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ABSTRACT

THE IMPACT OF A TWO-MOMENT CLOUD MODEL ON THE MICROPHYSICAL
STRUCTURE OF TWO PRECIPITATION EVENTS

A new two-moment microphysical parameterization is described. The proposed scheme
predicts the mixing ratio and number concentration of rain, pristine ice crystals, snow,
aggregates, graupel and hail. The general gamma distribution is the basis function used for
each hydrometeor. Preliminary sensitivity testing of the new microphysical scheme in an
idealized convective simulation shows that the two-moment prediction scheme allows more
freedom on the size distribution enabling the diameter to evolve more realistically than in
a 1-moment scheme. Sensitivity to the prescribed input parameters such as cloud droplet
concentrations and the shape parameter v is demonstrated in the model results.

Model verification is performed on two separate case studies which occurred in very
diverse environments. A wintertime shallow post-frontal upslope case from the Winter
Icing and Storm Project (WISP91) and a strong summertime convective storm from Co-
operative Convective Precipitation Experiment (CCOPES81) are investigated. In these case
studies, the kinematic evolution of the two-moment and one-moment simulations is very
similar, however, the microphysical structure shows differences between the two schemes.
In the two-moment simulation, the diameters of each hydrometeor are allowed to evolve
depending on the environmental conditions, and these fields compare well to the observed
measurements. In the one-moment simulations, with either the mean diameter or the slope
intercept parameter fixed, the results show the unrealistic constraint of not allowing vari-
ations in the hydrometeor spectra. Comparisons to aircraft measurements for both cases
show that the microphysical structure is predicted well by the two-moment scheme com-

pared to the observations. Peak reflectivities are predicted close to the observed values using




the two-moment scheme, while the one-moment scheme with the mean diameter specified
over-predicts reflectivities due to the larger prescribed diameters. In the simulation where
N is specified, reflectivity are similar to the observations, however, other microphysical pa-
rameters such as graupel and rain are not simulated well. In both one moment simulations,
the ratio of hail precipitation to rain is grossly over—predicted. Sensitivity to variations in
the v parameter are demonstrated in the summertime case. These sensitivity experiments
show the need for more measurements of the size and shape of the hydrometeor spectra for
various weather environments. There is also a need to numerically examine the effects of

varying v in a variety of environments and storms.

Michael Patrick Meyers
Department of Atmospheric Science
Colorado State University

Fort Collins, Colorado 80523
Spring 1995
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Chapter 1

INTRODUCTION
1.1 Cloud Models

With the advancing state of computer technology, atmospheric modelers are now able
to incorporate more sophisticated physics into their models in the hope of gaining a better
understanding of the physical controls on atmospheric processes. Cloud models specifically
need to adequately represent the hydrometeor evolution over a wide variety of conditions to
accurately predict the microstructure of cloud systems. Cloud modelers have two options
to represent the hydrometeor spectra, explicit bin-resolving or bulk microphysical models.

Explicit bin-resolving models (Young 1974; Hall 1980; Kogin 1991; Feingold et al.
1988; 1994) discretize the hydrometeor categories into specific bins, which facilitates keep-
ing track of the different processes and interactions affecting the hydrometeor spectra.
Since bin models require large amounts of memory and computation time, they have pre-
dominantly been applied to an assumed or prescribed kinematic structure. The expense of
an explicit bin-resolving model can be tremendous as evidenced by a simulation performed
by Stevens (personal communication, 1994) of a 9 km? stratus topped boundary layer
cloud, which is 800 m deep, with a 60X60X60 domain and 60 prognostic equations. The
simulation takes about one day of wall clock time to simulate 5 minutes of cloud evolution
with a 2 second timestep on an IBM RS6000/370 high performance workstation.

Bulk microphysical schemes employ more simplistic assumptions than the explicit mi-
crophysical models and therefore require much less memory and computation time. In a
bulk microphysical scheme, the water class is categorized into different species, and a cer-
tain basis function of the size distribution is assumed for each category, such as a gamma
type (Walko et al. 1995; hereafter referred to W95). Simplified formulas represent all in-

teractions between each of the hydrometeor classes which result from the integration of the




hydrometeor spectra. Different types of bulk schemes have been reported. Rutledge and
Hobbs (1983; 1984) developed a diagnostic kinematic model with bulk microphysics, where
the kinematic field was derived from Doppler radar data and microphysics were integrated
in time while holding the wind field constant until a steady state structure was attained.
Lin et al. (1983) and Cotton et al. (1986) both used a bulk microphysical scheme but
coupled with a dynamical model instead of a kinematic model. All of these models incor-
porated a three-class ice parameterization. McCumber et al. (1991) compared two-class
and three-class ice parameterizations and found that the three-class system was superior
to the two-class system for a specific squall line simulation due to the added flexibility
of the additional hydrometeor category. All of these models incorporated graupel/hail as
the third category category which, depending on the spatial characteristics of the specified
hydrometeor greatly impacted the overall microphysical structure of the simulation (Mc-
Cumber et al. 1991). The focus of this currert study is simulating mesoscale precipitation
events, consequently, a bulk microphysical scheme is desired.

Another capability of bulk microphysical schemes is the degree of sophistication used
in representing the hydrometeor size spectra. In the previous three models discussed, only
one moment of the distribution is predicted (usually mixing ratio) while the other moments
are diagnosed or prescribed. An improvement in the representation of the hydrometeor
spectra has been to predict two moments of the hydrometeor distribution, namely, the mix-
ing ratio and the number concentration, and to diagnose the mean diameter. Srivastava
(1978) noted the advantages of predicting on 2 parameters of the hydrometeor size spectra
especially in precipitation processes. Prediction of two moments of the distribution should
allow the hydrometeor spectra of each category to evolve more realistically, improving pre-
diction of complex microphysical processes. Improvements should also be expected in radar
reflectivity and radiative transfer calculations which are both dependent on the size and
the number concentration of the hydrometeors. Ziegler (1985) used his 2-moment model
in a three-dimensional kinematic framework to simulate a severe Oklahoma thunderstorm.
Assuming a gamma distribution for cloud droplets and rain, and an exponential distribu-

tion for other hydrometeors, the mixing ratio and number concentration of cloud droplets,




rain, hail, and the mixing ratios of cloud ice and snow were predicted. Some highlights of
the microphysical scheme included stochastic coalescence effects in warm clouds as well as
wet and variable density dry hail growth processes. Nickerson et al. (1986) developed a
warm rain microphysical scheme to examine orographic precipitation processes. Number
concentrations of rain as well as mixing ratio of cloud droplets and rain were predicted
based upon a log-normal distribution. Murakami (1990) developed a three-dimensional
anelastic cloud model to simulate a severe thunderstorm over Montana. The mixing ratio
and number concentrations of cloud ice and snow were predicted as well as the mixing ratio
of water vapor, cloud water, rain, and graupel/hail. More recently, Wang and Chang (1993)
developed a three-dimensional cloud model which includes a chemistry scheme to examine
a severe thunderstorm in Montana. Both the mixing ratio and number concentration of
cloud water, rainwater, ice crystals, snowflakes, graupel and hail are predicted in the model
assuming an exponential distribution. Ferrier (1994) also developed a bulk microphysical
model to examine hydrometeor profiles of convective and stratiform precipitation in large
scale environmental conditions. This scheme includes prediction of the mixing ratios and
number concentrations of ice crystals, snow, graupel, and hail; the mixing ratios of cloud
drops and rain are also predicted assuming an exponential distribution. Some highlights
of this scheme include prediction of wet precipitation ice (for radar applications), more

efficient collection formulations, and the treatment of aggregation processes.

1.2 Objectives

A two-moment hydrometeor prediction scheme is implemented into the Regional At-
mospheric Modeling System (RAMS) to examine two diverse precipitation events. The
two-moment scheme should provide better prediction of more diverse weather systems (eg.
MCS) which have a spatial and temporal variability of the hydrometeor structure within
the storm. Implementation of the two-moment scheme should also provide the background
for remote sensing comparisons (eg. Zdr) and retrieval of parameters for future studies.
One of the tasks includes updating all the previously existing microphysics based on the

most recent observations and parameterizations (Chapter 2). This scheme predicts on



the mixing ratio and number concentration of rain, pristine ice crystals, snow, aggregates,

graupel, and hail categories. The added features of this new microphysical scheme include:

o the use of a generalized gamma size-spectrum where the v parameter can be pre-

scribed by the user as opposed to a fixed Marshall Palmer spectrum

o the introduction of ice-liquid mixed phase graupel and hail categories categories with

non-thermal equilibrium for the rain, graupel and hail classes
¢ new heterogeneous and homogeneous ice nucleation parameterizations

¢ approximate solutions to the stochastic collection equation rather than the continuous

accretion model approach
e breakup of rain droplets is formulated iato the collection efficiency

e analytical flux equations predict mixing ratio and number concentration conversion

from pristine ice crystals to snow due to deposition (no riming)
e predictive equations for ice nuclei (IN)
e crystal habit is diagnosed dependent on temperature and saturation

e evaporation and melting of each species assumes that the smallest particles com-

pletely disappear first

e more complex shedding formulations which take into account the amount of water

mass on the coalesced hydrometeor.

After testing the new scheme, two case studies are examined, a wintertime orographic
precipitation event, and a summertime convective case. These cases will allow comparisons
between the two-moment predictive scheme and the one-moment predictive scheme, which
has been recently formulated and subjected to some preliminary testing (W95). This study
is especially challenging since emphasis is placed on verification of the microphysical scheme
using radar data, and ground-based and aircraft hydrometeor observations. Mesoscale

verification of the spatial distribution of precipitation and the kinematic structure of the




storms is also considered. These experiments demonstrate some of the potential benefits
and shortcomings of the two-moment scheme.

The current version of RAMS which includes recent modifications made to the single-
moment prediction scheme as well as the model development of the two-moment micro-
physical version of RAMS is described in the next chapter. Sensitivity testing of the new
two-moment scheme is detailed in Chapter 3. In Chapter 4 the wintertime orographic pre-
cipitation case study is discussed, and the convective case study is discussed in Chapter 5.
Chapter 6 summarizes the major conclusions of this study and suggestions for further

research.




Chapter 2

THE MICROPHYSICAL MODEL

In the past, the hydrometeor size spectra in RAMS (Walko et al., 1995; hereafter
referred to as W95) was controlled by a user-specified mean hydrometeor diameter. The
mixing ratio of each hydrometeor category was predicted while the concentration was
diagnosed [see Cotton et al., 1982; 1986 (which also predicted on the number concentration
of pristine ice crystals)]. The two-moment scheme predicts the concentration and mixing
ratio of the distribution function for each hyd-ometeor category making the determination
of each hydrometeor size spectra less arbitrary. With more complex physics the model
should better capture the evolution of the hydrometeor spectra. The microphysical scheme
is discussed in this chapter, and details the water categories, size distribution, and the
model formulations of the mixing ratio and concentration tendencies of each hydrometeor

species.!
2.1 Categories of water

RAMS has seven water categories: vapor, cloud droplets, rain, pristine ice, snow,
aggregates, graupel, and hail. Cloud droplets and rain are of course liquid, but may be
supercooled. Pristine ice, snow, and aggregates are assumed to be completely frozen, while
graupel and hail are mixed-phase categories, capable of consisting of ice only or a mixture
of ice and liquid.

All hydrometeor categories except cloud droplets are assumed large enough to fall.

Cloud droplets and pristine ice are the only categories to nucleate from vapor. All other

!The existing framework for the RAMS microphysical model was initiated by Flatau et al. (1989) and
W95, This dissertation is a continuation of the research initiated by these authors.




categories form from existing hydrometeors, but once formed, may also grow by vapor
deposition. Pristine ice and snow categories are distinctly defined due to a size criteria.
The criterion is based on the bimodal structure observed in some stratified clouds (Arnott
et al., 1993), and the negligible riming rates of small ice crystals. The conversion of pristine
ice crystals to snow is due only to deposition since riming at these sizes may be neglected.
The onset of riming is also dependent on the habit of the crystal. Pitter (1977) found
that hexagonal plates must grow by vapor deposition to sizes larger than 300 ym before
riming commences. Schlamp et al. (1975) found the minimum size for columns to start
riming is close to 50 ym. Theoretical computations of Schlamp and Pruppacher (1977)
showed that needles started riming around 40 pm. Consequently, pristine ice crystals are
defined as small ice crystals which may continue to grow by vapor deposition, but are
not permitted to grow by any other process. Harrington et al, (1995) have determined
different cutoff diameters between pristine ice crystals and snow in a cirrus case, and
therefore this threshold diameter is easily modified by the user. The snow category is
defined in RAMS as relatively large ice crystals which have grown from the pristine ice
category due to vapor deposition and may continue to grow by riming. Aggregates are
defined as ice particles that have formed by collision and coalescence of pristine ice, snow,
and/or other aggregates. Like snow, aggregates are allowed to retain their identity with
moderate amounts of riming (large amounts of riming converts these snow and aggregates
to graupel). Pristine ice, snow, and aggregates are all low-density ice particles, having
relatively low mass and fall speed for their diameters.

Hail and graupel can have many criteria which set the two species apart. Some re-
searchers have used a size constraint. For instance Heymsfield (1983) defined diameter,
D < 1.0 cm to be graupel and hail to be D > 1.0 cm. Fraile et al. (1992) assumed stones
D < 0.5 cm were not hail. Another criterion which can distinguish graupel from hail is the
density of the particle. List and Schemenauer (1971) found graupel densities close to 0.6
g cm~3. More recently, Heymsfield (1978) found graupel densities over Northeastern Col-
orado were typically below 0.5 g cm™2 and conical graupel densities were nearly constant

at 0.45 g cm™>. Pflaum et al. (1978) found graupel densities near 0.21 g cm™ for particles



with a mean size of 1.1 mm and temperatures near -15°C. Pflaum and Pruppacher (1979)
found graupel densities for small graupel (0.4 mm) to be near 0.3 g cm™3. Graupel char-
acterized by low densities required surface temperatures between -10 and -15°C, as found
by Heymsfield (1978) . The lower density graupel was characterized by a rougher exterior,
while the higher density graupel formed when the surface temperature of the particle was
0°C and had a smooth exterior. These observations followed Macklin’s (1962) work which
stated that the riming density increases with increasing cloud droplet diameter, surface
temperature of the ice sphere, and cloud droplet impact velocity. Hail densities for the
most part have been observed closer to 0.9 g cm™2 by various studies (Vittori and di Capo-
riacco 1959; List and Schemenauer, 1971; Matson and Huggins, 1980; Ulbrich and Atlas,
1982) . Prodi found mean values of hailstone density lie between 0.82 and 0.87 g cm™3.
In a comparatively lower LWC (liquid water content) spring storm in Boulder, Colorado,
Knight and Heymsfield (1983) observed hail densities between 0.31 and 0.61 g cm™2 for
hail diameters ranging from 0.63 to 1.54 cm. A problem with some of the measurements
is that they are ground-based observations which include melting hailstones. Rasmussen
and Heymsfield (1987a,b) suggested that measurements of hail at the ground may lead
to higher densities than occur aloft due to meltwater soaking into the hailstone’s lower
density interior.

A fixed density for rain, graupel and hail, is assumed in RAMS since these hydrom-
eteors are assumed to be spherical in shape. Farley (1987) made comparisons between
a fixed and a variable density scheme in a severe supercell type storm. He found only
minor relative differences in larger scale features such as storm structure and movement
between the two schemes. In RAMS graupel is an intermediate density hydrometeor and
is approximately spherical in shape. It is formed by moderate to heavy riming and/or
partial melting of snow or aggregates. Graupel is allowed to carry up to half of its mass
as liquid. If the percentage becomes larger, by either melting, riming or collection by rain,
a graupel particle is re-categorized as hail. Hail, or frozen drops (also includes sleet), is a
high density hydrometeor considered spherical in shape. It is formed by freezing of rain

drops or by riming or partial melting of graupel. Hail is allowed to carry any fraction of




liquid water up to but not including 100%, however, at these high liquid percentages the
hail will subsequently convert to rain. This treatment which puts melted hydrometeors
into the graupel and hail categories is done as a bookkeeping measure. Note that these
definitions of graupel and hail emphasize their composition and density more than their
method of formation. For example, a snowflake or aggregate undergoing gradual melting
in this scheme first converts to graupel, then to hail, and finally to rain, although hail is
more traditionally assumed to form from the collection of supercooled water onto a hail
embryo (graupel or aggregate) or from freezing of supercooled rain. The hail category
in RAMS therefore, extends to include all “observed hail” (defined as D > 0.5 cm), and
additionally may include “observed high density graupel”, and ice hydrometeors produced
by raindrop freezing, regardless of size. The purpose of this approach is to more accurately
model a hydrometeor’s fall velocity and consequent rates of ventilation and collision as
it undergoes transformation to different densities. As will be discussed, fall velocity is a
function of diameter and category only, so changing categories is the means for changing

the velocity of a given diameter particle.

2.2 The gamma distribution and its moments

RAMS is set up to use the generalized gamma function or as it is more commonly

known in radiative transfer, the modified gamma distribution. It is defined as

(z) = 22 exp(-2°), (2.1)
where ¢ and v define the shape of the distribution, and s is a normalization factor to ensure
that the integral of the distribution over the interval of definition is equal to 1. Other
distributions can be obtained by simplifying this distribution. The gamma distribution
can be obtained by setting ¢ = 1 in this equation, and the ezponential distribution may be
obtained by setting ¢ = 1 and v = 1. The half-normal distribution is another one of the
family of gamma distributions, and it can be obtained by setting c =2 and v = %

The distribution function (2.1) can be transformed into a more useful form for atmo-

spheric applications, but first, the probability density function needs to be defined. The
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variation of the size spectra of each hydrometeor category can be described by the changes
in the moments of the assumed distribution. The spectral density function n(D) is defined
such that n(D)dD is the total number of particles with diameters between D and D +dD,

per unit volume of air. Therefore, N(D.), the zeroth moment of the distribution,
D
N(D,) = fo n(D)dD, (2.2)

is the total concentration per unit volume of air of particles with d:ameters less than D..
To describe a size spectrum we choose a suitable probability density function f(D) defined
over the interval (Dpmin, Dmaz). For our applications assume Dpyin = 0 and Dz = 0.
The form of the probability density function f(D) has to meet a few simple criteria. It
must be of an analytical form amenable to integration in a closed form so that the resulting
mathematics is manageable. Also it must be a normalized function, with only a few degrees
of freedom, all of which should be diagnostic, based on bulk or spectral field measurements
or model predictions (Flatau et al., 1989). The particle size distribution spectrum can

then be represented by

n(D) = Nf(D), (2.3)

where N, is the total concentration of particles per unit volume of air.
It is sometimes practical to define a new probability density furction through a trans-

formation of variables. From Flatau et al. (1989),

1(D) = j(z) s, (24)

where the variable z is an arbitrary functior. of D, i.e. z = h(D), and h is a arbitrary
function. The distribution function (2.1) can now be transformed with the aid of (2.4) by
letting

g D%, (2.5)
where D is the diameter of a particle and D,, is the scaling diameter. Dy, is the non-physical
scaling diameter used to present the spectral distribution function in a non-dimensional

form. The scaling diameter wilt be related to physical quantities such as the mean diameter
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of the distribution, however these relations will differ with the chosen spectral parameters.
In our generalized scheme it is convenient to use scaling diameter rather than a specific
physical quantity since this leads to simpler and general mathematics.

