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SIMULATION OF 
COLD CLOUD PRECIPITATION 

IN A THREE-DIMENSIONAL 
MESOSCALE MODEL

Charles F. Chappell 
David R. Smith

A cold cloud microphysical model is developed and merged with a 15-level primitive 
equation mesoscale dynamical model. The microphysical model partitions ice particles into 
three categories: unrimed, partially rimed, and graupel. Each is considered to have a 
Marshall-Palmer distribution, and is assigned its own set of physical characteristics. 
Criteria for converting from one ice particle category to another are based on a comparison 
of accretional to depositional growth rates. Six prognostic equations predict the concentra­
tion and mixing ratio for each ice particle category. Processes in the model include deposi­
tion, accretion, condensation, evaporation, sublimation, nucleation, and sedimentation. 
Microphysical processes are coupled back into the dynamical prediction equations so that 
the effect of ice processes on the air flow can be investigated. The mesoscale model is used 
to investigate numerically the development and distribution of snowfall over a mountain 
massif during a 4500-second integration. It appears to simulate realistically the nucleation 
and growth of ice particles and their transport and sedimentation to the mountain surface. 
Snowfall distribution, including the leeward extent of precipitation, also appears reason­
able and consistent with that observed along the continental divide of Colorado for similar 
wind regimes. When further developed the model will be applicable to studies relating to 
prediction and modification of snowfall over mountainous terrain.

1. INTRODUCTION
Models link theory and observations. During 

model development current knowledge is eval­
uated and organized into a coherent entity. 
This task includes identification of the relevant 
physics, differentiation of the importance of 
various physical processes to the specific prob­
lem and modeling goal, and formulation of the 
vital processes into a coherent set of physical 
concepts defined by mathematical expressions. 
The accomplishment of this task then allows 
one to compare theory with observations, and 
eventually extends those observations both 
spatially and temporally through prediction.

Application of numerical models to weather 
modification problems provides a physical

rationale for modification attempts by 1) per­
mitting numerical testing of modification 
hypotheses prior to field experimentation, 2) 
better defining the observations required to 
evaluate hypotheses, and 3) more clearly desig­
nating measurements and the instrumentation 
needed to acquire relevant observations. 
Numerical models also have application in 
designing operational programs to produce 
maximum benefits.

Forecasts of precipitation from cold oro­
graphic clouds depend upon satisfactory 
predictions of airflow over mountainous ter­
rain, and realistic treatment of the interactions 
of microphysical processes at various levels
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within the cloud. Current models that predict 
mountain snowfall are limited by their one­
dimensional or two-dimensional nature, 
assumptions of cloud homogeneity, or inade­
quate treatment of settling particles. Examples 
of these are the models of Jiusto (1971), Cotton 
(1972), Hobbs et al. (1973), Chappell and 
Johnson (1974), and Plooster and Fukuta 
(1975). Young (1974) developed a microphysical 
model that extended treatment of cloud pro­
cesses to more than one level through use of a 
continuous bin technique. Since Young mod­
eled only microphysical processes (prediction 
equations for air flow were not included), he 
was able to treat them in considerable detail.

Many important processes related to snow­
fall over mountainous terrain can be simulated 
only by three-dimensional models. Blocking, 
deflecting, and funneling of air flow over 
mountainous terrain are examples. These pro­
cesses affect cloud formation and the spatial 
distributions of cloud condensate and precipi­
tation. Thus, in order to include such processes, 
a three-dimensional mesoscale dynamical 
model has been developed and combined with 
a cold cloud microphysical model. This paper 
describes mainly the cold cloud microphysicai 
model and discusses its application to the pre­
diction of snowfall over complex mountainous 
terrain. A detailed description of the dynamical 
model is given by Nickerson and Magaziner 
(1976).

2. MODEL
CHARACTERISTICS

In the development of the microphysicai 
model presented here, the desire for more detail 
has been tempered by the usual limitations 
imposed by computer storage and economics. 
The overall approach has placed equal empha­
sis on the prediction of dynamical and micro- 
physical processes, which has made it necessary 
to parameterize certain aspects of the precipi­
tation process. However, this approach has 
also permitted the coupling of the micro- 
physical thermodynamic forcing to the govern­
ing dynamical equations so that the dynamic 
response of the air flow to condensation and ice 
growth is quantitatively defined.

In developing this microphysicai model, the 
approach was to treat ice growth and sublima­
tion in greater detail than condensation and 
evaporation processes. Microphysicai processes 
included in the model are shown in the flow dia­
gram of Figure 1. Liquid cloud water is formed 
in the model if the saturation vapor mixing ratio 
is less than the predicted total mixing ratio of 
water vapor plus liquid cloud water, since 
supersaturation with respect to water is not 
allowed. Condensation is the only source of 
liquid cloud water since melting is not consid­
ered. Evaporation of liquid cloud water occurs 
when the total mixing ratio of water vapor plus 
liquid cloud water is predicted to be less than

Vapor

Liquid Cloud Water

Unrimed Crystals

Partially 
Rimed Crystals

Graupel

Precipitation

Figure 1. Schematic diagram showing microphysi­
cai processes included in the model. Processes are: 
accretional growth (A), condensation (C), deposi- 
tional growth (D), evaporation (E), sublimation 
IS), nucleation (N), conversion of partially rimed 
crystals to graupel (P-G), and conversion of un­
rimed crystals to partially rimed crystals (U-P).
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the saturation vapor mixing ratio. The mois­
ture source for ice growth can be both vapor 
and liquid cloud water. Precipitation occurs 
only as snow and the amount is equal to the ice 
exiting the liquid water cloud plus any growth, 
or minus any sublimation, that occurs below 
water saturation during transit to the surface.

Ice particles are nucleated whenever effective 
ice nuclei and liquid cloud water are present 
simultaneously. The rate of nucleation depends 
on a temperature activation spectrum for ice 
nuclei and the temperature and cooling rate 
predicted by the mesoscale dynamical model. 
At the present time, no attempt is made to 
include effects of supersaturation on ice nu­
cleation or ice crystal multiplication. Perhaps 
these features can be added in the future when 
they are better understood and can be ex­
pressed in terms of variables predicted by 
the model.

The total ice particle population is partitioned 
into three categories; unrimed crystals, partially 
rimed crystals and graupel. Conversion from 
one category to another is dependent on the 
ratio of crystal growth by accretion to growth 
by deposition. Prediction equations for the mix­
ing ratio of ice within the three particle cate­
gories are formulated within an Eulerian 
framework. Three additional prediction equa­
tions for the corresponding particle concen­
trations close the system of equations. Particles 
within the three categories are constrained by 
integrable size distribution functions that 
depend upon ice mixing ratio and crystal con­
centration. Truncated Marshall-Palmer distri­
butions are employed for the three categories. 
These distribution functions permit the growth 
equations for individual crystals to be converted 
into growth equations for individual ice cate­
gories. Observations of graupel and planar 
crystals in Colorado mountain snowfall (Vardi- 
man and Hartzell, 1973) suggest that particles 
below cloud base have size distributions that 
might be approximated by an exponential rela­
tion (Figs. 2 and 3).

