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CHAPTER 1

INTRODUCTION

A knowledge of snow growth is important not only in the
understanding of wintertime precipitation itself, but also in
other kinds of precipitation when the Wegener—Bergeron
process is important. Besides the understanding of
precipitation processes, the investigation of snow growth
mechanisms is also essential to artificial cloud seeding and
to small scale parameterization in large-scale genevral
circulation models and in numerical weather prediction

models.

The study of snow growth can be by different means, such
as laboratory investigation, numerical modelling, in situ
observations and mathematical analysis. Each of these
approaches has its advantages and limitations. Laboratory
investigations on snow growth have the advantage of being
able to study it in a controlled environment. The
temperature, humidity and other factors can be under strict
contral of the experimenter. However., the conditions inside

a laboratory are rather ideal and can be quite different from
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the actual atmospheric environment. In addition, because of
the difficulty of performing laboratory experiments, ¢the
physical processes of snow growth can be studied only one at
a time. Laboratory investigations on secondary ice crystal
production by crystal-crystal collision has been performed by
Vardiman (1978) who stresses the possiblity of collisional
breakup in explaining the presence of the high density of ice
crystals in stratiform clouds with embedded convection. The
drawback of this experiment is that ice crystals are casuved
to impact on hard surface which is quite different #from the
effect of crystal-crystal collision. Blanchard and Spencer
{(1970) perform experiments an the the binary interactions of
raindrops. They establish the importance of drop breakup in
determining an exponential drop size distribution. Mossap
and Hallet (1974), Hallet and Mossop (1974) and Mossop (1976)
report iaboratorq experiments on secondary ice crystal
production due ¢to rime-splintering. They conclude that the
rate of splinter production is a function af the
concentration of supercooled liquid water droplets larger

than 24 microns between —-8°C and -3°C.

Numerical modelling has the advantage of being able ¢to
incorporate many physical processes of snow growth plus the
interaction between microphysics and dynamics in a single
study. The drawback of numerical modelling is that physical

insights can easily be lost in a large model. Moreover, the




computation ¢time required for a full model can be enormous
Young (197S5) performs numerical model of raindrop evolution
with the physical processes of condensation: coalescence and
breakup. It is found that the effect aof collisional breakup
dominates over the effect of spontaneous breakup and produces
an exponential raindrop size distribution. The results are
ingensitive t¢o the collision efficiency agnd the steady-state
spectrum is insensitive to the number of breakup fragment.
Gillespie and List (1976) study the evolution of raindrop
size distributions in steady state rainshafts wusing a
numerical stochastic coalescence-breakup model. The results
conclude that there is only one equilibrium distribution
which depends on the rainfall rate for each Marshall-Palmer
distribution. Leighton (1980) wvuses a numerical model ¢o
study the depostion and aggregation processes of snowflakes
and concludes that the assumption of exponential snow size
distribution is wvalid and he also confirms the analytical

results of Passarelli (1978b).

In situ observations of snow growth became feasible
since the development of laser imaging probes. This
technique of studying snow growth has one advantage which no
other techniques have in that what ig observed is also what
actually happens in the atmosphere. However, the data
obtained, such as the snow size distribution (e. g. Lo and

Passarelli, 1982a) and the two dimensional shapes of snow
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crystals (e. g. Dyer and Glass: 1982), are the results of
snow growth: while the physical processes of snow growth have
to be inferred ¢from these data. The changes of snow-size
spectra with height have been performed by Passarelli (1978a,
c) and by Houze et al., (1979). The findings show that snow
size spectra change rather systematically with height. A way
to interpret the change of snow-size spectra will be
presented in chapter 2. Gordon et al (1982) uses a technique
similar to Lo and Passarelli (1982a). They conclude that
snow growth goes through four stages where different physical
pracesses predominate, namely the vapor deposition stage, the
aggregation stage, the secondary ice crystal production stage

and the an aggregation stage.

Analytical studies of snow growth provides the best
ingight concerning ¢the physical mechanism of snow growth.
But. in order to simplify the mathematics so that analytical
solutions can be ocbtained: many assumptions have to be made
in the set up of the problem. Also, in order ¢to keep the
mathematical problem tractable, only a few of the physical
processes can be treated at one time. Srivastava (1971)
studies the effect of coalescence and breakup in raindrap

growth and concludes that the binary interactions give rise

to an equilibrium size distribution slope. Passarelli
(19784) calculated the evolution of snow-size distribution in

8 winter—-time stratiform snow situation using an analytical

1
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mode]l with vapor deposition and aggregation. He concludes
that the equilibrium snow size spectra owe their existence to
the counteracting effects of deposition and aggregation

growth.