After some simple algebra and noting that the normalization can be obtained by
setting s = I'(v) where I'(v) is the complete gamma function and ¢ = 1, the form for the

gamma distribution will be

@ =135(5) 5 () 25)

where the hydrometeor diameter D may range from zero to infinity. The shape parameter
v controls the breadth of the distribution, and may be any real number greater than or

equal to 1, Fig. 2.1 shows the sensitivity of the distribution to ».

1.5 2.0 2.5 3.8 3.5

Figure 2.1: Set of gamma distribution curves for integer values of the shape parameter
v from 1 to 10. The peaks of the curves shift progressively to the right as v increases.
The ordinate provides the values of f given by 2.6. The abscissa presents the hydrometeor
diameter D, where D,, is held fixed at 1.0 for all curves, and 8, is set to 3. (W95)
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When considering the size distribution of various hydrometeor categories, the averaged

properties of different species can be defined as

7= jD P (D)n(D)dD. 2.7)

The function g often exhibits a power law dependence, such that

9(D) = ¢; D (2.8)

where ¢, and p, are constants. Mass m and the terminal velocity v; may be expressed in

a power law relationship with diameter:

m = a,DP™ (2.9)
vy = ay DPet, (2.10)
their integrals become
T'(v+ Bm)
m = Nia,DPm "7 2.11
& Dr-, P(V) ( )
and
T'(v + But)
= Pus oA VO 2.12
F‘t NtaUQDn I‘(V) ( )
Hydrometeor density is related to mass by
_ m ap DPm _6am 5 _3
L= Gotume ~ ED° - x D (213)

Next, the generalized moment of the distribution is found. The p** moment of the
distribution fyam (D), defined over the interval (0, 0o) is

I'(v+p)
T(v) °

With the generalized moment of the distribution, the specific moments of the gamma

I(p) = /0 ™ D?fyum(D)dD = D2 (2.14)

distribution can easily be found. The first moment of the distribution, the mean diameter,

is defined as
'v+1),. _

The effective diameter D.g, the ratio of the third moment to the second moment is

Dpean =
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_T(v+3)
off = —F(V+2) ne

The mode diameter D,,,q4., where the peak of the distribution is located, can be obtained

(2.16)

by differentiating the gamma function (2.6) and setting it equal to zero, which gives

Dpmode = (v — 1) D,,. (2.17)

The scaling diameter can be diagnosed from the third moment of the distribution, the

liquid water content. The liquid water content for a spherical particle is defined as

I = /0 ” m(D)n(D)dD. (2.18)

Substitution of (2.11) into (2.18) and dividing by by air density p, gives an expression for

the mass mixing ratio of the hydrometeor category

r=M, ppmIW+Bm) (2.19)

Pa I'(v)
This equation gives a relation between the mixing ratio r, the total concentration N¢, and
the scaling diameter, and the width parameter v.

In RAMS, v, am, Bm, aut, and B, of each category can be changed at the user’s
discretion, but these parameters are held fixed in time and space for the duration of the
simulation for each hydrometeor class with the exception of the pristine ice and snow
categories, where @, Bm, @y, and f3,; may change at each grid location depending on the
diagnosed habit of the crystal (see Section 2.6.2). Once these parameters are specified, there
remain two free parameters from the set (r, Ny, D,;) to be determined for each category, the
third parameter being obtained from the other two and ( 2.19). In the one-moment scheme,
D,, is usually specified while r is predicted and N; is diagnosed. In the two-moment scheme
both r and N; are predicted and D,, is diagnosed. The spatial and temporal dependence of
the two free parameters defines the model solution for each category. In the next section,

the equations governing the two free parameters are discussed.
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2.3 The continuity equations

With the exception of cloud water and vapor, the mixing ratios and number concen-

trations of all water categories are governed by conservation equations of the form
%(poA) — ADV(poA) + TURB(A) + SEDIM(poA) + poSOURCE(4)  (2.20)

where A represents the mixing ratios and number concentrations of rain, pristine ice,
snow, aggregates, graupel, and hail, plus an additional “total water” category consisting
of the sum of the mixing ratios of all categories including cloud water and vapor (r. and
Ty). ADV (A) and TURB (A) represent advective and turbulent transport of A by the
resolved and subgrid velocities in the model. SOURCE (A) represents source (and sink)
terms for the categories which consist of all types of conversion of water substance from one
category to another. SEDIM (A) represents local losses and gains of A due to gravitational
sedimentation. Eq.( 2.20) is integrated forward in time from initial values (except for ry,
initial values are usually zero) to obtain prognostic mixing ratios for each model grid cell
and each timestep.

The ice liquid potential temperature (f;) is governed by an equation of the same
form as Eq.( 2.20), where SOURCE represents external heat sources such as radiative flux
convergence, and SEDIM represents local sources or sinks due to sedimentation of ice or
liquid water (Tripoli and Cotton, 1981). 6; is conservative in the absence of sedimentation

and external heating.

2.4 Diagnosed variables

The cloud droplet mixing ratio (r.) and the water vapor mixing ratio (r,) are diagnosed

from (rr), (71iq) and (ric.) by using the saturation mixing ratio (r,;) over water,
ry = max(0, 7T — Trig — Tice) (2.21)

and

re = max(0, 77 = Tlig — Tice — Tsl) (2.22)
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This set of equations can be solved iteratively to produce a diagnosis of T', 8, r,, 7y, and
rc from predictions of 6;;, Exner function =, r7, 1y, 7§, Ts, Ta, Tg, and 7.
The sum of the mixing ratios of cloud and vapor is determined as a difference of the

prognostic mixing ratios:
Tegv =Tt = (7r + Tp+Tet+TatTy+ Th). (2.23)

The cloud mixing ratio r. is then diagnosed as the amount, if any, by which the sum

exceeds the saturation mixing ratio r, with respect to liquid water:
re = max [0, reqy — Tl (2.24)

while 7, is diagnosed from

Ty = Teqy — Tee (2.25)

Vapor mixing ratio r, is thus not allowed to exceed r,;. Saturation mixing ratio r,; is given

by
0.622¢,,
P—€y’

where ey is evaluated from an 8th order polynomial in air temperature T, (Flatau et al.,

(2.26)

Vil =

1992). T, is itself diagnosed from the prognostic ice-liquid potential temperature 6;; and
from the mixing ratios of all liquid and ice categories by the equation (Tripoli and Cotton,

1981)

Rfcp
Py I L Qlﬂf 2 27
Ly =00 (poo) [1 F cpmaz(t,253) |’ (2217)

where Qq¢ is the total latent heating and is given by,

Qlut - {rr +r.+ (1 - ig)rg + (1 - ih)rh] Llu
+(rp +r,+ 1.+ igrg + ihrh)Ll'vv (2'28)
and i, and i are the fractional amounts of ice in the mixed-phase graupel and hail cate-

gories, respectively. Eqgs.( 2.24- 2.28) and the equation for e, are solved iteratively until

convergence occurs.
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2.5 Recent modifications made to the single moment scheme

This section describes some recent structural and microphysical changes which are
described in detail in W95. These updates were originally made to the one-moment version

of RAMS, but are also included in the two-moment version of the code.
2.5.1 The hydrometeor heat budget

The hydrometeor heat budget used in RAMS is thoroughly summarized in W95. The
heat budget equations for rain, graupel, and Lail hydrometeor species allow for non-thermal
equilibrium (eg. heat storage on the hydrometeors is allowed). The other non-mixed-phase
hydrometeors such as pristine ice, snow, and aggregates assume thermal equilibrium which
is defined here as the latent heating exactly balancing the sensible heat diffused from the
hydrometeor. A heat storage term does not occur for these non mixed-phased hydrome-
teors. Non-thermal equilibrium effects allows for mixed-phase hydrometeors in the cases
of graupel and hail and supercooling of rain. These are formulated by noting that the
temperature of any given hydrometeor can differ from that of the surrounding ambient
air temperature due to latent heat release or absorption in the hydrometeor and sensible
heating by collisions with other hydrometeors. The temperature of the hydrometeor con-
trols the rates of heat and vapor diffusion, and the amount of sensible heat transfer which
occurs during hydrometeor collection. A heat budget equation for each category is used

to compute the hydrometeor temperatures. For convenience a category reference energy is

defined

Q= 05T, forice

Q= T.+80 forliquid (2.29)

where T is the mean category temperature in °C, and Q represents the internal energy in
cal/g of the category relative to a reference state of ice at 0°C. The factor of 0.5 represents
the lower specific heat of ice compared with water, and the 80 reflects the higher energy

state of liquid water due to the latent heat of fusion. A value of Q less than or equal to
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0 implies that the hydrometeor is total ice and a value of Q greater than or equal to 80
implies a liquid hydrometeor. A value of Q between 0 and 80 implies that the category is
either supercooled liquid or contains a mixture of ice and liquid. An energy equation for

each ice and liquid category may be written in terms of Q as

99 S 4 S (2.30)

where the three terms on the right represent sources or sinks associated with vapor diffu-
sion, heat diffusion, and sensible heat transfer from mass conversion between categories.
Melting or freezing of a hydrometeor does not create an external heat source or sink of Q,
however it can affect the hydrometeor temperature and therefore any of the source terms.
The definition of Q in Eq. ( 2.29) provides a convenient means for evaluating the third
source term in Eq. 2.30. For a given amount of mixing ratio r; and energy @; converted
from one ice or liquid category to another (eg. collection or melting), both r; and @17, are
subtracted from the old category and added to the new. Thus, by balancing these terms
it is possible to describe the amount and energies associated with both the ice and water
phases of a mixed-phase hydrometeor. It should be noted that in the older version of the
RAMS microphysical module, temperature differentials between the hydrometeor surfaces
and the ambient environment were allowed, however latent heat release was assumed to be
always in balance with the sensible heat transfer (i.e. diffusion).

The @ value gives not only the surface temperature of the hydrometeor, but also
the fraction of liquid present. The diagnosis of the fraction of liquid present allows for
convenient decisions regarding conversions during collection, melting and shedding. The
decisions behind those conversion processes are discussed in Sections 2.6.5, 2.6.8 and
2.6.9. Another advantage of allowing mixed-phase hydrometeor categories is that it allows

for more accurate radar reflectivity calculations.
2.5.2 Stochastic collection equation

Differential fall speeds between individual hydrometeors of the same or different cat-
egories enable some of them to collide and coalesce. The categories, masses, and tem-

peratures (or Q values) of the two colliding hydrometeors, determine where the mass of
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coalesced hydrometeor is transferred. The rate at which the mixing ratio 7, of species z
is collected into coalesced hydrometeors due to collisions with hydrometeors of species y is

given by the stochastic collection equation (Verlinde et al. 1990)

d
_d’;ﬁ = Nisflurls oo 1% (D) (Ds + Dy)? [Vie(Dz) — Vig(Dy)

fyumz(Dz)fgumy(Dy)E(za y)dDdev (2'31)

where fyam, m, and v; are defined in Eqs. ( 2.6), ( 2.9), and ( 2.10), respectively. The
collection efficiency E(x,y) is the product of collision efficiency and coalescence efficiency.
The additional factor F, not appearing in Verlinde et al. is equal to (poo/pa)** and accounts
for the air density effect on the terminal fall valocities. This collection equation is different
from earlier versions of RAMS (see Cotton et al. 1986) as well as other microphysics
models (Lin et al 1983, Rutledge and Hobbs, 1984) which assume that collection can be
approximated by a continuous collection equation.

Verlinde et al. (1990) assumed that E(z,y) is independent of D, and Dy so that it
can be moved outside the integrals; a reasonable assumption for all hydrometeor classes
but cloud droplets, where E varies strongly over the cloud droplet spectrum. Verlinde et
al. (1990) found analytic solutions to Eq. ( 2.31) in terms of known functions, but W95
found it more computationally expedient to solve only the integral over D, analytically
while numerically computing the integral over D,. W95 restructured the code accordingly,
and further reduced the computational effort during model runtime, by implementing a
large number of tabulated solutions to the integral in the form of a three-dimensional
table. Two of the table dimensions are the characteristic diameters Dy, and D,y which
occur in fyamz and fyamy. The third dimension was the pair (z, y) of interacting categories
ranging over 32 of the 49 total possible pairs that can be formed from the 7 liquid and ice
categories. Sixty table entries were spaced in uniform increments of In(Dy;) and In(Dny),
over four orders-of-magnitude range of each of the characteristic diameters. During model
runtime, for any given pair (z,y), values wers interpolated from the table bi-linearly over
In(Dyz) and In(Dyy) to efficiently obtain a value for the double integral in Eq. 2.31. Any

change in the width parameters of the hydrometeor species requires a re-calculation of the
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lookup tables before a cloud simulation is begun. Multiplying the equation by At gives

the amount of r, coalescing with category y over a timestep

_ NezNyrnF,E(z,y)At
= i

Arg J ((2,9); Dnzy Dny) (2.32)

where J is the interpolated table value. In some cases (for large At) Eq. 2.32 may result
in a value of Ar, which is greater than r,. This unphysical result is prevented by limiting
Ar; from all conversions to be less than or equal to the amount of r, available.
Hydrometeor collections are divided into five classes, each with its own basic rules for
determining the destination category or categories of Ar,. These interactions as well as

the number concentration discussion are thoroughly described in Section 2.6.5.

2.8 Model formulations of two-moment scheme

This next section describes the SOURCE and SEDIM terms in Eq.( 2.20) as applied

to all prognostic mixing ratios and number concentrations for each categories.
2.6.1 Autoconversion

Autoconversion refers to the tranmsition from cloud droplets to rain drops due to
collision and coalescence of cloud droplets. Berry and Reinhardt (1974a,b) discretized
the droplet distribution into precipitating and non-precipitating size categories (a radius
r = 41um cutoff). They then evaluated the stochastic coalescence equation (SCE) analyt-
ically and integrated to obtain tendency equations for concentration and mixing ratio.

In RAMS the cloud droplets are distributed according to the gamma distribution and
based on the diagnosed liquid water content and prescribed number concentration, a mean
diameter is diagnosed. From Berry and Reinhardt (1974b) a characteristic water content
L and time scale 7 is defined for the autoconversion process where -L,;'- represents an average

autoconversion rate.
L=27x 10'%,(% x 102D (1 +v)™%% - 04) (2.33)

and

= f);:(o.s X 108D p(1 4 )70 - 0.75)71. (2.34)
c
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The mixing ratio tendency can then be calculated
—_ == (2.35)

and the concentration tendency

= 3.5 x 10%=. (2.36)

According to Lupkes et al. (1989), Berry and Reinhardt’s formulation (1974b) for
autoconversion also includes the action of droplet selfcollection and accretion. Comparisons
of Berry and Reinhardt’s formulas (1974a-d) with the SCE revealed that the increase of
the autoconversion rate, being characteristic in the initial stage of rainwater formation, is
underestimated by Berry’s parameterization. Berry and Reinhardt’s description has not
taken into account a spectral distribution of cloud droplets so their treatment is incomplete
(Doms and Beheng, 1986) .

Beheng (1993) has developed a parameterization for autoconversion and cloud water
sel-fcollection. In this parameterization the width parameter n occurs in a cloud droplet
distribution asuming a gamma-function form f(r) = Ar"e~B". For 5 < n < 15, 50 <
N,(t =0) <300 cm~2 and 0.5 x 1078 < L. < 2.0 x 10~® g cm™3, the following rate
equations have been found.

a

pLe=-6.0x 1085 1T N34T - o L2T (2.37)

for rate change of cloud water content due to autoconversion where a has to be interpolated
from a table for N. > 100 cm™ and n > 5. The cloud and raindrop number density
autoconversion expression is,

By .
E'ENc =77x10 (B?Lc)nut- (2'38)

The formulation for the selfcollection of cloud droplets which do not convert to rain is,

%Nc = -5.5 x 101%070632, (2.39)

Since RAMS does not predict cloud water concentrations, the parameterizations by
Berry and Reinhardt (1974a,b) are used. However, when prediction of cloud water concen-

trations is implemented into RAMS, these more recent formulations should be considered.
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2.6.2 Diagnosis of crystal habit

To account for the variability of crystal type in different environmental conditions, the
capacitance and mass-dimensional relations of pristine ice crystals and snow are allowed
to vary. Since the model doesn’t keep track of the history of all crystals, a simple diag-
nostic check of the ambient temperature and saturation conditions at each grid location
is performed during each timestep. RAMS allows two different options in the diagnosis
of pristine ice and snow crystal habit. The first scheme, which is intended for orographic
and shallow layer clouds, assumes that the cloud top temperature dictates the crystal type
throughout the layer of the cloud. The model integrates down from the model top until
the liquid or ice cloud is reached. A crystal habit is diagnosed at the cloud top of each
cloud layer dependent on temperature and saturation conditions and is assumed for the
cloud layer down to the bottom of the cloud. If another cloud layer is encountered below
the upper cloud, it would assume a crystal type of the cloud top temperature of that par-
ticular cloud layer. This process is repeated until the ground is reached for each vertical
column. A more simplistic scheme is also formulated in RAMS where the crystal type is
diagnosed at each grid location based on the local temperature and saturation conditions.
This scheme allows variability of the crystal type in the cloud layer unlike the first scheme.
These schemes are compared in Chapter 3.