3. MODEL EQUATIONS
Prediction equations for the concentration 

and mixing ratio of ice in the form of unrimed, 
partially rimed, and graupel particles can be 
formulated by considering nucleation, ice 
growth, sublimation, sedimentation, flux di­
vergence processes, and the rates at which 
crystals convert from one ice category to an­
other. Expressions for these processes are for­
mulated below for an x, y, z coordinate system 
using the meter-kilogram-second system of 
units. A list of symbols is included in the 
Appendix.

3.1. NUCLEATION

The temperature activation spectra of natural 
and artificial ice nuclei are often approximated 
by exponential functions for temperatures 
above that corresponding to homogeneous 
nucleation (<235K), or

^r = -aN,.exp [a(273.16-T)]. (1)

Chappell (1970) reported values of 0.2575 m '* 
and 0.435 K 1 for N, and a, respectively, for an 
average activation spectrum observed during 
non-seeded days of the Climax Experiment. 
These values are used in the integration that is 
reported on in a later section. The observed flat­
tening of activation spectra at extremely cold 
temperatures is approximated by assigning a 
value of 235K to the temperature in (1) for all 
temperatures below 235K.

Unrimed crystals are nucleated when super­
cooled cloud water (>10 5 kgm kgm *) and cool­
ing exist simultaneously. From (1) the particle 
nucleation rate is then

_ dN„ AT 
dT dt 9

and the rate at which ice is introduced into a 
unit mass of air is

m„ dN„ dT 
p ST dt' (3)

where m„ is the average mass of a new crystal 
just after nucleation. Air density and the cool­
ing rate are output from the mesoscale dynam­
ical model.
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Figure 2. Distribution of planar crystals and 
graupel observed on 21 March 1973 at Wolf Creek 
Pass, Colorado (1452 MST-1558 MST).

Graupel

Planar Crystals

0.20 0.30 0.4(

Crystal Diameter (-cm)

Figure 3. Distribution of planar crystals and 
graupel observed on 10 February 1973 at Wolf 
Creek Pass, Colorado (1748 MST-2027 MST).

3.2 ICE GROWTH AND 
SUBLIMATION

3.2.1 Unrimed Crystals
The growth rate of an unrimed planar crystal 

by deposition is

.~)=4GSlF„Dlt, (4)

where

G =(Ls/R,KTi + R,T/eiD)~l,

Ls =2.83658(10*),

K =0.0243 + 0.00008(7-273.16),

D =2.26 (7/273.16)'81 (1/p), 

R, =461.6,

ei = 610.78 exp
.87456(7-273.16)1 

(7-7.66) Y

and Si is supersaturation with respect to a plane 
ice surface.

The ventilation factor in the depositional 
growth equation written in terms of Reynolds 
Number is

Fu = l +0.22(R^)I/2. (5)

The Reynolds Number for a planar crystal 
may, in turn, be expressed as a function of its 
dimensions, settling speed, and kinematic 
viscosity, or

= 1 .S2rum cull:i VJv. (6)
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A mean value of 2(10 •’) m2 sec 1 for the kine­
matic viscosity is selected as representative of 
cold orographic clouds. Observations of Auer 
and Veal (1970) show that the ratio of crystal 
radius to crystal thickness for planar crystals 
varies from about 5 for r„ = 100 microns to 30 
for r„ = 2500 microns. We therefore assign to (6) 
an average value of 20. Finally, settling speeds 
for unrimed planar crystals are taken from 
Brown (1970) to be

W = 1.6834 D!!217. (7)

After substituting the above quantities into 
(6), the ventilation factor is

F„ = l +36.96 D!1HI, (8)

and (4) becomes,

~j' = 4GSiD„ + U7MGSiDlKl . (9)

The growth of planar crystals by accretion is 

= EApq,„V„. (10)

The crystal cross-sectional area is given by
A = 0.64952 D'i,f and the crystal settling speed is 
given by (7). The mesoscale dynamical model 
predicts the mixing ratio of liquid cloud water 
(*7nr). The collection efficiency E of crystals for 
supercooled droplets is made a function of 
liquid cloud water content. This function 
accounts for the "collectability" of the liquid 
water present, and ranges from near zero for 
small droplets and low liquid water contents to 
a large percentage for large droplets and high 
liquid water contents (Fig. 4). The function is

E = 0.047 4 2274 (p<j,„) - 1564000 (p<j,„ )2 for 
(p^, ) <0.75 (10 :<) kg m {

and

£ = 0.875 for (pqVu) — 0.75 (10 {)kg™ (11)

Upon substituting the above quantities into 
(10) the equation for accretional growth becomes

=1.0934(12)

The quantity of paramount interest is the pro­
duction of ice by growth processes over the 
entire crystal population. To obtain this quan­
tity, individual crystal growth rates are inte­
grated over the total size distribution of crystals.

Liquid Cloud Water (gm/i

Figure 4. Efficiency of ice particles for collecting 
supercooled cloud water.

If the unrimed crystals are distributed according 
to a truncated Marshall-Palmer distribution, the 
production of total unrimed ice is

1 r 01 dm
P,u = - (13)

P Jo dt

Substituting (9) and (12) into (13), the produc­
tion of total unrimed ice is

P,„, = (njp) (4CS, J D„(> K"""dD„

r oi+ 147.84GS, I DlHle~K>inuclDu
J 0

h 1.0934 pqnr £ j Dj-17 e ). (14)

3.2.2 Partially Rimed Crystals
A similar set of growth equations can be de­

rived for partially rimed crystals. The growth 
rate of partially rimed planar crystals by deposi­
tion is

^)i( = 5GD„F(,S, (15)
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The settling velocity of partially rimed crystals 
is taken from Jiusto (1967) to be

Vij = 6.796D% 3 . (16)

The ventilation factor for partially rimed 
crystals is derived similarly to (8) except in this 
case crystal radius is taken to be approximately 
ten times crystal thickness over a considerable 
size range. With this assumption the ventila­
tion factor for partially rimed crystals becomes

/> = 1 + 83.35DJ 85 . (17)

Substituting (17) into (15), the depositional 
growth rate is

^) = 5GSiD,, + 416.75GS/D/,85. (18)

The growth rate of partially rimed planar 
crystals by accretion of supercooled droplets is

^)( = EApqru.V(19) 

where £ is defined by (11).

The same procedure used to develop (12) is 
followed, and upon substitution of (16) into (19) 
the growth rate by accretion becomes

^)(=4.414p(?,„EDjr>. (20)

Again the quantity of importance is the 
growth of ice over the entire partially rimed crys­
tal distribution. The production of total ice by 
growth processes in this truncated Marshall- 
Palmer distribution is

^fVvv^O, (21)

pJ » cit

Substituting (18) and (20) into (21), the pro­
duction of partially rimed ice is

P,w = (rrlJp)(5GSl J "b;,c VWD„

f 01
+ 416.75GS, D^v-VWD,,

J 0

+ 4.414pqrM-E J* Djf,:<<rVWD„). (22)

3.2.3 Graupel
The growth rate of a graupel particle by 

deposition is
^ = 6.200,,^,. (23)

The settling velocity of graupel is taken from 
Nakaya and Terada (1934) to be

V, = 76.18 DT*'. (24)

The ventilation factor for graupel is derived 
similarly to (8) except that, for this case, graupel 
is assumed to be spherical. The ventilation fac­
tor becomes with this assumption

F.<; = 1 + 459.75 Dg 82. (25)

Substituting (25) into (23), the depositional 
growth rate is

= 6-2GDgSj + 2850.4GD,) -«S,. (26)

The growth rate of graupel by accretion is 

dmn\
J — EApqruV,j, (27)

where £ is given by (11).