Previously, the main thrust of the study of the
microphysical processes of precipitation growth has been on
raindrops. Few investigations have been made to study ¢the
snow growth processses more comprehensively. The study
presented here is an attempt to give a comprehensive picture
of the snow growth processes once the snow crystals have been
initiated. The methodology used is basically a combination
of all four techniques, with particular emphases on in situ

aircraft observations and mathematical analyses.

Chapter 2 presents the in situ observational data and
their analyses. The observations are made by using a single
aircraft. This new flight plan is devised so as ¢to permit
one to observe the height evolution of snow-size spectra in a
reference frame where the effects of horizontal gradients and
temporal changes in the atmosphere are minimized (Lo and
Passarelli, 1982a, see appendix 1). This flight plan. termed
the advecting spiral descent (ASD), requires an aircraft to
start aloft in a mesoscale precipitation area (e.g. a snow
shatt, Marshall, 1993) and spiral douwnward in a constant bank

angle, descending at approximately ¢the mean fallspeed aof
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SNoW. The loops of the spiral drift with the wind. The

analysis is performed by averaging spectra over a complete
!! loop of ¢the spiral, serving to average any horizaontal
fﬁ . inhomaogeneities.

The snow-size spectra are +first analysed using the
conventional negative exponential size distribution. From
the behavior of the size spectra, the physical processes of
snow growth can be inferred. From these analyses, the
horizontal gradients of microphysical structure are also
studied. The data are then analysed vusing a negative
exponential, power law snow-size distribution. This new
technique of describing ¢the size distribution provides
certain new insights. Finally, these data are compared with

other flight data.

Chapter 3 presents theoretical models of snow growth.
The physical processes represented in the models include
vapor deposition, aggregation, collisional breakup and

rime-splintering. The basic equation makes use of the

stochastic caollection formulation. Snow size spectra are
represented either in a negative exponential distribution or

in a negative exponential, power law distribution (Lo and

Passarelli, 1982»). From the basic equation, moment
conservation equations are derived. The equations are

simplified analytically as far as possible and the resulting

'
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equations are then solved numerically. The results are
compared with the observational data presented in chapter 2.

The question of secondary production is further addressed.

In order to facilitate the formulation af the
collisional breakup term. laboratory experiments on ¢the
collisional breakup fragment size distribution of snow

particles are performed and are presented in appendix 2.

The conclusians for the entire study and suggestions for

future work are provided in chapter 4.
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2.1 ASD Data

Ceophysics
thermaodynamic and

1982).

include a Ewer
detector,
water content

axially

probe.

in ¢this study,

. precipitation

analyses.

s Catt
» 8 A 3 2

sizes particles

* 8
ot e

s
by
.

4500 microns.

---------

Advecting spiral descents were flown with an

Laborctory

and total air temperature probe.
probe
Johnsons-Williams (J~W} claud
indicator,
several Particle Measuring Systems (PMS) probes,

scattering
& 1-D precipitation probe.

precipitation probe (Knollenberg,

probe

This is a

The data
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Chapter 2

ASD DATA AND ANALYSES

Air Force

C-130 aircraft that is equipped with

cloud physics sensors (Barnes et. al..

The thermodynamic sensors are a dew point hygrometer

The cloud physics sensars

tfor total water and ice, icing rate

water probe, total

formvar hydrometeor replicator and
including an

spectrometer probe (ASSP), a 1-D cloud

a 2-D cloud probe and a 2-D

1970).

basically only the data from the 1-D

have been vused in the quantitative

laser imaging probe that counts and

into 15 size categories ranging from 300 to

from the 1-D cloud probe (which

AAAA PO W WY
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(i measures particles in the size range of 20 to 300 microns)
are naot used because there is a serious discrepancy in the
number density at the size range where the cloud probe and
the precipitaton praobe overlap. It is ¢true that certain
investigators have attempted to smooth the differences but
the smoothing techniques tend to be rather artificial (Belksy

et. al.., 1981). The 2-D data are vused qualitatively ¢to

-y S A LR T,
N AL )

determine the crystal type. No quantitative analyses of the
2-D data have been dane. The data from the J-W water content
ol probe, icing rate detector probe and ASSP are used ¢to
determine cloud liquid water content. However, there is a
problem inherent with the ASSP in snow-storm situations. The
- ASSP operates on a light scattering principle and therefore
can easily give false counts from ¢the light scattered or

Qf reflected off the snow particles.