The habit diagnosis impacts the model in several ways. The capacitance is depen-
dent on the crystal type and may change the growth characteristics of the crystals. For
instance, needles tend to grow more quickly than plates for the same environmental condi-
tions.. Different types of crystals fall at different speeds which is determined by the V;-D
relationship in (2.10). The crystal-dependent terminal velocities impact the sedimentation
of the hydrometeors but these velocities are not used in the collection formula. The crystal
type information, however, is used to determine the amount of conversion to graupel due
to hydrometeor collection of cloud water by pristine ice crystals and snow. The deposition
scheme may be simplified for convective type clouds to assume a specific crystal type, since

collection processes are dominant over depositional growth.
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2.6.3 Ice Nucleation and IN Prediction

Nucleation of pristine ice crystals may occur by a variety of physical mechanisms.
These may be divided into two general categories: heterogeneous nucleation, in which an
ice nucleus (IN) is responsible for initializing an ice crystal structure from vapor or liquid,
and homogeneous nucleation where an IN is not involved. Parameterizations representing

both heterogeneous and homogeneous nucleation are described here.

Heterogeneous ice nucleation

Deposition nucleation is a form of heterogeneous nucleation in which vapor molecules
attach to an IN, and may occur anytime the ambient vapor mixing ratio exceeds saturation
over ice, and the temperature is below —5°C. Condensation-freezing nucleation occurs
when an aerosol has the properties of both a cloud condensation nucleus (CCN) and an
IN. Vapor molecules attach as liquid to the aerosol due its hygroscopicity, and then freeze
because of its IN property. Condensation-freezing nucleation requires supersaturation with
respect to liquid water, and temperatures below —2°C. The deposition nucleation and
condensation-freezing nucleation mechanisms are combined to form one expression due
to their sensitivity to vapor concentration (Meyers et al., 1992). This parameterization
is based on data from continuous flow diffusion chambers (Rogers, 1993; Al-Naimi and
Saunders, 1985) which indicate an exponential variation of ice nuclei concentrations with
ice supersaturations. This parameterization of the measured ice nucleus concentrations on

the ice supersaturation is given by

(Ne)a = ezp(a + B((S; — 1) * 100))) (2.40)

where (N¢)q is the number of nucleated crystals per liter and the coefficients a and b are
dependent on the environmental conditions and are shown in Table 2.1. The number (N¢)q
is given as a total number of crystals which can nucleate under the given environmental
conditions, and is not dependent on time or on the length of the model timestep. The square
of the correlation coefficient for this fit is 0.82. This method predicts pristine ice crystal

concentrations an order of magnitude or greater than those measured by previous methods
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(Fletcher, 1962) at temperatures warmer than -20°C. This form of the equation can be
adapted for other types of airmasses (personal communication, Paul DeMott 1994) such as
for the proposed High Plains wintertime upslope event and the High Plains summertime
convective case. The coefficients are modified for these cases.

Contact freezing nucleation occurs when an IN comes into contact with an existing
supercooled cloud water droplet. Transport of the IN to the droplet results from a combi-
nation of diffusiophoresis, thermophoresis, and Brownian motion. Diffusiophoresis occurs
in supersaturated environments where droplets are growing by condensation, and is a pro-
cess in which the net vapor mass flux toward the droplet carries IN in the flow. In RAMS,
since exact saturation is assumed when diagnosing an amount of cloud water, a separate
estimate of supersaturation is obtained by computing Ar,q as a residual of the net change
in cloud water mixing ratio over a timestep minus all source terms (such as collection)
other than vapor deposition, and taking r, in the equation as the ambient supersatura-
tion. Thermophoresis occurs in subsaturated environments when cloud droplets exist but
are evaporating. It is a flux of aerosols toward the droplet resulting from the gradient
of air molecular speed (temperature) when the droplet is evaporatively cooled below the
environmental temperature. As for diffusiophoresis, the separate estimate of subsaturation
is used. Thermophoresis dominates over diffusiophoresis for submicron sized aerosols, so
their net effect is to increase contact nucleation in subsaturated conditions and decrease
it in supersaturated conditions. Brownian motion is a random-movement transport of
aerosols due to collisions with air molecules, and results in some IN colliding with cloud
droplets.

Parameterizations of the numbers of crystals produced by contact nucleation due to

diffusiophoresis, thermophoresis, and Brownian motion are described in Cotton et al (1986)

Table 2.1: Coefficients for heterogeneous nucleation for different environmental conditions
| source of data ] a b |

Meyers et al., 1992 0.1296

High Plains Wintertime (Rogers et al. 1995) |-2.53 | 0.158

High Plain Summertime (DeMott et al., 1995) | 0.35 0.1




and follow Young’s (1974b) model and are given by, respectively,

dNt) R,T,

— | = RKF 2.41
(dt o Liups (2.41)
dN, Flef:

2.42
( dt ) Pa ( )
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dN;
i ) S 2.43
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where D,, is the aerosol diffusivity. The expressions F}, F; and f; are defined by
F1 = 2ﬂ-DchNa, (2-44)
{3
F=-T-T,), (2.45)
p
and
D41+145K,..+04K,. =1/K )k + 2.5K .k,

(14 3K,)(2k + 5k Ky + ks)
where R. is the cloud droplet radius, N, is the cloud droplet concentration, N, is the
concentration of active contact nuclei, k is the thermal conductivity, k, is the aerosol
thermal conductivity, K, is the Knudsen number, T, is the cloud droplet temperature

and T the environment temperature while p is the environmental pressure. The Knudsen

number K, is defined as

= )‘GBTPD
" TopR.

where Aq0 = 6.6 X 10~8 m is the mean free path at reference temperature Tp = 293.15K

(2.47)

and reference pressure py = 1013.25 HPa, and R, is an assumed aerosol radius. The aerosol

diffusivity D, is defined by

732X 07T, |
R.u

A parameterization for the number of IN per cubic meter available for contact freezing

Doy = K,). (2.48)

nucleation is described in Meyers et al (1992), and is given by
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Ni. = ezp(4.11 — 0.262T,), (2.49)

where a contact nuclei size of 0.1 um is assumed.
Ice nuclei prediction

To account for spatial variations of ice nuclei (IN) and depletion due to nucleation,
the model predicts on both deposition/condensation freezing nuclei and contact-freezing
nuclei. The number concentration of IN is governed by the conservative equation shown in
(2.20). The Source term represents loss due to heterogeneous ice nucleation and the model
assumes no sedimentation of IN. These heterogeneous nucleation equations (Egs. 2.40 and
2.49) are representative of lower tropospheric conditions and do not account for number
loss due to nucleation. To account for advection, diffusion, sinks due to nucleation, and
spatial variability of the IN distribution, a non-dimensional pre-factor is defined to account
for the modified IN profile, where

I = (E2) (2.50)

INpy.q is the number concentration of crystals predicted to be available at a grid location
(which is initially set to INg * Fyy), INp is the number concentration available under
maximum realistic ice supersaturated conditions (typically 6.05 x 10°— 1.0 x 10°m~3), and
INg; 400 is the pre-factor defining the percent available to be nucleated and is multiplied
by the heterogeneous equations. Due to the lack of soundings of IN, their vertical profile
is assumed to decrease with height based on the relative decrease of total aerosol concen-
trations with altitude in the free atmosphere (DeMott et al., 1994). Here, it is assumed
that there is a relationship between the total aerosol concentration and IN concentration.
The decrease is nearly log linear in height, except in the mixed boundary layer. The IN
population is assumed to be initially set to 1.0 X 108m~3 in the boundary layer and decrease
an order of magnitude per 5 km in a standard atmosphere. This polynomial expression fit
for this decrease is given by

Fin = —215.736(pg x 1073) 4 1.528 x 10°(p, x 1072)?

—3.455 x 10%(pg x 1073) 4 2.857 x 10'%(p, x 10e—3)*. (2.51)
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where Frp is the fraction of ice nuclei available at any height with respect to the number
available at the ground level, and p, is the air density (kg m™3). However, this prescribed
IN field can be modified both horizontally and vertically by the user. In subsequent
simulations I Ny,.s has an initially prescribed horizontally-homogeneous structure and is a
function of I Ng and p,. This IN structure may be modified in time dy advection, diffusion,

and nucleation.

Homogeneous ice nucleation

Homogeneous freezing of cloud water can be described by a single equation with
dependencies on temperature and cloud droplet volume, which can be integrated over the
cloud droplet distribution (DeMott et al., 1994). This type of nucleation is due to the
spontaneous freezing of water molecules to an ice latice structure. Based on empirical
data for activated cloud droplets where the solute and curvature effects are negligible, the

following expression represents the number oI cloud droplets freezing in a timestep

(Ny), = Ny j:o [1 —ezp (—ID”L:iAt) n(D)l dD (2.52)

where

y = —606.3952 — 52.6611T, — 1.7439T2 — 0.0265T7> — 0.00015367. (2.53)

This nucleation formula is applied in the temperature range —50°C < T, < —30°C. At
colder temperatures, the value at —50°C is applied, which is essentially nucleation of all
cloud droplets. For a given At and cloud distribution shape parameter, both of which
are constant for a specific time integration in RAMS, the integral in Eq. ( 2.52) is a
function of T and D, only. For computational efficiency, the integral is computed prior to
time integration for many values of T and D,. to create a two-dimensional table of values,
and required values are bi-linearly interpolated from the table during model execution.
RAMS also considers homogeneous freezing of raindrops in a similar manner, extending
the parameterization over ranges of D, typical of raindrops. A two-dimensional lookup
table is also formulated for this process.




27

DeMott et al (1994) derived an equation describing fractional number of haze particles
freezing in one second due to homogeneous freezing. This expression includes dependencies
on temperature, relative humidity, CCN mass and vertical velocity which is integrated over

a specific size distribution of CCN,

e [ (B) (- (B)) R s

D and D, refer to the CCN spectrum, which we have generalized to follow a gamma distri-
bution as in Eq. ( 2.6). The quantity D, and b are complicated functions of atmospheric
temperature and relative humidity, and the type of solute, assumed to be ammonium sul-
fate in this work, and D,,4; = 1.02um. Assuming a fixed background CCN spectrum, the
integral in Eq. ( 2.54) is a function of only temperature and relative humidity. As is done
for evaluating the number of nucleating cloud droplets, the integral values are computed
and stored in a two-dimensional table, from which required values are later interpolated.
The fraction of haze particles freezing in a model timestep At is approximated by the
bracketed term in the following equation, and is of a form which cannot exceed unity. The

actual number freezing is given by

(Ne)p = Ni[1 - ezp (— frucAl)], (2.55)

where N}, is the number concentration of haze particles. Plans are underway to predict
on aerosols and CCN (personal communications, R. Walko) rather than prescribing these
parameters as is done in the current model. In addition to more realistic prediction of
warm rain process, prediction of aerosols and CCN would greatly improve homogeneous
ice nucleation prediction with a more realistic aerosol profile.

The total number of nucleating ice crystals is given by

dN, dN, dN, -
AN; = maa:((]., (Nf)d + (Ng)c + (Nf)h + [(-—d—il)” + (d_;)t + ('d—;) 5] At — Ntt 1)’
(2.56)
which is added to the number concentration N; for pristine ice. The maz function is in-

cluded so not to overpredict ice crystals concentrations by comparing the number concen-

tration to number concentration at the beginning of the modeling timestep. The nucleation
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contribution to mixing ratio is evaluated from the expression

Ary = AN:M, /pa (2.57)
where M, is an assumed initial mass of a nucleated particle.
2.6.4 Secondary production of ice crystals

Cotton et al. (1986) discussed secondacy ice production due to riming following the
work of Gordon and Marwitz (1981), who developed a parameterization for the Hallet-
Mossop ice multiplication theory. Two basic models were discussed in the Cotton et al.
(1986) paper, and they questioned whether both these processes are independent processes
or just different steps in interpretation of the Hallet-Mossop experiments. If this is the case,
then both equations would possibly lead to double counting the same process. Cotton et
al. (1986), argued that in that case it would be desirable to chose only one multiplication
process. It was decided to use the following scheme, since these equations are formulated
in a structure more conducive to the present model for both single moment and double

moment prediction.

o Approximately 350 ice splinters are produced for every milligram of rime accreted
onto each graupel particle at —5°C ( (Hallet and Mossop, 1974)). This mechanism

was formulated using

P,(I) = 3.5 % 1055-1‘3—’:1 ) (2.58)

where (dm/dt)|pas is the riming rate for any of the ice categories and the function f;
of surface temperature of the ice particle T, represents the temperature dependence
of the process. The Hallet-Mossop mechanism is thought to peak at —5°C, and be
about zero above —3°C and below —8°C. Linear interpolation then yields (Cotton
et al., 1986):

0; T, > 270.16
fury = | [(To-268.15)/2]; 270.16 > T, > 268.16
* =\ [T.-268.15)/3]; 268.16 > T, > 265.16

0; 265.16 > T,

(2.59)
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2.68.5 Collection

The impact of collection on mixing ratio tendency was discussed in Section 2.5.2.
Collection impacts number concentration in a similar manner to the mixing ratios, however,
by predicting number concentration, other physical processes are possible, such as self-
collection of like-hydrometeors and raindrop breakup. Using ( 2.31), the rate at which
the number concentration n, of species z is collected into coalesced hydrometeors due to

collisions with species y may be written as,

dny

2 = NesNeyrFp 00 [0( D). 4 Dy)? [Vie(Dz) = Vig(Dy)|

foamz(Dz) fgamy(Dy) E(z,y)dDzdD,. (2.60)

A large number of the solutions to the integral are computed and tabulated in three-
dimensional lookup tables similar to the technique used for mixing ratio as described in
Section 2.5.2.

The collecting hydrometeors are characterized by five different types of interactions de-
pending on the specific impacts on the mixing ratios and number concentration tendencies
of the hydrometeors. The first group of interactions is due to hydrometeor self-collection
which only impacts the number concentration of the self-collecting hydrometeor. This
type of interaction tends to move the distribution to larger sizes with the exception when
breakup occurs during self-collection of rain. The second type of hydrometeor interaction
treats ice collisions where pristine ice crystals and or snow collect to form aggregates. This
class of interactions results in a number concentration and mixing ratio tendency for each
involved hydrometeor. As mentioned earlier, a quantity of energy Q.r; accompanies the
mixing ratio r, during each transfer. Another class of ice-phase interactions occurs when
the destination of collection between the collecting hydrometeor and the collected hydrom-
eteor is the collecting hydrometeor. An example of this type of interaction is aggregate
collection of snow. This class of collection results in a number and mass tendency for the
collected hydrometeor and a mass tendency for the collecting hydrometeor.

The next two types of collection involve ice-liquid interactions. In these collection

processes the destination may be a third hydrometeor category, rain, graupel or hail.
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In interactions involving an ice category with the cloud droplet or rain categories, three
factors determine the destination of the collection: the type of collecting ice hydrometeor,
the amount of rain or cloud mixing ratio collected, and if the collection process results
in a mixed-phased hydrometeor. The amounts of mixing ratio, number concentration,
and energy produced by the collisions are divided between the input ice category and a
secondary ice category, which is graupel when the interaction involves cloud water, and hail
when the interaction involves rain. A simple diagnostic scheme was devised to determine

the amount of collected mass retained by the collecting ice category:

Tret = Maz(0., ool — X Togriq — X X Teolt) (2.61)

where 7, is the amount of mass being retained by the collecting ice category, Tcoi¢ is the
amount of collected mass, ro;, is the mixing ratio of the liquid portion of the coalesced
hydrometeor after the two contributors reach thermal equilibrium with each other, and 7y
is the amount of collected mass of either the cloud or rain categories. The ¢ and x values
for each hydrometeor interaction are given in Table 2.1 and 2.2. For example, a dendritic
snowflake will continue to keep its identity after collecting cloud water in a dry-growth
regime, but a columnar snowflake will more likely be converted over to graupel especially
in a wet growth regime. Ice-rain interactions usually result in most of the collected mass
and number being converted to the hail category. A similar diagnostic calculation is done

for the number concentration tendency due to collection:

Neonv = MAZ(0., (Teolt — Tret)/Teolt) X Rcolt) (2.62)

where nny, is the number concentration tendency that is converted to the third hydrom-
eteor category, and n.,; is the number of collected hydrometeors.

One of the major differences between the two-moment and one-moment schemes, be-
sides the fact that number concentration tendencies due to collection are calculated, is the
importance of D,, on the collection kernel. In the one-moment scheme the characteristic
diameter of the distribution is prescribed by the user so all collection processes are based
on that fixed diameter. With the two-moment scheme, the characteristic diameter is diag-

nosed based on the mixing ratio and concentration of the distribution allowing for varying
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Table 2.2: Collection weighting factors for interactions involving ice categories and cloud

droplets.
| Collecting Hydrometeor | ¢ | x |

snow(spatial)
snow(columnar)
aggregates
graupel

hail

1
1
1

5
0

oo o+ ok

values of Dy, of each species. Implicit in the diagnosis of D, is the possibly wide variability
of v; for each species. These changes should produce greater flexibility and a more realistic

depiction of the collection process.
Collisional breakup

The collisional breakup parameterization assumes that filament breakup is the only
active mode (Brazier-Smith et al., 1973; Low and List, 1982; Srivastava, 1978). Verlinde
(1993) parameterized the breakup coalescence efficiency into the self-collection equation. A
similar approach used in RAMS (Verlinde and Cotton, 1993) by modifying the collection
efficiency by

_J 0 forDy < Deyt
Ee(Dm) = { Aezp(Dy) Dy > Doyt \2:68)

This formulation allows the E. = 1.0 for D,, < 600um and decreases to E. < 0.0 for
D,, > 900um. Raindrop breakup results in a number concentration tendency for the rain

category.