If we follow the same procedure used to 
develop (12), and substitute from (24) for the 
settling speed, (27) becomes

^jf)=59.83pqru.EDi«''. (28)

The quantity of importance is again the pro­
duction of ice over the entire graupel distri­
bution. If a truncated Marshall-Palmer distribu­
tion is assumed for graupel, the growth of 
graupel ice is

r,w=p~ 1 (29)
Substituting (26) and (28) into (29), the total 

production of graupel ice is

Pm =(nalp){b.2GSi J* D,,c V'udD„ 

r o\+ 2850.4CS, D»-H2c’ VWD„
J 0

+ 59.83pqrl, E J D*-**1? VWD,,). (30)
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3.3. SEDIMENTATION AND 
FLUX DIVERGENCE

3.3.1 Unrimed Crystals

The vertical flux of unrimed crystals relative 
to the updraft is

r <»'
F„,,= h«Vi, dD„. (31)

J 0

Substituting for V„ from (7), the vertical flux 
of unrimed crystals due to sedimentation is

F„p = [ 1.6834dD„. (32) 
J 0

The production of ice particles due to sedi­
mentation is obtained next by differentiating 
the flux of particles with height, or

a f 01
Cum = — 1.6834ttuD»uil7e K*'**dDu- (33)

nz J,,

Crystals are carried along with the vector 
wind, which is predicted by the mesoscale dy­
namical model. The production of unrimed 
particles due to flux divergence is then

C,„, = - (Null) - J-(N„V) - ~ (N„w). (34) 
ax dy dz

The vertical flux of ice in the form of unrimed 
crystals relative to the updraft is

r ui
F„i= n„m„VMe A"n'*dD„. (35)

J o
Substituting from (7) again for V,„ and using 

the empirical relationship of Nakaya and Terada 
(1934) for unrimed crystals (tn„ = 0.0038D'f,) to 
convert from crystal mass to size, the vertical 
flux of ice due to sedimentation is

r oiF„,= 0.0064ti„Drrl'c dD„. (36)
J o

The production of ice in the form of unrimed 
crystals due to sedimentation is obtained by 
differentiating the flux of ice with height, or 
in terms of unit mass

P„s = t~ [ '(0.0064/p) iiuD- -':c *•<"» dD„ (37) 
Jo

The production of unrimed ice due to flux 
divergence is then

P“" = ^ _ (38)

3.3.2 Partially Rimed Crystals
The vertical flux of partially rimed crystals 

relative to the updraft is

Fttft= [Xv've-W’rdD,,. (39)
J 0

Substituting, for V,, from (16), the vertical flux 
of particles due to sedimentation is

r oiF„ft= I 6.796 n,, DJ! 1 e~Ki>nt> dD/t. (40) 
J 0

The production of partially rimed ice particles 
by sedimentation is obtained next by differen­
tiating the flux of particles with height, or

r) f 01
C,,v = — 6.796 >!,,D}!-V-VWD,, (41)

vZ Jo

Production of partially rimed crystals due to 
flux divergence is then

C,„, = - ^ (N,M) - (N,,v) - (N,,w). (42)

The vertical flux of ice in the form of partially 
rimed crystals relative to the updraft is

r oi/> - n,, m,,Vlt c VVrfD,,. (43)
J o

Using the empirical relationship of Nakaya 
and Terada (1934) for partially rimed crystals 
(nif, 0.027D},) to convert from crystal mass to 
size and substituting again from (16) for V,lf the 
vertical flux of ice due to sedimentation is

| 0.1835 n,,Dj,' c VWD„. (44)

The production of partially rimed ice due to 
sedimentation is obtained by differentiating the 
flux of ice with height, or in terms of unit mass

7



a r01Pps = — (0.1835lp)nltD?/'e-W>PdDlf. (45) 
"2 Jo

The production of partially rimed ice due to 
flux divergence is then

P"" = ~ax ” iy (^’V) ~h (q"w)' (46)

3.3.3 Graupel
The vertical flux of graupel particles relative 

to the updraft is

r oiF„„= h,,V„ e~Kffnfi dD,f. (47)
J 0

Substituting for V,, from (24), the vertical flux 
of graupel particles due to sedimentation is

F„„ = [ 76.18nf/DSjme-Af^dDf/. (48)
J o

The production of graupel particles by sedi­
mentation is obtained next by differentiating 
the flux of particles with height, or

d ( 01
C„.v = — 76.18n,/D««*V-VWD,/. (49)

d2 Jo

Production of graupel particles due to flux 
divergence is then

C,„f = - ^ (N„u) - ± (N„v) - £ (N,,u'). (50)
nX ciy aZ

The vertical flux of graupel ice relative to the 
updraft is

FUi = f nf,m!/Vf,e~Kyl,ydD,r (51)
J 0

The empirical relationship of Nakaya and 
Terada (1934) for graupel, w?/ = 65Df;{, is used to 
convert from graupel mass to size. Substituting 
this relationship into (51), the vertical flux of 
graupel ice due to sedimentation is

-/■<
4951c>-dD„. (52)

The production of graupel ice due to sedi­
mentation is obtained by differentiating the flux 
of ice with height, or in terms of unit mass

r) f 01
P,„ = — J (4951.7/p) VWD„. (53)

The production of graupel ice due to flux 
divergence is then

d 3 dP« = - ^ (<?•/«) - ^ (W) ~ ^ (^w). (54)

3.4 ELIMINATION OF ICE 
PARTICLES BY 
SUBLIMATION

3.4.1 Unrimed Crystals

The sublimation rate for small unrimed 
crystals, for which ventilation effects are negli­
gible, is from (9)

dmu
dt

= 4 GSiDlt. (55)

If the Nakaya and Terada (1934) expression 
that relates unrimed crystal mass and size is 
differentiated, we obtain

dm„ = 0.0076D,/ dD„. (56)

Substituting (56) into (55) and integrating 
over a time step of the model, At, as crystal 
diameter reduces from Dlts to zero, we obtain

[dD„ = f(4GSi/0.0076)dt. (57)

JI>,<s JJit

Performing the integration and simplifying, 
we obtain

Dw = - 526.31 GS,Af, (58)

where DIIS is the diameter of a crystal that will 
just sublimate away during a model time step. 
Clearly, crystals of a smaller diameter will also 
sublimate entirely.

If we integrate the truncated Marshall-Palmer 
distribution with respect to crystal diameter 
from zero to Dus, we obtain an expression for 
the number of unrimed crystals that disappear 
through sublimation during a model time 
step, or

fl,ux
Nus = n„ e~K^l,u dD„. 

J 0
(59)
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3.4.2 Partially Rimed Crystals
The sublimation rate for small partially rimed 

crystals, for which ventilation effects are 
negligible, is taken from (18) to be

dm,
~di — 5GS, D,,. (60)

If the relationship of Nakaya and Terada (1934) 
that converts partially rimed crystal mass to size 
is differentiated, we obtain

dm,, = 0.054 D,, dD,,. (61)

Substituting (61) into (60), and integrating 
over a time step of the model as crystal diameter 
reduces from D,,s to zero, we obtain

CdD,, = f(5CS,/0.054)dt. (62)

J'V JAt

Performing the integration and simplifying, 
we obtain

D,,s = — 92.59G5, Af, (63)

where D,,s is the diameter of a partially rimed 
crystal that just sublimates entirely during a 
model time step.