There is a difficulty in using the airborne temperature

measurement in <¢that the ¢true air temperature computed is

PR .
1 e &4 g

sometimes lower than the dew point temperature by
approximatedly i’c. In plotting the soundings, saturation is

- assumed whenever this happens.

Extensive analyses from three flights are presented with
supplementary data from other flights. Two of the three
flights were made off the coast of Washington (25 and 26

. February 1980) and one off the coast of New Hampshire (8

B GPPEL G T RR ,
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March 1980). One ASD was performed on each day and these
will be referred to as spivals i, 2 and 3 respectively. All
three spirals took place in winter cyclonic storms. Spiral 1
was flown Just ahead of an occluded front (Fig.2. 1) and
spiral 2 was flown approximately 100 km east of a
low-pressure center (Fig.2 2}. Spiral 3 was flown in the
warm sector of a cyclonic storm (Fig. 2 3). The soundings
obtained from the aircraft data (Fig.2 4) indicate that the
atmosphere was slightly more stable than moist adiabatic and
was saturated or near saturated in all cases. The height and
temperature ranges for the three spirals are given in Table

2. 1.

Snow size spectra averaged over a complete loop are
shown in Figs. 2.3, 2.6 and 2.7 #for spirvals 1,2 and 3
respectively. The spectra are labeled consecutively from the
top %o the bottom loops of the spiral. Because the spectra
are almost negative exponential, the plots on a linear-log
scale result in straight lines. Therefore, the concept of
intercept and slope can be applied herve. The spectra from

the first spiral show an initial monotonic increase in the

Ei intercept while the slope remains relatively constant through
<! ] loop 12, after which there is a rapid decrease in both the
E! slope and intercept during loops 13 and 14 The remainder of

the loops show essentially no change. The vertical

separation between successive loops is 200 m.

™
.

— T
o

. P A NN
‘ o a6 .

T
s

b Al g
»

e’ *7T8 . v .
PR .
e LR L
.. L




S ugbaten . Ssb v red e St MR *-..1,‘*."&'T‘~-v.-.4vf'-:—w—-'w-1---_-1

|

24 1

1020

Fig.2.l: Surface map, West Coast, 1200 GMT 25 February, 1980
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Fig.2.2: Surface map, West Coast, 1200 GMT 26 February, 1980
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Fig.2.4: Aircraft soundings for the three flights
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The spectra from the second spiral show a similar
behavior. The intercept shows an initial montonic increase
while the slope remains approximately constant from 1loops 1
through 7. Then both the intercept and the slope decrease
from loops 7 through 14, The spectra of loaops 15 to 19 are
almost constant. The vertical separation between successive

loops is also 200 m for this case.

The spectra from the third spiral indicate a somewhat
different behavior. There was not a stage where the
intercept increases while the slope remains constant. Both
the intercept and the slope decrease #rom loop 1 to loop 10.
Then the slope and the intercept remain mare or less constant
for loops 11 ¢through 14, The vertical separation between

successive loops is about 100 m for this case.

The data from the J-W cloud water prabe are extremely
noisy. So, the occurrence of supercooled liquid water is
determined using the Rosemont icing rate detector data and
the ASSP data. Fig.2.8 shows the icing rate measurements for
the spiral on 2% February 1980. The icing probe is a rod
praotruding outside the aircraft. In the ‘dry’ state, the rod
has a certain natural vibration frequency. When there is
supercooled liquid water in the atmosphere, icing would
develap on the rod, thus changing ¢the mass of the rod

Therefore, the vibration frequency of the rod changes. The

.......
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Ftg.2.8: Icing rate measurement for 25 February, 1980. Abscissa is time (in
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liquid water content 1is propartional to ¢the change in
I frequency which is in turn proportional to the derivative of
the trace shown in the figures. In order to smooth the data,
@ nine minute running mean technique is applied. The data
are plotted against the time elapsed since the beginning of

the spiral. The data indicate that supercooled liquid water

is present at the end of the spiral (~3500 sec. after the
start of the spiral). The time when the snow growth
mechanism changes 1is also marked on ¢the graph. The

concentration of particles detected by the ASSP (with the
smallest size category ignored and also smoothed by a nine
minute running mean) (Fig.2.9) indicates huge increases
around 3300 sec. This again suggests the existence of
supercooled liquid water and/or secondary production of ice

particles.

