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ABSTRACT

.

A graupel parameterization scheme, essentially that suggested by
Stephens (1979), is added to the three-dimensional cumulus convection model
developed by Steiner (1973) and updated by Yau (1979b, 1980a), The bulk
water parameterizdtion assumes gr;upel follows an inverse exponential
distribution with a constant number concentration. Graupel microphysical
processes include conversion of ice crystals to graupel, raindrop freezing
by the Bigg (1953) process and contact with ice crystals, accretion of
raindrops, riming of 0101}(1 droplets, va.poz: deposition, sublimation, and
melting. BHRaln and graupel are allowed to precipitate.

Two- and three-dimensional simulations of‘ a hallstorm are perfermed

and the reéults of the latter are compared with an observed storin reported

N

by Chisholm (1970) and the two-dimensional run. Results of the three-
,dimensional experiment show good general agreement with the olserved

" storm and with features commc;flly present in observation and other’

simulated storms, Some modifications are suggested to the model’ to better

simidate certaln specific features, thus making it a more useful tool

N \
in the study of hallstorms, - ' \
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Une forme de paramétrisation d7la neige roulée, telle que suggérée

essentiellement par Stephens (1979), a &té ajoutée au modéle en trois
dimensions de convection des cumuli développé par Steiner (1973) et mis 2
jour per Yau (1979b, 1980a). La paramétrisation du vc;lume en eau assume

que lg. nelge roulée sult une distribution exponentielle inversée avec un
nombre de concentration constant. Le procédé micrbphysillue de la neige |
roulégccomprend la conversion de cristaux de glace en neige roulée, le gel
des gouttes de plule selon le procédé de Bigg (1953) ou encore dfl au contact
avec des cristaux de glace, 1l'accrétion de gouttes de pluie, la transforma-
tion des goutielettes de nuage en givre, le dép8t de la vapeur, la sublima-— .
tion et la fonte. A 1'intérieur du modale, i1 est possible pour la plule

et la neige roulée de précipiter.

Des simulations en deux et trols dimensions 4'un orage accompagné de
gréle ont &té falt; les résultats de ce dernier ont ensulte &té comparés i
ceux du précédent de méme qu'aux observations recueillles par Chisholn
(1970) lors d'un orage. Les résultats obtenus par le moddle en trois
dimensions présentent une bonne corrélation avec les données provenant de
1'orage observé, de méme qu'avec les particularités généralement rencontrées
afu cours des érages réels ou simulés, Toutefois, si 1'on tient compte des
quelques modiflications suggérées, le modeéle pourrait mleux simuler certains

traits particuliers et ainsi devenir un outil important dans 1'étude des

orages accompagnés de gréle,
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* CHAPTER 1 .

INTRODUCTION

@

1.1 Bac und ¢

Hallstorms are awesome displays of atmospheric violence which can
cause” trem,eng}gus destruction through flooding, hail damage and high winds.
Torna.fioes an;l intense electﬁwl activlity are often assoclated with these
storms, which not only destroy property but endanger life. It is not sur-
prising, then, that hallstorms have been the object of a great deal of

& &

research. An important tool in this research is the use” of models, which

combine the results of detailed observations with theoretical research to

yleld a better understanding of hailstorms. With improved understanding,

LY
an effort can be made to predict and'control storms in order to protect

property and lives, In the latter aspect, numerical cloud models are

particularly useful in testing new theorles of hail suppression before they
S )

are applied to actual storms, e

Due to the limitations of present~generation computers, numerical

”,

models of cumulus convection have had to emphasize elther the dynamics or
the microphysics, although both are interdependent and equally important,
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A survey of the literature, presented 1n§bhapter 2, reveals that detailed
microphysics 1s used in models with simplified dynamics while simpler
"bulk water" techniques are used in more dynamically complex models,

In general, models are usually classified according to the number of
spatial dimensions, the simplest models (fewest dimensions) being used for
detailed investigation ipto microphysical processes, and the more complex.
models used in connection with simplified "bulk water" microphysical param-
eterizations t9 caﬁture more realistically the large-scale storm features
and dynamical-microphysical interactions. The simplest model, sometimes
labeled "zero-dimensiqﬁal" (0D), essentially represents a single point
in the atmosphere where temperature, pressure, updraft, etc. are held
constant. The next step in‘complexity is the oE?Egamensional (1D) model,
in which environmental conditions are simply functions 3f the vertical
distance (z). Only the up-and-down motion.of particles in an updraft/
downdraft vertical profile can be followed. If a paféel of alr is followed,
the model 1s called Lagrangian (1IL), while a one-dimensional time-dependent
model (1DT) allows vertical profiles to vary with time, Two dimensions
(2D) give added realism but increased complexity and computational load.
These models often assume symmetry conditions and are either slabQSyﬁmetric
or axisymmetric., TwgX¥dimensional flow and other fields can vary with time
(2DT) or can be constant (streamline).

\ The most complex model is a three-dimensional time-dependent model
(30T), used rarely in the past in numerical cloud simulations due mainly

to excessive taxing of economic and computer resources, Steiner (1973)

was one of the first to develop a 3DT numerical model of convection and,

since that time, relatively few other 3D models have been used in storm

Lot e nan PR
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simulatlions even though the limitations ef one- and two-dimensional models
are well-known, With fewer than three dimensions, imporitant features such
as‘three-dimensional wind “shea.r, t:r'r'bulence and storm rotation aJ:e‘ impossiple
to simulate while the effects of unna.tprally’ restricting updrafts and doin'f-
d.;:a.fts to a vertical line (iD) or plane (zP) can ‘greatly affect storm
development. ;A's the dynamics cannot b!é realistically simulated in one or

twc-:» dimensions , the important microphysical-dynamical interactions cannot

be faithfully reproduced elther. /

A three-dimensional model is therefore necessary to simulate a haillstorm

which is generally embedded in a wind fleld that varies both in directlon

and magnitude with height. However, just as realistic¢ simulations of hail-

\

storms cannot be expected from‘lD c'>r 2D models, nelther can they be en‘tpected
in 3D models without the inclusion of a comprehensive microphysical scheme
that includes the ice phase. The ice phase consists of several types of ice
particles for which the terminology is not exactly standardized, Pruppacher
and Klett (1978), in their textbook on (cloufr\l microphysics, suggest ch
following definitions of ice particles. The primary 1ce particle is the
1:ce or snow crystal whicsh is nucleated from the vapor or from the freezing
of supercoéled cloud droplets at sub-zero temperatures, ey can ha.ve
various crystalline, shapes (needles, dendrites, hexagonal pliates, etc.)
and grow by vapor deposition only, Ice crystals are usually no more than
5 mm in diam;ter and have small terminal fallspeeds, Snowflakes are
aggregiates of ice crystals and are generally less than 2 cm in diametsr,

Ice crystals can grow to & size that enables them to rime (approximately

© 300um in diameter). When the features of the rimed ice crystal still

resemble the original lce crystal, it is simply called a rimed ice crystal,

but when the features of the primary ice particle are fai@tly or no

r
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longer visible, the rimed ice crystal is referred to as graupel.

R u‘g:-é:“’??@j&?"éﬁ‘«ﬁk@'t e

Gra.upel, gometimes called soft hall or snow pellet, is white, opaque,

and has a "fluffy" appearance due to the aggregation of the collected drop~

N
- e
\‘1

lets which have frozen orito the ice crystal in such a way as to create

& T

an air-filled capillary system., Graupel particles.are conical, rounded

or irregular in shape and have bulk densities less than 0.8 g en™2, Hard,
. 't:r:a.nsparent, globular or lrregular ice particles that orlginate as frogen

drops/ or ice crystals which have melted and refrozen are referred to as

- "type a" ice pellets or sleet and have bulk densities between the density

Fe B\
of ice and 0.99 g cm 3 .\\ Small hail particles or "type b" ice pellets e

originate as 'frozen drops or ice crystals which have grown by riming into

irregular or roundish semi-~transparent particles. They often have water

e

o, . in a capillary system and typically have bulk densities between 0,8 and 0,99
g cm~3. Hallstones are rimed ice crystals, upel or ice pellets which
have grown by the collection of liquid watey into roundish, ellipsoidal

or conical ice particles of relatively high bulk density, Maximum hailstone

——

diameters are generally greater than 5 mm, which is the maximum dlameter
of the other rimed crystal partlcles mentioned above. Hailstones are
partlally to.completély opaque and often have lobes or other protuberances
’ on th; surface, Growth centers often found at the center of onion-type
! ( . layered hailstones, sometimes called "h#1ll embryos", have be;n identified
‘as both frozen raindrops and grpupel. Depending on environmental conditions,
. \ graupel and hail can contain significant "1iquid water fractions" which can
be shed as drops’ or ejected as ice splintersi, Fproviding another source of
C) ice crystals, |
' The 1de phase can play an important role ln convective dynamics and

Precipitation development in storms, It can be a significant source (and é

-
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sink) of latent heat through melting, freezing and vapor transfers while
"loading" by the heavier ice particles can significanfbl}; affect the$air
flow., Often the ice phase is the maln source of precipitation in super-
cooled mid-latitude cumuli and should not be neglected ﬂix} numerical -models
of such clouds. Obviously, it is essential for simulating hailstorms

with cloud models,

1.2 Purpose of this research

At the timg of writing, no results from a 3DT model with comprehensive
ice phase microphysics have been published, Therefore, in fesponse to the
need for a useful numerical model capable ;3f simulating hailstorms realist-
ically, a bulk water graupel parameterization suggested by Stephens (1979)
is modified slightly and added to the Steiner (1973)-Yau (1979b, 1980a)
30T cumulus cloud model (which previocusly modeled cloud, rain and ice/snow
crystals), The results ;.re compared with an observed hailstorm, prgsented
by Chisholm (1670), and a 2D run. It is hoped that this model will be

useful in further research into hailstorms and storm modification.

1,3 Chapter outline

A review of previous research associated with hallstorms 1is presented
in Chapter 2. The model is descrlibed in Chapter 3 and the observed storm
is presented in Chapter 4., Chapter 5 presents the results from the 3D
simulation which a.:‘}e discussed and compared to the observed stérm and a
2D run in Chapter 6, The main points are summarized in Chapter 7, which

concludes with suggestions for further work,
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ACHAPTER 2
LITERATURE REVIEW OF HATLSTORM RESEARCH

.-
e

For the purpose of this review, research into hailstomms will be

divided into three related areas: observationai, theoretical and modeling.,
\
numerical cloud modeling, the emphasis will be placed ¢n the last category. ‘

v

Much work has been done in each area, but as this thesis deals with

-t
Iw

- \
2.1 Observational research R

I3

Observational research can both lead to and verify theoreti%.l research,

Here, the observational research is subdivided into the detailed study of
hailstones (;mall-scale) and hailstorms (large-scale). - r
The first category is concerned with the detailed examination of

hailstones collected during hailstorms, Observations are made on stone
properties such as density, shape, size and structure, Theories of stone
origin, growth modes and processes in the storm, and stone trajectories,
are advanced For example, the observed layered structure and large size
of many hailstones led to theorles of hall growth which 1nvolved complex

trajectories and/or high 1iquid water contents in the growth area, The

-
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existence of "growth centers" or "hail emiryos” at the center of some

stones suggested that hall originates as frozen drops or rimed ice crystals,
4

g Some examples of relatively recent work in this area of research are the

studies by Knight and Knight (19708.',‘7 b, ¢) and English (Chisholm and
English, 1973),

The second tranch of observational research deals with the in-depth
probes into the large-scale storm features such as storm structure and
evolution, types of hydrometeors and precipitation, and storm motion.
Alrplanes, ,radiosondes, balloon tracking, direct visual observation, and
radar are the approaches often used. This type of observational data serves
as a basis for conceptual models and theories on sto:(rm convection, precip-
1tation effects on storm development and structure, and the interaction of
storms with the environment., Thus, while the small-scale study of hall-~
stones contribufes to a better understanding of storm microphysics, the
study of large-scale hallstorm features provides insight into the storm
dynamlcs, - g ‘

Browning and Ludlam (1960) presented a detailed radar study of a storm
which occurred near Wokingham, England. Several echo features were
observeds "echo walls", "overhangs", and "echo-free vaults", Also observed
was "discrete propagation"”, which occurred when new cells developed in the
vicinity of existing cells. Similar features were observed in many
Alberta hailstorms, examined by Chisholm (1970). A common element was
found in all the storms -- a "weak echo region” (WER), equivalent to
Browning and Ludlam's "echo-free vault", found in assocliation with cloud
base updrafts, Chisholm hypothesized that the WER consists of freshly-

formed micron-sized cloud droplets in the core of a strong updraft,
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Marwitz (1972) used data from a}\/ array of observational systems to propose

. a classification scheme for Alberta hailstorms. The four storm types in

this scheme were supercells, multicells, severely sheared storms and
squall lines, All of the observational studies mentioned above eventually
led to descriptive models of hailstorms.

7
L]

2,2 Theoretical research - -k

" Often stemming from observations, this kind of research deals with

"the highly theoretical, usually mathematical, study of the formation, ‘
growth, and structure of hallstones and hailstorms, It pfovides the mathe~ -
matical framework for numerical hailstorm models while observa:é;ona.l

research provides the conceptual nature of moslels. Typical of such

research are the microphysical studies by List (1963) and Macklin (1962,

1963) in which m;merous expressions were derived to desc¥ibe hailstone

]

growth using heat and mass bedance equa.tirns.

2.3 Models
Hailstorm models represent a vehicle fof the incorporation of past _ o

observational and theoretical research into a representative pictu:;e of a

hailstorm in an effort to better understand its complex nature. As such,

a model can never hope to tofa;ally represent all hailstorms, but it can 1

capture or 'simulate important features found in many kstorms. Model results 4 1

can either prove the validity of the theorXles and concepts which make up

the model, or they can indj:eate in what areas the theories and concepts -

are deflcient,

, .
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Just as theoreti\cal ‘and observational research can focus on different
aspects of hailstorhs, from the small-scale microphysics to the large-
scale storm features and dynamics, numerical models also can emphasize

¢ different aspects but generally fall yﬁs main branches, One branch
makes simplifying a.s,sumptions about environmental and dynamical aspects in
order to examine in detail the micréphysics ;f hydi'ometeor formation and
growtjh. The other seeks to simulate larger-scale aspects of the storm
}pvolving the important interaction between cloud dynamics and microphys;cs.
Models of this type usually employ "bulk water” microphysical parametériza-
j;ions to simplify the modeling of hydrometeors so as not to add too much
complexity to the already :omplex dynamical framework. Both types of
models will be discussed as well as a few others which do not fit neatly

into either category.

2.3.1 Detailed microphysics

A nunBer of models examine the growth of artificially injected hail

embryos, agsumed to be frozen drops, into haillstones by the accretion of

/ liquid water, The results of most of these models led to differing con-

clusions about the necessary conditions for the growth of hall embryos
into iarge hailstones. /

E Ludlam (1958) developed a simple 1D steady-state model in which the
up-down motion of a few relatively large frozen raindrops (hail em‘uryos)
injected in the lower levels of the cloud, was followed ln the updraft,
These particles could grow into hailstones by accretion and cou]:(?‘.{ rise
and fall back through the updraft acereting the same water (as thé water

was not depleted by the hailstones in this model), Heat balance consider-
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ations led to the shedding of that portion of the accreted supercoocled
water which could not be frozen, limiting the sizes obtained by the hail-
gtones tc no more than 3 cm in diameter, These results led to the idea
that complex trajectories with recycling or high liquid water contents
must be necessary for the proéuction of large hail observed in many severe
hailstorms, Browning and Ludlam (1962) developed an intricate three-
dimensional flow pattern for the Wokingham storm. This conceptual airflow
model allowed for the recycling of hailstones as suggested by Ludlam to
produce' large hail, However, the time involved in producing large hail
by this complex process does not agree with observation, For example, in
Alberta, Hitschfeld and Douglas (1963) found that the first report of hail
at the surface could follow the flrst radar appearance of a storm in as
short a fime as 20 minutes, not enough time for the recycling theory to
explain the size of the reported hail. ?hus they assumed that there must
be regions of very high liquild water content in the cloud where hail can
quickly grow' to observed slzes through accretion of the liquid water, Using
this| assumption, they developed a model in which large hailstones (up to
5.8 cm \n diameter) could be produced in 20 minutes or less in a simple
up-down irajectory. However, as English (Chisholm and English, 1973)
pointed out, the stones were not allowed to shed the collected water and
unrealistically high liquid fractions resulted,

’ Other simple '1D steady-state models 'showed that large hall greater
than 1 cm in diameter could be grown in simple up-down trajectories and
in relatively short times (10 to 20 minutes)~without exceptionally high‘ .
1iquid water contents,' Gokhale and Rao (1969) released hail embryos

near the top of a cloud (assumed to be the region of rain accumulation)
~—
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and fc;llowed their descent t:hrough an ’adia.ba.tic updraft to the 0°C level,
List et al -(1968) injected dfifferent concentratlons of embryos at the
freezing level and followed thelr ascent in an updraft, A simllar study

by Charlton and List (1972), which allowed the stones to deplete the liquid
water content, also showed that large hall could be produced without c-omplex
trajectories or high 1iquid water contents.

Based on extens.ive field data of hailstorm updrafts, 1liquid water
contents and structure as observed by airpie;.ne and radar, a 2D streamline
cloud model was used by English (Chisholm and English, 1973) to follow the
trajectories and growth of millimeter-sized embryos, injected at various
points in a tilted updraft. Wet and dry growth modes for the hallstones
were simulated as they grew by the collection of liquid water‘?‘ Depending
on the storm modeled, the stones were assumed to be elther oblate or R
spherical. In the updraft, the embryos grow to radar-detectalle size and
then fall along the edge of the updraft to the surface, fbrming a "preclpl-
tation cascade". In this way such observed radar features as the weak echo
region, corresponding to the region of maximt‘;m updraf:hs, bounded by regions
of higher reflectivity (the "overhang” and the "wall") were simulated,
Other_ eatures which compared well with observations were computed hail _ ¢
siges, liquid fractions and growth times, It was concluded that embryo
formation which allowed one ascent in a strong updraft and one descent
adjacent to the updraft was sufficient for the growth of even the largest
@l repoﬁed for the observed storms,

Dennis and Musil (1973) uséd a 10T model to examine the wet and dry

growth of hailstones., "The heat and mass budget of the stones were assumed

1 to be a function of their size and environmental conditions. Hall embryos,

i
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hypothesized to be drops of 100 um diameter, were injected at the cloud
base every five minutes and were assumed to totally freeze at the -5°C
level, The subsequent ascent and descent of the frozen drops were followed
as they grew by accretion of gfoud water and the collection of cloud ice
Into hallstones, Liquid water was incorporated into the stones to simulate
spongy growth, apd such stones were allowed to break up when their-diameters
reached a critical value determined by the liquid fractlon, They concluded
that the important factors which dictate the hallstone dlameter at ;c.he
ground were the maximum updraft strength and the temperature level at
which it occurs. Hligher updraft strengths resulted in larger stones while
the -30°C level seemed to be the optimum level for the updraft maximum

to produce the largest hail at the ground.