If we integrate the truncated Marshall-Palmer 
distribution with respect to crystal diameter 
from zero to D,,s, we obtain an expression for 
the numberof partially rimedcrystalseliminated 
by sublimation during a model time step, or

r»„sN,,s=l n,,e W dD,,. (64)

3.4.3 Graupel
The sublimation rate for small graupel par­

ticles is from (26)

^ = 6.2 GD„Si. (65)

We differentiate the empirical relationship of 
Nakaya and Terada (1934) that converts graupel 
mass to size to obtain

dm,, = 195Dj- dD,,. (66)

Substituting (66) into (65) and integrating 
over a time step of the model as graupel diam­
eter reduces from D„s to zero, we obtain

f D,„ dD,, = f(6.2GS,/195)df. (67)

*'/>yN

Performing the integration and simplifying, 
we obtain

D,,s = (-.0636GS, Af)12, (68)

where D,,s is the diameter of graupel that will 
just sublimate during a model time step.

The truncated Marshall-Palmer distribution 
is integrated with respect to diameter from zero 
to D,,s to obtain an expression for the numberof 
graupel particles that are eliminated by sublima­
tion during a model time step. Thus

Nm = n,, e V'w dD,,. (69)

3.5 CONVERSION 
FUNCTIONS

3.5.1 Transfer of Unrimed to 
Partially Rimed Crystals

A conversion from unrimed crystals to 
partially rimed crystals is assumed when the 
accretional growth rate of a crystal attains a spec­
ified factor, /i, of the depositional growth rate.

From (9) and (12), this conversion condition 
can be expressed as

fi (4GS, Dr •+■ 147.84GS, D} Hl)

= 1.0934pqnrEDy-'7. (70)

If we let y = D? HI, then to good approximation 
(70) can be written as a quadratic equation in y. 
This equation can then be solved to obtain an 
expression for the crystal diameter that satisfies 
the conversion criteria. The general form of the 
solution is

147.84CS,f, 
2.1868f)q,„E

\ 21856.7 (GSjfiY -f \7.5GS,f)L]ru Ef. [

2.1868p^rir E
(71)
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Solutions for (71) are shown in Figure 5 for 
/1 = 1, which is the factor presently used in the 
microphysical model.

After defining the crystal diameter that satis­
fies the conversion criteria, those crystals in the 
distribution with diameters larger than Dr are 
transferred to the partially rimed category. The 
number of such crystals is defined by integrat­
ing the truncated Marshall-Palmer distribution 
with respect to crystal diameter over sizes 
greater than Dr/ or

N„p = f °'nue-WudDu, (72)

Ji)c
and N„,, = 0 if Dr>0.01.

The mass of ice to be transferred to the par­
tially rimed category (or the mass of ice in 
crystals with diameters greater than Dr and less 
than 0.01 meters) is

r oi
= (0.0038/p) n„ D* e'^u dDu. (73) 

Jnr

3.5.2 Transfer of Partially Rimed 
Crystals to Graupel

A conversion from partially rimed crystals to 
graupel is assumed when the accretional growth 
rate of a crystal reaches a specified factor, f>, of 
the depositional growth rate.

Using (18) and (20), this conversion criterion 
can be expressed

U (5GSi D,i + 416.75GS,D,V«5)

= 4AUpqnr EDr'. (74)

If we let y= D!)Hr>, then (74) can be solved as 
a quadratic equation in y. An expression can 
then be obtained for the crystal diameter that 
satisfies the conversion criterion, or

416.75GS,f-> 
8.828f)qr,cE

Vl73680 (GS,f,)- + 88.28CS,pq,„ E[
8.828f)qru E J (75)

Solutions for (75) are shown in Figure 6 for 
f> = 7, which is the factor currently used in the 
microphysical model.
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Figure 5. Crystal diameter for conversion of un­
rimed crystals to partially rimed crystals as a func­
tion of environmental temperature and cloud liq­
uid water content (gm m j.

Temperature ( C)

Figure 6. Crystal diameter for conversion of par­
tially rimed crystals to graupel as a function of 
environmental temperature and cloud liquid 
water content (gm m *).
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The number of crystals to be transferred each 
model time step is defined by integrating the 
truncated Marshall-Palmer distribution with 
respect to crystal diameter from D,, to 0.01, or

r-oiNpg = I n,, rVV dD,,. (76)
Jnlt

The mass of ice to be transferred to graupel 
is then

q»u = (0.027/p) f °n,,Df,e VVdD,,. (77)
in,,

3.6 PREDICTION EQUATIONS

3.6.1 Unrimed Crystals
A prediction equation for the mixing ratio of 

ice in the form of unrimed crystals is formulated 
by combining the production terms (3), (14), 
(37), and (38), or

dq„ m„ dNn dT
dt ~ p dT dt (78)

+ (n„lp)
r01

4GSj D„
J 0

e~kui>u dD„

r oi
+ 147.84GS, D,Vfil e~x“/>u dD„

J 0

r oi
•f 1.0934p^.M. £ Dr/-,7e~A“/>u dD„

J 0

d C 01
+ — (0.0064/p) n„ Dr, -17 dD„

Jo

The mixing ratio of unrimed ice at time n is 
obtained from the centered finite difference 
equation

'?!!* = <?!!'■+2Af^)" (79)

The value q’;* is then adjusted by subtracting 
q\\,,f the unrimed mixing ratio to be transferred 
to the partially rimed category at time m, so that

(80)

The prediction equation for the concentration 
of unrimed crystals is obtained by combining 
the production terms (2), (33), and (34), or

SNU
dt

dN„ dT | 3 
dT dt dz

1.6834 m, D°-217e-x^u dDu

-^{Nuu)-j-(Nuv)-yz(Nuw). (81)

The concentration of unrimed ice crystals at 
time n is obtained from

AN \n~'Ni* = NS-*+2£Lt*jf) . (82)

The value N,?* is then adjusted by subtracting 
the number of unrimed crystals that sublimated 
or that were transferred to the partially rimed 
category at time m. The adjusted value is then

NS = N8*-NB,-NBP. (83)

3.6.2 Partially Rimed Crystals
A prediction equation for the mixing ratio of 

ice in the form of partially rimed crystals is 
formulated by combining the production terms 
(22), (45) and (46), or

at
(»/</p) 5GS, e~kpl)p dD,,

r01■f 416.75GS, I D//85 e~kppp dD„ 
J 0

r o' ]- 4.414pt/rM. £ Df,-* e~Kpl,p dD,,
J 0

+ ■£-[ (0.1835/p)D-y V-VWD,,
dZJ o

,84)

The mixing ratio of partially rimed ice at time 
m is obtained from

+2Af
^v-
dt ) ' (85)
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The value of q/,'* is adjusted by adding the 
mass transferred from the unrimed category and 
subtracting the mass transferred to graupel at 
time n, so that

<86>

A prediction equation for the concentration 
of partially rimed crystals can be formulated by 
combining the production terms (41) and (42), or

^ = — f 6.796 n„ Dye-xp"vdDl, 
dt dZ J0

(87)

The concentration of partially rimed ice 
crystals at time n is obtained from

\n~l
N;;* = N;r2+2Af-^j . m

The value of N,f* is adjusted by subtracting 
the number of partially rimed ice crystals that 
have sublimated during the time step or that 
were transferred to the graupel category, and 
adding the crystals transferred in from the un­
rimed category. The unadjusted value is then

n;j = n;;* + Ns„ - - N;v (89)

3.6.3 Graupel
A prediction equation for the graupel mixing 

ratio is formulated by combining the production 
terms (30), (53) and (54), or

^ = (Vp) [6.2CSif Sle-W dD„

r '»
+ 2850.4CS, D,';K- rVWD,

J 0

r01
+ 59.83fjqni E Dj,B:,:i(ID,,

J 0
01

+ A f (4951.7lp)n„ D;|K:,:< rVV dD„

dZ J
o

- 4; (90)
d X cl y o*.