The data of the icing rate detector for the spiral on 26
February 1980 are plotted in Fig.2.10. They indicate that
there is liquid water at 1500 sec.. then at 3300 sec., then
at 3900 sec. and at 4200 sec. Finally, at 4500 sec. the

icing rate detector goes through a complete cycle. These

show that patches of supercooled liquid water can be found
throughout most of the flight and the liquid water content is
even higher at the end. The ASSP concentration is plotted in
Fig. 2. 11. The data show that there is no change in

concentration wuntil 3300 sec. and 3900 sec. However, there
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is no big increase in concentration at 4500 sec. when the
icing rate detector goes through a complete cycle. The icing
rate detector is located about 3 m from the ASSP, which
could explain the apparent incoherence. The overall
cancentration for this spiral is lower than that of 25

February 1980.

The icing rate detector data and ASSP detected
concentration for the spiral on B March 1980 are plotted in
Figs. 2. 12 and 2.13. From the graphs, no liquid water is
evident for this spiral. In summary, supercoaled liquid
water is present but rare in some of the flights but its
occurrence is not correlated with any particular stage of

snow growth.

2.2 Two-~parameter data analyses

Because of the quasi-exponential behavior it is possible
to approximate the spectra by an expaonential farm such that
(Qunn and Marshall, 1958)

?

N(D)dD = N e > 4D (2. 1)

where N(D)dD is the particle concentration in the diameter

interval €D, D+dD1, N, is the intercept and A\ the
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distribution slope. Here D is the actual 1-dimensional
particle size measured by the laser imaging probe. Using a
least-squares regression technique, N, and X for each
spectrum can be +found. In order to ensure adequate
statistice, it is stipulated that for any size category to be
included in ¢the regression calculation the total number of
particles counted in that size category must be greater than
10 #far the complete laop. Fig.2. 14 shows the data from the
three spirals in log, N,-log,N\ space (hereafter N, -\ space)
The loop numbers are indicated next to the data points which
are connected sequentially by a line. Environmental
temperatures are indicated for places where significant

changes occur.

This type of spectral display is convenient because a
straight line in No—)\space corresponds to a constant moment
of an exponential distribution, since the jth moment of a

spectrum is

o .
M, =JD’N, e gp = N Lli0) (2.2
] A A

Hence in logarithmic N, -\ space, the moment "i is constant

along any straight line having slope (j+1).

The behavior of the spectra in Figs. 2. 5, 2. 6 and 2. 7 can

be discussed in terms of the ¢trajectory of the spectral




7 - 3

/

A

B

1
-
N
Y

2 s AR el A v, 4 oMt L AL A

v - T YT,

—E T W T RS TR T, T T T VT s T

28
o l L T
(-16°C)
T
o\.s
\s
(-13°C)
(-14°C) 9 2nd
2 \ Spiral
-o0.5} . AN J
) | " & 3
ot %o, 2
Spiral 9’- X \ 1
HE e/(,'° / (-19°C) (-26°C)
le
T 2 \s J2
€ s I
(4]
.E _l-o_, “' Q -{
3.-
z o ':'9"6’0’ (-29'c) "'
. {-10°c)
° \7 18 -M'C)
z n 16 /12
=]
g '°’., /
| .
-l.5L (BOC) 3rd N
" a. Spiral
9%'{-9°¢)
‘2.0" " —
o
lz\'/ (*ec)
3
-2.5 4 1 1
1.0 1.5 2.0
L°°|o A A in cm™!
Fig.2.1l4: NO-X trajectories for the three spirals. See text for details




R Bt 2t Y TS I A A A S A bt S Al A A B e L R S S _..1

39

& evolution in No-) space in Fig. 2. 14, For spiral 1, there is

a gradual increase in N,  and a slight decrease in )\ from

LA

loop 1 thorugh loop 12 such that the slape of the

‘_._,_—.—f f-.-
SOOI SRR
. _

No-k trajectory is negative, implying that all spectral
moments are increasing. At loop 12 the spectral evolution

changes dramatically and both N, and A decrease until loop

N 18. After that N, and A\ assume approximately canstant
i values. The second spiral shows a similar pattern of three
- stages of evolution. Stage 1 (laoops 1 through 7) is

characterized by an increase in N, accompanied by relatively
; little change in A Stage 2 (loops 7 ¢through 14} is
- characterized by a rapid decrease in both N and \. Stage 3

is marked by an apparent cessation of spectral evolution.