0D models were used to investigate the growth of single ice crystals
which, in addition to frozen drops, can also act as hail embryos through
riming., Results from these models include the time necbﬁ;ary for ice
crystals to grow large enough to rime significantly, thereby becoming hail
enbryos (or graupel ),

’:Iayaweera (1971) examined the diffusional growth of ice crystals of
differenj. shapes in a constant environment, the crystal shape being a
function of temperature, Crystals grew to i‘iming size (approximately 300 um
in "diameter") in three to eight minutes. A similar model was developed
by Koenig (1971) and produced riming-size crystals in a similar time
scale -- two to six minutes, The computatlions were used to derive a useful
parametierized edua.tion relating the depositional growth rate to the ice
crystal mass and th'e environmental temperature. A more sophisticated model

was used by Hindman and Johmson (1972) to investigate both the growth of

'
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crystals to riming size and the growth of rimed crystals into spherical ice
particles ("graupel"), For this purpose, a distribution of supercooled
cloud droplets was assumed and the crystal fallspeeds and riming efficiencies

were calculated., Assuming a cloud water content of 1 g cm_3

s Crystals
could grow to riming size in one to three minutes and "graupel" was formed

in three to ten minutes,

More complex models were also used to study ice and hail growth processes"

a.r;d interactions. A large number of size categories were employed and the
stochastic collection equation was used to calculate growth by the collection
processes, In contra.s‘t to the papers cited above, the process of hail (or
graupel) initiation from both r:l\.med ice crystals and frozen drops (occurring
naturally rather tha.d being artificially injected) is explicitly modeled in
ail but the first of these models.,

( Danielson et al (1972) modeled cloud, raln, and hall using a model in
which parcels wefce rdlea.sed from the surface every 30 s}eqonds. As’ice
orystals were not included in this model, hail was initialized by drop
freezing only. The initial cloud d:coplet/ distribution was varied to invest-

igate the subsequent effects on hail growth, Precipitation-sized particles

* were allowed to fall out of esach parcel, affecting the parcels below it,

and hydrometeors could alter the updraft substantially through "loading",

It was found that hail growth depended on the upd.raft speed, surface mixing
ratlo (vapor), and height of the freezing level all combining to determine
when and where collection of liquid drops became the domin;a,nt growth process,
It was also found that the presence of laa:gel liquid drops in the initial
cloud droplet distribution increased the number and mass of the hailstones.
Thelr results showed that large ligquld water contents were not nscessary

to produce large hail, confirming previouq findings described above,
\
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Young (1975) followed a closed parcel, containing 550 different size
categories of cloud, rain, snow, and graupel particles, in a specified
vertical velocity profile, Two-hail suppression concepts Were examined --
hall embryo competition and updraft glaciation., Seeding clouds to increase
the number of hail embryos iA-such a way as to narrow their size spectrum
proved to be an effective means of increasing embryo competition (and
therefore suppressing hail) only in storms where hail grows in simple up-
down trajectorles, However, for more complex trajectories, the complete
glaclation of embryo-forming cells adjacent to the main updraft proved
more effective,

The important process of ice multiplication was included in a 1DT model,
developed by Scott -and Hobbs (1977), which divided liquid water, ice crystals,
snow and graupel lnto numerous size categorles, The Hallett and Mossop
(1974) ice multiplication process was included to. simulate the ejection of
lce splinters from lce particles which grow by collecting liquid water,
thereby increasing the conceniration of ice crystals, The process of ice-
crystal aggregation 'to produce snow was also modeled, bMaJ.:itime and contin-
ental clouds were simulated by using the appropriate cloud condensation
nuclei (CCN) spectrum.(

The results showed gfaupel to be the prédominant ice particle in the
marltime cloud, comprising more than half the total ice mass (10% of the
total condensate), For the continental cloud, the total ice mass was only
0,01% of the total condensate, with graupel greater in mass (but not in
number) than.the ice crystals and snow., The difference can be explained
by the greater percentage of large liquid drops in the maritime cloud as a

result of the maritime CCN spectrum., The freezing of these larger drops

was the main source of graupel in the maritime cloud while the more time-
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consuming process of ice crystal conversion to gré.upel th;ough riming was
the main graupel-formation process in the continental cloud. Thus, the .
more quickly-formed graupel in thre) maritime cloud could begin to deplete
slgnificant amounts of liquid water sooner, thereby dollecting greater mmss
than the equivalent graupel particles in the continental cloud. The dif=~-
ference in drop size distributions between the maritime and continental
clouds (from the different GON spectra) also resulted in different ice
crystal concentrations, due to the drop size-dependent ice multiplication
process. As the ice multiplication process was depenc{ent on drops g:nea.ter
than 23 pm (of which there were more in the maritime cloud), the ice crystal
concentration increased substantlally with time in the maritime simulation
but was relatively constant for the continental case, The splinters pro-
duced by lce multiplication provided more ice crystals for the large drops
to accrete, Thus the formation of graupel by drop (contact) freezing
increased substantially in the major ice multiplication region (-3 to -8°C).
Takahashi (1976) used 135 size categories for liquid drops, graupel
and hail and 105 for disk-shaped lce crystals in an axlsymmetric 2DT model
with similar microphysics to that of Scott and Hobbs, The doma.‘f_n was’rel-
atively small:s 2 km in radius and 6 km in height, The results indicated
that ice crystal concentrations at certain levels could be increased sub-
stantially by the ice multiplicatlon process combined with r;cycling. In
fact, recycling of all hydrometeors accurred and was considered to be a
major factor in the creation and growth of hail in hailstorms, However, it
is qujite 1likely that hydrometeor recirculation was unnaturally "forced" hy
both the small domain and the assumption c;f axisymmetry, which restricted

the circulation.

!

. i

)




_——-— —

J—
s M-i'm".;&,‘&Wﬁw -t

P e v s

16

2.3,2 Bulk water microphysics ;

As mentioned previously, the purpose of using bulk water technliques :
is to simplify thfg modeling of the microphysics in models which emphasize
the dynamics, Despite the sometimes "gross" simplifications made in bulk

1

water parameterizations, they should still yield results comparable with
the findings of the more detailed microphysical studies and be consistent /
with observations,

Most of the bulk water techniques used to repref,ent ice particles stem
from the work of Kessler (1969), Based on the results of observations by
Marshall and Palmer (1948), a simple inverse exponential size distribution
was assumed for raln particles, in contrast to the many discrete size
categories.used by Scott and Hobbs, Takahashi, and others. Given ’;.he rain-
mixing ratio at a point, all that was needed to define the distribution
was the external specification of one of the distribution parameters, such
as a constant slo1‘)e, in’;ercept or total number Eonceptration, from which

the others could be derived. (The Marshall-Palmer distribution is defined

by a constant intercept of 0.08 cm-u.) Then the "mean diameter”, "mean

fallspeed" and growth rates can be derived for the distribution by integrat-

"ing the expressions derived for a single particle over the entire diameter

3

range (zero to inﬂnity) . The inverse exponential function is analytically
integrable an:l so the resulting expressions are simply functions of the
distribution parameters, easily calculated given the precipltation content,
~ Simpson and Wiggert (1969) used this type of parameterization for
rain and ice particles in a 1IL model to study la.t.,ent heat effects from
cloud seeding on cloud dynamics and precipitation. The precipitation was
initiated by autoconversion from cloud water, Their results showed that

the release of latent heat from simulated seeding increased model cloud
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top height and precipitation for clouds with naturally small vertical
growth (6 to 7 km) whereas seeding naturally taller clouds (8 to 10 km)
did not increase precipitation. Weinstein (1970) also examined seeding
;effects in a similar fashion to Simpson ?and Wiggert using a 1IT model,
Elis results did not show an exact correspondence between increased cloud
top Height, (due.to seeding) and precipitation but rather emphasized the
importance 'of seeding time and temperature,

Gotton\(19?2) assumed inverse exponential distributions for r:ain and
graupel but \used 21 classes for ice crystals of different shapes which are
temperature-dependent in a.‘pgrcel (1IL) model. Some of the processes in-

4’."“

cluded were vapor. deposition, riming and raindrop freezing (both immersion »

~ and contact freezing)., At sub-zero temperatures,. lce saturation téchniques .

were @pployed when there‘wgs no- cloud water present. Seeding was simulated
by simply increasing the ?ihn;ber‘of- ice crystals in a given class, "S'eeding"
maritime-type clouds resulted in a significant release of la.ten1:, heat’
through increased contact freezing, This was found to be one of the prin-
cipal causes for the increase in cloud top height in the seeded clouds.

A mmerical similation of a hallstorm was attempted by Orvidle and
Kopp (1977), using a 20T slab-symmetric model with a large domain of 20 km
%y 20 km and a grid resolution of 200 m. Five classifications of v‘vater
:‘substanc\e were consldered: water vapor, cloud water, cloud ice (crystals),
irain and precifitating 1ice (hail), Inverse exponential distributions were
.assumed for rain ‘and precipitating ic'e, éa.ch distribution being defined by

! -
;a constant intercept and the hydrometeor content. Autoconversion of cloud

l' and liquid water collection are raln sources while preclpitating ice is
" initiated from raindrop freezing (based on the work of Bigg, 1953 and re-

ferred to as "Bigg's freezing”) and conversion from cloud (through an
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approximation to the Bergeron-Findeisen process)., Hail grows by the ac-
cretion of 1iquid water and the collection of cloud ice while sublimation
and melting deplete the hall content.

Both wet and dry growth modes are simulated for the hail. One dif-

ference between the wet and dry growth modes is the collection efficiency

of hail for cloud ice, assumed to be only G.1 for dry growth but increased -

to 1.0 for wet growth to reflect the increased capturing capacity for ice
crystals by the hallstone's liquid coat. Shedding of liquid water also
occurs In the wet growth mode, the shed water belng added to the rain con-
tent. The equation for wet growth is taken from Musil (1970). Glaciation
wag simulated by the 1lsobaric freezing of all cloud water advected above
the ~-35°C lsotherm. Additional features of the model included evaporation,
heating and cloud shadow effects.

The model managed to reproduce such observed severe storm features as
a sloping updraft, gust front, shelf clouds and pedestal clouds. Other
featu:r:gs produced in the model which agreed with observations were a pre-
cipitation cascade ("wall") and radar overhang, An il;xpor'tan't/' finding was
the appearance of "warm buoyant bubbles” which led to a cellular storm
pattern in some of the simulations, ’

The unexpectedly high ice particle concentrations, whiq}u varied with
time, found in many maritime clouds prompted Koenig and Murray (1976) to
Investigate ice generation in maritime and contine'ntal clouds. Another
goal of thelr research was to examine the effects 6f seeding oﬂ cloud
dynamics, For these purposes, a 2D mixed Eulerian-Lagranglan axisymmetrié
model was used which employed bulk water micréphysics. Liguid drops we
modeled according to Kessler (1969) while the ice parameterization was

besed on the work of Koenig (1966, 1972), Ice particles were divided into
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two categorles -- Type A ice and Type B ice, Type A ice arises from nuclea-
tion (from the vapor), a function of temperature, and consists of initially
small ice crystals which begln.to grow by vapor diffusion only. Type B
lce arises from drop contact freezing and (initially) consists of generally
larger, more spherical ice particles formed from the collislion of a water
drop with a Type A ice crystal. Both types of ice particles can grow by
vapor diffusion and riming.

For the purpose of calculatlng the ice particle growth rates, the
entire spectrum of ice particles in each category was represented by the
mass of a "growth mean particle", defined by the ice mixing ratio and number

density (both of which must be determined at each time step), Four different

growth regimes are defined, depending on the "growth mean mass", each char-

acterized by an appropriate method for computing growth due to diffusion
and/or riming. Melting is simulated by assuming an "average particle radius"
for the ice particles and sublimation is modeled in an analogous way to the
evaporation of raindrops (Kessler), The"'volume median radius" 1s used

to calculate the representative tern}ina,l fall velocity for fallout,

Results indicated general agreement between model calculations and
observations with respect to the size and quantity of liquid and ice hydro-
meteors. However, the increase in ice crystal concentration with time,
which led to the exceptiona.ily high crystal concentrations observed in
maritime clouds, was not well captured, indicating the need for the inclu-
slon of a tlme-dependent lce gqneration process, The inclusion of the
Hallett and Mossop ice multiplication process, which generated large, time-
dependent ice crystal concentrations in the maritime simulation of Scbott
and Hobbs mentloned above, may have improved the results in this respect, =~

It was also concluded that "seeding" did little to affect the gross dynamic

I . i
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structure of small cumulonimbus glouds, i.e. the periodicity of draft
development, but could, in ‘some cases, increase cloud height (but not
necessarily precipitation) in agreement with Weinstein's results,

To investigate the effects of seeding, Yau (1979b) added ice crystals
to the prreviously-modeled Cl(){ld and rain in the Steiner-Yau 3DT cumulus
cloud model., Major ice phase processes in the bulk water parameterization
were nucleation from the vapor, deposition, riming, melting, fallout, and
crystal aggregation into snowflakes. As this schefi®d is used for describing
ice crystals (and sgow) in the model used for this thesis, it will be
described in more detail in Chapter 3. Seeded and non-seeded runs were
executed (using only two dimensions) and the results were compared with
observations of a seeded cloud at Yellowknife, N.W.T. The results of the
xiumerical simulation indicated a slightly higher cloud top for the "sseded"
run but a lower liquid water content than in the "natural" run., However,
after 30 minutes in the "seeded" run, the melting of snowfla.kes‘ensured a .
steady' supply of rainwater although it all evaporated before it could
reach the ground, The simulated cloud compared reasonably well with the
observed cloud, considering the restrictions of using only two dimension
to simulate a thrse-dimensional cloud, Good agreementiwas indicated be-
tween observed and calculated maximum vertical velocity and cloud water
content while the simulated cloud top was lower than the observed top,

Stephens (1979) developed a comprehensive, yet reasonably simple,
ice phase parameterization for use i.r:J a 30T cumulus cloud motiel. Using
bulli} watér techniques similar to those employed by Orville and Kopp, the
initiatlion and growth of ice crystals and graupel was parameterized, Ice
crystals were assumed to be moncdlispersely distributed-hexagonal plates

whereas “graupel" followed an inverse exponential distribution (with a

):
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specified number concentration rather than int/ercept as in Orville and
Kopp's scheme), The graupel class was divided into three subclasses --
light graupei,' heavy gra.-izpel and hail. 'Th@\graupel paraneterization was

-~ adopted for the model used in the research for this thesls and so will be
described fully in Ghaipter 3 (the model description).

A iDT model similar to one developed by Cotton (1975) was used to

test the parameterization., Soundings from South Park, Colorado (continental)
and Miami, Florida (maritime) were used to initiate;the test runs., The

model results indlicated that the ice phase parameterization would be

sultable for use in a two- or three-dimensional model but could be improved
) ' by the modification of several of the modeled processes and the addition
of other ice phase processes which were considered important but were not
included. ) |
To conclude this review of past lliterature dealing with models; a ,
unique, relatively simple model of warm a‘nd.cold rain microphysics for
use in cumulus cloud simulations, developed by Yau and Austin (1979), will
be discussed, The model was a hybrid between a full stochastlc scheme
/ and a bulk water parameterization, retaining many of the advantages of each
while removing some of the restric‘l@ons. Stochastic methods may be more
realistic but make large computational (and storage) loads on computers,
On the other hand, the assumption of inverse exponefitial distributions for
e hyd:rometeors used in most bulk water schemes may not be valid for many
M clouds, To overcome these restrictions, cloud water was treated’very
simply as in Kessler's bulk water parameterization whjle rain and graupel

were pa.rtitioned;‘ into 25 size categories, allowing the development of part-~

N
S’

icle slze spectra, The processes included evaporation, condensation,)

r

freezing, riming, deposition (sublimation), melting and the "stochastic"
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processes of collection and breakup, Wet and dry growth of graupel were

modelied as well,

A 1D kinematic updraft was used to compare this scheme with both
stochastic and bulk water methods. Sensitivity tests were also perlf‘ormed
to investigate autoconverslon of cloud to ,rain, raindrop self-interaction
(collec:tion), and the inclusion of the ice phase (cloud ice and graupel),
Results showed that for warm raln simulations, resulting drop-size spectra
were almost identical with those obtained by the more complex and time-
consuning full stochastlic methods. The results wea‘e relatively insensitive
to assumptions about the autoconversion process due to a counterbalancing
effect between autoconversion and collection. Raindrop self-interaction
Proved to be a major mechanism in the development of precipitation and
drop size evolution, Impactlon d;op brezkup narrowed the drop size dis-
tribution, delaying the onset of precipitation and reducing the maximum
rainfall rate. The inclusion of the lce phase gave insight into the rela-
tionship between the rate of cloud glaclation and hydrometeor groxfth.
Rapid freezing with depletion of supercooled water can inhibit the growth
of rain and graupel while a‘\mod.era.te freezing rate combined with a supply
of supercooled water enhances bhe development of graupel;

The microphysical scheme described above was later incorporated by
Yau (1980b) in a .dynamic framework, a two-cylinder model of cumulus cells,

which was applied to computing cumulus heat and mass transports,

N
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3.1 Introduction . '

Steiner (1973), in a ploneering effort, developed a 3DT model of
cumulis convéction. The emphasis in this model was on.the dyna.mics. and
no precipitation microphysics were included, Although S:beiner presented

p
the theory of deep convection in his thesis, the simpieiishallow convec-
tion equations were used in his research, In the pest few years, this
model has been modified by Yau (1979b, 1980a) to include

modeling of deep convection (z = approximately 10 km) ;.

calculation'of the basic siate from a sounding

the addition of warm rain znd ice crystal/snew microphysics

calculation of condensation and evaporation using Asai's (1965)

.  s¥twsaddglh technigue

,Qther more recent modifications include the inclusion of buoyant instability

in the calculation of sub-grid-scele processes and the inclusion of vapor

%

effects on the hesic state. .

The research presented_. in this thesis basically involved the addition

‘ of bulk water grau}gicrophysics to this model for the purpose of -simu-

lating a hallstorm in three dimensilons, . 0 Y
NEN ' 23

s {

/

L -
[RST——— b e
- N I -
== - L - “ . -'......urwmm...
- . .

war

o wn BeMTubeal

e RIS EME o Lot ki bl S



e o e PR SR

-~

O

- 24
This chapter presents the model in two sections: the first outlining
the complete microphysical parameterization and the second describing the
model's dynamic and numerical aspects., All equations are in c.g.s. units

unless otherwise specified,

3.2 Microphysics
_ Bulk water microphysical techniques are used to represent cloud water,

rain, ice/snow, and graupel. The sections on cloud, (warm) rain and ice
crystals are largely taken from Yau (1979b, 1980a) except for the section
on ice saturation thermodynamics, which is based on Stephens (1979).

The important processes included in the parameterigzation and th‘eir—
symbols ares

1. Autoconversion of cloud to rain (AC)

‘ Collection of cloud by rain (CC)

Nucleation of individual ice crystals from the vapor (NUCLEA)
Riming of cloud water onto ice particles (RIM, RIMH)

Aggregation of ice crystals to form snowflakes

Vapor deposition and sublimation (DEP(H), SUB(H))

Conversion of ice crystals (or snow) to graupel (CONV) '

Evaporation of liquid water (EVPC, BVPR)

Melting of ice particles into cloud or rain (MELT(H))

-
o

Rain accretion by graupel (HCOL)

|
[y
-

{
Initiation of graupel through raindrop freezing (by both contact
with ice crystals and Bigg's freezing) (CONTH, PIFR)
12. TFallout of snow, rain and graupel (FALLOUT) o '

13. Glaciation of cloud water at temperatures <-35°C (GLAC)
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‘coalescence process for rain initlation while rain processes include

25

In the bulk water microphysical parameterization used here, a slightly
unconventional classificatlion system is used for the ice phase, Ice part-

icles fall into two general classes: ice crystals/snow and graupel.