Table 2.3: Collection weighting factors for interactions involving ice categories and rain

drops.
| Collecting Hydrometeor | ¢ [ x |
pristine ice crystals 0|10
Snow 0]5
aggregates 05
graupel 1|1
hail 0|0




2.8.8 Deposition

Depositional growth for all hydrometeors follows from the vapor diffusion equation for
a single hydrometeor (Pruppacher and Klett, 1978)

dm

E - 27D'¢’fﬂe (P‘ua = Pwh) . (2'64)

where 1 is the vapor diffusivity. The ventilation coefficient fgr. is given by (Cotton et al.
1982)

fRe= [1.0 +0.229 (%,,2) MJ S, (2.65)

where S is the shape parameter. Multiplying by the distribution function (Eq. 2.6) and in-

tegrating over the distribution gives the mass diffusion rate per cubic meter of atmosphere:

dm

=i = Ni2n)Fre (Pva = Puah) s (2.66)

where
Fe, & / ” Dfpefoam(D)dD (2.67)
0

is the integrated product of ventilation coefficient and diameter. It is assumed that p,,s and
therefore hydrometeor temperature is independent of diameter. All hydrometeors (with
the exception of pristine ice crystals which may be transfered to the snow category) are
assumed to grow by deposition and maintair their identity in a saturated environment.
The interaction between pristine ice crystals and snow are considered a special case
since the distinction between the two species is due to the size of the crystals. Both pristine
ice and snow distributions may occur in either ice supersaturated or ice subsaturated
conditions (Harrington et al., 1995). Durirg conditions of ice supersaturation, pristine
ice number concentration and mass mixing -atio are transferred to the snow category by
vapor depositional growth. This transfer is consistent with our definition of snow; snow
is the larger ice crystal class which is initiated only by vapor-grown pristine ice crystals.
During ice subsaturated conditions, transfer of number concentration and mass mixing
ratio from the snow category to pristine ice is conversely, calculated. The mean size of the
pristine ice crystals are bounded by a size, Dj, which is set to 60um for reasons discussed in

Section 2.1. The mean size of pristine ice is not allowed to grow beyond this size while the
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snow mean size is not allowed to become less than D;. Since, pristine ice and snow conform
to the generalized gamma distribution functions both implicitly contain crystals of all sizes.
Therefore, the transfer of crystals from pristine ice to snow is calculated by considering
the change of mass mixing ratio and number concentration in the range Dy — oo of the
pristine ice distribution. Similarly, the snow transfer of mass mixing ratio and number
concentration is calculated by considering the change in the region 0 — D; of the snow
distribution. These equations may be written as,

(&) d G [eomow) e

(%)w = ???{p% jD T n(D)dD}w (2.69)

for the pristine ice to snow transfers where the subscripts v and p refer to the vapor-
depositional process and the pristine ice category, respectively. Similarly, the snow transfer

can be written,

(&) {5 owromn}
()., & {5 o}

By applying Leibniz’ rule and some chain differentiation the following forms of the above

equations can be derived (Harrington et al., 1995),

&), ERE @, e

where (1) is the first moment of the complete gamma distribution, and T'(1, gﬁ-) is the

first moment of the incomplete gamma distribution described in general as,
oo
T(P,X) = j DPn(D)dD. (2.74)
¢

The equations for the snow to pristine ice transfers are written similarly as,
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The first term in Equation ( 2.72) describes the mass mixing ratio of crystals in the region
0 — D that grow larger than Dj; the second term describes the vapor depositional growth
of crystals in the region D) — oo. Since we are describing all hydrometeors with the
complete gamma distribution function, there is an amount of overlap of the pristine ice
distribution into the snow region. In order to put a constraint on the artificial growth
of pristine ice crystals in the region Dy — oo, this second term in Equation ( 2.72) is
quantified as a source for snow mass mixing ratio. Equation ( 2.73) describes the number
concentration of pristine ice in the region 0 — D; that grow beyond the D; size. For the
snow transfer process, note that Equation | 2.75) is similar to Equation ( 2.72) except
for the second term in Equation ( 2.72). This term is dropped since it describes the
mass mixing ratio that is lost to the vapor category due to sublimation of crystals in the
region 0 — D;. Equation ( 2.75), thus, describes the mass of crystals that are transferred
from the snow to pristine ice category due to sublimation. For number concentration
transfer processes in ice subsaturated condizions, Equation ( 2.76) describes the number

concentration of snow that sublimates to sizes less than Dj.

2.8.7 Evaporation

During subsaturated conditions, the mass mixing ratio that evaporates/sublimates
from the water/ice classes is described by integrating the mass vapor depositional growth
equation over the distributions as described in W95. There is the possibility, however,
that the smallest ice hydrometeors in the dissribution will disappear completely into vapor
in a given timestep. Therefore, a parameterization of number concentration loss due to
evaporation/sublimation was formulated (Harrington et al., 1995). This is accomplished
by considering the fractional number concertration loss (Ny) from the distribution to be
a strong function of the fractional mixing ratio lost (Ry) in a timestep, the distribution
shape parameter (v), and for pristine ice and snow categories, the crystal habit (H). The
equation may be written as,

Ny = F.(Ry,v, H), (2.77)
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where
_ AN
Ny= N (2.78)
and
Ry % (2.79)

where r is the mass mixing ratio of a given species, N; is the total number concentra-
tion of a given species, and AN; is the change in number concentration due to evapora-
tional/sublimational loss of a given species. Formulation of an analytical function, F,, in
Equation ( 2.77), however, was not obvious. One solution was to calculate values of the
fractional number concentration loss using a bin model representation of the distribution
function, n(D). In this bin model, an initial, normalized distribution was slowly evapo-
rated in a subsaturated environment. During every time-step the mass loss from each bin
is calculated, if the mass loss to evaporation/sublimation was greater than the mass in
the bin then the crystals are assumed to have completely disappeared into vapor which
constituted a number concentration sink. By adding up the values of mass and number
concentration lost to sublimation, tables can be created of Ny and Ry for a given v and H.
These tables were constructed for each category for number loss ratio for ranges of mass
loss from 0.1 to 1.0, for prescribed values of v, and for all crystal habits. This method was
tested for pristine ice crystals and snow against variations in external parameters such as
temperature, pressure, and ice saturation ratio. It was found by Harrington (1994) that

these parameters have little effect on the tabulation of these ratios.
2.6.8 Melting

The ice distributions can be greatly modified depending on which type of melting and
shedding physics is incorporated into the model. It has been observed that the air temper-
ature must be warmer than -8°C for melting to occur (Heymsfield and Hjelmfelt, 1984).
Melting is strongly affected by the relative humidity profile. Rasmussen and Heymsfield
(1987b) stated that melting may not commence until 5 to 8°C in dry, evaporative con-
ditions. Another problem concerned with melting is that during melting of low density
graupel the particle completely soaks with water (Kidder and Carte, 1964; Prodi, 1970;



36

and Rasmussen and Heymsfield, 1987a), effectively transforming the particle into a higher
density hail particle which would lead to a conversion to the hail category. In melting
regions, small stones should melt first leaving the larger stones. Initial attempts by Lin et
al. (1983) and Rutledge and Hobbs (1984) kept the intercept of the distribution constant
during melting, but Orville and Kopp (1977) and Kopp et al. (1983) showed that this
method produced unrealistically large decreases in the ratio of large to small particles and
consequently lowered melting rates. Ferrier (1994) attempted a more realistic approach
by melting the smallest ice particles completaly within a timestep while assuming an ex-
ponential hydrometeor distribution. His model produced the opposite effect to holding
the intercept constant since many more of the smaller particles were removed from the
distribution. This scheme resulted in unrealistically large mean particle diameters below
the melting level with substantially smaller melting rates than in the constant intercept
approach. |

A more detailed description of the mass mixing ratio tendency due to melting used in
RAMS can be found in W95. Since pristine ice crystals are assumed to be all ice, any melt
mass is converted to cloud water. A corresponding percentage of the number concentration
of the crystal is assumed to be lost during melting. The snow and aggregate categories
also assume all melt mass is lost by the crystal. Since the melted mass is converted to the
graupel category an equal amount of ice mass is assumed to be lost to maintain a mixed-
phased converted hydrometeor. To determine the number concentration tendency lost by
snow and aggregates, an explicit bin model was used similar to the technique used for
evaporation (see Section 2.6.7). This is accomplished by considering the fractional number
concentration loss (Ny) from the distribution due to melting to be a strong function of
the fractional mixing ratio lost (Ry) in a timestep, the distribution shape parameter (v),
and for pristine ice and snow categories, the crystal habit (H). Number concentration
and mixing ratio tendencies due to melting of graupel and hail is more complicated due
to the mixed-phased capabilities of these species. Graupel is able to maintain a small
percentage of liquid before converting to the hail category. Once the fraction of water in

graupel reaches 50% the graupel particle is assumed to be transformed into a high density
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hail particle. A look-up table is used to produce a mass and number tendency conversion
to rain assuming that the smallest graupel particles completely melt into rain. Hail is
assumed to be a mixed phase hydrometeor, where a mass and number tendency conversion
to rain, similar to graupel, is assumed. Another source for rain from the hail category is

due to shedding (see Section 2.6.9).
2.6.9 Shedding

Shedding from hail can produce a significant number of liquid particles which can be a
significant source of rain and potential hail embryos. Lesins and List (1986) describe that
the shedding process represents an instantaneous conversion of cloud to rain. Rasmussen
and Heymsfield (1987c) also point out that the concentration of shed drops in a moderate
updraft may be 10° higher than the number of shedding hail. Graupel and hail must
be large enough to shed liquid water. Observations indicate sizes (D) between 0.5 cm
(Heymsfield and Hjelmfelt, 1984) and 0.8 cm are necessary (Rasmussen et al., 1984b).
Chong and Chen (1974) determined the critical amount of water carried by an ice core
based on the radius of an ice core. Lesins and List (1986) observed 5 growth regimes and
determined a ice fraction minimum to be 0.5. Rasmussen et al. (1984b) observed much
more water being retained than Chong and Chen (1974). They devised an expression
for the critical mass of water on the ice core’s surface before shedding occurs (Mwerit)

dependent on the mass of the ice M;.

Mwei = 0.268 + 0.1389M4;. (2.80)

Since the model predicts hail as a mixed-phased hydrometeor, the ice mass portion of
hail can be calculated (M; = M(D) * fracice). Integrating 2.80 over the hail distribution

results in an expression for the mass loss due to shedding,
[e<]
Mious = [~ ((M(D)+ fracliq) - Miweris)n(D)dD (2.81)

with the solution for mixing ratio loss due to shedding,

v(v + 3, Dcut/D

= n) (o1 D3 fracliq - (0.268 + 0.1389p;D% fracice)). (2.82)

T
r= I/POENt
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Rasmussen and Heymsfield (1987a) stated that shedding is independent of altitude
for non-tumbling hail. The size of the drops shed by hail and graupel are observed to be
between 0.5 and 2.0 mm with a 1 mm modal size (Rasmussen et al., 1984b and Lesins et
al., 1980). The mixing ratio of the mass shed by the ice spheres is calculated, and the

number of raindrops shed is determined by assuming that the shed size is Dypeq = 1.0 mm,

_ Tshed
N,};gd - (WD‘;) . (2.83)

where r,5.4 is the mixing ratio of the rain shed, and D,.q is the size of the shed drops.
It would be possible to integrate this formula over the entire hail distribution to
obtain a maximum allowable value of liquid to mass ratio for the category, and to shed
drops when the category liquid content exceeds this value. However, there are physical
situations where, due to differential melting and liquid collection rates with hail size,
some hail sizes will be below the threshold for shedding while others will exceed it; thus,
this effort seems unwarranted. Furthermore, other authors (e.g., Chong and Chen, 1974)
have observed significantly different liquid water retention amounts. We therefore take
the simple approach of applying Eq. ( 2.80) directly to the mean mass 7@ of the hail
distribution, and shedding when the fractional liquid water content exceeds the maximum

allowed for that mass.
2.8.10 Sedimentation

Gravitational settling of hydrometeors causes them to fall relative to air. In RAMS,
transport of hydrometeors due to resolved and subgrid air motions in the model is evalu-
ated elsewhere (see Eq.( 2.20)); sedimentation only deals with the mass-weighted relative
fall velocity between the hydrometeor class and air, which is given by Eq.( 2.12). After
evaluating Eq.( 2.20) without the SEDIM(A) term, and updating mixing ratio r and con-
centration n based on all other terms, sedimentation is then carried out on the updated
mixing ratios and number concentrations to obtain a final value for the timestep.

Following W95, a Lagrangian scheme is used to transport the mixing ratio from any
given grid cell ‘to a lower height in the vertical column. Before sedimentation, the mixing

ratio is identified as a collection of volumes each corresponding to a grid cell bounded by
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a top height 24, and bottom height z,,;. The volume is assumed to fall at speed ; for the

timestep, resulting in new heights of the top and bottom surfaces of the volume given by

Ztopnew = Ztop — viAt, (2‘84)

and

Zbotnew = Zbot — DAL (2'85)

We then identify which grid cell or cells are overlapped by the displaced volume, and in
what proportion. The mixing ratio is transferred from the original grid cell to the new
ones in the given proportions. This scheme allows sedimentation which can be more rapid
than one grid level per timestep (a limiting velocity of explicit Eulerian methods), and
can often occur when vertical grid stretching is used to provide high resolution near the
ground.

In evaluating the SEDIM term for number concentration for each hydrometeor, it is
assumed that NN, is transported in the same proportion as mixing ratio. This procedure
ensures that the mixing ratio and number concentration of each hydrometeor does not fall

into separate grid volumes due to sedimentation.
2.6.11 Equation closure

There is always the potential that in some situations the model may predict unrealistic
number concentrations or mixing ratios and this may result in the diagnosis of extreme
hydrometeor diameters. As a precaution, a check on the diameter of each hydrometeor
category is made to make sure that the values are in bounds when the diameter is diagnosed
in the 2-moment scheme. If the diagnosed diameter is smaller than Dpmin OF Dpmaz, it is
assumed that the diameter is out of bounds and the concentration is re-diagnosed based
on that diameter (see Table 2.4). Tests are performed in (see Chapter 3) to show how

frequently this diameter readjustment is needed.
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Table 2.4: Diameter bounds for each of the hydrometeors with Dpmin and Dpmgz.

| Hydrometeor | Dpmin (m) | Drmac (m) ]

cloud droplets 1.0e-6 4.0e-5
rain 4.0e-5 0.01
pristine ice crystals | 1.0e-6 6.0e-5
snow 6.0e-5 0.01
aggregates 1.0e-6 0.01
graupel 1.0e-6 0.005
hail 1.0e-6 0.01




Chapter 3

SENSITIVITY TESTING OF MICROPHYSICS

Sensitivity of the 2-moment microphysical scheme of RAMS to selected parameters
such as the shape parameter (v), number concentration (N;) of cloud droplets, and ice
nuclei (IN) are tested and examined in this section. Comparisons are made only between
simulations performed here; no attempt is made in this work to compare with results from
previous model versions or with observations. Verification of the microphysical model is

conducted in Chapters 4 and 5.

3.1 Model setup

For simplicity, the model is configured similarly to W95 with a two-dimensional com-
putational domain over flat terrain, with no surface fluxes of heat or moisture. A deep
convective cell which produces large amounts of both liquid and ice is simulated. The
computational domain is 24 km deep and 50 km in horizontal extent, with grid spacing of
500 m in the horizontal and 300 m in the vertical. Initial conditions consist of zero winds,
- potential temperatures of 306 K and 218 K at the surface and 11 km, respectively, with a
constant lapse rate between and a constant potential temperature above. The water vapor
mixing ratio is set to 15.0 g kg~ below 2 km and very dry air (0.01 g kg™~?!) was initialized
above 3 km. A Rayleigh friction absorbing layer is used above 18 km to prevent gravity
wave reflection off of the rigid upper lid. Convection is initiated by a domain centered
bubble in the horizontal, 10 km wide and 3 km deep, with a temperatures 5 K warmer and
2 g kg~! moister than the environment. This simulation is quite explosive (2600 J kg=1),
and it is done purposely to exercise the microphysical scheme to a point which is near the

physically-expected limits of a convective storm.
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Table 3.1: Sensitivity tests and setup

| Experiment ] moments | | N, | crystal habit |

<

EXP1 2 1 [ 300 cm—> | hexagonal plates

EXP2 1 except for PI | 1 | 300 cm™® | hexagonal plates

EXP3 2 1|60 cm™ | hexagonal plates

EXP4 2 1 | 1500 cm™2 | hexagonal plates

EXP5 2 3 | 300 cm™3 | hexagonal plates

EXP6 2 1| 300 cm=3 | variable habits

EXP7 2 1 | 300 cm™2 | variable habit with vertical dependence

The sensitivity experiments are summerized in Table 2.1. These experiments test
the sensitivity of the model to the 1-moment scheme, and the parameters v, N; of cloud
droplets, and the different pristine ice crystal and snow habit schemes in the model. All
experiments assume pristine ice crystals and snow are hexagonal plates, except for Experi-
ments 6 and 7. Two-moments are predicted in every experiment except EXP2 (where only
pristine ice crystals have a 2-moment prediction), and the cloud droplet number concen-
tration (V) is set to 300 cm~3, and v=1 for all categories except in EXP5 ( »=3).

Convection develops nearly identically in the first several minutes for all experiments.
Bouyancy is dominated by the initial warm bubble in the first few minutes, and by latent
heat release for several minutes afterward. Significant differences in most fields become
readily apparent by 15 minutes, and these differences grow rapidly. Variations of mi-
crophysical fields across experiments due to different values of microphysical parameters
strongly impact the convective motions, which in turn feed back upon the evolving mi-
crophysical fields. At 30 minutes into the simulations, convective scale motions are still
present in all cases, but the kinematic fields have diverged significantly. A simulation time
of 15 minutes was chosen to present and discuss some of the differences between the ex-
periments since the differences are not a direct result of the kinematics at this time and
precipitation was starting to reach the ground. The two-moment scheme adds nearly 15%
to the time integration of the model, however, optimization is currently being implemented

to make the code more efficient.