The third spiral does not show the presence of stage 1. Both
N,and?\dccrease from loops 1 ¢through 10. Then leoops 10
through 14 indicate that the spectral evaolution has come to a

halt.

The N,-?\traJectories for the second stage of growth
(both intercept and slope decreasing) are roughly parallel
for all three spirals, having slopes ranging from 1.80 ¢to
1. 99. This suggests that during ¢this phase of spectral
evalution, the sum of the diameters of snow particles is a
conservative property of the distribution. These three cases
also suggest that the distribution slope.h + has a aminimum

value of approximately 10 em”! , which characterizes the third
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stage of evalution.

2.3 Interpretation of two-parameter data analyses -

The effect of depositan growth on the size distribution

is characterized by how the rate of change of the particle

P ¢ phrhtdaaiet

diameter depends on the particle diameter, i.e.,

.y pf 2.3
dx

DAREE . { Catanay

J
For QP 0, larger particles grow more quickly in diameter

’
space. and one would expect the distribution slope ¢to

decrease. For 6( O, depositional growth will cause the
distribution ¢to steepen. For snow: the parficle mass varies

approximately with the square of the particle diameter and

the rate of change of mass is directly proportional ¢o the
particle diameter so that ‘& 0. Hence, to a first
approximation, all sizes will grow at the same rate in
diameter space and the distribution slope will remain

constant. The intercept will increase since the smaller,

more numerous particles will grow into larger sizes. In ¢the
absence of a saource of small particles, a lower limit to the

size distribution will develop.

The first stage of particle growth (observed for spirals
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1 and 2) is consistent with deposition growth. This is not
to say that other physical processes are not oaccurring but
that deposition 1is daominating. Also in this stage. ¢the
increase in N, and slight decrease in N indicate an increase
in the total concentration of particles. This is probably
due to the growth of small particles into sizes detectable by
the 200-Y probe. The source of these small particles could

be either nucleation and/or secondary production.

The second stage of growth, where both N, and
N decrease, is observed for all ¢three spirals. This is
characteristic of aggregation which depletes small particles
and creates large ones. The ASD data for spirals I and 2
show a very sudden ¢transition from the daoaminance of
deposition to aggregation. During the deposition growth
phase the particles are small and collisions are rare,
eventually deposition produces a sufficient number of large
particles for aggregation to commence. Once started. the
large particles produced by aggregation accelerate the
aggregation process and rapidly deplete the smaller
particles. This accouvats for the sudden transition and the
very rapid evolution of the size distribution after the
transition. Faor spirals 1 and 2 the transition occurs at
-19°C which is in the dendritic growth temperature range.
This implies that the tendency for dendrites ¢to form

aggregates (e.g.. Jiusta and Weickmann, 1973) may play a role
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in the transition to aggregation growth. However the model
calculations described by Passarelli (1978a.b.,c) and the
computations presented in the next section do not require a
change in the particle geometry or collision efficiency ¢to

simulate the first two stages of growth.

The most puzzling behavior is the apparent sudden end to
aggregation. The spectra cease evolution when the slope
reaches approximately 10 em™' . This suggests that the
depletion of small particles is balanced by a production
mechanism. This mechanism can be either primary production
or secondary production or both. The temperature range for
this stage is 0°C to -10°C, where ice nucleation is not
predominant (Flectcher:, 1962) and so the probability of
primary production is low. Moreover large particles produced
by aggregation are somehow depleted. This suggests that

breakup is occurring. In veiw of the presence of liquid

water, theve is also the possibility of rime-splintering.