The mixing ratio of graupel at time h is 
obtained from

‘?S* = «“+2A^)* '• (91>

The value of is adjusted by adding the 
mass transferred in from the partially rimed 
category, or

« = «* + «*■ (92)

A prediction equation for the concentration 
of graupel can be formulated by combining the 
production terms (49) and (50), or

r)N r) f 01Jrf = — 76.18 n„ D§-8:,:' e~k9u9 dD„
at dZ Jo

~ dx (^"w) ~ fa (Nyiv). (93)

The concentration of graupel particles at time 
n is obtained from

AN X'*-1Nng* = N”-2+ . (94)

The value of N£* is adjusted by subtracting 
the number of graupel particles that sublimate 
during the model time step and adding the 
particles transferred from the partially rimed 
category, or

N”g=NS*-N^ + N^ (95)

4. DYNAMICAL MODEL 
AND INITIAL 
CONDITIONS

4.1 CHARACTERISTICS OF 
THE DYNAMICAL MODEL

The mesoscale dynamical model in which 
these microphysical equations are merged is 
explained in detail by Nickerson and Magaziner 
(1976) so only a brief summary follows here. This 
Primitive Equation mesoscale model employs 
a modified Sigma system as the vertical coor­
dinate. The modification of the Sigma system 
gives greater resolution in the boundary layer. 
A constant flux layer is assumed between the 
surface and the first grid point above (approxi­
mately 18 meters above ground). Eddy exchange 
coefficients in this layer are obtained from the 
Bussinger-Dyer surface layer formulation 
(Deardorff, 1972).

12



Figure 7. Three-dimensional perspective of model 
terrain. A-B and C-D are the cross-sections along 
which numerical results are presented.

A boundary layer above the constant flux 
layer extends upward to one kilometer and an 
O'Brien profile specifies the eddy exchange co­
efficients in this layer. Staggered grids are used 
on a Sigma surface so that u and v are defined 
on one grid system while thermodynamic vari­
ables are defined on another. The vertical motion 
parameter is defined at points between the 
Sigma surfaces. Centered differences are used 
to represent the time derivative, except that at 
every fifth time-step a time-and-space un­
centered Matsuno procedure (Arakawa and 
Mintz, 1974) is introduced. A smoothing oper­
ator is applied to predicted fields of velocity to 
suppress 21x noise. The horizontal domain of 
the mesoscale model is 250 km by 250 km with a 
grid size of 10 km. The time-step is currently 
15 seconds.

At the upper boundary the time derivative of 
Sigma is set to zero. Winds and temperature at 
the upper boundary are set equal to values at 
the grid point below. A viscous term is added 
to the predictive equations for velocity on the 
lateral and top boundaries, specifically at the 
first two interior grid points. Thermodynamic 
variables are specified at all boundaries; winds 
are specified on inflow boundaries and extra­
polated from interior values on outflow 
boundaries.

4.2 TOPOGRAPHY

An isolated complex mountain massif was 
chosen for initial model runs. This had the ad­
vantage of maintaining rather simple boundary 
conditions while the behavior of microphysical 
processes is investigated. The terrain chosen 
(Fig. 7) is a twin-peaked large mountain massif 
generated by the following mathematical 
function (a superposition of three Gaussian 
functions):

z (x, y) = a<> {exp [ a, (x - x{))2 + a* (y - y«)2 ] 

exp [a\(x-x0)2 + a2(y + t/<>)2] }

+ a* exp [ a4 (x - x©)2 T a:, y'1 ],

where att = 1.6 xlO3, a, =- 3.7836 x 10',0, a > = 
- 0.532 x 10-K, a:i = 1.4382 x 10:{, a4 = -0.5204 x 
10 M, a, = - 1.0284 x 10 9, x«=1.3xl0\ y« = 2.823 
x 101, and all distances are expressed in meters.

The shape of the mountain is identical (except 
for a vertical scale exaggeration) to that reported 
on by Lin et al. (1974). The mountain massif rises 
from a plain that is 1500 meters above sea level, 
and reaches 3640 meters at the top of the 
twin peaks.

13
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Figure 8. Sounding of temperature (solid line) and 
dew point temperature (dashed line) used for in­
itializing mesoscale model. Moist layer is at 90% 
relative humidity.

4.3 INITIAL CONDITIONS
The temperature and moisture sounding 

used to initialize the model is depicted in 
Figure 8. Note that the sounding is stable with 
temperature lapse rates less than the moist 
adiabatic lapse rate. The very stable layer next 
to the surface is frequently observed in the 
Rocky Mountain area. The atmosphere is moist 
(90% relative humidity) up to about 480 mb, and 
the temperature at this level is approximately 
-25C. Some lifting is therefore required to satu­
rate the airmass and cause the development of 
clouds. A uniform westerly wind of 5 m sec-1 
is used.

The dynamical and microphysical prediction 
equations were started simultaneously and the 
model integrated for 4500 seconds. Output from 
these prediction equations at certain points 
during the integration are presented next.

5. NUMERICAL 
RESULTS

In Figures 9 through 13 results are displayed 
for a west-east cross-section (along the wind) 
through the south peak, and also for a south- 
north cross-section (normal to the wind) located 
10 km, or one grid point, upwind of the twin 
peaks. (Locations of these cross-sections are 
depicted in Fig. 7.)

The vertical motion profile for a section along 
the wind at 600 seconds is shown in Figure 9. 
Vertical motion exceeds 10 cm sec'1 upwind of 
the crest and -10 cm sec-1 downwind of the 
peak. The upwind area of positive vertical 
motion slopes slightly downward toward the 
crest.

Using the definition that cloud exists when 
the liquid water mixing ratio (qrw) equals or 
exceeds 0.01 gm kgm ', note in Figure 10 that 
three blobs of cloud water have formed after 
600 seconds. These are located upwind of the 
peak, one at low level and two near the top of 
the moist layer. The locations of these initial 
cloud parcels are important, since ice nucle- 
ation occurs in the model when supercooled 
clouds undergo further cooling.

Figure 11 depicts the vertical motion field at 
1200 seconds into the integration. Although there 
are minor changes in the field since 600 sec­
onds, the basic features remain relatively un­
changed. The liquid water cloud at 1200 seconds 
into the run is shown in Figure 12. The lower 
cloud just above the upwind slope has con­
tinued to develop and now has a qcu ^ 0.10 gm 
kgm ”1. One of the initial high-level cloud par­
cels persists, while the other has disappeared. 
It is evident from the total ice mixing ratio (^,) 
at 1200 seconds (Fig. 13) that the latter parcel 
was converted to ice through glaciation. Note 
that qt> 0.05 gm kgm-1 in this area.