3.2 Model results

Some of the model fields from EXP1 are shown in Fig. 3.1. The cloud water field
shows locally high amounts being injected into the updraft core (Fig. 3.1a), with peak
values close to 5.0 g kg=!. These peak cloud water mixing ratios highlight the relatively
slow conversion of cloud water to the ice categories in the main core of the updraft. The
total mixing ratio field (Fig. 3.1b) shows very moist boundary layer air being transported
into the middle-troposphere via the updraft core. The predicted N;, distribution shown
in Fig. 3.1c displays a similar structure to the total water mixing ratio field with the high
Nj» air being advected into the upper troposphere. Figure 3.1d shows the vertical velocity
for EXP1 at 15 minutes. The updraft peak velocities approach 52 m s~! with weaker
updrafts situated away from the center of the grid on both sides initiated by gravity
waves excited by the initial convective pulse. Figure 3.2 shows the predicted hydrometeor
mixing ratio fields for EXP1. Rain mixing ratio is displaced away from the storm center
in secondary updrafts near 4 km AGL, with peak values of 2.5 g kg~!. The rainwater
which is produced in the updraft core is quickly converted to hail higher above the melting
level due to collection processes. The low density ice categories are located high in the
troposphere producing the anvil cloud. Glaciation is initiated by pristine ice crystals which
are heterogeneously produced above 5 km AGL. These crystals grow by vapor deposition
and convert to snow, which initiates the riming process, enabling larger crystals such as
the aggregates, graupel and hail to be produced. In the presence of liquid water, most of
this ice mass is converted to hail due to collection, and consequently, hail mixing ratios
peak at nearly 6 g kg=!. Pristine ice crystals dominate the anvil mass with peak values
of 3 g kg™, nearly 5 times greater than snow and aggregate mixing ratio values. Later in
the simulation, however, snow and aggregate mass dominate pristine ice crystal mass due
to deposition and collection sources. Graupel mixing ratios are relatively small due to the
high LWC in the storm which quickly converts much of the graupel mass over to the hail
category.

The hydrometeor concentration fields are shown in Fig. 3.3. The rain concentration

field shows peak rain number concentrations are found in the updraft core near 6 km




Figure 3.1: EXP1 simulated fields at 15 minutes. Contour intervals and maxima
are shown in brackets. These and subsequent figures are “windowed in” to focus
on the area of interest: (A) r.[0.5gkg~!,5.0gkg~Y], (B) r¢[1.0gkg~?,15.09kg~"], (C)
Nin[1 X 104m=3,6 x 10°m~3], (D) w[10.0ms™1,50.0ms™1].
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Figure 3.2: EXP1 microphysical fields at 15 minutes. Contour intervals and maxima are
shown in brackets. Units are [g kg~!] for mixing ratios: (A) r,[0.5,2.5], (B) r5[0.5,3.0],
(C) 7,[0.05,0.35], (D) r, [0.05,0.4], (E) r, [0.05,0.1], (F) 3 [L.0,6.0].
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(peak values of 2 171). This location is not colocated with maxima found in the rain
mixing ratio fields. These high values of rain concentration found in the updraft core
are produced from autoconversion of cloud droplets. Most of the “large” raindrops in
the updraft are quickly converted to hail as  result of hydrometeor collisions resulting in
smaller raindrops (see Figure 3.4a). The ice categories show a structure similar to their
mixing ratio fields with peak number concentrations located in the upper troposphere. The
pristine ice number concentrations peak values are 0.9x10%1~! at temperatures colder than
-40°C. These crystals are produced by homogeneous freezing of the entire cloud droplet
and part of the haze population. This type of simple simulation may produce higher
number concentrations due to weak ambient flow which minimizes the flux of the pristine
ice crystals out of the region. Snow and aggregate concentrations in the anvil reach 500
and 100 11, respectively, due to conversion of pristine ice crystals by vapor deposition and
aggregation. Graupel and hail number concentrations peaked near 0.5 and 0.2 1-1.

The 2-moment prediction scheme diagnoses the hydrometeor mean diameter, and these
are shown in Fig. 3.4. These diameters are the mean diameters of the hydrometeor distri-
bution in a bulk microphysical sense and should be understood in this context. The rain
field shows diameters ranging from 0.3 mm to 1.5 mm, with the largest mean raindrop
diameters found near 4 km AGL, 5 km on either side of the domain center. This is a
prime location for long residence times for rain since it is just below a cloud droplet source
region, and other ice categories do not exist here which negates the potential sink due to
collection. Pristine ice crystals, snow, and aggregates exist primarily in the upper regions
of the cloud. The sizes of these low density ice categories are especially small due to the
small LWC found high in the cloud. These crystals do exist at lower altitudes, but they
are quickly collected by rain and converted to hail in these regions. Most of the pristine
ice crystals diameters are near 10 ym and the modal diameter of snow near 100 um. The
mean diameters of aggregates and graupel are a bit larger with peak sizes near 1.0 mm.
The hail category exists over a broad range of sizes with large diameters found near the
center of the grid. Maximum sizes of hail are nearly 2.5 mm. The mean diameter of hail is

smaller than would be expected for “observable” hail but the hail category in RAMS also
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Figure 3.3: EXP1 microphysical fields at 15 minutes. Contour intervals and max-
ima are shown in brackets. Units are [I=!] for concentrations: (A) =, [0.5,2.0], (B)
n, [1x104,9% 104, (C) n, [50.0,500.0], (D) nq [50.0, 100.0], (E) n, [0.5,0.5), (F) n4 [0.1,0.2].




Figure 3.4: EXP1 microphysical fields at 15 minutes. Contour intervals and maxima
are shown in brackets. Units are diameter in [m]: (A) d,[0.3 x 1073,0.15 x 1072, (B)
dp[0.1 x 1074,0.5 x 10~4], (C) d, [0.6 x 10~4,0.18 x 10-3], (D) dq [0.2 x 102, 0.1 x 10~2],
(E) d, [0.1 x 10-3,0.8 x 10-3], (F) d [0.5 x 10~3,0.25 x 10~2].
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Figure 3.5: EXP2 microphysical fields at 15 minutes. Contour intervals and maxima are
shown in brackets. Units are [g kg~!] for mixing ratios: (A) r,[0.5,2.5], (B) r,[0.5,3.5],
(C) 7, [0.05,0.05], (D) r, [0.05,0.35], (E) r, [0.05, 0.05], (F) r4[1.0,7.0].
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takes into account frozen drops, which will tend to push the distribution towards smaller
sizes. Also, since a gamma distribution is assumed, hail diameters much greater than the
mean diameter exist. One question raised in Chapter 2 was the importance of closing the
physics with Dpmin and Dpmaz. A check to determine the amount of time these limits were
exceeded showed that it occurred less than 5% of the time which is very acceptable. The
bounds were exceeded usually in tight gradient regions of the cloud where mixing ratios
were low, and evaporation was taking place.

The mixing ratio fields from EXP2 are shown in Fig. 3.5. This experiment predicts
on one moment of each hydrometeor category (except 2-moments for pristine ice crystals),
the mixing ratio, and assumes a fixed mean diameter for each species. The mean particle
mass has a diameter of 0.1 cm for rain, snow, and aggregates, 0.3 cm for graupel, and 0.5
for hail. The rain mixing ratio category (Fig. 3.5a) exhibits a more widespread structure
from the EXP1, with rain mixing ratio values greater than 1.0 g kg~! extending up to
8 km AGL. The low density ice categories show pristine ice mixing ratios nearly a 1.0 g’
kg~ greater than EXP1 run, but this surplus results at the expense of snow, aggregate
and graupel categories which are much less than found in EXP1. With the constraint
of specifying the mean diameter of the hydrometeor category, the one-moment scheme
effectively limits the amount of snow, aggregates and graupel. The prescribed diameters
of these categories are relatively large, which decreases the residence time in regions in the
presence of liquid water due to enhanced collection efficiencies and conversion to hail. As a
consequence, rain extends to higher altitudes in this simulation than EXP1 due to the lack
of ice hydrometeors at the 5-8 km AGL level. Hail mixing ratios are relatively unchanged
from EXP1.

EXP3 is the same as the EXP1 except that N; of the cloud droplets is decreased to
60 cm™3 in an attempt to simulate clean maritime conditions. This effectively increases
the auto-conversion of cloud water to rain as compared to the EXP1. This is evident by
Fig. 3.6a which shows a decrease of 4 g kg~! in the cloud water mixing ratio field (peak
values near 1 g kg=!). As evidenced by the mixing ratio fields (Fig. 3.7), significantly more

rain mass is produced in the center of the domain by autoconversion of cloud droplets to
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Figure 3.6: EXP3 simulated fields at 15 minutes. Contour intervals and maxima are shown
in brackets: (A) r.[0.5gkg~1,1.09kg™Y), (B) w[10.0ms™1,50ms™1].
rain (peak value 5 g kg~?) in a location where relatively low amounts were found in EXP1.
Significantly less low density ice mass is found at higher altitudes in the storm due to the
greater amounts of rain mass being produced lower in the domain. Peak pristine ice crystal
mixing ratios are 1.5 g kg~!; nearly half that produced in EXP1. Snow, aggregate, and
graupel mass display only negligible amounts. Hail, on the other hand, is produced more
efficiently with the increased collection kernel of rain. Peak values of hail mixing ratio are
nearly 9 g kg~!. The number concentrations for the hydrometeors (Fig. 3.8) show much
higher values for rain and hail (717! and 4.5 171, respectively) and much lower values for
snow, aggregates, and graupel as compared to the control run. ‘

EXP4 is identical to the EXP1 except that N; of the cloud droplet is increased to 1500
cm™3, consistent with very polluted continental air. Fig. 3.9a shows the cloud water mixing
ratio field reaching 8 g kg~3, nearly 3 g kg~3 greater than the EXP1. Fig. 3.10 shows
the mixing ratio fields for EXP4. Since the cloud droplet concentrations are increased, the
droplet diameter is reduced, resulting in a shut-down of warm rain processes, as evidenced
by negligible rain mixing ratios. Later in the simulation, more significant rain mass is
produced by the melting of the ice categories. All the low density categories, however,
have increased dramatically. Pristine ice mass is up to 7.0 g kg~! with snow and graupel
increasing 300% (peak values 1.0 g kg™2 and 3.9 g kg~3 respectively). With negligible
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Figure 3.7: EXP3 microphysical fields at 15 minutes. Contour intervals and maxima are
shown in brackets. Units are [g kg~?] for mixing ratios: (A) r,[0.5,4.5], (B) r,[0.5,1.5],
(C) r, [0.05,0.05], (D) r, [0.05,0.05), (E) r, [0.05, < 0.05], (F) r4 [1.0,9.0].
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Figure 3.8: EXP3 microphysical fields at 15 minutes. Contour intervals and max-

ima are shown in brackets. Units are [I~!]

for concentrations: (A) n, [0.5,7.5], (B)

np [1x10%,9% 104, (C) n, [50.0, 300.0], (D) n, [50.0, 50.0], (E) n, [0.5,0.05], (F) n4 [0.1,2.3].
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Figure 3.9: EXP4 simulated fields at 15 minutes. Contour intervals shown in brackets: (A)
rc[0.5gkg~1,8.5gkg™?], (B) w[10.0ms™1,50.0ms™1).

rain mixing ratios, conversion processes to hail are severely limited, resulting in peak hail
mixing ratio values of 2.0 g kg~3. The primary source for hail in this simulation is due
to riming of graupel. The number concentrations for EXP4 are shown in Fig. 3.10. In
addition to the concentrations of the low density categories increasing similarly to the
mixing ratio field, the other highlight of this experiment is the increased concentrations
of the hail category as compared to the EXP1. Most of this increase in the hail number
concentration is due to collection of cloud wzter by the graupel particles and conversion
to hail which results in smaller hail diameters than in EXP1.

EXP5 is identical to EXP1 except that v = 3 for each hydrometeor. The cloud water
mixing ratio (not shown) is much less than EXP1 with peak values near 0.5 g kg~!. Rain
mixing ratios (Fig. 3.12) are dramatically higher with peak values near 7 g kg~! and the
rain structure shows highest values near the center of the grid where only low rain mixing
ratios were found in EXP1. The increased rain mixing ratios are due to the increase in
v which increased the mean diameter of cloud water. This, in turn, sharply increases
the autoconversion to rain. With so much rain mass occupying the lower troposphere,
much less low density ice mass is produced higher in the cloud. Most of the low density
crystals are quickly collected by rain and converted to hail. Hail mass, as a result, is nearly
3.0 g kg™! greater than EXP1. Many more raindrops are produced in EXP5 with peak
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Figure 3.10: EXP4 microphysical fields at 15 minutes. Contour intervals and maxima are
shown in brackets. Units are [g kg~?] for mixing ratios: (A) r,[0.5, < 0.5], (B) 5 [0.5,7.0],
(C) r,[0.05,1.0), (D) r4 [0.1,2.2],(E) r, [0.1,3.9], (F) 74 [1.0,2.0]. Note the different contour
intervals for r, and r, from previous figures.
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Figure 3.11: EXP4 microphysical fields at 15 minutes. Contour intervals and max-
ima are shown in brackets. Units are [I~!] for concentrations: (A) =, [0.5,0.0], (B)
np[1 x 10%,9 x 104, (C) =,[50.0,900.0], (D) n,[50.0,300.0], (E) n,[2.0,24.0], (F)
n [0.1,3.1]. Note the different contour intervals for n, from previous figures.
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Figure 3.12: EXP5 microphysical fields at 15 minutes. Contour intervals and maxima are
shown in brackets. Units are [gkg~!] for mixing ratios: (A) r,[0.5,6.0], (B) r,[0.5,0.5],
(C) r,[0.05,0.0], (D) r4[0.05,0.05), (E) r,[0.05,0.05], (F) 4 [1.0,9.0].




58

14.6 +

12.8 £

8.8 +
Nb6.9 4
4.0

2.8 £

TS TN T TSR S T TN T =l 'l
T T T T T

-6. -4, -2, 8. 2. 4, 6. 8.
x (km)

o~ B~

NG.@
4.9 4
2.8 4
‘e :J‘Ll L lil Ll ]‘l Ll |'I 1 1 I|I Ll |I| . Ill Ll l‘! Ll Ill - Ll i i 1 1 b b L i 4 1 1 i1 e ’l ||||| LAl 1 1
-B. -6, -4, =-2. a. - 4, 6. B. -8. -8 -4 -2 8. 2 4 ] B
x (km) x (km)

14.8 £
12.0 £
18.8 £

E8.8
x -

i : 188
o = Al s
s -
4.8 + -
2.8 £ C
E \l | . { | r
g llllll L 1 1 1 4.1 el el ded AL 20 2 L 1 & ¢ 5 [ | I lllllllllll ' Ll L L L 1 L L L.l 1 I Ll
T T T T LN T T T 1] T 1
-8 -6 -4 -2 8. 2 6 B. -B. -6 -4 -2. 8. 2. 4, 6. B.

Figure 3.13: EXP5 microphysical fields at 15 minutes. Contour intervals and max-
ima are shown in brackets. Units are [I~!] for concentrations: (A) =, [3.0,30.0], (B)

np {1 x 104,9 x 104, (C) , [50.0,0.0], (D) n, [50.0,

0.0], (E) ny [3.0,72.0], (F) 4 [0.1,0.2].

Note the different contour invervals for n, and n, from previous
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values nearly 30 11, Pristine ice crystals concentrations are nearly the same as the EXP1,
however, snow and aggregate number concentrations are neglible. Graupel concentrations
are much higher than in the EXP1, with peak values 721~!. Hail concentrations are smaller
than the EXP1 with peak values near 0.2 172,

EXP6 shows a profound sensitivity to variable habit diagnosis in the model as de-
scribed in Section 2.6.2 . Fig. 3.14 shows the mixing ratio fields for EXP6. Much less
pristine ice mass compared to the EXP1 exists in the upper cloud levels where the habits
of the crystals are dominated by rosettes and needles. Another dramatic difference be-
tween the two runs is the increase in the graupel category. Graupel mass peaks at 1.8
g kg~! which is much greater than in EXP1. The reason for this increase is due to the
dependence of the riming conversion process on habit. The habit of the crystal in EXP1
was a hexagonal plate which does not convert to graupel as easily as the columns and
needles that prevail in this sensitivity experiment. The number concentrations for each
of these categories are dramatically different than EXP1. Pristine ice crystals are nearly
half that found in the EXP1, however, the number concentrations of snow, aggregates and
graupel are significantly increased (2100 1%, 400 17, and 950 1~? respectively). Hail is
much higher with peak values near 1.4 171,

EXP7 which utilizes the vertical dependent variable habit diagnosis as described in
Section 2.6.2 shows only slight differences to EXP6. Slight increases in the number concen-
trations of pristine ice crystals and snow are found in EXP7. Slight decreases are found in

the graupel concentrations as compared to EXP6. The overall mass fields are unaffected.

3.3 Discussion

These experiments show the sensitivity of the model to the user specified input pa-
rameters for an idealized cumulus cloud initialized with a hot bubble. A summary of the
maximum mixing ratios and concentrations from the sensitivity tests are shown in Table
3.2 and 3.3. First, the tables highlight the high sensitivity of the model to the number of
moments which are predicted. The overall maximum mixing ratio field shows more mass

going into hail at the expense of the snow, aggregates, and graupel categories. This result
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Figure 3.14: EXP6 microphysical fields at 15 minutes. Contour intervals and maxima are
shown in brackets. Units are [gkg~!] for mixing ratios: (A) r,[0.5,2.5], (B) r,[0.5,1.5],
(C) r4[0.05,0.4], (D) r,[0.05,0.5), (E) r, [0.1, 1.8], (F) r4[1.0,7.0].
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Figure 3.15: EXP6 microphysical fields at 15 minutes. Contour intervals shown in brack-
ets. Units 4re [I~7] for concentrations: (A) n,[0.5,2.0], (B) n,[1 x 10%,4 x 10, (C)
n, [100, 2100}, (D) 7, [50.0,400.0}, (E) n, [50.0,950.0], (F) n4[0.1,1.4]. Note the different
contour invervals for n, and n, from previous figures.



Table 3.2: Maximum mixing ratios (g kg~?)