The fact that all three spirals evolve to the same slope

suggests collisiaonal breakup. This hypothesis is drawn from

previcus work on drop coalescence and breakup which
demonstrates t¢hat coalescence and collisional breakup leads
to equilibrium distributions which have the same slope,

regardless of the precipitation rate (Gillespie and List,

1976 and Srivastava, 1978). The latter author concludes that
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raindrop size distributions tend to have approximately a
constant slope and an intercept proportional ¢to rainfall
content. This is in agreement with Blanchard and Spencer’s
(1970) observations on raindrop size distributions in which
binary interaction processes would produce expaonential

distributions with a constant slope.

2.4 Horizontal gradients in the microphysical structure

In order to examine the horiiontal gradient in the size
distribution, the mean diameter of all particles measured by
the 200-Y spectra as a function of aircraft magnetic heading
is plotted in Fig.2 15 #for ¢the first and second spirals.
Each loop is represented by & separate graph and the loops
are stacked vertically in accordance with their height. The
approximate diameter of each loop is & km. The loop in which
the spectra transformed from first to second stage of growth
(the peak in the NO-X trajectory) is indicated by a star in
each case. Before ¢the transition, the mean diameter is
essentially uniform within each loop and gradually increases
with depth. (Not all upper—level loops are shown). However,
after the transition, horizontal inhomogeneities develap very
rapidly. The features are correlated from one loop to the

next.
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One interesting feature in the second spiral is that at
loop 9/ the average particle diameter has its maximum around
320 magnetic heading. Then, this maximum shifts gradually
towards the west and then the south. This perhaps indicates
that the wind shear is turning cyclonically downward (or
anticyclanically vuvpward) and ¢the snow particles are being

carried around with it.

To examine the point—-to-point behavior of ¢the spectra,
we arbitrarily divide each loop into four quadrants bounded
by the cardinal directions. Ideally the spectral evolution
can be studied by examining the height evolution of spectra
averaged over a particular quadrant rather than over an
entire loop. Fig.2. 16 shows an example of the N,-)\ evolution
for the second spiral faor the four quadrants. The N, scale is
different for each quadrant in order to separate the four
quadrants. Note that the four N,-) trajectories all show the
same general features. However, the west-north quadrant
starts rapid stage 2 growth earlier ¢than the the other

quadrants (e. g., examine loops 9 and 10 in Fig. 2. 19).

Fig.2. 16 illustrates that even if we examine portions of
a loop the spectral evolution is coherent. This is
consistent with the previous discussions. Alsa, the rapid
development of horizontal gradients of mean diameter are

apparently related to the fact that spectra in different
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regions undergo the transition from deposition to aggregation

at different heights.

2.5 Three-parameter analyses

Snow-size spectra have conventionally been represented
by a two-parameter negative exponential distribution (2.1).
This expression has the advantage of being mathematically
simple. However: this expression is not a good description
of the small end of the spectrum. A three-parameter negative
exponential-power law distribution,

»
MY oD, (2. 4)

N(D)dD = N, (h)e
where N(D)dD is the number density of particles with
diameters in the range D and D+dD, provides anather degree of
freedom. Hence, it can provide a better £it to the observed
snouw~size spectra, even at the small end. Such
three-parameter distributions have been used by Takeuchi
(1978} and Uplinger (1981) to describe raindrog size spectra.
Any theoretical analysis vusing a three-parameter size

distribution will also have one more dimension to manipulate.

Discretizing (2. 4) into
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The results for N*from spiral 1 is shown in Fig.2.17.
N, ¢the ‘intercept’ goes through three distinct stages as
snow grows. First, N, increases slowly. Then N* takes a
rapid rise and a rapid fall. Finally N¥ remains relatively
constant. These three stages correspond to the deposition,
aggregation and collisional breakup stages in the
two-parametesr analyses. Fig. 2 18 shows the change of N, with
height for the second spiral. The data appear ¢to be
extremely noisy especially at the beginning of the spiral.
This 1is probably due to the lower particle number density in
that portion of the spiral. Also note that the scale in this
figure is different #¢from that for spiral 1. Still, the
general behavior of N, is similar to that of ¢the first
spiral. Ny tirst increases: then it decreases and finally

takes on a somewhat constant value.