Ice crystals/snow (or simply ice/snow) refers to those ice particles nucleated

from the vapor or from cloud droplet freezing (glaciation) which can ag-
gregate to form snowflakes, Graupel, following the schéme suggested by
Stepheﬁs (1979), is phe term used to represent the other class of ice part-
icles which are a§:£::d to be spherical and originate as frozen drops or
ice/snow that has grown to "graupel size" by deposition and riming. Graupel
is further-divided into three sub-classes: 1light graupel, heavy graupel,
and hail, for which the particle bulk densities are assumed to be 0.1, 0.6,

and 0,9 g em™

respectively, Only the graupel content determines lnto which
sub-class the graupel content falls and the particle densigy is set accord-
ingly. Light graupel is further distinguiéhed by a diffei§¥t fallspeed
equation, In this manner, the "graupel” class incorporates both graupel

| ~

and hail,

3.2.1- Cloud and rain water

Cloud water is condensed from the vapor state (COND) and evaporated
(EVPC) using Asai's (1965) saturation technique which takes latent heat
considera}ions into account, Cloud and rain are modeled following Kessler
(1969). Raindrops follow.a Marshall-Palmer (1948) distribution and can
fall relative £o the air while cloud droplets are suspended and move with
the air flow,

s

Autoconversion of cloud to rain (AC) is used to parameterize the
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accretion (CC) and evaporation (EVFR), These processes, along with the
terminal fallspeed (vr) and rainfall rate (Rr), are formulated by Kesaler

(1969) as

=

L

K(qc"‘ %;') y g >2

AC = ¢ ey (1)
a' ' ‘
¢ ’ q.c 5 Da ’ | ¢
cC = 928 qc(paqr)'?/ 8 exp(kz/2) (2)
13/20 N
EVER = 4.3(q,~q,.)(p,q,) for g < q, (3)
="0 otherwise }
V_ = 2864(p.q ) /8 exp(iz/2)
= 2864(p,2,) " exp
a4 - (4)
R, = 18.35(0,0,)%® (m! nrh)
] .
where K, the autoconversion rate constant, is'10-3s-1. a', the autoconversion

threshold, is 10-6 g en™> and k 1s 10-4 2!, The saturation mixing ratio

is Qenoted by U while 9, 9 and 4. denote water vapor, cloud wa%er and
rain water contents, respectively, all in units of g g-i. Py is the air

density in g 2,
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3.2.2 Ice crystals
3,2.2,1 Single crystals

Nucleation (NUCLEA)

Ice crystals are initiated by nucleation from the vapor following
ﬁoenig and Murray (1976). Nucleation occurs when the air is saturated with
respect to water and the temgerature is <0°C or when the air is sa?urated
with respect to ice and the tempeéature is <~12°C, Fletcher (1969) gives
the maximum number of ice nuclel per gram of air adtivated at a temperature

s

T as

| = 107 exp (0.64T) - (5)

(where AT = TO-T) giving an order of magnitude increase for every 4°C
decrease in temperature,

If t?ere are some crystals present at a point (Ni)’ only the excess of
Nn over that number will be nucleated. The nucleated crystals are\assumed

1

to be monodisperse particles with a mass of 10~ 1 g (equivalent to an ice

\
sphere of 3 pm radius). Thus, the change to the lce/snow mixing ratio is
~-11
NUCLEA = 10" (N _-N, )/t (5a)

\

Deposition and riming

These ice particles grow as individual crystals by deposition and
;iming-until their mass reaches the "aggregation threshﬁld" of 1.4 x 10-5 g
at which point %hey are agssumed to aggregate to form snowflakes which are
distributed exponentially.,

The mass of a singlgﬁcryggal,(mi) is calculated using the ratio of

the ice particle mixing ratio (qi) to the maximum total number of particles

B e oo e € o o
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1

per gram of air (Nn) with a lower limit of 10~ 8, L.e.1
@, 4 -11
o= [ grwtte {6)
n noog
iy, Hopt,
n

-

Grow‘th.by diffusion of a single crystal of mass By is glven by Koenié
(1971) as
a -
2,3y %1
1 =a,m ©(——) - ” (7
dt 11 Mgy
where a1 and a, are functions of temperature (ta'bula.ted by Koenig, 1971)

and Qgy is the saturation mixing ratlo over ice., To get the rate of change

in mixing ratio, equation (7) is multiplied by the number of ice crystals,

as follows:
’
a - ,
_ - 2,3y %4 ‘
. DEP = %-1 = agm (qu_qﬂ) N, (8)

The riming rate for a single crystal is

) 2
dm, _ 7D
a':l - - vi(Dm) Eipa. 1,
and . . (9)
| nm--@giz"nzv(n)NE |
T dt TR Y \UpNy 850y g

where D n is the melted diameter (calculated from the mass of an ice cr&s'bal
and assuning a bulk density of 0.5 g cn™), V, 1s the crystal terminal

(3 . fallspeed taken from Langleben (1954), and Ei is the assumed collection

7
|

efficiency of 1.Q. “

~ .
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3.2.2,2 Crystal aggregates (snow)

{If the calculated crystal mass m, is larger than the aggregation

1
threshold (1.4 x 1077 g), the crystal content is assumed to be exponentially

d4strituted according to | "

™ A0y ‘ .
N,(D) =¥ ,e (10)

where the intercept No and the slope A 4 can be related to the snow con-

i
tent ( paqi) by using a relationship between snowfall rate R, and content ‘

given by Sekhon and Srivastava (1970) as

0,0, = 2.07 x 10'3‘310'86 ‘ (11)

a »

It turns out that, in c.g.s. units,

=
\

= 2.45 x 10'9(paqi)‘1'°9

ot -0.522 P (12)

N 9.4 x 10-3(93'(1i

>
L]

Deposition and riming

—

The deposition/sutlimation‘and riming rates for thg (exponential)
speéctrun are derived by simply integrating equations (8) and (9) over .the

entire diameter range (0 to»), This gives

a Noi r(3'3'2"'1) 9,9y

- bl 2
. DEP = al(zow) N }‘138_24.1 q, gy (13) N
Cop Ry 23 Ny TV — .
RIM - (-Ee') (p_i) Aij.f.b Eiqc (1’4*}),

where o W is the density of water, a and b are constants in the expression

s b, T s b it ke

for the terminal fallspeed of the ice particles, 1s the density of ice

Py
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and Ei the mean collection efficiency of the ice particle spectrum for
cloud water,

Fallspeed
The terminal fallspeed for both 1c‘e crystals and snow is given by
V() =a D" (em s~1) o)
= 207 0,0
where D , , the median volume diameter, is related to the ice content by
D, = 390(p,q,) 5 q ) (16) .
. L
Melting
When the temperature is higher than 0°C, the entire icé crystal/
snowflake content is melted instantaneously into either cloud droplets or
raindz%s, depending on the median volume diameter Doi' If Doi < 200 pm
(the conventional borderline diametdr between cloud drops and raindrops),
then the 1ce is melted into cloud. Otperwise, the rain category recelves
the melted ice.
e S A (17) i ;
§t < . :

t

and the changes of clowd (éqc) or rain (bqr) in a time step ars .

6q, =q; » D, <200 pm , \ (18)

6qr =qy Doi > 200 pm

Ice saturation thermodynamics

If the temperature is below -35°C at a certaln point, then all the

-

cloud water advected into this point is isobarically frozen and the ice/

s NI AT e Bkl o R Ak 3 kD b v a4
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. . oySNOW, water vapor, and temperature are isobarically adjusted to ice sat-

"dration using a process similar to the one employed by Stephens (1979),

. All operations on the graupel and rain content are suspended except for

advection and diffusion.

3.2.3 Graupel

The graupel parameterization described here is essentially the one
suggested by Stephens (1979). It has been modified slightly by including
“heterogeneous (Bigg) raindrop freezing, as described by Orville and Kopp
(1977), as another source of graupel. -

Some other minor modifications will be mentione& in the appropriate

sections, ,

[y

This particular parameterization was chosen for its simplicity, com~
prehensiveness and appropriateness for a 3D model. This scheme, compatible
' with the mlcrophysics in the existing model, is by no means perfect --
several important lce phase processes wereJ not included to keep the para-
meterization relatively simple -- but repr]esents a sta.rting point or
foundation for future work on 3D simulations of sto:qms. ‘
Deta.iled derivations of the followi equations w:lll not be presented

ag, for the most part, they can be found in Stephens (1\979) or in other

refesrences (cited). . \

3

3.2.3.1 Distiribution of j;r:au/pel

Graupel particles are assumed to follow an inverse exponential dis-
tribution, which represents well the averaged graupel slze distribution
4
from observations as given in Jones (1959), Musil et al (1978), Fedexer and *

Waldvogel (1975), Douglas (1964) and current (unpublished} results of the

fimns W E
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Alberta Hail Studies (ALHAS) ‘prpject, Thus, the graupel size distribution

is glven by

N(D) = Noge‘“D (19) °

where N(D) is the number concentration of graupel particles per dlamster
(D) increment, Nog is the intercept, and A the slope,

By integration over the entire size (D) spectrum (0 to =) we have the

3

' following relations for the slope parameters

o N 1/3

A =(_K_Eﬁ)ﬁ (20)
Palg . .
=N, A ' (21)

where pg is the graupel density, N ta the total number concentration of

graupel particles, °a the air density and qg Tthe graupel mixing ratio,
N tg is an externally speclfied constant., Thus, given the graupel contert
(paqg), all the slope parameters are defined.

Other investigatlions have set other parameters constant, such as
Manton and Cotton (1977), who used a constant slope, A (for rain), and
Orville ;ﬁd Kopp (1977), who defined Nog to be constant (for rain and
grau?@.). Stephens expla.iné why a constant N tg was chosen to define the
graupel distribution in the acheme used here, A constant slope implies a
balance between coa.lescence/accretion and breakup, appropriate for rain-
drops Nt graupel, A constant intercept, Nog’ gave rise to exceedingly
high melting\f&tes for g\raupel in the simulations done by Orville and Kopp.
By fixing N tg’ th:l:s problem is alleviated slightly but not eliminated,
Anoth;r alternative would be to carry the total number concentration, i.e.

recalculate it at each time step (as done by Koenig and Murray, 1976), but

e et SeIELI
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this would increase the complexity of the scheme as well as execution
B A
time, '

\ 4 The problem of choosing an appropriate value for the total number
concentration N tg i1s also discussed by Stephens. The value of th should‘
correspond to observations, Data taken from the field (using impact
platforms) indicate total concentrations of graupel of between 1078 and

| 10““

en™> (Douglas, 1964; Federer and Waldvogel, 1975; Musil et al, 1978).
! Low values of N tg imply a graupel cogtent composed of large hallstones

| in low total concentration while higher values imply the existence of many
more, smaller graupel particles. Stephens modeled the latter category of

5 particles by choosing a "high" value of 1074 en™> for th

value used here.

and that is the

Given the graupel content and the value of N, , the mean diameter D

tg’
and the mean mass T can be compu;;ed as

’

B\

/D N(D) 4D ' . (22)
tg 0

(=]
"
2l

1 B
B 1/3 .
(m osth/ paqs)

"
i
> J

B
i

g

of'm (p) X(D) ap | (23)

113
gl

Note that both the mean diameter D and mean mass T are directly pro~
portional to the graupel content (paqs) and'inversely proportional to the
. I ' total number concentration Nts' The mean mass is only used to determine
i () " into which subclass (1ight graupel, heavy graupel, or hail) the graupel

c(;n‘cent falls,
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T . 3.2.3.2 Types of graupel: density and terminal velocity

As mentioned previously, graupel can fall into one of three sub-

<
classes depending on the mean mass: 1light graupel, heavy graupel, or hail,
Each type of particle 1s characterized by a different density and terminal

velocity as outlined in the following table,

For graupel Assigned Terminal -1 1
mean mass Type denslty_3 velocity (cm s )
@ (g) of graupel P (g em™) Vs(D) /
<1072 light graupel 0.1 59%. (y4/?) 1/2p1/2
-3 -2
107 <m<2x10 heavy graupel 0.6 (bo. 5/%.C )1/21)1/2
- by & 30.Cp
>2x10 ‘ hail 0.9

[

The terminal velocities used to advect the graupel distribution are

mass welghted and ha\;e the form

VS=L(%’—'1)-V6(5)

where

-3

594.(p00/p)1/ 251/2 (1ight graupel)

D) = 4
VS(D l(“pg 8/30aGD)1/% 1/2 (heavy graupel or hail) (24)

The mean diameter D is calculated using (22). The drag coefficient ¢,

is given a value of 0.6,

3.2.3.3 The graupel processes
To calculate the various growth and transformation processes which are

dependent on the size of the individual particles concerned using a con-

tinuous exponential distribution (N(D)), the following technique is

e &
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employed, First, the time rate of change to the mass of an individual

particle is formilated (S2),

ry This expression is then integrated over the

whole size range (0 to«) to give the rate of change of the particle "bulk"

content (paq) as follows:

d(e_a) =
——-dzaq -/ £ N(D) ap (25)

where q represents the rain, snow, or graupel mixing ratio and m is the
masa of a single drop or ice particle,

When describing the rates below, formulated after equation (25),

only the expression for the time rate of change to the mass of an individual

particle .3_1;1 and the final derived expression for the time rate of change
dq

to the graupel mixing ratio —d-f— will be gilven. The detailed intervening

steps in the derivation can be found in Stephens (1979) unless otherwise

indicated.

Raindrop contact freezing (CONTH)

This is the freezing of supercooled raindrops upon collision with an
ice crystal or snowflake which acts as a freezing nucleant. If the rain
distribution is given by an exponential distribution with constant inter-

cept Nor’
. ) D
Nr(Dr) =N _e'rr (26)

where, in an analogous fashion to graupel,

B, ot <
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% ( ""“N“;)lﬂ+ (27)
i A, = (——= . 27
* Palr ' o
_ _ =4
Nor - Ntr)‘r = 0.1 cm

e DI 1/Ar .

then it‘can be shown that the rate of contact freezing is

~

coNTH = wN,0 | 6.1875 T ~5v, (D) | (28)

iy —
where Ni is the total number of ice crystals present at that point, Dr is
the mean raindrop radius defined above (27), vi(Doi) is the ice crystal/
snow "median volume diameter" fallspeed defined in (15) and the rain mass

welghted terminal ‘velocity Vr is given by

T, = 102 (o /30,075, 12 (29)

Heterogeneous raindrop freezing (Bize's freezl (PIFR)
i The expression for the rate of raindrop fre’ezing 1s based on the wox:k
! of gigs (1953) and is Aexplained in Wisner et al (1972). This process is
included in the model of Orville and Kopp (1977) but omitted in Stephens'

(1979) scheme.

PIFR = 208N (5, /o) (oxp (&' (T,-D)] -0 (30)

where A' and B' are parameters in the Bigg freezing process determined from

lab experiments and T, is the freezing temperature (273K).

Fo

36 -

(<%




—

et b et .5 PR AT,

R S SR

Vo e, - anryn e

37

Y

»
Conversion from ice crystals/snow {CONV)

Conversion of snow crystals which have grown to "graupel size"
through vapoi‘?eposition and rimi% is handled in a simpler, yet perhaps
less reallstic, fashion than Stephens used, for the sake of simplicity,
and should probably be modified in the futurs,

Stephens calculated the conversion rate using both consideration of
the riming rate and a crystal mass upper limit. The riming rate is used
to reflect the fact that graupel is usually initiated from ice crygals
which have grown mainly by riming clofid water rather than vapor deposition
(thus creating non-crystalline ice particles). At the same time it is
possible for crystals and crystal aggregates to grow by both depdsition a;r;d
riming to sizes beyond which mass and terminal velocity versus diameter
relatlions are no longer valid, In the latter case, a crystal "mass upper
limit" was set by Stephens and used to determine when the approprlate por-
tion of the ice crystal content should be transferred‘into graupel, re-
gardless of the means of crygtal growth.

To simplify the formulation of thls pracess, the entire ice cryktal/
snow content at a polnt is transferred to graupel when the‘ice/ snow vélumel
dameter D , (equation {16)) exceeds an externally specified conversion
threshol‘d dlameter, The threshold diameter ch?sen m)s 800 ym (0.8 mm),
Thus )

: ) .
. ‘ {qi/ét » Dyy=0.08 cn. ! )

Rl [ , D_4<0.08 cn < (31)
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Deposition/sublimation (DEPH/SUBH)

The time rate of change,of a graupel particle mass mg due to vapor
depesition is .

dm

$i8 = 27D SS &(T,p) £(Re) (32)

) [ ]
where SS is the supersaturation with respect to ice
©

88 = qv/qsi -1 (33)

G(T,p) is a function of temperature and pressure
eL2 RT -1

G(T,0) = | e + =g

: K'R,T“ " e¥(T,ple_, (T)

¥(T,p) = 828(5)(:22s) (5mm) 0 (34)

P)OE P/\T+120/ ‘273’ ~
ogu(T) = gy (T
- and f(Re) is the ventilation factor, a function of the Reynolds number Re
. N . .
f(Re) = 1 + 0,229 (Re)i/z (35)
Re = o0 V g/p(T) .

where p(T) is the dynamic viscosity of alr at temperat@ire T. Equation (32)
is based on the electrostatic anslogue of capacitance to describe the vapor
field around the graupel partlcle with- heat and mass talance considerations,

The deposition/ sublimation rate of change to (the graupel mixing ratio

\w\

is then given, by M . )

DEPH/éUBH =2nSS N D 6(1,p) £(Re) /o, T (36)

>

whez..'e f(Re) & is a special ventilation funcm{for' ‘graupel‘ glven by

- e
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; w 1/2
2(re), = 1+ 0.265 (o, D T rhY? W (37)
Deposition oc;_curs for 85 > 1 while subtlimation ocecurs if SS < i, '
Riming (RIMH)

The time rate of change of mass due to 'riming of cloud water is

1

= %Dz

&le

V(D) B (oa,) - (38)

where Egr is the efficiency of riming, here assumed to be 1,0. The final

form, glving the time rate of change to the graupel mixing ratio, becomes

¢

RIMH = 27N V_ ¥ q (39)

n

Collection of rain water (HCOL) ’ i
The time rate of change of mass mg of a graupel particle falling :

through exponentially distributed rain is

s \ )
g—fc‘g = . jo L ’D+Dr)2 | v.(o) - Vg(D)I %Dl?pw E(D\D) N (D) & (&)

- ’

\ ~ L,
where the collection/coalescence efficlency E(DI_\D) is assumed to be 1.0, N,

The derived transfer rate for the collection of a rain distribution by a
graupel distribution is then

HOL = |V V| o N (0.5 + D5 B ()

=

1

|
w
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Melting (MELTH)
Consideration of sensible hgat flux to a graupel particle from the
environment and the heat released from vapor condensation onto the partihcle
leads to *t;hel expression for the time rate of change of mass due to melting

(Mason, 1956) when T > 0°G,

)] [(1+0.226 Re¥/2)]

dm _ 1 '
s T " L, (27K (T-Tsfc> t2n by w(T'p)(pv-pvsfc
, (42)
where TS fe and p vsfe 2¥e the temperature and vapor dens%ty, respectively,

& .
at the surface of the graupel particle., The final bracketed term is a

ventilation factor, a fungtion of the Reynolds number.
Integrating (42) over the entire graupel distribution gives the decrease

to the graupel content due to melting, as

3

¢

MELTH = L—i: [2n &' (T-)) /oy +2n Ly ¥(T,D)(a,70,) 1 D N, £(Re),  (43)

where 1t has been assumed that the temperature of the particle's surface is

0°C (TO) and the surface water vapor density is liquid water saturated (qu).