Experiment | r. & aE” | Ta | rg | Th |
[ EXP1 50[25(30[035[04 [0.1 [6.0
EXP2 5.0|25|3.5]0.05|0.35]0.05]7.0
EXP3 1.0 | 45| 1.5{0.05 | 0.05 | 0.05 | 9.0
EXP4 85(00[|70(10 [22 [39 |20
EXP5 0.5(6.0]05/(00 [0.05]0.05]9.0
EXP6 50|25|15/04 |05 |18 |7.0
EXP7 50(25(15(04 |05 [15 |7.0

is a consequence of the smaller diagnosed diameters in the 2 moment predictive scheme
(Fig. 3.4). Another striking feature is the spztial variability of the structure of the mean
diameter field across the domain. The diameters are fixed in the one moment scheme.
Therefore the diameter cannot be adjusted by the varying microphysical conditions which
can potentially modify the diameter structure. The greatest difference between EXP1 and
EXP2 is in the precipitation distribution (Fig. 3.16). Coincident with the relatively larger
diameters in EXP2, precipitation amounts are nearly four times higher in EXP2 than found
in EXP1. Nearly 70% of this precipitation falls in the form of hail (note that hail may
be a mixed phased hydrometeor). The smaller hydrometeor diameters produced in EXP1
result in cloud precipitation processes which are less efficient, and more hydrometeor mass
is injected into the upper regions of the cloud. The diameters and the resultant terminal
velocities in EXP2 are fixed to very high values which enhances precipitation collection
and fallout.

Table 3.3: Maximum concentrations (1-1)

IExperiment[n,| np | 7, |ng|ng]nh|
' 2.0

EXP1 .0 [9x10*[500 [100[0.5 [ 0.2
EXP3 7.5 | 9%10* [ 300 |50 |0.05]|2.3
EXP4 0.0 | 9%x10* (900 |300 |24 |3.1
EXP5 30.0 | 9x10* [ 0.0 | 0.0 | 72.0 | 0.2
EXP6 2.0 | 4x10* | 2100 | 400 [ 950 | 1.4
EXP7 2.0 | 6x10* | 2300 | 400 | 850 | 1.5
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Figure 3.16: Accumulated precipitation after 30 minutes for each of the sensitivity runs.
Units are in mm.

The set of experiments which modified the cloud droplet number concentrations (EXP3
and EXP4) had a large influence on the resultant microphysical fields. These tests, which
basically investigated the sensitivity of warm rain processes, showed how important the
auto-conversion of cloud droplets to rain was to the initiation of hydrometeor development
in the middle troposphere in these environmental conditions. In EXP3, where the cloud
droplet concentration was set to 60 cm™2, the rain field was nearly doubled compared to
EXP1. Consequently, hydrometeor collection of the smaller ice categories dramatically in-
creased. This feedback resulted in much more hail mass being produced due to collection
of the lower density ice crystals by rain in EXP3, decreasing low density ice mass amounts
in the anvil region of the cloud. Interestingly, however, precipitation amounts increased
only slightly in EXP3 over EXP1 (Fig. 3.16). This slight increase was due to the smaller
hydrometeor diameters found EXP3. Even though much more hail mass was produced by
collection, the interacting hydrometeors were relatively small snow, aggregate, and graupel

particles. These collections resulted in a smaller collected hail category as compared to
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EXP1. With smaller sizes, precipitation efficiencies were decreased, but since more mass
was converted over to hail in EXP3, more precipitation was produced. Warm rain pro-
cesses were effectively eliminated, with the cloud droplet concentration set to 1500 cm™3.
Therefore, much more cloud water remained and was made available for the low density
ice categories, with most of the mass being injected into the anvil. Hail mixing ratios were
nearly one-third of EXP1. Precipitation effeciencies were drastically reduced and the total
precipitation produced in this experiment was the lowest.

One problem with the v parameter is that there are not many observationals of hy-
drometeor size distibutions. Also, the exponential assumption, which is used widely by
modelers, may not be correct in many situations. These experiments show that the mi-
crophysical structure is very sensitive to different ». First, warm rain processes are more
efficient with a higher specified v of cloud droplets since the mean diameter of cloud droplets
is increased by nearly 40% (W94) which enhances the autoconversion of cloud droplets to
rain. The increased collection kernel of rain collects much more snow, aggregate, and grau-
pel mass (with a v of 3 for all variables the collection kernel of these categories are also
increased), and this collection results in more hail mass produced lower in the cloud. With
an increased collection kernel of snow, aggregates and cloud droplets, and in the absence
of rain, more conversion to graupel occurs higher in the cloud resulting in much higher
graupel concentrations near 10 km AGL. Increasing v also has a profound impact on the
precipitation processes of the simulated cloud (Fig. 3.16). In EXP5, precipitation is more
than three times greater than in EXP1, due to the increased diameters of the hydrometeors.
However, less than 10% of the precipitation falls in the form of hail, as opposed to EXP2
where nearly 70% of the precipitation is in the form of hail. Rain precipitation dominates
the total precipitation in EXP5 since much more rain is produced at lower altitudes and
these droplets are larger in size.

The final sensitivity tests investigated the role of diagnosing the crystal habit on the
microphysical structure of the cloud. As opposed to EXP1, EXP6 allows for variable habit
diagnosis. The greatest impact of habit diagnosis in this convective environment is seen

in the upper cloud region. The pristine ice crystals growth rates for needles, columns and
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rosettes are much greater than for hexagonal plates, and therefore more mass and number
is converted to the snow categories in EXP6. EXP6 shows pristine ice crystal mixing ratios
and number concentrations are nearly half those found in EXP1 due to conversion to the
snow category. With more snow and aggregates available, more conversion to graupel due
to riming is facilitated by the columnar crystals in this region. Therefore, graupel masses
and number concentrations are much greater in EXP6 than Experiment 1. The sensitivity
of changing the habit diagnosis based on a vertical dependence (EXP7) shows little change
from EXP6. Precipitation amounts for EXP6 and 7 are slightly less than EXP1 (Fig. 3.16),
possible due to more mass being partitioned to the anvil.

In summary, two-moment prediction allows more freedom on the size distribution
by predicting on both mixing ratio and concentration of each hydrometeor and allowing
the mean diameter to evolve more realistically than in a l1-moment scheme. Modelers,
however, need to recognize the potential sensitivity of some of these input parameters on
the evolution of cloud processes in a simulated storm. Parameters such as cloud droplet
concentrations are usually measured during field programs and have a good climatological
database. These values should be understood for a given case environment due to the strong
sensitivity of the model to this parameter. The shape of the size distribution v, however,
is not easily applied by modelers since these measurements are not typically conducted for
various types of weather phenomena. More recent field projects such as WISP and FIRE,
have specifically looked at the size distribution where the breadth of the distribution can
be inferred, but many more measurements are needed. This argument is reinforced by the
sensitivity of the simulated cloud structure to the » parameter discussed in this chapter.
In the following chapters, case study simulations are examined. In the WISP case, most
of the input parameters are inferred from obgervations which facilitates the model spinup
time. Conversely, in the summertime case, many of the input parameters were based on
climatology or intuition which lead to a more difficult startup time which is discussed in

the following chapters.




Chapter 4

28-29 JANUARY 1991 WISP SIMULATIONS

4.1 Introduction

To exercise the model with a wintertime case, the 28-29 January 1991 orographic
wintertime upslope case study from Winter Icing and Storm Project (WISP) (Rasmussen
et al., 1992) is numerically investigated. A map of the WISP91 project area is shown in
Fig. 4.1. This case was characterized by a strong cold front which moved across the project
area during the evening hours of the 28th and widespread light snow which fell across the
area following frontal passage. Previous modeling efforts (Wesley and Pielke, 1990; Cotton
et al., 1994 ) have numerically examined Colorado Front Range snowstorms with RAMS in
a 1-moment microphysical framework. The case study represents an excellent opportunity
to examine the 2-moment scheme in a weakly forced ice-phase dominated event. These

weakly forced storms are quite prevalent across the High Plains of the United States.

4.2 Case study

A dense mesonet of instruments in place for WISP recorded data for this case. This
network included 61 automated surface stations, 4 Doppler radars, a network of volunteer
snow observers (Bernstein et al., 1992) as shown in Fig. 4.2, and the University of Wyoming
King Air research aircraft.

The storm was characterized by a strong cold front from the north which was pre-
ceded by moderate westerly downslope winds (10 m s~!). Temperatures were mostly
5-10°C ahead of the front on 28 January, but dropped to less than ~10°C behind the front.

Widespread light to moderate snow fell across most of the region. The synoptic conditions
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Figure 4.1: Winter Icing and Storm Project (WISP91) network of instruments showing lo-
cation of Doppler radars, CLASS stations, PAM and PROFS mesonet stations, radiometer
sites, wind profiler sites, and SAO stations. Topographic contours are given every 2000 ft.
The shaded region represents terrain above 9000 ft. (From Rasmussen et al., 1992)
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Figure 4.2: A map of the snow observation network.

at 1200 UTC 28 January show that the surface forcing is driven by a 1032 HPa high pres-
sure area over southwestern Canada with a cold front extending across northern Wyoming.
(Fig. 4.3). The 500 HPa pattern at 0000 UTC (Fig. 4.4) shows a weak trough over the
intermountain West with an embedded shortwave over southwestern Idaho, however, most
of the dynamics moved south of the project arsa. By 0000 UTC on 29 January the upslope
gradient had developed over northern Colorado and precipitation developed behind the
front. The upslope continued overnight, and by 1200 UTC on 29 January (Fig. 4.5) the
surface high pressure moved southeastward to South Dakoka (1028 HPa) and the resultant
upslope gradient had progressed south of the WISP area.

4.3 Numerical simulations

4.3.1 Model setup

The numerical model used in this study is a version of the RAMS cloud model de-
veloped at CSU (Tripoli and Cotton 1982; Cotton et al. 1982; 1986; Pielke et al., 1992).




Figure 4.3: Surface analysis for 1200 UTC 28 January 1991.
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RAMS is configured using the non-hydrostatic, fully compressible momentum equations, a
thermodynamic energy equation, and equations for liquid and ice phase precipitation pro-
cesses. The predicted variables include the three velocity components, the Exner function
(m), the ice-liquid water potential temperature (6;) (Tripoli and Cotton, 1981). Poten-
tial temperature, temperature, cloud droplet mixing ratio, water vapor mixing ratio, and
pressure are calculated diagnostically (Tripoli and Cotton, 1982). Horizontal and ver-
tical turbulence are parameterized using an eddy viscosity closure scheme, as described
by Tripoli and Cotton (1982). The Klemp and Wilhelmson (1978) radiative-type lateral
boundary condition is used. “A wall on top” top boundary condition is used in conjunction
with a modified Rayleigh friction layer (Cram, 1990) which provides a damping mecha-
nism at the boundary top. The radiation scheme follows Chen and Cotton (1983) which
includes shortwave and longwave radiative transfer in both clear and cloudy atmospheres.
A two-way interactive grid nesting scheme following Clark and Farley (1984) is used. The
microphysical scheme is described in Chapter 2, however, the hail category is turned off in
these simulations. The coefficients for the heterogeneous ice nucleation parameterization
are shown in Fig. 2.1 for the High Plains wintertime environment. All of these runs as-
sume that the shape of the distribution (v=1) follows an exponential structure based on
measurements from WISP91 (personal communication, R. Rasmussen).

The grid configuration used for these simulations is shown in Fig. 4.6. The domain is
48X48X32 on Grid #1, 54X54X32 on Grid #2 and 58X58X32 on Grid #3. The horizontal
grid spacing is 80 km on Grid #1 and the model incorporates a four to one nest ratio
yielding 20 km grid spacing on Grid #2 and 5 km grid spacing on Grid #3. The vertical
grid spacing is stretched from 150 m near the surface to 750 m at the top the model. The
equations are integrated numerically by a time-splitting procedure for a non-hydrostatic,
compressible system (Tripoli and Cotton 1982) with a large timestep of 60 seconds on
the coarse grid and 15 seconds on Grid #3. A 30 s topography dataset is employed
in Grid #2 and Grid #3. Time dependent lateral boundary conditions were used to
variably initialize the simulations. The lateral boundary conditions were nudged to the

National Meteorological Center (NMC) upper air analysis, rawinsonde data, and surface
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airway observations (SAQ) at 900 second intervals using the Davies (Davies, 1983) nudging
algorithm.

4.3.2 Two-moment results
Kinematic and Thermal structure

The kinematic structure of the storm shows that the simulated front progressed
through northern Colorado between 0100 UTC and 0700 UTC on 29 January. Temperature
and flow fields are shown in Fig. 4.7 for 0100 UTC. The simulated temperatures and flow
fields compare quite well with observations at this early simulation time. The simulated
flow pattern shows strong northeasterly winds occurring over northern Colorado behind
the front with strong east to southeasterly flow ahead and along the front just south along
a line from east of Brighton (BRI) to Akron (AKO). Strong westerly flow exists along
the foothills where downslope flow is observed. There is also evidence of a cyclonic-type
circulation east of Denver (DEN) and Brighton which is located near the cold front. This
type of circulation is also evident in the observed 0100 UTC surface field near 39.30 N
and 104.40 W. The temperature field at 0100 UTC is predicted well, with temperatures
ranging from -12°C across the Wyoming and Nebraska, to near 0°C east of Limon (LIC).

By 0700 UTC (Fig. 4.8a) the simulated cold front has not progressed south as quickly
as observations. The simulated wind field has a more easterly component south of Akron
than the observations which show a predominantly north and northeast flow pattern across
the project area. However, the cold front has accelerated along the foothills in response
to the strong northeasterly winds indicative of blocked flow. The simulated tempera-
ture gradient across the region is more than 10°C with the coldest temperatures north of
Cheyenne Wyoming (CYS) (Fig. 4.8a), with a 7°C gradient observed from Cheyenne to
Limon (Fig. 4.8b). Temperatures are consistently 2°C warmer in the simulation as com-
pared to the observations. Colder temperatures exist in the observations at the foothill

locations but this area is outside the Grid #3 domain.
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Figure 4.7: (A) Simulated (Grid #3) and (B) observed temperatures and wind vectors at
0100 UTC. Temperature contour is 2°C, and maximum wind vector is 7.6 m s™.
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0700 UTC. Temperature contour is 2°C, and maximum wind vector is 12.1 m s™1.
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Radar reflectivity structure

The radar structure observed for this case is shown in Fig. 4.9b— 4.14b, using the Mile
High Radar CAPPI at 2.5 km MSL (nearly 0.9 km AGL at the radar site). At 0121 UTC
(Fig. 4.9b), the first radar echoes develop nearly 100 km north of the radar with peak
reflectivities around 10 dBZ. Reflectivities increased towards the northern foothills with
peak reflectivities near 15 dBZ. Only negligible reflectivities are simulated at 0100 UTC
(Radar reflectivity calculations used in the model are described in Appendix A). By 0219
UTC (Fig. 4.10b) the areal extent of precipitation was more widespread as the surface
front moved southward from CYS, and more intense reflectivities (25 dBZ) developed 110
km NNW of the radar. A secondary region of echoes also developed in a 80 km line
NE from the radar with peak reflectivities less than 20 dBZ. The simulated reflectivities
at 0200 UTC (Fig. 4.10a) also show weak reflectivities across the northeastern border of
Colorado just behind the simulated cold front. These echoes are dominated by smaller-
sized hydrometeors producing reflectivities less than 5 dBZ. Another region of reflectivity
had also developed along the northern foothills with stronger reflectivities (greater than
20 dBZ).

The precipitation continued to expand by 0317 UTC (Fig. 4.11b) with some enhanced
reflectivities (up to 30 dBZ) evident 120 km north of the radar. The simulated reflectivities
at 0300 UTC (Fig. 4.11a) do not extend as far south and are weaker than the observations.
This is likely due to the slight lag of the simulated cold front behind the observed cold
front, however both the observed and simulated reflectivity regions formed behind the
cold front. Peak reflectivities of 15 dBZ are predicted in the northeastern portion of the
grid, and over 25 dBZ are predicted along the foothills west of Boulder. By 0405 UTC
(Fig. 4.12b) the reflectivity pattern across northern portion of the network weakened.
A fairly high reflectivity region was positioned south and east of the radar, where peak
reflectivities exceeded 30 dBZ. Figure 4.12a shows that the simulated reflectivity fields
at 0400 UTC had widespread echoes on a line north from Denver to Akron with peak
reflectivities near 20 dBZ north of Sydney, (SNY) Nebraska. Another reflectivity peak
was present over the foothills south of Fort Collins (FCL) with peak values near 30 dBZ.
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Figure 4.9: (A) Simulated and (B) observed radar reflectivity fields at 0100 UTC and 0121
UTC, respectively for 2.5 km MSL.
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Figure 4.10: (A) Simulated and (B) observed radar reflectivity fields at 0200 UTC and
0220 UTC, respectively for 2.5 km MSL. Contour interval on simulated plot is 5 dBZ,
where dashed lines denote negative values and solid lines denote positive values.
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Figure 4.11: (A) Simulated (Grid #3) and (B) observed radar reflectivity fields at 0300
UTC and 0317 UTC respectively for 2.5 km MSL. Contour interval on simulated plot is 5
dBZ, where dashed lines denote negative values and solid lines denote positive values.
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Figure 4.12: (A) Simulated (Grid #3) and (B) observed radar reflectivity fields at 0400
UTC and 0406 UTC, respectively for 2.5 km MSL. Contour interval on simulated plot is
5 dBZ, where dashed lines denote negative values and solid lines denote positive values.
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Figure 4.13: (A) Simulated and (B) observed rada.r reflectivity fields at 0500 UTC and
0503 UTC, respectively for 2.5 km MSL. Contour interval on simulated plot is 5 dBZ,
where dashed lines denote negative values and solid lines denote positive values.
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The observed reflectivity pattern (Fig. 4.13b) shifted eastward during the next hour (0503
UTC). Peak reflectivities were 20 dBZ and 30 dBZ approximately 50 km east of the radar.
The simulated structure (Fig. 4.13a) also shows peak values extending southward along the
northern foothills with peak reflectivities of 25 dBZ. Echoes extend farther south across
the eastern Plains of Colorado with peak values near 35 dBZ, however, most simulated
reflectivities were less than 10 dBZ. By 0551 UTC (Fig. 4.14b) precipitation is occurring
over two distinct regions, 30-100 km north and east of the radar. Peak reflectivities in
these regions were 25 dBZ. The simulated reflectivity (Fig. 4.14a) also shows two distinct
regions of reflectivity with an eastern reflectivity peak located near Akron (AKO), and a

broad region over the northern part of Grid #3 with reflectivity echoes near 30 dBZ.
Aircraft and crystal observations

The Wyoming King Air flew from 0455-0655 UTC as indicated by Fig. 4.15a. The
flight track originated in Laramie Wyoming, and flew southeast towards the CSU-CHILL
radar. Number concentrations of cloud ice and precipitating ice were measured from 2DC
and 2DP probes. Measurements from the aircraft microphysical probes are compared to
similar model predicted fields. Simulated ice crystal concentrations for 0500-0700 UTC are
shown in Fig 4.16. These fields are the total number concentration of snow, aggregates,
and graupel (pristine ice crystals are not included, and the simulation produced only
negligible amounts of pristine ice for this region). A horizontal slice was taken across an
altitude (4 km MSL) of the aircraft flight path. Concentrations during these times ranged
from 16 17! at 0500 UTC which is predicted north of the aircraft flight path, to 12 171
at 0700 UTC co-located with the observation from the aircraft. These values are quite
similar to concentrations of 10 1! (peak values were measured near 40 1-!) measured by
the 2DP probe (Fig. 4.15b). The 2DP probe measured precipitation particles similar to
those described here for the model simulations. Figure 4.17a shows a cross section of total
ice number concentrations which shows that the simulated cloud top extends up to 8 km
MSL. This cross section is taken across the center of the domain at the same latitude as
Greeley (GXY). Peak values of all simulated ice particles are 451! in this region similar to
the peak observed values. Figure 4.17b shows that only a small portion of these crystals
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Figure 4.14: (A) Simulated and (B) observed radar reflectivity fields at 0600 UTC and
0551 UTC, respectively for 2 km MSL. Contour interval on simulated plot is 5 dBZ, where
dashed lines denote negative values and solid lines denote positive values.
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are the very small pristine ice crystals (mean diameters near 25 pum) which are at the
lower end of the 2DP size measuring window, and may have been too small to be properly
measured by the 2DP PMS probes. Most of the crystals predicted are snow (35 17!) which
have grown, initially as pristine ice crystals, from vapor deposition and converted to snow
within a cloud deck above the upslope wind layer. This upper cloud developed early in
the simulation, and generated “seeding” crystals which fell into the lower upslope cloud
(Rutledge and Hobbs, 1983).