Fig.2. 19 shows the evolution of N, with height for the
third spiral. The result for this spiral is rather different
¢from those of the previous two spirals. As recalled from the

two-parametesr analyses (Fig.2. 14), ¢this is the spiral in
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which there is no stage 1 (where N, increases and A stays
( more or less constant). Except for the third and fifth
N ] loops., N* is generally decreasing. Comparing this with ¢the
’S two-parameter model, loops 1 thorugh 10 correspond to stage 2
and loops 10 through 14 correspond to stage 3. That means in
stage 2, where aggregation is ¢the dominant effect, small
particles are being depleted and N, is decreasing. In stage

1 3, where aggregation and collisional breakup come to an

equilibrium: Ny, is approximately constant.

Figs. 2. 20, 2.21 and 2. 22 show the change of X*, the
exponent, with height for spirals 1, 2 and 3 respectively.
; Xkdocroacs monotonically as the snow crystals fall. This is

similar to the behaviar of ) in the two-parameter analyses.
% In the last few loops of each of the spirals. M+ would become
more or less constant. However, unlike the two-parameter
analyses, the terminal values of ) are different for each of
the spirals. This is probably due to the fact that )\, is
sensitive to the value of . As will be seen later, g is

quite different for each of the spirals.

.. Fig.2.23 gives the change of o with height for spiral 1.
. The observed values indicate that in the early part of the
flight, 0 is negative and has an approximately constant

value. Suddenly, 0 changes ¢to become positive and then it

takes on a more or less constant valvue. The place where
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ii o makes the sudden change from negative ¢to poasitive
- corresponds to the middle of the aggregation stage. A
negative ¢ means that there are many more small particles
than large particles and a positive ¢ means that the number
of small particles is limited and there is a size at which
the particle density peaks (Fig.2 24). The sudden change
from negative to gpositive implies that at the aggregation

stage, small particles are depleted very rapidly.

Fig. 2. 25 shows the change of ¢ with height for spgrial 2.
Just as the case of N, for the same sprial., the values of
¢ are very noisy. I¢# we ignore the first +four 1loops, O is
initially negative. Then it increases to become positive and
then stays apporximately constant. This is similar ¢to that

of spiral 1.

Fig. 2. 26 shows ¢ versus height for spiral 3. Here the
evolution of O is vastly different £rom the previous two
cases. Instead of having an initially negative value, o is
initially positive and then it decreases into the negative
from loop 1 through loop 10 (corresponding to stage 2 in ¢the
two-parameter analysis). ¢ remains negative from loops 10
through 14 (corresponding ¢to the ¢third stage in the
tuwo-parameter analyses). Physically, ¢this means that the
number density of small particles increases faster than that

of the larger particles. This could imply either the
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probability of collisional breakup is high or the number of
fragments generated during collisional breakup is extremely
high or both. This question will be investigated in the

section on theoretical analyses.

2.6 Comparisons with other studies

Some recent observational studies of snow—size spectra
have shown a spectral behavior similar to the ASD results,
although the scatter is typically much greater. This 1is
possibly due ¢to the #fact that the data are not taken in a
manner as coherent as the ASD. Passarelli (1978a.c) employed
gsimilar instrumentation but a different vertical sampling
scheme. The aircraft was placed in either a constant ascent
or descent while flying a constant heading. Particle size
distridbutions were averaged over 15 s intervals. The spectra
from #flights on & and 10 March, 1975 are shown in N, - ) space
in Fig. 2. 27. While spectra obtained via the ASD technique
show a very systematic behavior with height, the spectra
obtained on these two days do not. The spectra apparently
lie on &a line corresponding to the second stage, but the
position is random. The spectra for each day are very well
differentiated in N,-) space which probably reflects the very

different environmental conditions on the twa days.
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’ Passarelli (1978c) also averaged particle size spectra
. over 10 km horizontal passes at various altitudes. The data
for a flight on 26 November 1975 are also shown in Fig. 2 27.
- The passes are spaced at 600 m and timed at 10 min apart,
which is approximately the time required for snow ¢to fall
from one level ¢to the next. The results show a first and
second stage. Vertical incidence radar measurements on this
day indicated fairly steady precipitation while the aircraft

was sampling.

Houze et al., (1979, 1980) employed a similar technique
by flying level passes although no attempt was made to follow
snow from level to level. The spectra for +flights on 22
Januvary 1976 and 8 December 1976 are also shown in Fig. 2. 27.
The data are more scattered. perhaps because <¢ransient
environmental conditions are manifested over the long
sampling paths. However, the observed spectra are still
within ¢the values #rom the other cases. Although the height
for each spectrum is not indicated, Houze et al. (1979) show
that N, and N\ decrease with increasing temperature. Based on
the general trend that temperature increases with decreasing
altitude, it can be inferred that N, and N\ decrease with
decreasing altitude, which is in agreement with the second

stage concept.