An additional term for the transfer of sensitle heat to the graupel

o

from accreted water,/iﬁ:luded in Stephens' expression, is considered to
make a relatively small contribution to the total rate and so is omitted,
It should also be noted that when the air is subsaturated with respect to

water, the condensation term containing (qv'q-vs) is set to zero,
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* 3,2.4 Radar reflectivity
The equivalent radar reflectivities are computed according to

o Kessler (1969).
For rain we simply have
|
T . A D ¢
; Zg= S Voo TTD, (1)
| . -7 12 6 -3
= 720 N A "' x 10 (mm )
|
. For dry graupel particles we assume Ra}fleish scatterirg\(iyxh et al, ‘
! 1975).
¥ .
3 ~ 2 ®© ) | /
; Zg - let ice 7 No e-AD D6 dp .
|K} “water O € (45)
= 0.19(720 N, 27 x 1012 (m® 273 T T
or = 0.19(720 th )\-6) x 1012 (mm6 m_3)
where K| 1ce and lK‘wa,ter are the dialectric constants for ice and water
| respectively,
‘5 - s
Conversion to dBz units is as follows: .
6 -3 ‘
z‘e(de) = 10 10510‘[ze(mm n )] (46)
_ I -
As a result of the assumptions inherent in using an exponential distribution R
- .
to describe the rain and graupel contents, the calculated reflectivities o
”"ﬁ ; |
' tend to overestimate actual observed values (see Smith et al, 1975). b
|
3.2.5 Ice.processes not included
<'\) Several ice processes included in other 1\ce phase parameterizations- l
\ »
\

' . were not included in the scheme used in this model, mainly because they

. e - S - — e,
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added further complications, did not readily fit into the existing micro-
physical framework, or because they were deemed the least important of the
many ice phase processes that were considered, Some of the processes can
be added guite easily while oth;rs would demand more work to 1ncorpoi-ate

them in the model.

"%

3,2.5.1 Ice multipllcation

An important process, studied by Hallett and Mossop (1974), 1s ice

multiplication, the ejection of small ice splinters from riming ice particles,

These splinters can be an important additional source of graupel through

riming and by acting as nucleants for contact freezing of raindrops. This

process can Increase the number concentration of ice particles substantially,

as shown by Takahashi (1976), Scott and Hobbs (1977) and Koenig (1977). It
is foi' this reason that ice multiplicatipn cannot be modeled in the present
scheme, as the total number concentration of lce particles is not carried
as a variable but is elther an externally specified constant (for gra.upel)
or is tempex&a.tme—dependent (ice crystals). In the future, this process

;)
should }a"fncorporated into the model in some way,
~ .

3.2,5.2 Wet growth of graupel, accretion of ice crystals
. and shedding

Wet growth of graupel, described by Musil (1970) and included in such

models as Orville and Kopp's (1977), is not included in the scheme but can
be added with 1little difficuliy at a later time., In the wet growth mocie,
the collected water coat on a graupel particle ¥S not completely frozen and

some 1s shed, usually assumed to be shed as raindrops and so is added to

the rain distribution, For dry growth, the graupel particles are inefficient

collectors of ice crystals (Orville and Kopp use an equation similar to (38)

R b ki), St PR N3
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J;‘o describe crystal collection but with a low collection/ coalescence ef-
ficiency of 0.1) but the liquid water coat accreted in the wet growth mode
imi){.‘oves the collection efficliency congiderably so that it can be assumed
to b% 1.0, However, wet growth typlcally occurs between the 0°C and -15°C
1s7:>t:herms, where the relativeély small ice crystal content would not add

significant mass to the graupel content, Thus, as wet growth is not modeled,

. shedding and accretion of ice crystals are not included as well.

3.2,6 Summary of microphysical parameterization

Water is divided into five major categories: vapor, cloud water, ice
crysta.ls/snow, -rain, and graupel, Snow, raln and graupel are assumed to
follow inverse exponential distributions’and are allowed to precipitate.

The various interac‘;ions between the five categories of water are illustrated
in Figure 1, while Table 1 summarizes the various transfer rates and other
expressions used in this paramgterization.

Figure 2 shows a i'}.c;w chart representing the way graupel is classifled
(1.e. light graupel, heavy graupel or hail) according 'ﬂto the graupel content,

/

The graupel content at‘ a gr;I.d point can be' initiated by several processes:
raindrop freezing, conversion from ice/snow crystals, advection, or diffuslon.
Once graupel exists at a grid point, the mean mass (m) of the distribution

13. calculated. The mean mass then determines which type of graupel is ap-
propriate for the glven content, If the mean mass is below 10—3 grams,

the graupel distribution is assumed to be made up of small, light graupel
particles of low density (0.1 g em™> ) with a specially calculated appropriate
terminal veloclty, If the mean mass falls between 10"3 grams and 2.x 10"2
grams, then the .classification "heavy graupel” 1s used, which assumes a\

particle density of 0.6 g en™, If the melin mass is greater than 2 x 1072 "

t
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Figure 1. The microphysical processes. An asterisk (*) indicates
an initiating process, The two lines (one dashed) labeled MELT¥
indicate that ice/snow can melt into either cloud or rain, The
process names are explained in the List of Symbols,
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Table 1\\
Microphyaical Process
Symbol ° or Parameter | Formulation
: 2
COND Condensation ( ) [1+ Lo 9ve ]'1
a q‘V S CR (1‘_ 6)2
\ pv P
y : \_ a a
AC Autoconversion of cloud . ¢ (qc p—) y 4> o
¢ to rain . a U Pa
0 otherwise
ce Accretion of cloud by rain 928 g (oaqr)7/ Bekz/ 2
\ .
EVPC . Evaporation of cloud same gs COND with q < q
EVFPR BEvaporation of rain 4. 3( 'qv's)(paq-r)13/ 20
1/8 kz/2
V. Fallspeed of rain 2864(p aqr) 3
i -1 ' 9/8
R. Rainfall rate (mm hr™ ") 18, 5(paqr)
NUCLEA  Nucleation . 10'11(Nn—N1)/6t
DEP Deposition (ice crystal) am 2 (qv-qsi ) N
\ -
. 1 12 Uys™9s1 1
\ "Dy
RIM - Riming (ice crystal) - . —I Vi(Dm) N, E p,q,
DEP Deposition (snow) a, (%o )az Not I‘(3a2+1) qy74g4 )
136w Pa )\13212*'1 yg™dgy
RIM Riming (snow) @ )(f_v[ 2/3 Not r(3+b) i
by WET R
v (D.,) Fallspeed of ice/snow a D, °=207p 03t
1\ ot P k of o1
MELT Melting of ice/snow qi/ 8t
v
g

of graupel or

Mass weighted fallspeed r(4.5) {594.(p00/p)1/ 2 T)'i/ 2 (11ght graupel’

1/2 =1/2
4 c D
( Pg 8/3oa D) (otherwisg‘)
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) Mlcrophysical Process

Table 1

(continued)

Symbol or Parameter
GONTH  Contact freezing
v - Mass weighted fallspeed
of rain
. PIFR Bigg's freezing
CONV Conversion of snow to
graupel
DEPH/ Deposition/sublimation
SUBH for graupel
RIMH Riming for graupel
HCOL Collection of rain by
graupel
MELTH Melting of graupel
Zi Equivalent radar reflect-
ivity for rain (mm® p~3)
zg Bquivalent radar reflect-
ivity for graupel (mm® m=3)
T

Formulation
-2 -—
N, D" 6.1875|V -5V, (D_,)| o

5%45)- (4o, &/30,Cp) 1/2 Brl/z )

2., “¢ A (To-T -7
20 B Nor(pw/pa) (e ( 0 )'1) A e
l qi/ét » Dy 20.08 cm
0

» Doy < 0.08 cm .

2788 Ny D G(T,p} £(Re) /b, \ . .

3 7 TP
ARTE T

- =2 -
" |vr-vs| . th(O.5D +2D D+

i—i-i- [2n i (=T )/o, + 271, )(1,70,4)] =
D N,cs f(Re) & \

720 N__ xr"7 x 10t2

0.19(720 Ny 1~% x 1012

§
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Mgyre 2, A flow chart showing the method of graupel classificatlon.
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grams, the density isa increased to 0.9 g cm-3 to model "heaviexr" hail-'
stones, Once tt{e type of graupel has been detemnnqd; the slope parameters
are then defined using the appropriate particle density along with the
graupel content: The various rates and parameters used to determine the
growth of the graupel distribution are then calculated for a given time
sfép and the whole procedure is repeated for each grid point and time step

when graupel is present, /

3.3 Dynamics, thermodynamics and numerical &8pects of the model

~

. This sect'ion deals wlth dynamlical and numerical aspects of the
Steiner (1973)-Yau (1979b, 1980a) 3D model of cumulus convection used for
this study taken, for the most pak from Yau (1980a), The equations are
developed for variahbles averaged over an elemental grid volume. Detalls
can be found in Steiner (1973) and the symbols, which atre generally

standard, can be found in the List of Symbols at'the beginning of this thesis, ’

¢

3.3.1 Major assumptions

1) Coriolis force and surface fricticn are neglected ¢

2) The domain is assumed to be surrounded by identical domains

! 3) The deep anelastic system of equatiops is used
R ‘

3.3.2 Equations of motion

Dimensionless pressure rrp and the potential temperature 6 are expressed

, using perturbation methods (1.e. sums of their basic state values (1(z), 6(z)))

and deviations from that state (wp' » 8'). The equation of motlon expressed

in tensor form is

-

o A——
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du, _ 1 3 - an'
i T I (7)
-$ <--]-'—-.i—(puu)-c @.a_ﬁp.q.p\ > +5,. (B-<B>)
i3 paaxj a 17 P axi i i3

where Fi represents the sub-grid-scale processes and B, the buoyancy, 1is

given by

B:g(g—'+o.61qv'-qc-qr-qi—<1) (48)

g

where qv' 1s the deviation of water vapor mixing ratlo from baslc state (qv)'
The angle braces (< >) denote the horizontal mean of the expression

inside the braces.

. 3.3.3 Continuity equations for air and water substances
N /4
PFor deep convectlon, the contin\uty equation for air is
5= (o,u,) = 0 (49)
axi a1
while the prognostic continulty equations for vapor (qv) , cloud (qc),
réin (ql_), ice/snow (qi), and graupel'(qg) ares
Ay oL % () . q)+ DIFFU - €OND + EVPC + EVFR - DEP - DEPH +
) b, Xy '8 i _
SUB + SUBH - NUCLEA )
e .- L 2 () 4 )+ DIFFU 4+ COND - AC - GC - EVEC - RIH -
) Py 9x; '8 3 %
* RIMH (+ MELT) - GLAC
’ i!—?3-'-1-—-3-[ (u,~V_85,.) +DIFT‘U+AC;-GC+mTH EVER
() F) “'paaxj_"a j r13°-r;' - -
- HCOL - CONTH (+ MELT) - PIFR - FALLOUT T (%)
i N

PO
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(50) continued

) .

33—1.—._-0—“ [p(u 13)qi:]+DIF'E‘U+NUC.'LI::A+Dl-::P+R]:M+GLAG—
MELT - SUB - CONV - FALLOUT

g ‘

Tl p ax [pa(uJ vsaiB)qgj + DIFFU + CONV + HCOL + CONTH + DEPH +

RIMH + PIFR ~ MELTH - SUBH - FALLOUT

where the first term is advection (ADVEC) and the second is diffusion (DIFFU)

of a quantity q, given by

_1 3 3g
DIFFU o axJ (p “haxj)

(51)

]

o

The parentheses around MELT reflect the fact that the ice/snow is

melted either into cloud or into rain, but not both.

3.3.4 Diagnostic pressure equation

From (47), the diagnostic pressure equation can be de

3 an" ] 3
c (e =5 L-55 (¢
P bxi a axi axi axJ a
3
Pa Fi> *ix, ax3

wh_eré:

" =71' =< n'>
by p

3.3.5 Sub-grid-scale processes

The turbulence parameterization follows that of Deardorff (1970, 1972),

modified to include thermal instabllity effects as in Hill (1974).

term for Fi’ sub-grid-scale forces, is

TN

ed:
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F, == [e v, )] (53)
i pa axj a axj

where Vo the eddy coefficient for velocity components, has the form

vo=k a? (¢t e 7Y o (54) |

n
P .

and is related to the eddy coefficlent for scalar quantities Vh by the
' Prandtl number v / vy set to 1. In equation (54) t, and t), represent the

deformation and buoyant time scales respectively, while k' is a constant and

! “ "
p = (Ax Ay Az) 1/3 is the grid spacing scale.

/ . . The deformation time scale is proportional to the velocity defo:mation

and 1s formulated’ by Deardorff (1972) as

. L Zmi au1 du, ‘&u_'i au, 3_1.1'1 -1/2 o
"\ J J x5 1 J 1 1
~— ’ “: .
. - i
: while the buoyancy time scale, representing the local thermal 1nsta1;nlity,
is glven by Hill as ) ;’
N { ’ * . i -
- ) - . _1/2 . — (
= |-8(38_ 38 ) (28 . 28 ) <o ‘
ry k3 ’ -
. ty= | 6 3z azlmist | 3 =l s
: ’ 56
+ =0 - ’ (ae 'j'l 2 '
B - N : moist
where the moist adiatat gg 1s calculated in saturated regions but
moist -

set to 0 in aubsatmted regions, .

:.f:". [ ' ! :
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3.3.6 Thermodynamic equation

. The change in the potentlal temperature perturbation with time is

20' | _ 1 3 )+ . v \
= -5t (o, u, 0') + DIFFU + £ L CcOND -wBVEC - EVPR]  \,

a °%3 J ?'D

L

+ 72— [NUGLEA + DEPC + DEPH - SUB - SUBK] (57)
v p'P

31‘11_/

[&Ac+nm+m+nm+ncox,+com MELT - MELTH]
%p"p \

-
' -t
~

where DIFFU is given by (51) with q r\gl/Iced by.6°'.
3.3.7 Numerical procedure

3.3.7.1 Grid system
The three-dimensional domain is divided into 32 x 32 x 24 grid boxes

with a resolution of Ax= Ay=1 km and Az=0,.5 km, glving a domain sigze of

32 x 32 x 12 km in the x, y, and z directions,

¥ The wind velocity components are computed at the faces of a grid cube

and the other variables at its center, making it a "staggered grid", Bach

-

domain is surrounded by identical domains for boundary condition considerations.
\ .

¢

3.3.7.2 Finite difference methods

A second-order, non-diffusive, leapfrog method in time a.nd la. centered-
difference method in space are used to solve the prognostic equations, A
fast Fourler transform technique is employed to solve the diagnostic pressure
equation (52). The time step 6§t can elther be set constant or it can vary

€

internally according tg,linear stabllity criteria and varies between 8 and ]
" ~.
15 seconds for the simulation presented here. ' \/

A time filtering technique by Asselin (1972) is used to prevent the

splitting of solutions at even and odd time’ steps., Negative water contents,

-
’ ~
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arising from advective truncation errors, are set to zero and the excess
water substance added by this process is then subtracted from each grid

cell in proportion to the amount present.

o~

3.3.7.3 Initial and boundary conditions /

Vertical boundaries are rigid and free-slip, Vertical gradlents of
any quantity Q must vanish while the vertical velocity component (w) must

be zero at the top and bottom boundaries,

w=20
9%

The lateral boundary conditions are assumed period:i,c.

The basic state temperature, water vapor, and wind profilés are given
by a real sounding (Chisholm, 1970) taken close to the time 2: Place of -
the observed hailstorm (near Penhold, Alberta) ‘E.ha.t is to be gimula.ted.
This data is presented in the next chapter, which deals with the%}\hm\ed
storm of June 27, 1967.

Convection is initlated by a saturated humidity impulse at, 6 the ce;lter

A
of the domain, The impulse 1s parabolic, 9 km in width, and ends from
approximately 1,25 km to 3.75 km in the z direction. "%v»l )ﬂ
.. A S
4 \
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- The model is written in PL1 and consists of 24 subtroutines. It has
been used (in various versions) at McGill University, Montreal' to study
evaporation, water load and wind shear (Yau, 1980a), cloud seeding (Yau,
1979b), and random surface heating as a means of initialization (Michaud,
1980), Turpeinen and Yau (1981) have compared the results from 3D warm
cloud simulations with GATE radar data, finding a falr degree of realism

in the simulations, ,
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CHAPTER &4

DESCRIPTION OF OBSERVED HAILSTORM

4,1 Introduction ‘

The hailstorm which will be used for comparison with the modeled
storm occurred southwest of Penhold, Alberta on June 27, 1967 and was
detalled by Chisholm (1970) in his radar study of Alberta hailstorms, It
was chosen basically for numerical reasons because it was the weakest,
smallest storm, existing in a weakly sheared environment with little wind
‘relative to the storm motion., Yet, this storm produced pea- and grape-
sized hail at the surface. Its low energy and relatively small vertical
extent implied comparatively small vertical velocities. Thus, the model
vertical velocitles were expected to be of comparable magnitude ensuring
numerical stability for larger time steps (the internally varied time step
is a function of the maximum velocity magnitude and can become quite small
for large veloclties, consuming vast amounts of computer time). The small
slze of the storm and the weak relative flow permitted the model domain to
be relatively small with a reasonable resolution. The reports of large

hailstones at the surface indicated the strong activity of the ice phase
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processes 11:1 this particular storm. Thus, this storm seemed a good
example for comparison with the simulation.

An ALHAS narrow-beam 10 cm radar located in Penhold, Alberta, and
specially-equipped airplanes, were used to observe the storm on this day,
The storm was cellular in nature and occur®d in mid-. to late afternoon,
from 1538 to 1813e¢M.S,T. The track of the storm, which formed and decayed
 within radar range, is shown in Figure 3. The third cell produced the
largest hail at the surface and is the only one detailed by Chisholm. Thus,
this cell (Cell 3) wil]: be used for compariscn purpos;s. The storm moved
generally southeast at approximately 7 m s-l, each cell lasting roughly
\30 to \55. minutes, Each new cell formed on the right-hand (south) flank
of the preceding, dying cell.