Figure 4.18a shows that most of the upward vertical velocities were in and near
the foothills, with peak values near 0.27 m s~!. The next two cross-sections Fig. 4.18b,c
show the location of the ice water and liquid water clouds. The aircraft only measured
small amounts of cloud water during their flight, however, the model produced significant
amounts of liquid water near the surface. Peak values of LWC were 0.24 g m™3. The ice
water content shown in Fig. 4.18c shows an ice mass peak found near 6 km MSL and a
secondary peak of ice mass is also predicted in the lowest kilometer above the surface in
response to the upslope flow.

A table summarizing the surface crystal observations taken by members of the vol-
unteer observer network is shown in Table 4.1. This table summarizes the location of the
station, the amount of riming, observation of graupel, the size of the aggregates (if ob-
served). The crystal observation network shows that a large amount of riming is observed
even in this relatively cold airmass. Nearly all the crystal observers noted the occurrence
of significant riming, with a large percentage of the network observing graupel (very heavy
graupel). Also, heavy riming was especially evident during the onset of the snow, how-
ever, heavy riming and graupel were observed at many locations for several hours after the
onset. Another trend noted by the observers was the temporal evolution of aggregates.
Aggregates made up primarily of dendrites were observed by many of the observers. The
sizes of these aggregates were very large, with mean aggregate diameters of 2-4 mm, with
the largest aggregates up to 10 mm. The largest aggregates were observed near the cold
front and smaller aggregates were observed farther behind the front.

The simulated microphysical fields near the surface are shown in Fig. 4.19. Most of
the cloud water is located near the southern boundary of Grid #3, behind the location




12.8

.
:
:

/6{

- 208> |
g EI 1 L1 llllllll.I llllllll T LA i i b p b a4 b b1 3 4 b & & 1 1 & @ @ 1 1.1 L
-1902 -50 2. 50 100
x (km)

Figure 4.18: Simulated vertical cross-sections of (A) vertical velocity (0.09 m s~%, 0.27 m
s71), (B) liquid water content (0.04 g m~3, 0.24 g m™~3), and (C) ice water content (0.01
gm~3, 0.06 g m‘3)on Grid #3 at 0500 UTC. Vertical slice is taken at same latitude as
Denver Colorado, which is behind the cold front. Contour intervals are 4 171,
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Table 4.1: Summary of crystal observations from 0000-0700 UTC 29 January

| Location amount of riming | graupel | aggregates D Diiaio, (M) | crystal habit |
Agate heavy yes 1,8 dendrites
Berthoud light no 1,3 plates
Boulderl light yes 5,10 dendrites
Boulder2 heavy no 5,5 dendrites
Boulder3 light no 7,10 dendrites
Boulder4 light no 6,9 dendrites
W. Boulder heavy no missing stellars
Carr heavy yes 3,6 dendrites
Denver heavy yes missing plates
Elbert light no 6,9 plates
Flagler heavy yes missing dendrites
Fort Collins heavy yes 5, 20 dendrites
Ft. Morgan heavy to light yes 1,5 plates
Gunbarrel heavy yes 1,3 plates
Kersey heavy yes 3,10 dendrites
LaSalle light no missing dendrites
Loveland1 heavy yes 5,5 stellars
Loveland2 heavy to light yes 2,2 plates
Merino light to heavy yes missing columns
New Raymer | heavy no 1,2 dendrites
New Raymer2 | heavy no 5,5 dendrites
Strasburg heavy yes 1 1 dendrites

of the simulated cold front, and along the foothills, with peak mixing ratios near 0.4 g
kg~!. The snow field (Fig. 4.19b) shows small amounts of snow mass being produced in
the simulation at this time. A potential sink for snow is aggregation and, especially in
this simulation, riming-produced graupel, as both aggregates and graupel are prevalent
across the domain as shown in Figs. 4.19c,d. = Graupel is predicted near the surface
over most of the domain and is produced by riming and subsequent conversion of snow
farther behind the front. Immediately behind the front, more cloud water exists (greater
than 0.1 g kg™1), and this occurs since there is no significant ice mass in this region to
scavenge the cloud water. Peak total ice number concentrations at this time are nearly

10 17 (Fig. 4.19e). Figs. 4.19f-h show the snow, aggregate, and graupel mean diameters

in an assumed gamma distribution. Snow and graupel mean diameters are fairly small
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(A)

LIc

(D)

“ l@

Figure 4.19: Simulated microphysical field at 75 m AGL at 0500 UTC including (contour
interval, maximum) of (A) cloud mixing ratio (0.1 g kg™, 0.5 g kg™'), (B) snow mixing
ratio (0.0005 g kg™, 0.0025 g kg~?), (C) aggregate mixing ratio (0.01 g kg™, 0.06 g kg™?),
(D) graupel mixing ratio (0.001 g kg~?, 0.007 g kg~?), (E) total ice number concentration
(0.517%,3.017) (F) mean snow diameter (0.05 mm, 0.4 mm), (G) mean aggregate diameter
(0.3 mm, 3.0 mm), (H) mean graupel diameter (0.05 mm, 0.65 mm).
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Figure 4.19: Continued.
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with most mean diameters less than 0.3 mm. Since the collection kernel increases as the
mean diameter increases, most of the larger snow crystals are converted to aggregates and
graupel. Snow crystals, which convert to graupel are fairly small, which accounts for the
small graupel diameters. However, snow which converts to aggregates, continues to grow
to larger sizes due to aggregate self-collection and aggregate collection of snow, producing
quite large mean diameters ranging from 1-2 mm near and behind the cold front. Another
feature shown in the predicted aggregate diameter field is the decrease in the mean sizes
farther north away from the cold front which was observed by the snow crystal network.
The aggregates near the front grew to larger sizes due to the availability of cloud water and
warmer temperatures which enhanced aggregate growth rates. Behind the front, available

liquid water is much less, and as a result, aggregate diameters are decreased.
Precipitation distribution

The overall trend in the observed precipitation structure (Fig. 4.20b) shows heaviest
precipitation occurred in a N/S line along the foothills with over 3 mm of liquid precipita-
tion. Another peak occurs across the northeastern Plains of Colorado where over 2 mm of
liquid precipitation occurred. The simulated precipitation amounts (Fig. 4.20a) compare
well with the observed spatial distribution of precipitation with peak amounts predicted
over the foothills and the northeastern portion of the domain. However, predicted pre-
cipitation amounts are lower than the observed values. Peak values from the 2-moment
simulation was nearly 1 mm near the foothills and over the northeastern portion of the
domain. Lesser amounts seen in the model may be due to unresolved convective compo-
nents since the grid spacing was 5 km. Also, the simulated cold front was slightly slower
than in the observations, and the pre-existing downslope episode was slow to erode over
the foothills which may have lessened precipitation amounts. For the most part differences
between 1 and 3 mm are quite small, and the model did handle the spatial distribution of

the precipitation quite well.
4.3.3 One-moment results

In the 1-moment microphysical scheme a prescribed mean diameter for each hydrome-

teor species is assumed, and the mixing ratio is predicted. The prescribed mean diameters
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Figure 4.20: (A) Simulated (Grid #3) and (B) observed total precipitation distribution as
of 1200 UTC 29 January 1991. Precipitation is liquid equivalent in millimeters.




93

used in the simulation include, 0.5 mm for rain, 0.5 mm for snow, 1.0 mm for aggregates,
and 1.0 mm for graupel. Two-moments are predicted for the pristine ice crystal category.
Otherwise, everything is set up similar to the 2-moment simulation.

The overall kinematic structure was nearly identical to the 2-moment simulation. The
major difference between the 1-moment scheme and the 2-moment scheme is that the
diameter cannot vary in the l-moment scheme, which impacts hydrometeor growth and
evolution. Figure 4.21a shows a similar cloud water mixing ratio structure over the Plains,
however, less cloud water is evident over the foothills. In the 1-moment simulation, the
snow diameter is prescribed at 0.5 mm, which is much larger than diameters predicted in the
2 moment simulations (Fig. 4.19f). With larger snow diameters in the 1-moment scheme,
the collection kernel of snow increases, resulting in more snow mass (Fig. 4.21b), which
enhances aggregation processes. Conversely, in the 2-moment simulation, aggregation of
snow is not as prevalent over the foothills at this time, so the largest conversion sink of
the snow category is to graupel due to the collection of cloud water. In the 1-moment
scheme, more aggregate mass is produced (Fig. 4.21c) which is less likely to be converted
to graupel.

The overall effect on the precipitation distribution is insignificant. Slightly more pre-
cipitation occurs in the 1-moment scheme (Fig. 4.22) with peak amounts near 1.2 mm,

however, the overall structure is similar to the 2-moment simulations.

4.4 Discussion

In this chapter a shallow wintertime upslope event along the Front Range of Colorado
has been examined with both a 2-moment and 1-moment microphysical predictive scheme.
Both simulations did handle the kinematic structure of the storm and evolution of the cold
front fairly well except that the simulated cold front was a bit slower than the observed cold
front. The microphysical structure of the storm was handled quite well in the 2-moment
simulation. The predicted radar reflectivity structure showed similarities to both the spa-
tial distribution and intensities of the observed reflectivity pattern, however, observed peak

echoes were not always predicted by the model. Comparisons with aircraft data showed




(A) (B)

Figure 4.21: Simulated microphysical field using the 1-moment scheme at 75 m AGL at
0500 UTC of (A) cloud mixing ratio (0.1 g kg™, 0.4 g kg™!), (B) snow mixing ratio (0.0005

g kg1, 0.03 g kg™1), (C) aggregate mixing ratio (0.01 g kg2, 0.6 g kg~'), (D) graupel
mixing ratio (0.001 g kg™, 0.006 g kg™!).
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Figure 4.22: Simulated (Grid #3) total precipitation distribution as of 1200 UTC 29
January 1991 for 1-moment simulation. Precipitation is liquid equivalent in millimeters.

that model predicted number concentrations of 10-20 1~! were observed. Observations of
the distribution (temporal/spatial) of graupel, riming and aggregation were also consis-
tent with predicted fields, especially near the front. The model also predicted that the
sizes of the aggregate diameters decreased steadily away from the cold front, which was
observed. Finally, although aircraft data only reported negligible cloud water, the snow
crystal network observed a great deal of riming on the crystals, as well as graupel. The
model predicted low level cloud water values up to 0.4 g kg=? which resulted in widespread
graupel precipitation near the surface. The simulated cloud water was well below the air-
craft minimum heights. Also, the model liquid water was near the front, which was south
of the aircraft flight path. The spatial distribution of total precipitation was predicted
well by the models, however, predicted amounts were more than 2 mm under-predicted
near the foothills. This discrepancy may be attributed to the cold front being slower than
observed which allowed the downslope flow to persist longer near the foothills. This differ-

ence does not appear to be related to the microphysical scheme but, instead, to either the
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initialization of the model or the inability of the model to resolve fine-scale topographic
forcing.

Comparison between the 2-moment scheme and the 1-moment scheme showed general
agreement between the overall kinematic structure in both simulations. With two mo-
ments predicted on each hydrometeor, the diameters of each hydrometeor were allowed to
vary depending on the environmental conditions. A great deal of variability of aggregate
diameters were observed and these were predicted with the 2-moment scheme, however, in
the 1-moment scheme the diameter is held fixed which is an unrealistic constraint. An-
other difference between the two schemes is the evolution of precipitation processes. In the
2-moment scheme the snow crystals were predicted to be much smaller than the prescribed
0.5 mm mean diameters in the 1-moment simulations, which enabled more graupel mass
to be produced in the 2-moment scheme. This result is contrary to 1-moment scheme, in
which the larger snow crystals were more readily converted to aggregates instead of grau-
pel. Both aggregates and graupel were predicted by both schemes, and both species were
observed. The 2-moment scheme allowed the crystals to evolve without a fixed diameter
constraint, and for the most part, predicted the microphysical structure better than the
1-moment scheme. The 2-moment scheme also allows for verification of more observable

parameters such as reflectivity and crystal diameters and these predicted fields compared

favorably to the observed features.




Chapter 5

1 AUGUST 19881 CCOPE SIMULATIONS

The purpose of these numerical simulations is to exercise the microphysical scheme
in a convective environment which is dominated by strong vertical velocities, high liquid
water contents and hail. It is desired that the case be well documented for microphysical
and precipitation verification. This examination focuses on an intense and well studied, su-
percell storm which passed through the Cooperative Convective Precipitation Experiment
(CCOPE) field network in Montana on 1 August 1981.

Extensive observational analysis and modeling studies have been performed on this
storm. Miller et al. (1990) performed a thorough observational investigation of this event
detailing the air motions and precipitation growth mechanisms of the storm. Rasmussen
and Heymsfield (1987c) examined the role of melting and shedding of graupel and hail
for hail embryo development in this case through observational analysis and diagnostic
modeling. Kubesh et al. (1988) examined T-28 aircraft data as well as other observations,
to verify two-dimensional modeling results of the storm. Their simulation used both a
bulk water model and a detailed hail category model. The dynamical evolution of the
storm was not well reproduced, but the microphysical structure agreed fairly well with
the observations. Finally, Wang and Chang (1993) modeled the storm using a three-
dimensional 2-moment microphysical predicted scheme. Their simulations produced steady
state updrafts which were weaker than observed values. However, other predicted fields
based on microphysics, such as the radar reflectivity factors were close to the observed
data.

In the following sections, the observational background, and the RAMS modeling re-
sults of this case study are presented. Detailed analysis of the simulated microphysical
structure is performed which highlights the hydrometeor production and depletion during
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the evolution of the storm. Comparisons between the 2-moment and 1-moment simulations
are performed with comparisons between the results and observations to validate the reli-
ability of the model. The sensitivity of the model to the shape parameter of hydrometeors

and to collection processes is also examined.
5.1 Case study
5.1.1 Environmental background

A detailed observational description of this storm has been presented by several au-
thors (Rasmussen and Heymsfield, 1987; Kubesh et al., 1988; Miller et al., 1990; and Wang
and Chang, 1993). The storm developed in moderate shear and very unstable conditions.
The surface synoptic conditions (Fig. 5.1) featured a stationary front across the CCOPE
domain. Southeasterly moist flow existed to the south of the front, having circulated
around the low over Wyoming, and replaced pre-existing drier air over the project area.
As the southeasterly flow developed over southeastern Montana, surface moisture mixing
ratios increased from 7 to 13 g kg~! in some areas. This flow produced an environment
which was conducive for severe thunderstorms as evident by the 1330 MDT Miles City
sounding shown in Fig. 5.2. The lifted index for the storm was -8 (based on the Miles City
sounding) which is typical for severe hailstorms (Marwitz, 1972 a,b). The convective bulk
Richardson number was 22, which is within the range for supercells according to Weissman
and Klemp (1984). However, Kubesh et al. (1988) point out that the wind shear for the
layer between 3-12 km was found to be characteristic of multicellular storms.

5.1.2 Storm characteristics

Two storms developed over the CCOPE domain during this episode. Although there
exists the possibility that the storms developed from a splitting supercell, Miller et al.
(1990) cautions that it is uncertain whether the storms developed from splitting of a
single updraft or from two separate updrafts. Figure 5.3 shows the evolution of Storms
I and IT across the CCOPE domain. Both storms moved parallel to each other during
the first hour of development, and eventually moved rapidly away from each other as

the rapid growth commenced. The right moving storm moved eastward at 8.1 m s™,
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SURFACE
1500 MDT
T AUG 1981

Figure 5.1: Surface synoptic map depiction for 1500 MDT on 1 August 1981 (from Kubesh
et al., 1988)

and the left moving storm progressed northeastward at 21 m s~ (Kubesh et al., 1988).
The observational network concentrated on the right moving storm due to its prolonged
intensity and proximity to the project area.

The storm was characterized by both supercell and multicell characteristics. It devel-
oped a long-lived updraft (peak values of 47 m s~1) typical of supercells, but the updraft
was vertical, unlike more traditional supercells which have tilted updrafts. The storm
traveled along the average cloud-layer wind; unlike typical supercells which tend to travel
to the right or left of the mean tropospheric wind. Kubesh et al. (1988) point out that
the size of the midlevel area exceeding 45 dBZ radar echo was not quite large enough to
qualify for a supercell according to criteria set by Foote and Mohr (1989).