Mixing ratios of cloud water and total ice at 
1200 seconds normal to the wind flow are 
shown in Figures 14 and 15. Note that qrw > 
0.20 gm kgm 1 in the saddle area between the 
peaks, while */,•> 0.05 gm kgm-1 at the 6 km 
level just to the saddle side of the twin peaks.

At 2400 seconds into the run, Figures 16 and 
17 indicate that cloud water has continued to 
grow in the lower part of the orographic cloud, 
while substantial ice growth has glaciated the

14
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Figure 9. Vertical motion (cm sec *) along the wind 
at 600 seconds into the integration. 

2 (KM)

Figure 10. Mixing ratio of cloud water (gm kgm l)
along the wind at 600 seconds into the integration.

upper portion of the cloud. The mixing ratio of 
cloud water has increased to above 0.30 gm 
kgm-1 in the lowest levels just upwind of the 
crest; the mixing ratio of total ice exceeds 0.20 
gm kgm-1 in middle sections of the cloud just up­
wind of the peaks. Note that the 0.01 gm kgm-1 
contour for reaches the mountain top and 
snow is now falling on the peaks. From Figures 
18,19, and 20 it is evident that this first snowfall

is mostly in the form of graupel. Note that the 
0.01 gm kgm-1 contours for unrimed ice (qu) 
and partially rimed ice (qp) are still suspended 
above the peaks, while the graupel mixing ratio 
(qg) has reached 0.05 gm kgm-1 on the upwind 
surface. Also, note how unrimed ice is being 
carried over the crest by the westerly wind flow, 
and how the two original ice nucleating cells 
remain distinct entities while growing with time.

-10.0

Figure 11. Vertical motion (cm sec 0 along the wind 
at 1200 seconds into the integration

Figure 12. Mixing ratio of cloud water (gm kgm ') 
along the wind at 1200 seconds into the integra­
tion.
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Figure 13. Mixing ratio of total ice (gm kgm ') along 
the wind at 1200 seconds into the integration.

Figure 14. Mixing ratio of cloud water (gm kgm ') 
normal to the wind at 1200 seconds into the inte­
gration.

Cross-sections normal to the wind at 2400 
seconds (Figs. 21-25) show that cloud water 
has increased to over 0.40 gm kgm 1 in the saddle 
area between the peaks. Total ice exceeds 0.30 
gm kgm 1 at about the 5-km level and just to 
the saddle side of the peaks. Nearly all ice above 
5km is in the form of unrimed crystals. Partially 
rimed crystals and graupel make up most of the 
ice over the peaks below 4.5km.

At 3750 seconds into the run some interesting 
changes are. apparent. Note in Figure 26 that 
cloud water has been depleted near the summit, 
and the 0.30 gm kgm 1 contour displaced fur­
ther down the upwind slope. The reason for 
this is evident in Figures 27-30, which show 
that substantial quantities of cloud water have 
been converted to ice near the summit. Total 
ice in excess of 0.30 gm kgm 1 is now present 
near the peaks, and is composed mainly of par­
tially rimed crystals and graupel. Unrimed 
crystals have now reached the mountain sum­

mit, but many continue to be carried over the 
crest to the leeward side.

Cross-sections normal to the wind at 3750 
seconds (Figs. 31-35) show that cloud water 
has decreased to 0.30 gm kgm 1 in the saddle 
area. Cloud water has also been considerably 
depleted on the upwind flanks of the high 
peaks. Conversely, total ice has increased to 
near 0.40 gm kgm 1 at the 4.5-km to 5-km level 
above the peaks, and also near the surface on 
the saddle side of the peaks. The maximum of 
total ice at high levels is largely due to unrimed 
crystals, whereas partially rimed crystals con­
tribute most to the lower maximum. Graupel 
has decreased over the peaks as cloud water 
has been depleted, but continues to increase 
over the saddle area.

At the end of the run, or 4500 seconds, cloud 
water in excess of 0.30 gm kgm 1 has been dis­
placed even further down the upwind slope 
(Fig. 36). The two original maxima in total ice,

Figure 15. Mixing ratio of total ice (gm kgm ') 
normal to the wind at 1200 seconds into the inte­
gration.

Figure 16. Mixing ratio of cloud water (gm kgm ') 
along the wind at 2400 seconds into the integra­
tion.
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Figure 17. Mixing ratio of total ice (gm kgm ') along 
the wind at 2400 seconds into the integration.
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Figure 18. Mixing ratio of unrimed crystals (gm 
kgm ') along the wind at 2400 seconds into the 
integration.

although continuing distinct, now show signs 
in Figure 37 of merging. Total ice in excess of 
0.30 gm kgm 1 is found at the 4-km level just 
upwind of the peaks. Figures 38, 39, and 40 
show that unrimed crystals are now mainly 
falling on the peaks, and also are extending 
well over the leeward side. Partially rimed crys­
tals and graupel are confined to the upwind 
slope, and their respective maxima have devel­
oped further upwind.

Cross-sections normal to the wind at 4500 
seconds (Figs. 41-45) show cloud water has 
decreased in the saddle to about 0.20 gm kgm-1. 
Maxima of total ice near 0.40 gm kgm"1 are lo­
cated just above the peaks and to the saddle side 
of the summits. The upper portion of the oro­
graphic cloud is glaciated and composed solely of 
unrimed crystals. More unrimed ice is now set­
tling on the higher peaks, whereas riming and 
graupel development is most pronounced in the 
saddle area.

Figures 46 and 47 show cloud water and total 
ice for a cross-section along the wind and 
through the middle of the saddle area. Note 
that the upwind edge of the 0.01 gm kgm-1 
contours for cloud water and total ice are dis­
placed 30 km to 40 km farther downwind than 
in a similar cross-section through the south 
peak. This reflects a different slope of the ter­
rain along this cross-section.

Total snowfall during the 4500-second period 
is depicted in Figure 48. Note that the snow­
fall maxima are located upwind and to the sad­
dle side of the peaks. Snowfall extends farther 
upwind along the higher flanks of the peaks 
than upwind of the lower saddle area. Measur­
able snowfall has also occurred to a point about 
15 km leeward of the peaks. Snowfall maxima 
are slightly in excess of 0.20 cm of water equiva­
lent, or about one inch of snow.

Figure 19. Mixing ratio of partially rimed crystals 
(gm kgm 1) along the wind at 2400 seconds into the 
integration.

Z (KM)

Figure 20. Mixing ratio of graupel (gm kgm ') along 
the wind at 2400 seconds into the integration.
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Figure 21. Mixing ratio of cloud water (gm kgm ') 
normal to the wind at 2400 seconds into the inte­
gration.

50 80 110 140 170 200
N-S(KM)

Figure 22. Mixing ratio of total ice (gm kgm-1) 
normal to the wind at 2400 seconds into the inte­
gration.

Figure 23. Mixing ratio of unrimed crystals (gm 
kgm ') normal to the wind at 2400 seconds into the 
integration.

Figure 24. Mixing ratio of partially rimed crystals 
(gm kgm ') normal to the wind at 2400 seconds 
into the integration.

Figure 25. Mixing ratio of graupel (gm kgm ') 
normal to the wind at 2400 seconds into the inte­
gration.

Figure 26. Mixing ratio of cloud water (gm kgm ') 
along the wind at 3750 seconds into the integra­
tion.
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Figure 27. Mixing ratio of total ice (gm kgm *) along 
the wind at 3750 seconds into the integration.