L,2 Atmospheric conditions -

¥

The atmospheric conditions at‘;the time of the storm, given by a radio-

sonde sounding and wind hodéi‘graph,' are used to initialize the model, The
soundings were taken at Penhold, a.ppr‘:oximai:ely 70 km from the storm, at
1617 M,S.T. (during the time of formation of the storm) and may be sald to
be representative for the storm area,

The radiosonde sounding is shown in Figure 4 and is typleal of a con-
tinental, early summer air mass, The surface air is quite dry (3%%
relative humidity) and warm (21°C) and above is almost dry adiabatic up
to 600 mb, There is a small inversion at about 720 mb and a stable layer
from 600 mb to 5450 mb. The relative humidity (rh) peaks at a value of
98% at the bottom of this stable layer. The lifting condensation level *(1CL)
and a "loaded moist adiabatic" (LMA) parcel trajectory are indicated ‘showing

a small "positive area" and a relatively low cloud top (at about 7 km),

-
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Figure 3, Map of Alberta Hail Studles (ALHAS) Project Area taken from Chisholm
(1970), with the track of the observed storm of 27 June, 1967 added. Times
at the beginning and end of the multlicell storm are in Mountain Standard
Time (M.S.T.). Note that the storm was well within radar range.
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Figure 4, Sounding at 1617 M,S,T, -- 27 June, 1967 for Penhold, Indicated are
a dry adiabat (for reference) and a pseudo-adiabat indicating a moist
adlabatic parcel trajectory using cloud base conditions, Note the rela-
tively small positlve area and low (predicted) cloud top at about -32°C
(7 km). Also shown is the vertical extent of the humidity impulse used to
initiate convection in the model. (Based on Fig. 5.11 in Chisholm, 1970.)
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indicative of a weak storm with weak updrafts. Observed maximum updrafts
at cloud base were 5-6 m s-1 and no measurements were taken inside the
cloud. However, Chisholm used an LMA model to predict maximum updrafts of

16,4 m ::'._l

, quite weak in comparison to the "medium" and "high" energy
storms presented in his the%is. Due to uncertain and missing upper air data
above 350 mb in the soundinéupresénted by Chisholm (Figure 5.1.1 in his

1970 thesis), a sounding from Edmonton, 206 km away from the storm, was

used to glve the temperature profile above this level., The wind profile

in the vertical is given in Figure 5 and shows a weakly sheared, 1ll-

1

defined structure with a maximum horizontal velocity of 16 m s~ at 3 km

height. The wind flow relative to the storm, assuming a southeast storm

motion of 7.4 m g1

, 1s given in Figure 6 and is resolved into a component
in the plane of storm motion and a component normal to the plane of motion
shown in Figure 8., These components were used to initlalize the u and v
wind components, respectively, for the simulation.

L4

4,3 Main features of storm (Cell 3: 1658 to 1731 M,S.T.) ,

Figure 7 shows the growing stage of cell 3 (1659 M.S.T,) in both
vertical and horizontal (PPI) radar cross-sections., The vertical sections
are taken along the lines indicated (on the PPI sections), one in the
direction of storm motion, the other normal to the storm motion. A small
notch-shaped UWER (unbounded weak echo region) is evident at 1 and 2 degree
elevation, The cloud base is at 2 km above ground level (AGL) and at 3°C
and some light precipitation has started to fall at the surface. Note
the remaining precipitation from the dissipating stége of cell 2 on the left-
hand flank of cell 3, most evident in Figures 7a and 7c, Maximum radar

reflectivities in excess of 65 dBz are located at approximately 4.5 km and

it « o
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Figure 5. Wind hodograph at 1617 M,S,T.

-~ 27 June, 1967, Wind speeds

are plotted in m s~1 and heightsrare indicated in km AGL (above
ground level). From Chisholm (1970).

[




Figure 6, Same as Figure 5, but V‘liti'l wind speeds
the storm (storm velocity 311 deg/7.4 m s~1)
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Figure 7a. PPI sections at 1659 M.S.T. -- 27 June, 1967. (Growing stage.).
Contours of Zg¢ (equivalent radar reflectivity) are labeled in dBz, Note
the remnants of the previous cell as indicated. Lines AB and CD indicate

cross-gection axes for Figures 7b and ¢. (From Chisholm, 1970.)

Figure 7b, Vertical cross-sectlon in the direction of motion at 1659 M.S.T.--
27 June, 1967, Contours of Zg are labeled in dBz, Note the UWER and

overhang. (From Chisholm, 1970.)

Figure 7c¢., Vertical cross-section normsl to the direction of motion at
1659 M,5,T, -~ 27 June, 1967. Contours of Ze are labeled in dBz. Note
the remaining precipitation from the previcus cell on the LH side,

(From Chisholm, 1970.)
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Figure 8a, ‘Schematic alrflow (deduced bty Chisholm) in the

plane of storm motion at 1659 M,S.T, Also shown are

the wind components relative to the storm in this plane-
(dexived from Figure 6) used to give the imitial u
velocity component for the model. Note the mid-level
"Jjet" between 2 and 5 km height. The schematic airflow,
over which the vertical radar cross-section of Figure 7b

.18 superimposed, is deduced from the wind components in

this plane, alrcrafit-measured updrafts at cloud base,
and Chisholm's WER hypothesis. (From Chisholm, 1970,)

Figure 8b, Schematic alrflow (deduced by Chisholm) normal to

the plane of storm motion at 1659.M,8,T. Also shown are
the wind componments-relative-to the storm in this plane
(derived from Figure 6) used to give the initial v velo-

city component for the model, The schematic airfllow, over
‘which the vertical cross-section of Figure 7c is super-
imposed, is deduced from the wind components in this plane,

alrcraft-measured updrafts at cloud base, and Chisholm's
WER hypothesis, (From Chisholm, 1970.)
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the "storm top", defined as the maximum height of the 35 dBz contour, is
6.5 kn and rising. A derived initial airflow, us.{%; sgbicloud winds,
cloud base updrafts (measured by aircraft), the weak echo region (WER)
hypothesls, radar reflectivity, and mid- to high-level winds, ls super-
imposed on the vertical cross-sections in Flgure 8. (Recalling from
Chapter 2, the WER hypothesis assumes that a weak echo region is composed
of freshly formedJ minute cloud droplets 131 the reglon of the maximum sub-
cloud updraft.) This figure shows a low-le*;el inflow from the south and
a relativ'ely vertical updraft with 1little or no outflow.

Nine minutes later (1708 M,S.T.), cell 3 (now separate) is in its
mature stage and is shown in Figure 9, The storm top has reached its max-
imun height (7.5 kn AGL) and maximum radar reflectivities in excess of
65 dBz have extended to the surface with corresponding reports of grape-

_slzed hafl (2.0 cm in diameter), Maximum reflectivities can be found at
about 2.5 km hgight and are estimated to be between 65 and 79 dBz. Note
Aatlzxe large, elliptie(a.l precipitation area at the surface and the verticallty
of f;he storm, Also note the strong reflectivity gradient on the rear (up-
wind) side and right-hand flank (RH) of the storm, due to the inflow of '
alr at these sides, and the relatively wea(.k ‘g:r:‘adient on the opposite sides,

The vertical section in the direction 6f motion (Fiéure 9b) shows the
strongest gradient on the left (rear) side of the storm at 3 to 4 km height
corresponding to the maximum inflow at this level (see Figure 8a) and the

hydrometeor motion in respohse to this flow., This same flow creates the

radar "overhang" atm ght on the opposite or front side of the
‘storm by advecting hydrometeors over the sub-cloud inflow/updraft from the

(0
‘ right (front) where the heavier particles can fall into this inflow region

.
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section axes for Figures 9b and c¢. (From Chisholm, 1970.) 3

b : Figure 9b, Vertical cross-section in the direction of motion at 1708 M.S.T, --
27 June, 1967. Contours of Zg are labeled in dBz. Note the overhang on
* the right-hand side. (From Chisholm, 1970.) . <
- §
‘ ( ) Figure 9c, Vertical cross-section normal to the direction-of motion at 1708
; . . M.S.T. -~ 27 June, 1967, Contours of Zg are labeled in . Note that
‘ . the storm in this plane is narrower and lacks a subetantid? ov?a"'hpng.
f : (From Chisholm, 1970.) ' ” AR
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" and either fall to the pongr be recycled back into the updraft core,
depending on their size.

The cross-section normal to the storm motion (Figure 9c) shows areas
of high reflectivity gradient at the RH flank near the surface and on the
left-hand (LH) flank above 2,5 km corresponding to regions of inflow at
these levels in this piane. The maximum dimensions of the storm are ap-
proximately 10 km in the, direction of motion and 7 km in the normal direction,

By 1722 M.S.T., 23 minutes after the birth of cell 3, dissipation has
begun, The storm top has subsided to 5 km AGL as illustrated by Figure 10
and the top of the 65 dBz contour has descended to only 1 km above the
surface :I.ndicé.ting the end of precipitation formation and growth in the
cloud above, The high surface reflectivities are indieative of the last
heavy downpour or precipitation gush associated with the decair of the stomm.,
_Note the still essentially elliptical shape of 'the surface p:recipit.ation
aJ:ea.p with-a bulge in the northeast directlon., The major axis lies in'the
direction of motion of the storm.

‘

In summary, the storm chosen for compa.rison“pu:‘rposes wWas a relatively
small, vertical cell which produced grape-sized hail, embedded in a con-
tinental alr mass in central Albefta. The cc;ll exlsted in a weakly sheared
environment, its resultant verticality allowi'ng precipitation to fall
through the updraft, which ultimately brought about its decay after 23
minutes, By using the atmospherlc conditions at the time of the storm to
initialize the 3D Steiner-Yau cumulus cloud model, modified to inglude \
gz‘a.ul;el, it was hoped that a similar storm could be generated numerically,

In the next chapter, the results of a full 3D simulation will be presented
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Figure 10a, PPI sections at 1722 M,S,T. -- 27 June, 1967, (Digsipating stage.)
Contours of Zg are labeled in dBz. Lines AB and CD indicate cross-section
axes for Figures 10D and c. (F‘rom Chisholm, 1970.) . -
" Figure 10b., Vertical cross-section in the direction of motion at 1722 M.S.T. --
,’ 27 June, 1967. Contours of Z, are labeled in dBz. Note the collapse of

the reglon of high reflectivity (Ze > 65 dBz) towards the surface., (From
Chisholm, 1970.)

Figure 10c.. Vertical cross-section normal to the directlon of motion at 1722
M.S.T, -- 27 June, 1967, Contours of Ze are labeled in dBz, Note the
narrower, "pinched"\ lstructure in this plane, (From Chishglm, 1970.)
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and in Chapter 6 the results will be discussed and compared with those
from the observed storm outlined in this chapter and from a 2D test r\m.“
Particular emphasis will be placed on the comparable feakures such as

radar structure, precipitation size and type, and aixflow,
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RESULTS

5.1 Introduction

3

In this chapter, the results of a fully three-dimensional numerical

hailstorm simulation with’ cofnplete lce-phase microphysics are presented,

Given an initial basic state from the sounding of June 27, 1967 at Penhold,

Alberta (Figures 4 and 8), convection is initiated by using a parabolic
humidity impulse and the following fields are obtained at fixed time in-

tervals for the duration of the run ( 53 minutes simulated time):

AR ot mn
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potential temperature perturbation 8', pressure perturbation n P‘, vapor q_,
cloud g, rain g, ice/snow q,, graupel Qs combined rain and graupel (total)
radar reflectivity Z_, turbulent diffusion (eddy) coefficient v,» and
buoyancy B, Horlzontal and vertical velocity components are combined to
glve vector flow flelds, Both horizontal x-y slices and vertical x-z (W-E),
y-2 (N-3) sectlions are presented, as i1llustrated in Figure 11, The vertical
sections are taken in the plane containing the updraft maximum while several
‘horizonta.l sections at different levels are displayed. Note that vertical
radar sections used by Chisholm in presenting the observed storm (Chapter 4)

run parallel (1line AB) and pefpendicular (line CD) to the storm motion
. 3
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(1.e. NW-SE and SW-NE), whereas the corresponding model vertical sections
run W-E and N-S, Also note that, in Chisholm's CD sectlons, the left~hand
side (C) corresponds to south with distance increasing to the north, while
in the corresponding model (y-z) section, north is to the left and south
1s to the right, with distance increasing in the south direction., The
sections are of equivalent orientation if one of them is reversed. Th'ree
representative times are presented in detail: 21, 31, and 4 minutes,
corresponding to the three stages of the observed storm described by
Chisholm (growing (or "cumulus" stage), mature, and dissipating, respect-
ively). Occasionally another time will be used to 11lustrate an important
feature most evident at that time., For each of the three times, the
following are displayed:

(1) cloud, rain, ice/snow, and graupel mixing ratio fields (x-z

vertical section only). All fields (except the rain) are contoured as

follows: the outermost contour represents a mixing ratio of 0.01 g kg—lg

the other inner contours start at 0.5 g kg_l and increase 1n intervals of
0.5 g kg—l in an inward direction, Where possihle, maximum values are in-
dicated by a plus sign (+), For graupel, it is indicated if the maximum
content corresponds to light graupel, heavy graupel or hail. For rain
content, only the outermost and innermost contour (surrounding .the rain
-+~ -paximum) are shown. Ice/ snow arising from nucleation 1s indicated simply
by an asterisk placed on the point where ice or snow content is present.

4

S -
"'TRGSe asterisks represent small ice contents of not more than 0.2 g kg 1.

'

“ Ice contents larger than this are generally converted into graupel. Rain,
graupel, and ice/snow content arising from frozen cloud water (above -35°C
' Bisotherm), are contoured and shaded as indicated in the dlagram key, Note

that horizontal and vertical axes are of different scales comspondihg to
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the higher resolution in the vertical, Alsé, the closest grid points to
the surface (0 km) are 0,25 km above the surface, Thus, in the following
discussion, the 0.25 km level is referred to as "the surface" as this is
the lowest level where information is availatle,

(i1) radar reflectivity and vector flow (horizontal and both vertical
sections). The total equivalent radar reflectivity (in dBz) is contoured
in 10 dBz intervals and superimposed on the vector flow, The vector scale
i1s determined by the magnitude of the longest vector which 1s given for
each dlagran,

(111) potential temperature and pressure perturbations (x-z vertical
section only)., Potential temperature perturbation (6') in X or °C is con-
toured using solid lines and a contour interval of 0.5, Dashed’contours

of 0,2 x 10'4

interval represent the dimenslonless perturbation pressure
(wp') with the letters H and L representing the maximum and minimum pres-
sure perturbations respectively, When the contour spacing becomes too
small the contour interval is changed or the contours are simply omitted,
as indicated. .

In addition, 6' and rrp' horizontal fields at 26 minutes and an updraft
(%) horizontal section at 31 minutes are included,

Several graphs wiﬁ also be used to illustrate the evolution of the
storm, Flgure 12 is a graph of various terms in the water budget versus
time, The curves labeled SCLD*, SRAIN*, SSNOW*, SHAIL* represent the in-
stantaneous total cloud water, rain water, 1ce/snow and graupel contents
respectively,\gummed over the entire domain. The remaining curves represent
the cumulat\ive sums of the varlous source/sink processes with an "S"
(signifying _s_uxn) placed before the process names as glven in Chapter 3

and in the List of Symbols, Exceptions are RCUM and RCUMH, which represent

e
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Mgure \Za. Nater budget terms for cloud, rain and ice/ snow. Sums of condensate indicated with an

i[ ast)eriék (¥) are instantaneous, while the process sums are cumulative, The log of the sums (in
. /m=3) is plotted versus time. To get the total mass summed over the whole domain in kg, the
b must be multiplied by the grid volume, AxayAz (m3), which is 5 x 108 w3,
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" the cumulative fallout of rain and graupel, respectively, The log of the

sums is plotted. Note that a constant wvalue of a cumulativé sum in a
glven time interval indicates that that particular process has terminated
and is no longer actlve.

Figure 13 shows the variation of the maximum updraft LA assoclated
maximum downdraft |w minl s Precipitation-induced maximum downdraft |w minpl ’
graupel and rain maximum "surface" (250 m) mixing ratios (QGSFGW and
QHSFCW respectively) with time, The numbers assocliated with the Woax
curve indicate the level (in km) of L and, in general, Iwminl’ lwminp'
generally occurs around the 1 km level in connection with the precipitafcion
there., The variation with height of the vertical veloclty at several times
is shown in Figure 14. 'I‘he' vertical profile is taken along the axis con-
ta.ftning wma .

X

5.2 Simulated hailstorm (3D)

50201 0 - 10 minutes

g

Convection arises after the introduction of the saturated humidity
impulse, A cloud quickly develops at the center of the doaain. This cloud
1s then advected towards the southeast by the mid-level environmental winds.,
The cloud base is at approximately 2,0 km height andJ the cloud top rises
with the maximum updraft which increases in height and magnitude, as shown
in Figure 13. Figure 12a shows that, for this perlod, the main process is
condensatlion while evaporhtion is the only sink of cloud water. During this
time a small amount of nucleation occcurs at each time step to create a

minute amount of ice/snow content (too small to be indicated on the grwph).
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. equally to ice/snow depletion. The breakthrough eventually allows the up-

74

5.2.2 10 - 20 minutes

. At about 10 minutes, the cloud breaks through the relatively moist
stable layer (see Figure 4) resulting in a large increase in nucleation at
this level (3 to 4 km) and thereby substantially increasing the ice/snow
content as indicated in f‘igure 12a, This snow content grows mainly by

depositlon and riming with melting and sublimation contributing almost A

draft maximum to accelerate up (along with the cloud top) and grow in
magnitude, producing a tall, vigorous hallstorm. 4lso, 9(1;he resul ting
nucleated ice/snow :lls eventually converted into graupel which initiates the °
graupel fisld. Thus the btrea.kt}';rough at 10 minutes is a crucial factor in ‘
the subsequent developmexit of the storm. Both rain and graupel are initiated
at 13 minutes near\the cloud water maximum at the center of the cloud (3. Im
height) . A{J.toeonversion of°‘ cloud (\rTof&shown in Figure 12) initiates the

rain field™hile conversion from snow cz;;{als--inktializes the'graupel

field (see F‘igt‘u'e 12b). The, supercooled initial rain field (abgve the 0°C |
isotherm) is quickly depleted by freezing upon contact with ice crystals
(which adds to the graupel) and, to a lesser extent, through evaporation
and collection by graupel. The graupel content grows mainly through the
riming of cloud water and the continued conversion of snow crystals. The
riining of cloud water, combined with evapor’ation, now becomes a major sink ;
of cloud water. At first, sublimation is the ma.:).n sink for .graupel until | 1

the graupel begins to fall below the 0°C isotherm and melt into rain (at

16 minutes), Thus, by 20 minutes, melting has become the dominant graupel.

T B e

sink while becoming the major source -of rain (which is now below the 0°C

isotherm). The updraft maximum reaches 5 km and 9.5 m g1 by 20 minutes and ) !
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continues to accelerate upward with the continual release of latent heat

from condensation and freezing (F*gure 13). ¢

5.2.3 Sections at 21 minutes -- growing stag%
Figure 15a shows a vertical slice (x-z plane) through the storm at
21 minutes in its g'rowing or reumulus stage. The small cloud on the left
! \

(west) side of the main development forme:l“’%gtween 10 and 16 minutes in

-

response to a slight horizontal oscillation in the buoyancy/updraft field.
- )

This smaller cloud, which acquires small quantities of ice/snow, rain
and gra.upel, eventually merges with the main cloud be‘bween 35 and. 40 minutes.