Cordon et al. (1982) flew an elongated +figure-eight
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pattern while the plane was descending at 1 or 2 m/s,
approximately the fallspeed of snow. The figure-eight was
oriented normal ¢to the orientation of a rain band. Their
analyses technique is similar to that used for the ASD. The
data arve dervived from a PMS 2D-P precipitation probe, but it
is not clear how the 2-dimensional data are reduced ¢to 1

dimension. Their results for 15 February 1982 are plotted in

Fig.2.28. From the results in N,-) space, their findings are
similar ¢to ¢those from the spirals. However, they conclude
Ei that there are four stages of snow growth. The first stage,
!! at temperature below -22°C, snow growth is dominated by

nucleation and deposition, which basically agrees with ¢the

findings from the ASD data. The second stage. between -11°C
and -22°C is where aggregation is dominant, which again
agrees with the ASD data. The third stage, from -4°C ¢to
iz -10°C, is where secondary ice crystal production, and

aggregation are dominant. In contrast to this study, these
}: authors conclude that secondary ice crystal production is due
e to a rime—-splintering mechanism. They base their reasoaoning
for rime-splintering an the concentration of particles
(assumed to be water draps) larger than 24 microns as counted
by the Forward Scattering Spectrometer Prabe (FSSP). As has
been presented earlier, the particle counts from the FSSP
during snow conditions are rather unreliable. Gordon et al.
did not use other instrments: such as the J-W probe or icing

rate detector ta double check the presence of liquid water.
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So. the occurrence of rime~splintering is not  well
substantiated. The fourth stage, from -4°C to 0°C, is where
only aggregation is observed. Except for spiral 2. the ASD
data did not reach such a high temperature and both N, and
Ndecrease between the last two loops (18 and 19, between

temperature -2°C and 0°C).

It is revealing that all observed values indicate ¢that
the slope. A always terminates at around 10 cm4 This is
in accord with the ASD results which suggest <collisional
breakup. No matter what ¢the height and enviraonmental
conditions are, the observed N,values are within three orders
of magnitude and the ) values are within one order of

magnitude.

2.8 Counter—examples

The results from four spirals flown in 1981 (on an AFGL C-130
aircraft) are shown in Figs. 2.29, 2.30, 2.31 and 2.32, two each on April
14, 1981 and on April 17, 1981. The results for the two spirals on April
14 do not indicate the three-stage snow growth processes. The flights
took place in pre-frontal showery conditions and the temperature for these
spirals is rather high. The changes of NO-A for the four cardinal quadrants

of the two spirals indicate that there is no horizontal
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homogeneity. Fig.2 33 is the example from the first spiral
on this day. The changes of N,-) are disorganized and
incoherent for the four quadrants. In conclusiaon, it can be
said that the ASD will work only when the precipitation is
widespread and horizontally homogeneous. It will not work in

showery conditions.

The changes for N and A from the spirals on April 17,
1981 (Figs. 2. 31 and 2. 32) have one peculiar behavior which is
not found in any other spirals, namely that the slope, A
kept on decreasing even beyond the 10 cm™ until melting. The
synoptic conditions where the flights took place are a weak
system between a surface ridge and a surface trough with warm
air advectiaon from the gul?. From the temperature and dew
point taken on the plane, the environmental conditions are
clearly subsaturated (Fig.2 34). The changes of total
particle concentration from the 1-D precipitation probe with
height for the two spirals are shown in Figs. 2. 359 and 2. 36.
Except for the #first few loops of the spirals, the
concentration is decreasing (compare the change of
concentration with height for the 1980 spirals in Fig. 2 37).
Also plotted on the figure is the second moment. The changes
of the sum of the second moment are comparable to those of
the total concentration. Since the mass of a snowflake is
approximately proportional to the square of the diameter, the

sum of the second moment is proportional to the total mass.
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Fig.2.34: Aircraft soundings for spirals on 17 April, 1981
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So, a decrease in both the total concentration and the total
mass implies that particles are evaporatin