Figure 28. Mixing ratio of unrimed crystals (gm 
kgm"1) along the wind at 3750 seconds into the 
integration.

Figure 29. Mixing ratio of partially rimed crystals 
Tgmkgm 1) along the wind at 3750 seconds into the 
integration.

Figure 30. Mixing ratio of graupel (gm kgm along
the wind at 3750 seconds into the integration,

Figure 31. Mixing ratio of cloud water (gm kgm'1) 
normal to the wind at 3750 seconds into the inte­
gration.
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Figure 32. Mixing ratio of total ice (gm kgm"1) 
normal to the wind at 3750 seconds into the inte­
gration. Dotted area denotes qf > 0.40 gm kgm '.
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Figure 33. Mixing ratio of unrimed crystals (gm 
kgm-1) normal to the wind at 3750 seconds into the 
integration.

Figure 34. Mixing ratio of partially rimed crystals 
(gm kgm-1) normal to the wind at 3750 seconds 
into the integration. Dotted area denotes qp > 0.20 
gm kgm-1.

Figure 35. Mixing ratio of graupel (gm kgm1) 
normal to the wind at 3750 seconds into the inte­
gration.

Figure 36. Mixing ratio of cloud water (gm kgm-1) 
along the wind at 4500 seconds into the integra­
tion.

Figure 37. Mixing ratio of total ice (gm kgm *) along 
the wind at 4500 seconds into the integration.

Figure 38. Mixing ratio of unrimed crystals (gm 
Kgm-1) along the wind at 4500 seconds into the 
integration.
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Figure 39. Mixing ratio of partially rimed crystals 
Tgm kgm1) along the wind at 4500 seconds into the 
integration. Dotted area denotes qp > 0.20 gm 
kgm1.

Figure 40. Mixing ratio of ^raupel (gm kgm-1) along 
the wind at 4500 seconds into the integration. Dot­
ted area denotes qp > 0.20 gm kgm-*.

N-S(KH)

Figure 41. Mixing ratio of cloud water (gm kgm ') 
normal to the wind at 4500 seconds into the inte­
gration.

Figure 42. Mixing ratio of total ice (gm kgm-1) 
normal to the wind at 4500 seconds into the inte­
gration.

Figure 43. Mixing ratio of unrimed crystals (gm 
kgm-1) normal to the wind at 4500 seconds into the 
integration.

Figure 44. Mixing ratio of partially rimed crystals 
Tgm kgm *) normal to the wind at 4500 seconds 
into the integration. Dotted area denotes^ > 0.20 
gm kgm1.
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Figure 45. Mixing ratio of graupel (gm kgm ') 
normal to the wind at 4500 seconds into the 
integration.
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Figure 46. Mixing ratio of cloud water (gm kgm ') 
along the wind and through the saddle at 4500 
seconds into the integration.

Figure 47. Mixine ratio of total ice (gm kgm ') along 
the wind and tnrough the saddle at 4500 seconds 
into the integration.

W-E'KM)

Figure 48. Snow depth (cm FLO equivalent) at 4500 
seconds into the integration. Stars denote loca­
tions of mountain peaks.
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6. SUMMARY AND DISCUSSION
A three-dimensional mesoscale model with cold cloud microphysics has been developed. The 

microphysical model partitions ice particles into three categories, each with its own set of physical 
characteristics. Growth by deposition and accretion of supercooled droplets is integrated over the 
particle populations in each category and summed to define the total ice growth. Besides deposition and 
accretion, other processes included in the model are condensation, evaporation, sublimation, sedimen­
tation, and nucleation. Criteria for converting from one ice particle category to another are based on a 
comparison of accretional to depositional growth rates.

The model has been used to investigate the development and distribution of snowfall over a 
mountain massif. It appears to simulate realistically the nucleation and growth of ice particles, and their 
transport and sedimentation to the mountain surface. The leeward extent of snowfall (about 15 km) 
appears consistent with that frequently observed along the continental divide of Colorado for similar 
wind regimes.

Concentrations of ice particles were typically 3 to 10 liter-1 during the run, which seems reasonable for 
the particular input sounding and ice nucleus activation spectrum used in the run. The maximum snow 
depth of approximately 0.2 cm H20 equivalent for the 4500-second run also appears reasonable. This 
converts to approximately one inch of snowfall for the period.

Much development work remains. We plan to investigate the sensitivity of the model to the upper 
limit of integration specified for the Marshall-Palmer distributions. Further work is also needed to 
define the minimum concentration of particles necessary to constitute such a distribution. This is a 
prohlem when nucleation of ice crystals proceeds very slowly or when particle concentrations are 
sublimating away.

In preparation for verifying the model, we plan to introduce real terrain into the model and obtain 
stable flow solutions from the dynamical equations. Then, a first attempt will be made to compare the 
model with an actual precipitation episode over the Colorado Rockies. Observations of precipitation 
rates, crystal sizes, and riming should help "tune" the model by furnishing the data required to define 
collection efficiencies and the conversion criteria.

The presence of the mountain barrier leads to an adjustment in the initially uniform horizontal wind 
field, and the development of a vertical motion field within the model domain. This evolutionary 
process has important consequences when microphysical processes are included. The evolving vertical 
motion field can initiate condensation and start a sequence of microphysical events. Characteristics of 
this chain of events are therefore sensitive to the initial timing and location of condensation. It follows 
that future validation studies of precipitation using real data will require a careful examination of the 
initialization procedure.

Several areas of uncertainty remain with respect to the prediction and modification of snowfall over 
mountainous terrain. One is the effect of blocking on the air flow, and the transport of seeding materials 
toward and over the mountain barrier. Second, there is a need to better differentiate the net areal 
modification of snowfall from possible illusory results that arise from the redistribution of snowfall over 
the mountain barrier. Third, there are possible effects of natural seeding as ice crystals fall out from 
higher cloud layers, survive a trip through a cloudless layer, and resume growth as they enter a lower 
cloud system. Also, it is possible that ice crystals exiting an orographic barrier may survive to seed cloud 
layers further downwind. The mesoscale model presented here has the capability to investigate and 
explore these uncertainties. Furthermore, since microphysical processes are coupled back into the 
dynamical prediction equations, this model can define dynamic effects associated with various seeding 
treatments. Finally, various seeding strategies can be studied within the model to develop a design for 
bringing about beneficial results, including targeting of snowfall over mountainous regions.
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Appendix
SYMBOLS

a Parameter in the temperature activation 
spectrum for ice nuclei

A Cross-sectional area of crystal

cu Thickness of unrimed planar crystal

C„ Production of crystals by nucleation

Cgd Production of graupel particles by flux 
divergence

Cgg Production of graupel particles by sedimen­
tation

C^i Production of partially rimed crystals by 
flux divergence

Cp* Production of partially rimed crystals by 
sedimentation

CUd Production of unrimed crystals by flux 
divergence

CUx Production of unrimed crystals by sedi­
mentation

D Diffusivity of water vapor in air

Dr Crystal conversion diameter (unrimed to
partially rimed)

Dd Crystal conversion diameter (partially
rimed crystal)

DQ Diameter of graupel particle

D„ Diameter of partially rimed crystal

D„ Diameter of unrimed crystal

Dus Diameter of maximum graupel particle that
will sublimate in a model time step