From this point on, all references will be to the main storm cell as the

“dnfluence of the small cell is negligible,

As shown in Figure 15, cloud, ice/snow, rain and graupel are all
present at this time. The cloud has the g:eneral appearance of a cumuliform
cloud and has a base a.round 2 km and a top around 6.5 kn height. Note the
area of rain from melted graupel below the 0°C isotherm which i; falling
towards the surface and the smaller region.of ra.in\b,bove extending towards
the center of the cloud, This latter reglon arose mainly. from autoconversieon
and is being rapidly depleted by contact freeging and cgllection by Eraupel
(as mentioned above), The graupel field, with a maximum of 1.87 g kg"

(heavy graupél) just below the cloud water maximun (1.75 g kg 1), extends
over the entire cloud field. The regions without ice/snow (asterisks).in
the cjfui égg.lx/from the complete conversion of.the ite/snow content at
the;e points into graupel, '

Figure 15b shows the radar reflectivity assoclated with the preclpita-
tion (rain and graupel) regioms of Figure 152 superimposed on the vector
flow fleld in the x-z (W-E) plane, Inflow into the storm in this plane
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Figure 15d, Vertical x-z section of dimensionless perturbation pressure (p') x 10% (dashed lines)
and potential temperature perturbation (6') in °C or K (solid 1ines) a.g 21 minutes and at
y = JMAXW = 19 &km, Contour intervals are 0.2 and 0.5 for "B' and 8' respectively. "H" and
"L" represent “points of maximum and minimum #p’' respectively,

4l

e T e T R SOUPN o -
< Wl 2 e,

R o S ‘%m R T
o e, ot N i




PN R i

[KM)

. X ’
.00 3,33 §.57 10.06- 13.33 16.67 20.00 23.33 26.67 30.00

®
D09 00'h 060,

{HM) 4
00°91  opo°21

00'02

0o°H2 -

c0-82

N T T N N N T
T T T N T N
I T N T N N T
I T
B e N T N
R R N R T N N N .
N N N N S N
N e T N N N NN
N N e e N N
N N e N T .
R N N N
D T T N N U
R T N N
R e T N
R T T T T N N N N N
N N O N N N N ~ NN N N NN
\\\\\\\\\\\\\\\\\\ \ NN N N N
NN NN NN SNNN YIS NN NN NN NNNN N

NNNSNSNNSNNNNNNNN ~ NN N NN
NN NN NN NN NN NN ‘ NN N N

NNNN N
NN NN

SN NN N NN NSNS N NSNS NN
NN SN NNNNSNNNNNNSNSNNNSNSSNN
R N R N S N N N N ~ NN N NN N
NN NSNS NSNS NN NN NNANASNNNNE NN A N NN NN
T N N O T U N N N
N R T N N N N N N
N N
N e T e
T N N N s N N N
N N N N N N
N N e
N T e T R S N N N R N Y

go-2c

14

&

Figure 15e. Horigontal x-y section of radar reflectivity (contours
" labeled in dBz) and flow at 21 minutes taken at z = 2,75 km.
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comes from *wo regionss: from the mid-level westerly "jet" between 2 a.nd 5 km

S |

| surface air from the

&

east which slopes up into the storm, The two regions of inflow combine in

height and from the relatively weaker inflow of warmex
' {

lr n?-v
a slightly tilted updraft., Note the precipitation oveﬂum on the east
slde of the storm caused by the advectlon by the westerly flow of condensate

over the regilon of surface inflow and updraft on this side (east), Note

- also the "compression” of contours on the west inflow side, The point of

maximun reflectivity (59 dBi) is located in the updraft core near the center
of the storm in connection with the graupel 'maximum there, The slight .
oscillation in the flow around the 0°C (solid line) level is also evident

in comnection with the small cloud on the w'est‘side of the main cell (as

‘. l B
mentioned above)., The reflectivity and flow in the y-z (N-S) plane is

shown in Figure 15c. An osclllation in the flow in this plane on the north

- » T
slde of the storm, similar to that in Figure 15b, i1s evident in this filgure
as well, although there is no associated cloud. A weak low-level inflow

from the south is evident while a mid-level inflow from the north, much

&

weaker than the westei‘ly “jet" in the x-z plane, creates a less obvious
radar overhang. .
F‘:Lgur‘es 15¢ and f are horizontal (x-y) slices through the storm at
the 2.75 and 4.75 km levels respectiw;ely. They give the horizontal flow
and reflectivity structures at these levels, Evident in these figures -are
the overhang and the inflow side contour compression as well as the position
of the core of maximum reflectivity. By combining the information of
Figures 15b, ¢, e and f, a picture of the storm and flow in three dimen‘sions
can be obtained, It can be seen that a rela.tive]zy strong wesut-northwest
mid-level inFlow comblnes with a weaker low-Level inflow from the southeast

in a slightly tilted updraft. The result is an almost vertical s“k./orm with

* .
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an overhang extending towards the southeast over the low-level inflow, -
The pertur’bé.tion pressure (wp') and potential temperature perturbation

(8') fields in the same plane as Figures 15a and b (the x-z vertical plane)

are given in Figure 15d. Note the region of high-pressure perturbation (H)

" centered above the storm and the low (L) near the cloud bese resulting in
a pressure gradient force in a directlon opposed to the updraft. This
feature is typlcal of numerical cloud simulations (e,g. Schlesinger, 1975,
1978) . Also typical is the area of positive potential temperature perturba-
* tion in the cloud (and in the small cloud) corresponding to the latent
heat ;:elea.sed from condensation and freezing and the areas of negative
potential temperature perturbation above and below the cloud., The area

above the cloud is tooled by evaporation and sublimation whlle the sub-cloud

. reglon is cooled lgainly by the melting andv evaporation processes. The . 3

LT : proximity of the iﬁa{:‘cloud 6' max and the sub-cloud @' mn centers gi\;es Trise
to a high potential temperature perturbation gradient, These temperature
perturtation effects are enhanced by the presence of the ice phase, which can
be a significant source and sink of latent h;aa,t through the associated ¢
phase transitions such as melting, freezing, and sublimation (see thermc;— ;

| dynamic equation (57) in Chapter 3). Thus 1e{:ger perturbations from the
basic state temperature are to be expected in cloud.simulations that include

active ice phase processes when compared wlth models which simulate only

Dt snrig e ok 0 e &

( N :
warm rain processes.

{ a

1 5 ] 2 ’ L" 20 - 30 Illinutes ! , =

: Rain (from melted graupel) reaches the swrface first at approximately

} ( “ ) 22 minutes while graupel follows soon after at 24 minutes (Figure 13). The
} i ' effect of the precipitation on the pressure and potential teinperalture per-
§ »

|
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cipitation has started,

At the surface, an area of high pressure is
spreading out, in response to precipitation loading, which is replacing
the former surface low,

The evaporation of rain and meitihg graupel results
in a region of coolingl‘nea.r the center of this high. Two km above this

level (Figure 16b), just below the 'cloud tese, a low is found above the
gurface high with a pr]ecipitation-induced area of: c‘ooling evident here as

well, The surface high and cool region evident in these and later figures

are often-observed features of storms with moderate precipitation.

(The
dome of cooled surface alr often creates a "mini cold front" which ¢an
trigger new convective cells.)

s

The maximum rain content (QRSFCM) and graupel content (QGSFC
)

max) BVEr
the surface both rise rapidly to maximum values of 1.7 and 1.45 g kg'l
nax = 0.195 cm) respectively at 30 minutes, the time of maximum storm
intensity.

i
During this time, maximum graupel contents 1n the cloud reach

29 ¢ ks-i ("hail" with ﬁma.x = 0,2 cm) around the 4 km level in the updraft

»

core, Also shown in Figure 13 1s the rapid acceleration of the ﬁpdra.ft

maximum (w ma.x) from 5 km height to over 8 km in this time period, giving an
average rate of rise of 2,5 m s = for the w

nax center, DBy 30 minutes, the
updraft maximum has reached its meximum magnitude (14.4 m s_i) but is still

55m 5-1

rising‘. Note also the creation of a precipitation-induced downdraft |w
which increases rapidly with the lncreasing precipitation content to about

minp '

by 30 minutes to surpass the magnitude of the upper-level,
updraft-assoclated downdraft |w

min"
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By 25 minutes, the s-l':om has penetrated the -35°C level, above which
all the cloud water advected into this reglon is frozen, or glaciated,
creating an "ice cap"” on the storm. Glaciation jthus becomes an important
sink of cloud water-and source ‘of ice/snow. "The increase in Lce/ snowicon—
tent due to glaciation can be seen in the SSNOW curv@ of Figure 12a from
25 to 30 minutes., Continuing to refer to Figures 122 and b, it can be seen
that by 30 minutes all processes are active. The fallout of rain (RCUM) ‘
and graupel (RCUMH) become significant sinks for both types of precipitation,
Cloud water continues to be condensed but Xhe total cloud water begins to
decrease due ‘t‘.o evaporation, glaciation (above the -35°C level) a.na riming
by lce/snow and graupel, Melting graupel, the main graupel sink, is the
major source of rain below the 0°C isotherm with very 1ittle raln above this
level (which accounts for the relatively low rates of contact freesing,
coliection of rain by g,tz::.upel and especially Bigg's freezing -- all cisbendent
on supercooled :ain). Fa.ll;mt and evapc;ration are the main processes tend-
ing to deplete the rain, Deposition and riming Y;ch continue to be major
contributors to the ice/snow content which 1s being depleted by goriversion
to graupsl |a.nd sublimation. By 30 minutes, the rate of increase to the
graupel content by conversion and riming 1s nearly balanced by the loss of

graupel from melting and fallout.

5.2.5 Sections at ;1 minutes -- mature stage

. The storm, at this time, 18 near its peak of development. Figure 17a

shows the storm in the vertical x-z plane. It has moved fa.rthqr east and
has grown into a large storm of 10 kn width which has penetrated to the <
height of the tropopause (about 10 km), Note the large "ice cap" above the

~35°C isotherm referred to a:oove. Maximum ice/snow contents in Ehe cap,
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Figure 17b, Same as Figure 15b, exce{t at 31 minutes and taken at y = JMAXW = 21 km, The magnitude

\ of the longest vector is 13 m s7%, .
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Figure 17c,
of the longest,vector is 13.6 m s-1,

Same as Figure 15c¢, except at 31 minutes and taker at x

24 km. The magnitude -
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indicated By a plus sign (+), are 2,35 g ks-i. The updraft maximm has
risen to the level of the ice/snow maxima, Just below the 1ce cap is the
center of maximum cloud water (1.85 & I:g'l). Ice‘crysta.ls nucleated near
this area rime substantlal amounts of available cléud water and are ad-
vected along with cloud water by the strong updraft above the - 35°C
level. The cloud water is immedlately frozen (isobarically) and added to
the ice/ snow content to create the ice cap., Small amounts of graupel and
rain are also advected into the ice cap., Precipitation has reached the
surface in the form of both rain (from melted graupel) and graupel ("he;vy ’
graupel"”). The rain maximum, 1.6 g kg_l, at the surface corresponds to a
rain;f‘all rate of approximately-33 - hr !, The in-cloud and surface maxima
for graupel at this time hz?,vé reached their maximum values of 2.9 and 1.45
g kg'l respectively, as quoted apove, Note the major area of graupel form-
ation, growth, and fallout, all near the central (updra.f\t) axis of the
essentially vertical storm., Note _azljso the depletion of cloud water below
the a:ciea. of maximum cloud water (the -35°C level) by the riming of ice

'

The radar structure/flow in the x-z plane 1s shown in Figure 17b, The

reglon of maximum reflectivity near the center of the storm is associate&/

with the major area of gupel growth, The ieflectivity contours now

_ extend ;co tt;e surface in \r.j.onnecti'on with the rain and graupel fallout, The
_point of maximum reflectivity'is 62 dBz in the central region inside the

cloud with two local maximd located below it in the center of the precipita-

tion "shaft", Referring to both Figure 17b and the y~z vertical section

17c, the radar overhang on the southeast side of the storm is still evident.

. A small cell has now formed on the north side (Figune 17c) of the main
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this plane, <
The vector flow field shows the updraft region in the\oloud abo
0°C isotherm with the reglon of maximum updraft in the top section of the
storm, A slight divergent flow results (Figure 17b) at the storm top as
the updraft hits the tropopause. However, the divergence is too weak and
the mixing of dry air too strong (which encourages suhlimation of “the
ide/snow) to create an "anvil", a common feature of most storms which
reach the tropopause, Below the 0°C line is the precipitatiion—induc’ed
downdrai:t which diverges at the surface, creating small circulation cells
which can be seen on the west and nox"th sides of the storm. The maln up-
draft c;re is essentially cut off from the surface by this downdraft and '
1s thus mainly fed by the westerly "jet", This "jet", along with the con-
tinued weak surface flow from the southeast, continues .to maintalin the
radar overhang, The high reflectivity gradient on the west (inflow) side
is stm‘evident. |
The effect of evaporation and mixing at the cloud edges produces a
slight sinking motion (fi'om evaporative cooling) particularly evident on
the 1nflow slde where the strongest mixing occurs. The outflow on the
western edge of the 1ce cap, which results from the upper-level divergence
‘ . refer:red to above, combines with cooling/subsidence from sublimation on
this edge to produce a circulation cell, evident in Figure 17b,
The horlzontal sections in Figures 17e and f show radar reflectivity
and fl_ow at the surface and 2.3 km level respectively, At the surface,
‘ the maximum reflectivity, corresponding to the point of maximum surface
( ) graupel content, is 57 dBz and is located directly*below the upper center

of maximum updraft (i.e. on the same axis). The surface outflow (from the
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precipitation-induced downdraft) deflects the low-level environmental

_flow around the slightly elliptically-shaped precipitation zone, while

pigher up (F‘igure 17f), flow from the northwest continues to flow into
the storm (note the convergence), compressing reflectivity contours on
the inflow side and maintaining the overhang on the opposite side.

Figure 17d shows the 8' and np' fields in the x-z plane, The pattern
has become quite complex at thls intense stage of the storm's development,
The surface low, still evi‘dent in Figure 16a, has now been completely
replaced by the precipitation-induced dome of high pressure, Go.oling at the
s‘urfa.ce“,'from evaporation dand mélting of precipitation, is also evident,
Maximum cooling (' m:Ln) reaches -4,0°C, Areas of warming can still be
found in the clouds with cooling near the cloud edges due principally to
evaporation, The large region of cooling in the upper ice cap (9 to 11 km
height) is protatly due to oscillations aloft. -

The vertical velocity field in a horizon-ta.l' plane at 2.3 km, the same
level as ‘Figu.re 17f, is shown in Figure 17g. The region of sinking metion
within the center of the circular zone of rising alr represents the precip-
itation-induced downdraft. To the left of this main core of sinking .a.ir,
successive reg:}_eps of rising and sinking reflect the oscillation of the

L

updraft and the small cloud on the west side of the storm.,

5.2.6 30 - 45 minutes

The inteﬁeity of the storm begins to diminish shortl;: after the 3l-minute

mark, The updraft maximum, which beéins to decrease in magnitude, reaches

1ts maximum height (9 km) at 33 minutes and then falls rapidly to the 7 km

level (Figure 13). The maximum graupel content at the surface, QGSFC___,

plotted in Figure 13, beging to decrease as well, However, a substantial

- -
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amount of graupel above the 0°C isotherm continues to melt, maintaining the
rainfall at the surface (indicated by Q,RSFGmx) . The maximum rain content
at the surface reaches a peak value of 1.74 g kg"i at 33 minutes and begins

to decrease after 40 minutes, The precipitation-induced downdraft [w minpl

follows a similar pattern, reaching a maximum value of 5.8 m s-i' at 34
minutes and then slowly diminishes at a much slower rate than w___. By

max
40 minutes, |w minpl becomes larger than w .

X

Referring to Figure 12, it can be seen that by 40 minutes, all forms
of condensate are being depleted fastex tha:n they are belng produced., The
cloud water 1s depleted at the fastest rate,.due to continued evaporation,
riming and glaclation and the termination of the condensation process. Rain
continues to be produced by melting graupel, but increasing evaporation ami
fallout deplete the rain content at a fast rate. Nucleation of ice/snow
has terminated and deposition onto the existing.j:ge/ snow cz;ystals is out-
welghed by the sink processes of conversion, sublimation and melting., All
processes involving sﬁpercooled ralnwater, which 1s completely depleted,

“
are totally inactive. The only significant source of graupel left is con-

" version from ice/ snow with melting the main sink, resulting in a d.ecrea.ée

of the entire graupel content. By 45 minutes, »‘Q;e melting of graupel beccmes
e

the 'most active process,

5.2,7 Sections at 46 minutes -- dissipating stage

Flgure 18a §h'ows the x-z vertical sectlon through the storm near the
end of the simulation as the storm is dissipating. Notice ﬁ)e few remain-
ing areas of cloud, which contain only small quantities of cloud water.
Graupel, rain, and ice now comprise the bulk of the storm. Conversion of

ice/snow to graupel has diminished but continues to maintain the center of
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maximun graupel content (1.17 g kg"i), now representing "heavy graupel",
above the 0°C isotherm. Melted graupel continues to fall as Yain and the
maximum rain content is still located at the surface (1.13 g kg-i). The
small cell which followed the storm on its west flank has merged with the
mé.ixi storm, which has penetrated the eastern edge of the domain (and moved
into the adjacent domain corresponding to the lateral boundary conditions).
The top of the storm remains quite high (10.5 km) and the ice cap is slowly
dissipating. |

The corresponding reﬂeetix.rity and fiow are shown in Figure 18b, Some
subsiderice 1s noticeable 1n the upper regions of the storm while the precip-
itation continues to maintain a substantial downdraft and outflow near the

surface, There is no region of substantial updraft evident at this time

(w

mx =30 s_i) . The westerly flow moves through the reglon of maximum

reflectivity (graupel content) and maintains the overhang on the east side
"of the storm, The outflow below the freezing level has otliterated the
7 surface inflow from the southeast. The wind shear in this plane has tilted
the storm to the west, although the core of the storm, represented by the
region of reflectivity greater than 50 de: remains veﬁiwl.
Some differences between the x-z (W-E) section, Figure 18b, and
the y-z (N-S) section, are indicated in Figure 18c. As a result of weaker
flow and shear, the storm in the y;z plane (18c) appears more vertical and
lacks a substantial overhang, Also, no smaller cell has merged with the
storm in this plane as in the JC‘-Z plane (which widened the' storm in that
plane). )
- , . The horizontal sections at the surface, 2.25 km, 3.75 km and 6.75 km
‘ (Figures 18e,f,g and h respectively)\ further ﬂ]:ustra.te the features men-

tioned above -~ the large area of outflow at the surface, the radar over-
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hang on the east side, the extension of the storm on the west side from
the merging cell, and the verticality of the.storm core. | :
Figure 18d shows the flattening surface high pressure and codiing
area. spreading out with a max:iimum dimensionless pressure perturbation of
2.8 x 107 and a maxinum 'cooling (o' min) of -5,04°C at about 27 km in
the x~-direction., As there are few latent hea.t‘-reieasing processes still
in operation, few areas of strong warming can be found, On the upper-
right-hand side of the diagram, the oscillation with height of /the np' and
8' fields, which are approximately 90° out of phase, extends to the top of
the domain, This phenoxﬁenon is often found in or near a stable layer such

as exlsts at this height.

