusional growth is considered and when
aggregational growth is included confirming that this
stage is aggregationally dominated. A gradient of 2 sug-
gests that total ice crystal diameter of the population is
a conservative property during this phase of evolution
(Lo and Passarelli 1982). The final increase in Æ ex-
hibited by 1C and 1H is probably due to sublimation at
the base of the cloud. Heymsfield and Miloshevich
(1995) also concluded that the reduction in average ice
crystal diameter at cloud base was due to sublimation.
It is noticeable that during the sublimation the large

particles disappear leaving the smaller particles, as can
be seen in Fig. 8 for 1C below 4000 m. This suggests
that larger particles are rapidly breaking up when they
enter the dry zone below the cloud providing a source
of smaller particles. A possible breakup mechanism is
that the small ice bridges or nodules that caused the ice
crystals to stick together during aggregation are now
evaporating, leaving the ice crystals free to separate.

Other authors have made use of the Ç –N
j

0 approach
for analyzing the evolution of ice crystal spectra in fron-
tal clouds. Lo and Passarelli (1982) made three spiral
descents in separate cyclonic storms. They noted that
there were three stages to snow spectra evolution: (i) a
diffusional growth dominated stage, which served to
increase particle sizes without decreasing particle con-
centrations; (ii) an aggregational growth dominated
stage, which increases particle sizes but decreases con-
centrations; and (iii) a breakup stage, which stems the
production of large aggregates. Gordon and Marwitz
(1986) observed similar stages of evolution when they
performed two Lagrangian descents. Houze et al. (1979)
gives results from three flights flown in cold fronts and
one in an occluded front, observing that both È and N

j
0

decrease with increasing temperature. Figure 17 shows
a comparison with eight other studies. The parameter É
is plotted against temperature. It can be seen that Ê
deceases very rapidly; that is, the slope of the expo-
nential distribution shallows as greater concentrations
of larger particles are encountered between Ë 17 Ì andÍ 10 Î C for all cases, implying that aggregation is en-
hanced in some way between Ï 17 Ð and Ñ 10 Ò C. Sug-
gestions have been made that the aggregation efficiency
may increase during the dendritic growth regime. Any
enhancement of aggregation efficiency could be due to
mechanical effects that occur when colliding crystals
become interlocked; small dendritic protuberances may
aid the mechanical interlocking of crystals (Ohtake
1970), and/or enhanced diffusional growth may act to
physically bond discrete crystals together. However, it
should be borne in mind that modeling can produce a
rapid growth in average diameter even when a constant
aggregation efficiency is used (e.g., Mitchell 1991); the
increase in aggregation is due to the larger size and
much increased chances of collision between ice par-
ticles, which is a much simpler explanation.

Plotting
�

the results from the other studies in log Ó –
N
j

0 parameterÔ space (Fig. 18) indicates that a common
relation between these parameters appears to exist for
all the clouds studied when the aggregation-dominated
evolutionar y stage is reached. However, there exists a
large amount of scatter and it is not clear if individualÕ

–N
j

0 relationships are defined by environmental con-
ditions.

c. Inhomogeneity

The
Ö

larger size spectra recorded with the HVPS ex-
hibit inhomogeneity , which can be seen in the plots of
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F
#

IG. 16. Log–log plots of N
@

0 vs× Ø . A
�

gradient of 2 in log–log space is also marked.

Ù
and concentration with height (temperature). It is clear

that differences become apparent below 5000 m (warm-
er than Ú 15 Û C), up to a factor of 2 in Ü and concen-
tration, and that the spectra tend to stay different until
cloud base is reached where sublimation and breakup
are occuring. The heterogeneity seen in the large particle
spectra parameter Ý have also been noted by Lo and
Passarelli (1982), who report variations in average par-
ticle diameter of a factor of 2 from one side of a spiral
to the other for particle sizes of 1–2 mm. Even though
the most obvious heterogeneity is seen in the large par-

ticle spectra during the aggregationally dominated
growth phase it is not clear whether aggregation serves
to amplify already existing inhomogeneities or is re-
sponsible for creating them.

5. Conclusions

Lagrangian
Þ

spiral descents were performed in an ex-
tensive altostratus cloud associated with a cold front to
study ice crystal spectral evolution. At cloud top the
particles were small and growing predominantly by dif-
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FIG. 17. A comparison with other frontal cloud studies showing ß
vs temperature. FIG. 18. A log–log plot of N0

à vs á for this and other frontal cloud
studies showing data points after aggregation is thought to dominate
evolution (but may include the effects of breakup). For symbols refer
to Fig. 17.

fusion. During this phase observations of evolving bi-
modal spectra indicated that aggregation is important,
although not dominant, even at â 30 ã C, and corrobo-
ration from other data suggest that the progression of a
mode from small to large diameters with decreasing
height is common in frontal clouds. The evolutions of
the size spectrum bimodality may be important in con-
verting cloud ice into precipitation size particles. As the
crystals fell into regions warmer than ä 15 å C aggre-
gation began to dominate, rapidly increasing average
crystal diameter. The careful division of the results into
seperate regions revealed horizontal heterogeneity be-
tween the ice crystal spectra over spatial scales of 5–
10 km. Modeling work is required to test if aggregation
efficiency increases at æ 15 ç C to match the observations
or whether the concentrations and sizes of ice crystals
are sufficient to allow aggregation to become dominant.
Laborator y work needs to be done examining the ice–
ice collision frequency and aggregation efficiency. Fur-
ther flights are required to compare and contrast ice
crystal evolution under differing conditions.
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