Dps Diameter of maximum partially rimed crys­
tal that will sublimate in a model time step

Dmx Diameter of maximum unrimed crystal that 
will sublimate in a model time step

Cf Saturation vapor pressure over a plane 
surface

£ Collection efficiency of crystals for super­
cooled cloud droplets

/1 Ratio of accretional growth to depositional 
growth for unrimed crystals

/2 Ratio of accretional growth to depositional 
growth for partially rimed crystals

Fo Ventilation factor for graupel particles

Ventilation factor for partially rimed 
crystals

Fu Ventilation factor for unrimed crystals

FQi Vertical flux of graupel ice relative to the 
updraft

Fav Vertical flux of graupel particles relative to 
the updraft

Fpi Vertical flux of partially rimed ice relative to 
the updraft

Fpl) Vertical flux of partially rimed crystals rela­
tive to the updraft

Fui Vertical flux of unrimed ice relative to the 
updraft

Fup Vertical flux of unrimed crystals relative to 
the updraft

G Thermodynamic function

K Thermal conductivity of air

Ls Latent heat of sublimation

mg Mass of a graupel particle

mn Average mass of a new crystal after nuclea­
tion

mv Mass of a partially rimed crystal

mu Mass of an unrimed crystal

rtfj Number of small graupel particles in the 
distribution

nv Number of small partially rimed crystals in 
the distribution

nu Number of small unrimed crystals in the 
distribution

Nf, Parameter in the temperature activation 
spectrum for ice nuclei

Nn Concentration of ice nuclei effective at a 
given supercooling

Na Total concentration of particles in the grau­
pel distribution

Total concentration of particles in the par­
tially rimed crystal distribution
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Nu Total concentration of particles in the 
unrimed crystal distribution

NfJS Concentration of graupel particles with 
diameters less than

N,}fJ Concentration of partially rimed crystals 
converting to graupel particles

Npx Concentration of partially rimed particles 
with diameters less than Dps

Nup Concentration of unrimed crystals con­
verting to partially rimed crystals

N,ls Concentration of unrimed particles with 
diameters less than Dus

p Pressure

Pn Nucleation rate of unrimed ice

P„<i Production of graupel ice by flux diver­

gence
PgfJ Production of graupel ice by growth pro­

cesses
Pgp Production of partially rimed ice by growth 

processes

Pgs Production of graupel ice by sedimentation

Pyu Production of unrimed ice by growth 
processes

Ppd Production of partially rimed ice by flux 
divergence

Pps Production of partially rimed ice by sedi­
mentation

Pud Production of unrimed ice by flux diver­

gence
Pus Production of unrimed ice by sedimen­

tation

cfg Mixing ratio of graupel ice in the distri­
bution

qt Mixing ratio of total ice

qp Mixing ratio of partially rimed ice in the 
distribution

qu Mixing ratio of unrimed ice in the dis­
tribution

qcw Mixing ratio of cloud water

qltfJ Mixing ratio of partially rimed ice convert­
ing to graupel ice

qup Mixing ratio of unrimed ice converting to 
partially rimed ice

ru Radius of unrimed planar crystal

Re Reynolds Number

Rv Specific gas constant for water vapor

Sj Supersaturation with respect to a plane ice 
surface

t Time

T Temperature

u West component of the horizontal wind 
velocity

v South component of the horizontal wind
velocity

Vy Fall speed of graupel particle 

Vp Fall speed of partially rimed crystal 

Vu Fall speed of unrimed crystal 

w Vertical velocity

x,y Horizontal coordinates 

z Altitude and vertical coordinate 

At Model time step

ky Parameter in graupel particle distribution

kp Parameter in partially rimed crystal distri­
bution

ku Parameter in unrimed crystal distribution 

p Air density

v Kinematic viscosity
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Environmental Research

L ABO RATO RlES

The mission of the Environmental Research Laboratories (ERL) is to conduct an integrated program of fundamental 
research, related technology development, and services to improve understanding and prediction of the geophysical 
environment comprising the oceans and inland waters, the lower and upper atmosphere, the space environment, and the 
Earth. The following participate in the ERL missions:

MESA Marine EcoSystems Analysis Program. Plans.
directs, and coordinates the regional projects 
of NOAA and other federal agencies to 
assess the effect of ocean dumping, municipal 
and industrial waste discharge, deep ocean 
mining, and similar activities on marine 
ecosystems

OCSEA Outer Continental Shelf Environmental 
Assessment Program Plans, directs, and 
coordinates research of federal, state, and 
private institutions to assess the primary 
environmental impact of developing petroleum 
and other energy resources along the outer 
continental shelf of the United States

WM Weather Modification Program Office. Plans.
directs, and coordinates research within ERL 
relating to precipitation enhancement and 
mitigation of severe storms Its National 
Hurricane and Experimental Meteorology 
Laboratory (NHEML) studies hurricane and 
tropical cumulus systems to experiment with 
methods for their beneficial modification and 
to develop techniques for better forecasting 
of tropical weather The Research Facilities 
Center (RFC) maintains and operates 
aircraft and aircraft instrumentation for 
research programs of ERL and other govern­
ment agencies.

AO ML Atlantic Oceanographic and Meteorological
Laboratories. Studies the physical, chemical, 
and geological characteristics and processes 
of the ocean waters, the sea floor, and the 
atmosphere above the ocean.

PM EL Pacific Marine Environmental Laboratory.
Monitors and predicts the physical and 
biological effects of man's activities on 
Pacific Coast estuarine, coastal, deep-ocean, 
and near-shore marine environments.

GLERL Great Lakes Environmental Research Labora­
tory. Studies hydrology, waves, currents, lake 
levels, biological and chemical processes, 
and lake-air interaction in the Great Lakes and 
their watersheds; forecasts lake ice conditions.

GFDL Geophysical Fluid Dynamics Laboratory.
Studies the dynamics of geophysical fluid 
systems (the atmosphere, the hydrosphere, 
and the cryosphere) through theoretical 
analysis and numerical simulation using power­
ful, high-speed digital computers.

APCL Atmospheric Physics and Chemistry Labora­
tory. Studies cloud and precipitation physics, 
chemical and particulate composition of the 
atmosphere, atmospheric electricity, and 
atmospheric heat transfer, with focus on 
developing methods of beneficial weather 
modification

NSSL National Severe Storms Laboratory. Studies 
severe-storm circulation and dynamics, and 
develops techniques to detect and predict 
tornadoes, thunderstorms, and squall lines

WPL Wave Propagation Laboratory Studies the 
propagation of sound waves and electro­
magnetic waves at millimeter, infrared, and 
optical frequencies to develop new methods 
for remote measuring of the geophysical 
environment

ARL Air Resources Laboratories. Studies the
diffusion, transport, and dissipation of atmos­
pheric pollutants; develops methods of 
predicting and controlling atmospheric pollu­
tion; monitors the global physical environment 
to detect climatic change

AL Aeronomy Laboratory. Studies the physical
and chemical processes of the stratosphere, 
ionosphere, and exosphere of the Earth and 
other planets, and their effect on high-altitude 
meteorological phenomena.

SEL Space Environment Laboratory. Studies
solar-terrestrial physics (interplanetary, mag- 
netospheric, and ionospheric); develops tech­
niques for forecasting solar disturbances, 
provides real-time monitoring and forecasting 
of the space environment.
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National Oceanic and Atmospheric Administration
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