5.2,8 45 - 52 minutes

In the last seven minutes of the simulation, the storm c;n‘binues to
d ’ ) .
decay. Figure 12 shows that the total cloud water content has greatly

diminished by 50 minutes., Graupel, although diminishing as well, comprises

‘the majority of the total condensate (46%) with ice/snow, rain, and cloud

comprising 32%, 21% and 0,18% respectively. The only processes still
active are mostly depletion terms -~ evaporation, sublimation, and melting.
The processes most important in the water 'pudget and distribution for the
run were melting of graupel and condensation, while the least important
were nucleation (important imitiator of ice/snow, however) and Bigg's

freezing, Table 2 summarizes the main initlating processes, sources and

sinks for each type of condensate.”
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clbud water condensation

condensation

melting snow

evaporation |
glaclation
riming by graupel

rain autoconversion
melting graupel

. melting graupel

contact freezing (early)

evaporation
fallout ] (later)

ice/snow nucleation deposition conversion to graupel
' glaciation riming sublimation
graupel conversion from riming melting '
. i ice/snow conversion fallout
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. To conclude this chapter, the vertical velocity prdﬁle with height,
w(z), at different tiﬂbs in the storn's development, will be xamined.
Figure 14 shows w(z), taken a.long the axis containing w__, at five dif-
ferent timés. At 10 and 21 minutes, in the developing stage of the storm, ¥
the updra.ft maximum :iises and increases in magnitude. Along the entire ﬂ
vertical axis, there is mainly updraft, By 31 minutes, the maximum up-

draft is near its maximum magnitude and helght with updraft extending high

B

to 10.7 km and down'to|the 0°C level (about 2.7 km). Below the 0°C level )
a strong downdraft has formed due to the fallout of precipitationvisolating

the updraft from the surface. Near this time, the precipitation at the

N

surface reaches 1ts maximum intensity. The profiles at 43 and 52 minutes

. [
shpw the,slow descent of Wiax and the decrease in the maximum downdraft at

the 1 km level as the storm decays, i




CHAPTER 6

DISCUSSION

In this cha.ptei‘, the results of the 3D simulation presented in the
previous chaj[;tef will be compared to the observed storm outlined in .
Chapter 4. Also, the 3D run will be compared to a 2D run to 1llustrate
;‘tpe important effects of including the third dimension in a numerical
simulation of a storm. The performance of the microphysical parameteriza- :
tion of grapipel in the model will be examined and improvements will be
s.uggested which might lead to better agreement with observations.

02

6.1 _Comparison with observed storm

The reflectivity structures at the three stage's ‘of the observed storm

presented in Chapter 4 will be ‘compa.redwith those of the three correspondi
times in the simulation. ‘

6,1,1 Growing stage (Figures 7 and 8 a.nd‘?igures 15b, ¢, e and £)

It is "difficult to compare ths radar reflectivity structure of the <\

99



PRI (I N 2 s b

i v v M p— — ot

/ >

100

previous cell are still evide;lt on the eastern (right) side of the new cell,
particularly evident in Figures 7a and 7c, The region of remaining pre-
cipitation from the decaying cell, located near the surface, is connected
to the reglon of new precipitation formation and growth higher up in the
new cell. Only those portions of thé echoes connected with the newly develop-
ing cell will be considered in the following discussion while the small
adjacenf; cloud in the model results (Figure 15b) will be disregarded, as
there is no counterpart in the observation. Recall that the model y-z
(north-south) vertidal cross-section (é‘igure 15¢) corresponds to the ob-
servation vertical cross-s?ction normal to the direction of storm motion
along line CD (Figure 7c) except that each is reversed with respect to the
other (because north is to the left in Figure 15c and to the right in
Figure 7¢). In other words, the right-hand flank (RH) on the left side of
F‘ig/ufe 7c actually corresponds to the right side of Figure 15c.

One of the similarities between the observed and model reflectivity
structures is the evidence of an overhang on the southeast side of the
storm. A notch-shaped unbounded weak echo region (UWER) is located under
the o‘ve:r:hang in the observed storm, but is not evident in the model storm.
From Pigure 7a, it appears possible that the overhang and UWER (evidex}t at
the 2° elevation) are simply due to the remnant of the dying cell. \HOWever,
assuming that the overhang and UWER are genulne, they are caused by a
strong surface updraft/inflow (see Figure 8) according to Chisholm's WER

hypothesis (see Chapter 2). In the simulation, though, the overhang is

simply caused by the blowing out of precipitatlon particles by the-westerly

mid-level inflow over the area of weak surface updraft inflow. Note that
<

Chisholm, in Figure 8, does not indicate a mid-level inflow, In any case,-
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the UNER is the smallest and shortest-lived encountered 'yby Chisholm in his
case studles of sew‘rera.l hailstorms and soon disappears (although an over-
hang remains). The overhang, which is most obvious in the model storm at
later timgs, is an often“reported feature of storms {for example, the
Wokingham storm reported by Browning and Ludlam, 1960) and appears as well
in the 2D simulation of Orville and Kopp (1977) for reasons similar to
those given above for the mociel overhang. -

The observed maximum reflectivity (over 65 dBz) is found near the top
of the stor;11 at 5 km in Figure 7b and lower down., near 4 km height, in
Figure 7c¢, while in the model storm, the maximum reflectivity (59 dBz) is
located near the center of the storm in the updraft core at the 4 km level
in each section, and is smaller in magnitude., Precipitation has not yet
reached the surface in the model simulation but does so ﬁm minutes latér.
Both observed and model storms have storm tops, defined as the m;.ximum
height of the 35 dBz contour, near 6 km.

Comparison of the horigontal radar structures is very difficult due to

" the interference from the decaying cell (Figure 7a). However, there appea

to be some similarity in the §chc$ outlines of Figure.7a (3° or 3.5 kn G:leva-

tion) and Figure 15f (4.75 km 1eye1)¢

&

6.1.2 Mature stage (Figure 9 and Figures 17b, c,, e and f)

The model and observed storms at the mature stage are similar in
seVeral respects, It should( be remembered that the scale of the horizontal
axep (x and y) is not the same as tl":at of the vertical (z) axis in Figures
17b and ¢ due to the difference in resolutlon, wt}uile the scales are equal
in Figures 9b and c. Equalizing the vertical to the horizontal scale in

.
Figures 17b and ¢ would give the model storm a vertically compressed,
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squat appea.fance, more like.the observed storm in Figures 9b and c.

o

The rg.aa.r overhang, or bulge on the southeast side of each storm, 1s

o

-

7
still evident, The observed storm has grown to a helght of 7 km, is wiider

ot iy

in the direction of storm motion (Figure 9b), and has a large area of pre-
cipitation at the surface -~ 9 km wide in the direction of motion. Some

remaining precipitation from the previous cell may still be contributing to

B L T

low-level reflectivity. The model storm top has reached 9.5 km while the

precipltation area at the surface is smaller and more circular than that of
the observed storm, roughly 6 km wide in the x direction. The maximum re-
flectivity in the observed storm is higher (>65 dBz) than that of the model

storm (62 dBz) and the region encompassed by the 65 dBz contour in' the ob-

L b vy e

served storm covers a large area, egulvalent to the area enclosed by the

50 dBz contour in the model results, ) R “

Other similar features include the verticality of the storms and high

\

reflectivity gradients on the mid-level inflow side wlth weaker gradients

e i b ot

L]

on the opposite (overhang) side (most evident in Figures b amd 17b), The _ '
maximum model storm width (10 km) agrees well with observation. Reflectivity

’ values at the surface are greater than 65 dBz for the observed storm, but

[

oniy greater than 50 dBz for the model storm with several zones of higher
reﬂectivity‘ (>6O dBz) located between the surface and the 6 km height, ,
The level of the point of maximum reflectivity is slightly lowe:: in the !
Lower model storm, indicating that perhaps Figure 9 represents a more ad-

vanced., éissipa‘bing stage (1.e., later than the time of maximum updraft),

J

6.1.3 Dissipating stage (Figure 10 and Figures 18b, c, e, f, g, h)
(N y Both observed and model storms are now decaying, although their re-

flectivity structures have become quite dissimilar. The appearance of the

o

.
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observed storm at this time (Figures 10b and ¢) indicates ; more "classical"”
dissipation., The storm top has fallen to 5 km and hé,s flattened out., The
region of maximum reflectivity (>65 dBz) has descended to the surface as

the last of the heavy precipitation falls out (the remaining updraft, if
any, is too weak to support the remaining precipitation, while precipitation
formation and growth have ceased) . There is a large area of low reﬂéctivity
gradient and the overhang on the right side in Figure 10b is less evident.

Note the small bulge in the storm top (on the right in Figure 10b) enclosing

et

oy,
a reflectivity maximum, and two more maxima are pres‘ent at lower levels,

The storm in the vertical plane perpendicular to the s‘torm motion (Figure 10c)
appears "pinched” around the 2 km level and is much narrower and more vertical
in this plane, ,
In contrast, the model storm Q\epic'hed in Figures 18b and c still'has
a tall, rounded top at about 9 km (which eventually descends to 7.8 km at
53 minutes). Although the maximum vertical velocity for the storm has de-
creased to only 3 m s-i, updrafts still extend quite high into the storm,
with w between 6 and 7 km in height. This, combined with the continued
conversion (at a reduced rate) of ice/snow to graupel at higher levels,
maintains the main region of reflectivity (Ze > 50 dBz) above the surface
and covering an extended hepth in the atmosphere. There is, howsver, a
smaller area of Ze > 50 dBz e‘Lt the surface evident in Figures 18b and c.
.The model storm in the x-z plane (Figure 18b) still has an overhang
on the eas{; side, which contains a reflectivity maximum, Tl';e "overbang"‘
on the weat §ide is caused‘by the incorporation of the precipitation.'from‘
the smaller cell and thus has no cowterpart in the observed stdm (Figuze

( ) 10b)., The y-z vertical section of the médél storm (Figure 18c) shows no

(]
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a

mid-level "pi:nching" of the contours as in Figure 10c¢, but the storm is
narrower and more vertical in this plane than 1;1{,zh‘elx-z plane (Figure 18b).
' Sinmijar differpyces between the model a;ﬁ observed storms are also
evident in the horizontal sections (Figure 10a and Figures 18e, #, g, h).

The precipitation area at the surface in the model is smaller and more

circular than the elongated, elliptical zone ¥ surface precipitation as~

sociated with the observed storm. At higher levels, though, both obssrva.-
tion and n}pdel results indlcate rather elliptical patterns of radar
reﬂectiﬂty with the major axis oriented closer to the direction of storm
motipn‘.

It appearsy then, that at this time, as at 31 minutes, the observell
storm is at a later stage of dissipation than the model storm, If this is
the case, the simulation could be extended past 53'minutes to provide sec-
tions at :ﬁLatar times vwhich might compare better with obsgrvations of de-
caying storms; Another possibility is that the dissipation process in each
storm was diff\erent. *This could be due to the microphysical parameteriza-
tlon or other factors discussed later wimich might lead to significant
differences between the model and observed storms. A

s The observed storm produced hail at the surface between 0,5 cm (pea
sizes and 2.0 cm (grape size) in diameter, while the mean graupel diameter
produced by the model at the Usurrfa.ce was only O.)195 cm, .Possitle reasons

for this difference are discussed later,

6.2 General comments and additional com sons

In general, the model managed to simulate a-realistic hailstorm with

features found in both observed storms and other numerical cloud models. .

The features which agree® with the observed’ storm have been mentioned above --

. ' “ 4
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the overhang, certain aspects of the reflectiviiy contours and the vertical
structure of the storm. There are other features as well, which cannot be
compared with the observéd storm (as the data was not available), that

©  were well-simulated, Among these are thé important microphysics-dynamics

interactions such as the influence of the condensate and the associated

)

phase-change processes on the flow, pressure and temperature fie'lds. For
example, the evaporative co;)ling, downdraft, and surface high pressure in
. co;lnection with the falling precipitation were rea.lj:stica.lly simdated, The
~vertj.cal velocity profileé generated in the simulation, with the 'updra.ft
eventually overlying the downdraft, were similar to those found in actual
storms and used in simple 1D (kinematic) cloud models. |
Many of th‘éée model features were also found in the two-fiimensiona.l
similation of a hailstorm by Orville and Kopp (1977), referred to in-
Chapter 2., Among Jtﬁqese were a substantial overhang, evaporative cooling
and the orlentation of the updraft and dow}draft. The breakthrough of a
mid—-le‘:'el 1nversi;n in their sounding, as in the present study: Proved to
be an important turning point iqn the development of the.storm. Thelr simu-
lation as well failed to produce a weak echo region (WER). )
One of the goals of this research was ito glve added-realism to a nu-
, merical simuwlation of a hallstorm by using thred¢ dimensions. To see the‘
. effect of the third tt.c'izi_mension, the 3D run will now be compa.re& to a 2D run

which used the same data (i.e., the only difference whs its two-dimensionality).
. .
¢

6.3 «Comparison with a 2D run
3 Fig;urés 17b and 19 show equivalent vertical cross-sections of radar

<

reflectivity and flow (in'the x-z plane) for the 3D and 2D simulations

respectively at 31 minutes, Both storms developed in a similar manner,
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- Figure 19. 2D simulation vertical (x-z) section of radar reflectivity (contours labeled in dBz)
= and flow at 31 minutes (at y = 0). 'Solid horizontal 1line is the 0°C level. The magnitude of
the longest vector ia 9.1 nm s'1. The effect of restricting the simulation to two dimensions
ean be seen by comparing this figure to Figure 17b. -
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both being essentially vertical, moving in a southeasterly direction, and

e ' exﬁibiting the radar overhang on the east (outflow) side and a high -reflect-
"ivity gradient on the opposite (inflow) side. However, the 2D s1;orm :s
smaller than both the 3D and observed storm and less vigorous, reaching only.
7.5 km (closer te the observed storm top) compared to 9.5 km for the 3D
storm, Maximum vertical veloclitlies in the 2D stormv reached only 7.1 m s-'1
at 28 minutes and at 5.8 km height while the maximum for the 3D simulation
occurred at a similar time, but was higher (7.8 km) and more than twice the
magnitude (14,4 m s-l), a more realistic value. (Chisholm, using a locaded
moist adiabatic (LMA) parcel theory, calculated W . to be 16.4 m s~ for
the sounding used.) This difference had a large influence on several T.ﬁx?o‘g—
tant storm features and parameters in the 2D slmulation. For example, there
¥ is only a slight oscillation ;.n the flow and no correspondingly n%ma.'l.l cell
is evident in Figure 19. The 3D storﬁl wag -able to penetrate the -35°C
(glacia.‘bion) level, crea.tﬂtng a substantial ice cap and thereby releasinga
latent heat high’in_the storm, allowing the storm top to reach a high level.
'I‘he‘ZD storm, however, was not alle to signfl.fican‘hly pax}etrate the level
of glaciation.

0

The connection between the maximum updraft (wma.x) and the graupel/hail

.
i, AN ALl b A5 3 Vs i 3

size (or content) at the surface has beég mentioned in Chapter 2 with

reference to the work of Da.n\ielson et 'al (,1972) and Dennis and Musil (1973). .
A strong updraft creates more 1iquid condensate which, along with the ice b
content, 1s suspended for a longer time alo;ft , allowing ice/snow and graupel

to grow to larger sizes through liquid water accretion before they become “\,,

heavy enough to fall through the updraft, There appears to be a definif;e‘

e whladediie -

connectlon between wma.x a.nci the maximum graupel (and rain) content at the

surface in both the 2D and 3D runs. In both runs, the maximum graupel and
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rain contents at the surface (and hence the maximum graupel mean diameter

D) occurred near or at the time of L (see Figure 13 for .the 3D run).

Also, the point at the surface where the graupel maximum occurred was lo-

cated directly below the point of Woax

The 3D storm, with w
max

14.4 m s-l.

produced a maximum graupel content at the surface of 1.45 g kg_l (D = 0.195 cm)

while the 2D storm, with Woax = 7.1ms

(D = 0,01 om) maximum content at the surface.

, only produced graupel of 0.25 g kg_l

The maximum rainfall rate at

the surfagde was 36 mm hr~' for the 3D run and only 21 mm hr > for the 2D

run, Th

which

fects the maximum precipltation content and size.

the third dimension is seen to give a higher, more realistic Woax

> In conclusion, although the 2D storm was closer to the maximum height

,of the obsérved storm, the 3D simulation produced a larger, more vigorous

storm which came closer to simulating such important {observed) storm

features as storm width, maximum radar reflectivities, and maximum graupel

size at the surface,

Table 3 summarizes the comparison of the features of the observed stom,

the 2D storm, and the 3D storm,
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Table
-Obsexrved : X .
Feature i Storm 2D Run 3D Run
Motion southeast southeast southeast
Max, horiz, dimensions 10 km x 6 km . Bkm 10 km x 8 kn
(length x width)
Max, storm top 7.8 knm 7.5 km 9.5 knm
(35 dBz) and temp. (-37°C) (-35°C) (-50°C)
Orientation vertical vertlcal vertical
Cloud base height 2.1 km 2.3 kn 2.3 'km
and temp. (3.1°G). (3.5°C) (3.5°C)
Max, cloud water - 1.5 g‘ kg‘l 1.8 g kg"v1
Max. graupel content - 1.6 g kg 2.9 g kg -1
-- at surface - 02551(8 1’*8}58
Max., graupel. diameter R
(ana type§ -— 0.19 cn éhg 0.2 cm (h)
"= at surface grape (2.0 cm) 0.01 cm (1g 0.195 cm (hg)
Max., rainfall rate — 21 m hrt 36 mm hr
Max, radar reﬂectivity 65-79 Bz 58 dBz 62 4Bz
Precipitation area 63 Imz - .+ 30 1nn2
and sha.pe .+ elliptical slightly
' elliptical
Max. updraft 16.4nst | 74 m st thm st
‘ (ca.lc. from :
LMA model) .
Radar overhang . ~yes ‘ yes yes
Weak Echo Region (WER) possible* no

no

.-

-~
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6.4 Differences between model resulis and observation:

possible reasons and suggested improvements

So fa':: the emphasls has been on the similarities between the results
of the 3D' numezl‘ica.l simula.t‘ion and the observ%;i: storm, In this section, |
the differencgs mentioned in Section 6,1 wfll be examined and improvements
suggested, In the first part of this section, the m.{crophysica.l parametezg
ization of graupel will be critically examined wh:Llemthe second part will
focus on reasons apart from the parameterization which could be responsible

for discrepancies between model resultis and observation.

6.4.1 Microphysical parameterization of graupel

The method of modeling graupel in a cloud model ultimately influences

‘the transfer rates (processes), the other forms of condensate (cloud, -rain,

and ice/snow), -and the model storm features., It 1s natural, then, to

examine the assumptions inherent in the graupel parameterization when in-
vestigating the failure of the model to simulate certain features of an
actual hailstorm, and to suggest possible improvements,

Assumptions, sometimes gross, must be made when employing bulk water

- glcrophysics. As described in Chapter. 3 (Section 3.2.3.1), graupel is as-

sumed to follow an inverse exponential size (diameter) di stribution,

characterized by several distribution parameters (A, L th) from which ;

g
such "characteristic” parameters as mean mass (), mean diameter (D), and °

.
e

fallspeed can be calculated. These parameters are then used to calculate ‘ §
the different graupel processes. Thus, for each grid volu:lle, a distribution '
of many particles in that volume 1s represented by "mean" quantities and a

set of rsiope parameters derived from the graupel mixing ratio, ’Il‘o specify '
the distribution at a point, one of the parameters “(Nos, th or ) must be %

sspecified externally (set constant) and in the scheme used here, the total "3
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nymber concentration of graupel p;,rticles a(th) s specified. Of couﬁ‘rsa,

~ 1n a real storm, graupel particles do not follow an exact exponential dis--

would seem that a high N

¢ tribution, but if they did it wouid be unrealistic to assume that one of
the slope parameters would not vary with‘time, Thus, difficulties are

encountered when a particuldr parameter is assumed constant., First of all,

there 1s the problem of choosing a value for this parameter based, hopefully,

on observatio::l. Often, as is the case for graupel, there are few measure-
ments of these parameters and the few avallable glve different values for
different storms, Faced with this dilemma, the best that can be done is to
use an average value or a value appropriate for the storm to be modeled,

In choosing the latter, the results can be made to be in better agreement -
with observation simply because an assumption was made based on the obser-
vation, é A
“ - %-3

was set to 10 " cn

highest value in the range of-values givén by observation., From equations

For example, in the scheme used here, N » the
(22) and (23) it can be seen that for a given graupel content, the mean
diemeter D and mean mass W will be much smaller than ‘those obta.inéd if we

had chosen a lower th such as 10-6 em™? (sti11l within the range of ob-

served values). By choosing a high th' the size and mass of the particles

are being limited to low values., Quantitatively, using th = 107 on3

(high) and a graupel content of 3 g kg“1 at the 2 km level will give a mean
-6

diameter of 0,2 cm, while using th =107° en™> (low) the same graupel con-

tent yields a mean diameter of appl:oximately 1.0 cm, Of course, depe;uiing

on the value of N tg chosen, the representative fall velocity, radar reflect

ivity and graupel transfer rates would vary considerably as well, Thus it

tg would be appropriate for modeling highly concen-

trated 1light graupel particles and a low\N tg would be more appropriate for
1
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representing more disperse, larger, heavier hallstones, as mentioned in

Chapter 3. Both types of particles are present, however, in most hail-

storms. Stephens (1979) attempted to model both graupel and hail in his
"yaupe " classification scheme (see Figure 2) by simply using different

particle densities, 'but, by specifying a. constant N, , he was essentia.lly

tg
limiting himself to one or the other.

In addition to the assumptions inherent in choosing a value for N tg is
tg rgmains constant. There are processe§ in nature
that would tend ‘to significant}.y alter N tg as well as the graupel mixing
ratio at a point. BSuch processes as melting and horizonta.l advection
should- reduce the number concentration of graupel particles by eliminating
the smaller particles first while fallout of the heaviest particles should

leave fewer (smaller) particles behind and perhaps increase N, _at a point

tg
below,

One way to 1mprove this aspect of the scheme would be to allow N tg to

vary. An obvious choice would be to change N tg to a value appropriate for

. hail (10'6 cm"3) when the mean mass (@) puts the graupel content in the

4 on™3) for the "light"

and "heavy" graupel sub-classes. This would give much higher fallspeeds,

“ mean diameters, and reflectivities for the "hall" points, which should

better simulate the observed storm reports of large hall., This was at-
tempted but the results were not successful, Thié is be::ause two different
tyi)es of particles with very different characteristics were being modeled
in the one "graupel” class., This meant that a "hail" point,  with the as-
sociated high terminal fallspeed (~3o m s 1), could be lacated directly
a.bove a point with a similar graupel mixing ratio but falling into the

"heavy graupel” sub-class with a much lower fallspeed (=10 m s ). When

v
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. >
the program attempted to vertically advect the graupel content, the discon-

“tinuity in the graupel fallspeeds with h/ ght led to localized centers of
| . T :
"' very high graupel content and the result was time-decoupling of the solutionm.

(The graupel content at a level would oscillate dfastically with each time K/

step as the solution at the even time steps had separated from the solution
tg,sho‘.uld. remain chstant

" for each sub-class. Due to the high fallspeeds (which made small time steps
necessary to avold numerical instability) and the excessive reflectivities

-6 em™2 ) it was de-,

(=80 dBz) associated with the "hail" value of th (10
clded to use the higher "graupel" value (10“” en™2 ), keeping in mind that

this would give much lower maximum (mean) graupel dlameters and reflectivities,
This explains why the model maximum mean diameter is omly 0.2 cm ("hail”
sub-class) compared to observed stone diameters of 0.5 to 2,0 cm, It is
simply ﬁhe choice of th als discﬁésed a'f)ove which limits this parameter,

(A choice of 10.'6 ém'B for th, given the same maximum graupel content,

would have given a maximum mean diameter closer to 1 cm.) - ' .

Another alternative would be to allow N, to vary internally, i.e. let

tg
th be a continuous function of the graupel processes (such as melting and
advection) t};at would alter the particle concentration. i—{owever, this would
involve carrying N te va.nd recalculating it at each point and time step (as
done by Koenig and Murray, 1976), adding to the complexity of the scheme and
to the execution time, Carrying N, would, though, allow such N

-altering
tg e
processes as lce multiplication (splintering) to be incorpora.ted into the
model, The three graupel sub-classes could then be eliminated or kept. If
they were kept, the number concentration as well as the graupel content

would determine the mean mass or the appropriate sub-class,
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Another improvement would be to use a bulk water scheme similar to
that employed for snowy i.e. assume an inverse exponential distribution
where all the slope parameters (Nog' th, A) are functions of Vthe graupel
conten:b. To do this, however, more information is required such as a re-

lationship between the graupel fall rate and the grappel content (1ike

equation (11) for snow) but no such relationship for graupel was availatle. .

Probably the best choice would be to make two or three separate and
distinct classes from the three subclasses to model both .graupel and hail,
Bach class would contain a unique ice particle distribution which could be
distinguished by a different particle density and/or number concentration
(either constant or varying). The means of initiation could determine into .
which class the graupel content at a point would fall. For example, ice
particles Minitia.ted from ice crystals might be classifled as Iow—densij;y
graupel whlee particles arising from drop freezing would fall into the
higher-denslty heavy graupel or hail class. Thus, light graupel, heavy
graupel and hail could all be present at a given point, an impossibility in

the present scheme,

The alternatives suggested above would all add complexity to the scheme

and increase execution time (already very long). However, the added reallsm

of ;che results achieved by one of these modifications might justify the
o
extra work and time involved, It is clear, though, that the bulk water as-

pect must be retalned for the graupel parameterizatlon in this cloud model

1f exscutlion time is to be kept withln reasonable limits.

In general, the graupel-related processes were well simulated, Of all
the processes, the conversion of snow crystals to graupel is probably the.
most important, as it 1s the maln source of graupel which, in addition to

depleting large amounts of cloud water, is the main source of rain water,

[
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It is this process, however, that could use some modification (as suggested
in Chapter 3).' In the present formulation of this process, the entire

ice/ snoW content at a point is transferred to graupel when the median
volume diameter, ,Doi (calculated from the ice/snow content), reaches a
specified threshold value. Thus initial graupel contents at conversion
po'in‘ts tend to be quite large. Thls is perhaps too gross an approximat:i;on
of the actual conversion of ice/snow crystals into graupel particles in
clouds. ansideration should be given to the mode of crystal growt;&. For
example, a crystal can grow to conversion size through vapor deposition
while retaining its crystal nature (i.e. it cannot be called graupel), while
ice érysta.ls that have mainly grown by the riming of cloud water could be
called "graupel" even before they reach conversion size. Thus, a distinetion
simllar to that made by Stephens (see Chapter 3) should be made When trans-
ferring ice/snow mass to graupél mass. He made this distinction by using

a rate of conversion ﬁasgd on the rate of crystal riming, If the amount of

crystal-rimed mass exceeded a pre-specified fraction of the snow mixing ratio, -

the entire snow crystal content at a point was converted into graupel. In
a.cidition, a "mass conversion thréshold" for the ice/s;xow content was set
and any ice/snow content in excess of this threshold was converted into
graupel (regardless of the method of ice/snow growth),

Another alterna.ti;re would be, glven a snow distribution, to convert
only the mass contained in those crystals whose dlameters are greater than
the conversion diamet&‘ (as suggested by Stephens'). However, wi't‘:h the
present ice/snow scheme, this would alter the distribution in such a way as
to unrealistically increase the number of smller snow crystals (see .

équation (12)). Other possibilities include experimenting with the value

of the conversion diameter or using separate classifications for rimed

A WA R R L0 Al B o N 8
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crystals and large, insignificantly rimed crystals or crystal aggregates
(snow), With improvements to the conversion process, which was partly
responsitble for the differences between the model and observed storms in
the dissipating stage referred to in Section 6.1.3, it is ex;;ected that
the model results will be in better agreement with observation.

To conclude, the microphysical parameterization used in this cloud
model gave acceptable results but with some modifications and "fine-tuning",

especially those mentloned above, it could be improved.

6.4,2 Additional suggested reasons for model-observation difference%

The most likely cause, apart from the nd.c:rophysics, for the differences
between the model ;md observed storm is the model storm environment., To
b(-‘zgin with, the limited domain combin‘ed with the somewhat unnatural (lateral)

» periodic bounda.ry conditlons already places unréalistic restrictions on
storm growth, A way to improve this is suggested in Chapter 7 as a possi-
bility for -further work. In addition, there are uncertainties in the initial
conditions as given by the sounding H(Figures 4 and 5). The sounding,
taken 70 km away from the storm site, may not be entirely representative
of the actual conditins at the storm site. Also, due to wncertainties in
}:he' sounding above the 350 mb level in the closes't radiosonde sounding
availatle (givern by Chisholm,1970), a sounding from Edmonton, 206 km away >
from the storm, had to bg used to give the temperature and humidity profiles
above that level, The atmospheric sounding is used to give the initial
(basic) state for the model and is thus' verfr important in detgmining sub-
sequent convective development (as .is, to a lesser extent, thé humidity

impulse used to 1nitiate convection), Therefore, any uncertainty in the

sounding should be considered.
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o
It is possible as well that the environmental conditions at the
f ]
dissipating stage of the storm's development were significantly altered
from the initlal state by both the storm processes and the moifon of the

Y into a new environment, The basic state environment . for the model

rm, however, does not change for the duration of the simulation.

Finally, it should be remembered that Chisholm (1970) gave only three .
radar "snapshots" of the observed storm and these were only from one cell
of a milticell storm, Thus, an attempt was made to pick three correspbnding
times from the model results, It is conceivable, though, that other times
from the observed storm may have compared better with the model sections,
It should also be-recalled that the Bﬁenta.tion of the vertical éross-
sections presented fothhe model results was not exactly equivalent to'
that used by Chisholm (as explained 1in Chapter 5). This could give rise

to apparent differences between the model and observed storms,




B s St B el

u

b
5

o

CHAPTER 7
SUMMARY AND CONCLUSION

-

7.1 Summary !
For the‘rea.listic simulation of a hailstorm, a 3D numerical cloud

model with full ice-phase (ice, snow, graupel and hail) is necessary. By
neceaslty, the ‘microphysics should be as simple, yet comprehensive, as
_possible to keeﬁ compl&xity and execution time to armininum. The purpose
of this research was to simulate a hailstorm by adding a gra.upei parameter-
ization to complete the microphysi\cs of the Steiner-Yau cumulus cloud
model. The bulk water parameterization of graupel‘sugges;ti%d by Step; s
€I979) yré.s considered adequate3 and so, with some minor mqdifications, \t
was added to the cloud \;nqdel.

This parameterization scheme a:ssumed that grjaupel originated as frozen
raindrops and rimed ice crystals and followad an inverse exponential size
distribution characterized by a cl:onst\’a.nt number concentration.. The graupel
content at a point determined what sub~class particle repre;ented the
graupel distribution: 1light graupel, heavy graupel, or hail, The assumed
particle density and fallspeed varied accordingly. The graupel content

: - : ,
could grow by vapor deposition and collection of cloud and rainwater, and

was depleted bx{melting; sublimation and fallout. A
) ., . ¥ . X oy
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A hailstorm was simulated ina 32 x 32 x 12 km domain with grid
lengths of 1 km in the horizonta% and 0.5 km in the vertical. The vertical
boundaxies were rigid and free—sl;.p, while lateral boundaries were assumed
periodic. Initial conditions (basic state) were given by a real sounding
taken near the observed storm used for comparison purposes and given by
Chisholm (1970), A saturated parabolic humidity impulse at the center of
the domain initiated ccnvectizn and 53 minutes of storm life were simulated.

A large, essentlally vertical storm with ice/ snow, rain and graupel
was produced which reached its maximum intensity at the 3i-minute mark,
Graupel arose mainly from ice/ snow conversion and grevw by riming and depo-
s:{tion. THe' main region of graupel growth and formatlon was oriented ver-
tically along the mailn updraft (wmax) axlis, Melting of graupel produced a
large amount of rain below th; 0°C levelpe The fallout of rain and graupel
produced a downdraft which cut off the \updraft higher up and this, along .

with the depletion of cloud by ice particle riming and evaporation, caused

the storm to dissipate, The interaction of the flow with the storm created

e S aa

a marked overhang on the outflow side of the storm‘/, a feature which persisted

for the dura.tion/Of the run, The effects of condensate on the temperature
R o

and pressure flelds and on the flow (1.e, the microphysics-dynamics inter-

)

b,
actions) were particularly well simulated, such as the region of cool !

I . sinking air and high pressure below the cloud base associated with the evapo-

ration (and melting) of precipitation as it falls to the .surface. Maximum

1
i
!
i

graupel contents reached 2.9 g ks—i in the storm a.n(lf 1.45 g kg.l at the

surface at the time of maximum stofm intemsity ("ma,xh A maximum rainfall

\gra.upel at the same time,
\ i,
( o The maximum reflectivity of 62 dBz was conngeted with the graupel maximum,

The storm grew to maximum dimensions of 10 W 8 km by 9.5 km. Restrict-
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ing the simulation to two dimension.{resulted‘/ a spaller, less. vigorous
storm with correspondingly smaller maxima (w, graupel, rain, etc,).
The results were compared to a storm reported by Chisholm which pro-
' duced hail of up to 2,0 cm in diameter and maximum reflectivities between
65 and 79 dBz., Both model and observed storms were essentlally vertiecal

and exhibited radar overhangs. They were toth of similar (hori'zor{tal)
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dimensions, had c;.oud: bases at similar levels, and traveled in the same
/ direction, Elliptical radar echoes in the horizontal were evident in the |
s observed'd model storms. Differences in reflectivity maxima, maximum

4 graupel diapmeter at the surface, maximum storm top height, and dissipation’

’ between the model and observed storms could, for the most part, be explained

by inadequacies of the microphysical ‘parameterization and differences in

" real and model atmospheric conditions.

e ——— =

Suggestions were made on how to improve the existing parameterizations.

! , Pa.rticpla.r:"criticism was focuse’d on the method of representing graupel and ' :

" the conversion of‘ice/snow to ,graupel. It was determined that to properly
model both graupel and hall, 4 single particle category ("graupel") with ame

\ constant representative total particle concentration (N ts) is not sufficient,

c
e e b T R S

Either N, should be allowed to vary :Lnter?ally or two or more separate \L

tg

CL categories should be used, each with an appropriate N‘tg‘ It. was also de-
termined th%.t the growth mode of Lce/snow, should be considered when convert-
ing ice/snow to graupel, In 'a.ddition, a gradual or partial converslon of
"the ice/snow content at a point was consﬂ:ciered prefgrahle to the conversion

of the entire content. ’ SN yd .
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_ atmospheric violence, the hailstorm.

7.3 Suggestions for further work ‘ // \
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7.2 Conclusion <
The Steiner-Yau 3D cumulus cloud model, with graupel microphyslcs

added by the author, represent.:an invaluatbtle tool in the attempt to better
understand, simulate, predict, and control storms. At theﬂ,];east, the
present model’ provide}s an excellent starting point or base fér further wo:r.:
in numerical storm modeling., In ﬁ".s present state, the model faithfuliy

and realistically simulated the general dynamical and microphysical ;m:acgw/

teristics common to large stormes using relatively few (mlicrophysical)

" equations embracing, in a simple manner, most of the important precipitation

processes, Thé use of three dimensions eliminates the re’strictions imposed
by one- and two-dimensional models, and gives added reallsm to the results,
With thé improvements suggested in F}hapter 6 and the next section (7.3),
the model should be entirely a&equate for the variety of uses suggested

in Section 7.3. It is the hope bf the author that it will be improved and

o

eventually used to aid in the study of that fascinating display of

J

[

y
o

. hd /'./,
1. As mentloned above, the graupel parameterlzation should be modified
’ 2 -

= o .

so as to better model bothrgraupel and hail. This would involve a prpvision
for N tg to vary internally and/or the addi:hion of another class of ondensa.t}a
or any other method thaét would more realistically distinguish between the ‘

different categories of ice particles as defined in the introduction

(Chapter 1). The ice/snow-to—-graupel conversion should be modified as well._l

~ to better simulate this important process,
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= .2, To make the ice-phase parameterization more complete, the ice
ﬁxultiplication process and the wet growth mode for gra.upel/hail could be

included (as discussed in Chapter 3).

3. The present model has only been used with one sounding and com-
pared to one storm, as reported by Chisholm (1970). '‘Many other soundings,
wilth corresponding observations of the resulting storms, are availabie,
not only in Chisholm"s 1970 thesis but in other publications as well. It
would be particularly interesting {:o run the model with goundi\ngi)lmt shoved
strong wind shear and which were associated with high-energy storms exhibit-
ing such fea.tuzies as a pronounced bounded weak echo reglon (\BWER) , an anvil

and a tilted orientation. (The tim'e‘ step, however, would have to be re-

ducéd to avoid numerical instability due to the high velocities 1rivolv\e:.7\’ -

In the process of simulating different types of storms, the model could be.
"fine~tuned"; 1.e. parameters and threshold values could be adjusted to

give the best resulis for all types of storms.

l:l-. Apart from the microphysics, the area which is ln the greatest
need of improvement is thg boundary conditions, The surface boundary could
be quified to include the effects of precipitation evaporation, surface
hegi‘oiné, and cloud shadow effects, The lateral® boundary conditions should
be cha.rfged from perlodic to allow for the inflow of additional heat and

' moisture from outside the ‘domain. This additional energy from outside

the domain might encourage the formation of multi-cell storms and would cer-
tainly add to,the" realism of the modeled environmental conditions, To

avold the possibility of the storm moving out éf the domain, a larger or

moving domain might be consldered, . : ¢
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5. The Present model uses a large amount of computer time to s;.mu:la.te‘.

only 53 minutes of storm time, This limits somewhat the additions”that

p
can be made to the model and its applications. Thus, it would be worth-

while to somehow "streamline" the program, making it more efficlent and

reducing the execution time, %

6. Practical uses

There are many practical uses for the model.. The modei could be useg
to predict severe storms and large hail by simp]:y "feeding in" a given (or
forecast) radiosonde and observing the geﬂemted storm, By observing the'
actual storm and comparing it with the predicted model storm, additional
improvements could be made over a period of time to make the model forecast
more accurate.

There is a large amount of research currently being done in the area
of cloud seeding and hail suppression, Different control methods could
easily be tebted using the cloud model before they are applied to real
clouds, therg saving time and money and hopefully providing information
on what wethods are best and how they should be employed.

In addition to the above uses, the model could also be used to examine
cloud ensembles, squall lines, multicellular storms, storm rotation, frontal

convection, and many cther phenomena com;_tected witﬁ clouds and storms.
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