The storm developed two echoes by 1503 MDT separated by 10 km apart (Fig. 5.3).
By 1535 Storm II moved rapidly northeastward out of the project area. By 1600 MDT,
Miller et al: (1990) point out that a short-lived large cell followed in the path of Storm
II giving the resemblance of a splitting storm. Storm I finally reached a steady state
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Figure 5.2: 1330 MDT 1 August 1981 Miles City Montana (a) thermodynamic diagram
including temperature and dew point. The 1415 Queen Air N306D (heavy dotted lines)
of temperature and dew point are also included. A parcel ascending from cloud base
would follow the heavy dashed line (equivalent potential temperature of 348°K). (b) Wind
hodograph including storm motion as indicated by the dot marked V,. (From Wang and
Chang, 1993)
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Figure 5.3: Movement of Storms I and II from selected scans by the Bureau of Reclamation
Skywater radar. The Doppler radar network is shown in bold dots. The origin of the
coordinate system is the CP-2 site. (From Miller et al. 1990)

structure by 1615 MDT. The peak reflectivity was reached at 1630 MDT, and the T-28
research aircraft penetrated the updraft around 1650 MDT. Most of the model simulations

are compared to the observed structure during the steady-state period from 1630-1650

MDT.
5.2 Numerical simulations
5.2.1 Model setup

The RAMS model is thoroughly discussed in Section 4.3.1. The microphysical scheme
is described in Chapter 2. The coefficients for the heterogeneous ice nucleation parameter-
ization are shown in Fig. 2.1 for the High Plains summertime environment. The control
run assumes that the shape of the distribution of each hydrometeor follows an exponential
structure (v=1). However, a sensitivity test which varies v is conducted. The domain is

16X16X44 on Grid #1 and 42X42X44 on Grid #2, with a horizontal grid spacing of 5 km
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on Grid #1 and 1 km on Grid #2. The vertical grid spacing is stretched from 200 m near
the surface to 750 m at the top the model. The equations are integrated numerically by a
time-splitting procedure for a non-hydrostatic, compressible system (Tripoli and Cotton,
1982) with a large timestep of 10 seconds on the coarse grid and 5 seconds on Grid #2.
A flat topography of 800 meters elevation is assumed. A horizontally homogeneous ini-
tialization is employed using the 1330 MDT Miles City sounding (Fig. 5.2). To follow the
modeled storm, a mean environmental wind of 8.3 m s™! is removed to keep the storm
within Grid #2 boundaries. To initiate convection a 1.5°C warm bubble (10X10X2.5 km?)
is introduced into the initial field. The simulation is run for 90 minutes.

The numerical experiments performed are summarized in Table 5.1. The control run
is a 2-moment prediction run where v=1 for all hydrometeors. SENS1 is the same as the

control run except that only one moment of each hydrometeor category, the mixing ratio, is

Table 5.1: Experimental design of numerical experiments for 1 August 1981 case study

| Experiment | Description ]

Control run | 2-moment run with y=1 for all hydrometeors
SENS1 1-moment run with D,, specified

SENS2 1-moment run with Ny specified

SENS3 sensitivity to hydrometeor collection of rain
SENS4 sensitivity to » = 3 for all hydrometeors

SENS5 sensitivity to ¥ = 2 for hail only, all others v =1

predicted (except 2-moments for pristine ice crystals). The prescribed mean particle mass
has a diameter of 0.1 cm for rain, snow, aggregates, and graupel, and 0.5 for hail. SENS2
is also a one-moment run (except 2-moments for pristine ice crystals) but Nj is specified.
The prescribed values are 8 x 10® m~* for rain, 3 x 10 m~* for snow, 1.8 x 108 m~* for
aggregates, 1.1 X 10° m™* for graupel and 4 x 10* m™* for hail. SENS3 is a sensitivity
test to examine the hydrometeor collection of rain. As was noted in Section 2.6.5, ice
collecting raindrops will most likely be conversed to hail at sub-freezing temperatures in
the model. As a sensitivity to this collection process, this experiment examines the effect
of changing the collection path of ice collecting rain from hail in all other simulations to

graupel in this experiment. Otherwise there are no changes from the control run. SENS4
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and SENS5 are two-moment simulations in which the sensitivity of the model to variations
in the v parameter is examined while all other parameters are unchanged from the control
run. SENS4 experiment assumes all hydrometeors have a ¥ = 3 and SENS5 experiment
assumes that only the hail category has a v = 3, while all other species have a v=1.

It must be emphasized that the convection initiated in this simulation is artificially
produced. Since a horizontally-homogeneous initialization is employed, the simulated en-
vironment is restricted to a single sounding which is assumed over the entire domain.
Inhomogeneities such as outflow boundaries from nearby convection which may have in-
fluenced the observed storm, cannot impact this simulation. Also, the type of convection
produced by the warm bubble is dependent on the prescribed environment. For the given
environment conditions, the simulation should produce a splitting supercell which may or
may not have occurred. The intent of this simulation is to generate a quasi-steady convec-
tive storm which is similar to the observed case. The quasi-steady environment is desirable
for two reasons. First, this steady period of the storm was well observed by the project.
Secondly, the steady-state characteristic of the storm facilitates comparisons between the
observed microphysical structure of the storm to the model results, which should test the

performance of the new microphysical model.
5.2.2 Control run

As was shown in Fig. 5.3, two storms moved across the CCOPE project area during
this operations period. The dominant storm moved in a eastward direction and the weaker
storm moved rapidly northeastward. The simulation produced a similar scenario as shown
in Fig. 5.4. These figures are shown at 9 km AGL, since the vertical velocity field is very
strong at this level. After 30 minutes of simulation, the updraft has begun to split, with
two distinct updrafts (peak values 25 m s™) developing from the initial convective pulse.
The accompanying total ice mixing ratio field also shows two distinct peaks, with the
northern storm (5 g kg™!) a bit stronger than the southern storm (4 g kg™*). The two
storms have separated further by 60 minutes of simulation time. The northern storm has
moved northeastward to the northern border of the domain with peak vertical velocities of

35 m s~! (Fig. 5.4c). This simulated northern storm moves much slower than the observed
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Figure 5.4: Simulated vertical velocities and total ice mixing ratios (contour interval,
maximum) at 9000 m AGL for the control run after 30 minutes of simulation time for (A)
vertical velocity (5 m s~!, 25 m s~!) and (B) total ice mixing ratio (1 g kg™, 5 g kg™?),
and after 60 minutes of simulation time for (C) vertical velocity (5 m 5™, 40 m s™*) and
(D) total ice mixing ratio (1 g kg™?, 8 g kg™?).
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northern storm, and remains in the model domain through the lifetime of the simulation.
The storm of interest, located in the center of the domain, has a peak updraft of 40 m s™2.
The total ice field at this time (Fig. 5.4d) shows a peak mixing ratio of 6 g kg™' for the
northern storm and 8 g kg™! for the storm of interest. This southern storm maintains a
fairly steady structure during the next 30 minutes, and this simulation period is compared
to the steady-state observed period from 1630-1650 MDT.

A vertical cross-section of the simulated (60 minutes simulation time) and observed
airflow (1630-1650 MDT) is shown in Fig. 5.5. The comparison highlights several important
features which the model was able to simulate which occurred in the observed structure.
The simulated updraft is quite similar to the observed structure. The orientation of the
simulated updraft is nearly vertical which was observed. Also, the placement of the sim-
ulated updraft maxima is centered between 8-10 km MSL with peak values of 43 m s™!
near 10 km MSL, which was close to the observed magnitude (peak updrafts in the storm
were 47 m s™1). The width of the simulated updraft is slightly less than the observed up-
draft. Areas of downdrafts occur in the simulation, between 10 and 12 km MSL east of the
updraft, and between 2-4 km MSL just east and west of the main updraft. These down-
draft regions were also observed, but the magnitudes of the simulated downdrafts found
between 10 and 12 km MSL are 3 m s~! greater than the observations. The simulated
flow pattern also looks consistent with the observations, except in the lowest 2 km east of
the updraft. Here, the simulated flow shows strong easterly winds of 10 m s~! where the
observed structure showed weak flow. However, strong easterly inflow in the lowest levels
was observed during the lifetime of the storm.

The observed updraft, flow field, and reflectivities at 5.6 km MSL for the control
run at 1630 MDT are shown in Figs. 5.6 and 5.7. These horizontal cross-sections are
compared to the simulated fields after 60 minutes and 90 minutes as shown in Fig. 5.8.
The simulated main updraft is very similar to that observed (Fig. 5.6) at both simulation
times. The simulated peak updraft is 25 m s~ at 60 minutes (Fig. 5.8a) and 19 m s~ at
90 minutes (Fig. 5.8c). The orientation of the simulated updraft is southwest/northeast at

60 minutes but rotates to a more west/east orientation by 90 minutes which is shown in the

- ]
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Figure 5.5: (A) A vertical cross-section through the center of the storm for the control
run with simulated vertical velocities (5 m s~!, 43 m s~!) with solid contours denoting
positive values and negative contours denoting negative values. Wind vectors are also
included with maximum vector of 43 m s~!. This and vertical cross-sections subsequent
figures are “windowed in” to isolate the main updraft. (B) Airflow in the 1 August storm,
based on multiple Doppler, aircraft, surface, and rawinsonde measurements from the period
1630-1650 MDT. Winds are relative to the storm reflectivity core. The solid contours
represent updrafts of 2, 6, 10, 20, and 30 m s~!; and dashed contours represent downdrafts
of 2 m s™1. (from Kubesh et al., 1988)
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Figure 5.6: Doppler derived updraft velocity at 5.6 km MSL at 1630 MDT. (from Ras-
mussen and Heymsfield, 1987c)
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Figure 5.7: Horizontal wind vectors from the Doppler wind field at 5.6 km MSL, with the
1630 to 1650 MDT time averaged radar reflectivity superimposed. (from Rasmussen and

Heymsfield, 1987c)
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Figure 5.8: Simulated vertical velocities and reflectivity (contour interval, maximum) at
5.6 km MSL for the control run after 60 minutes of simulation time for (A) vertical ve-
locity (5 m s, 25 m s™!) and (B) reflectivity (5 dBZ, 60 dBZ) and wind vectors (max-
imum value 25 m s~1), and after 90 minutes of simulation time for (C) vertical velocity
(5m s7%, 21 m s7) and (D) reflectivity (5 dBZ, 65 dBZ) and wind vectors (maximum
value 21 m s71).
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observed field. The simulated vertical velocity fields also shows another updraft near the
northern section of the domain in response to the northern storm. At 60 minutes there are
also weaker updrafts south of the main updraft (15 m s™!) and west of the main updraft
(10 m s~1), however, these become incorporated into the main updraft by 90 minutes.
The observed reflectivity pattern and flow fields are shown in Fig. 5.7. Observed peak
reflectivities (60 dBZ) were found in and to the east of the updraft. Another feature of the
reflectivity pattern was a strong reflectivity gradient found on the western boundary of the
storm. At 60 minutes, the simulated reflectivity (Fig. 5.8b) has many small scale peaks
in the structure which are responding to the isolated peaks in the vertical velocity field
producing larger hydrometeors in these locations. Peak values are found near the western
boundary of the reflectivity core near an isolated updraft, and another one is found near
Y=185 km and X=-65 km which is forced by the weaker updraft to the south of the main
updraft. A broad region of reflectivities greater than 50 dBZ is co-located with the main
updraft near Y=195 km and X=-60 km. Another difference between the model results and
the observations is found on the northern boundary where strong reflectivity is produced
in response to the simulated northern storm.

By 90 minutes the reflectivity pattern (Fig. 5.8d) becomes more coherent and similar
to the observed structure. Peak reflectivities are near the main updraft with values up to
65 dBZ, and a strong reflectivity gradient is present on the western boundary, similar to
observations. The observed flow pattern showed prevailing westerly flow south of the storm
with more southwesterly flow northwest of the storm. A weak circulation was evident near
the updraft. The simulated flow field features mostly west to southwest flow outside of the
storm. The flow field at 60 minutes has a more southerly wind component northwest of the
main updraft. A disorganized circulation pattern is also evident near the main updraft.
The flow pattern is modified by the northern simulated storm which was not observed since
it was well north of this area at this time.

The T-28 aircraft observations are shown in Fig. 5.9. This figure shows FSSP, 2-D,
hail foil impactor, and hail sensor concentration measurements, as well as vertical velocities

as the aircraft traversed the updraft. A cross-section of some of the microphysical fields is
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Figure 5.9: Particle concentrations measured by the T-28: FSSP, particles from 3 to 45
pm; 2-D, 31 to 1000 pm; foil, 1 to 5 mm; hail sensor 4.5 to 50 mm. The vertical velocity
is also shown. (From Kubesh et al., 1988)




Figure 5.10: The control run fields of (A) hail mixing ratio (1 g kg™, 8 g kg™1), (B)
rain mixing ratio (0.4 g kg™, 4.2 g kg~!), (C) graupel mixing ratio (0.2 g kg =, 1.0 g
kg 1) and (D) aggregate mixing ratio (0.2 g kg~?, 0.6 g kg™!), (E) pristine ice crystal
mixing ratio (0.2 g kg 1, 1.4 g kg ~!) and (F) liquid water content (0.2 g m™3, 0.8 g
m~3). Contour intervals and maxima are shown in brackets. All fields are at 60 minutes
of simulation time.
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shown in Fig, 5.10. These fields are valid at 60 minutes simulation time. The hail mixing
ratio field shows a broad region of hail mass centered near 9 km MSL (peak values 8 g kg~1).
This hail peak is found in the updraft core and peripheral regions of the updraft which
was observed by the T-28 aircraft (Rasmussen and Heymsfield, 1987c). Both the observed
and simulated hail in the updraft experienced wet growth. Rain mixing ratios (Fig. 5.10b)
show 2 distinct peaks in the simulated results. One area is found near 5.5 km MSL with
a 4.2 g kg=! peak. Table 5.2 quantifies the sources for rain mass at this location at 60
minutes of simulation time. Most of these drops form by melting and shedding from the hail
category, which was observed to be prevalent at this level and was suggested by Rasmussen
and Heymsfield (1987c) to be a dominant source of hail embryos. The rain in this region
is also being generated by autoconversion of cloud droplets to rain and to a smaller degree
due to collection of cloud water by raindrops. The percentage of converted mass due to
collection by other ice categories such as pristine ice, snow, aggregates and graupel is low
since the model will most likely convert this mixed-phased mass to hail before converting

it completely to rain. The other peak near the surface (0.9 g kg~') has formed from a

Table 5.2: Conversion sources for rain at 5.5 km MSL

Conversion process percentage of mass transferred to rain
melting and shedding

autoconversion
rain collection of cloud droplets
rain collection of other categories | 1%

combination of melting and shedding of drops from the hail category which has fallen out in
the downdraft west of the main updraft. The graupel mixing ratio field (Fig. 5.10c) shows
a broad region of graupel mass above 5 km MSL with most of graupel mass east of the
main updraft (peak values 1.0 g kg=?). This eastern region of graupel mass is co-located
with an enhanced region of liquid water content (Fig. 5.10f) forced by the eastern periphery
of the updraft as shown in Fig. 5.5a. Graupel mass in and near the updraft is relatively
lower than its surrounding altitudes due to the large amounts of rain near 6 km MSL

which optimizes the transfer to hail due to collection. Pristine ice crystal and aggregate
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mass (Fig. 5.10 d,e) are confined to higher altitudes of the cloud making up most of the
mass in the anvil. Aggregation was observed by Heymsfield and Palmer (1986) to be very
active in the anvil of the cloud. Aggregates and snow crystals which exist in the anvil fall
into this higher liquid water region quickly converting to graupel. Predicted peak liquid
water contents (0.8 g m~3) are nearly half as much as observed values. Possible reasons
for this difference is that autoconversion from cloud to rain may have been overpredicted,
and hydrometeor collection of cloud water is too efficient in the model. Cloud top extends
to 14.5 km MSL which is slightly lower than the observed cloud top (15 km MSL).
Number concentrations and mean diameters of selected hydrometeor fields are shown
in Fig. 5.11. The number concentration of hail (D >5.0 mm) (Fig. 5.11a) shows that peak
values (14 m~3) are higher than the observed peak hail number concentrations of 3.0 m~3
(Kubesh et al., 1988). The mean hail diameter field in an assumed gamma distribution is
shown in Fig. 5.11b. This field shows most of the mean hail diameters are approximately
1.4 mm, with larger diameters at lower altitudes where peak mean diameters are over
2.0 mm. As is highlighted by Fig 5.11a, since the model assumes a gamma distribution
for hail, these mean diameters imply that larger hailstones even greater than 10 mm exist.
The rain number concentration field shows a distinct peak near the updraft at 6 km MSL.
Peak values of rain number concentration are close to 4 1=! due to a combination of
melting and shedding from hail and autoconversion from cloud droplets. Peak values of
rain concentration were observed to be 2 1=! near 5-6 km MSL. Elsewhere in the domain,
rain number concentrations are less than 0.1 1~!. The mean diameters of rain show values
are below 0.5 mm above 6 km MSL, but increase over lower altitudes with most values over
0.8 mm below 4 km MSL; observations showed rain diameters between 0.2 and 0.6 mm
above 4 km and larger drops greater than 1 mm were found below 4 km. Graupel number
concentrations (Fig. 5.11e) are mostly in the 1-6 1~! range and exist above 6 km MSL,
however, diameters in and near the updraft are 0.5 to 1.0 1-1. Observed peak values
of graupel were 1 1! near 6 km in and near the updraft. Pristine ice crystal number
concentrations (Fig. 5.11f) are predicted up to 54000 1~ at temperatures colder than

-40°C which may be over-predicted in the model. A very strong updraft is producing
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Figure 5.11: Simulated fields for the control run of (A) hail number concentration (2 m=3,
14 m~3), (B) hail mean diameter (0.3 mm, 2.1), (C) rain number concentration (0.417%,
4.0171) and (D) rain mean diameter (0.3 mm, 2.1 mm), (E) graupel number concentration
(1171, 6 17) and (F) pristine ice crystal number concentrations (9000 1-*, 54000 1-1).
Contour intervals and maxima are shown in brackets. All fields at 60 minutes of simulation
time.
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large amounts of cloud water and nearly saturated conditions above 9 km MSL. At these
altitudes, both homogeneous freezing of cloud water and haze particles are occurring. Since
the aerosol and cloud number concentrations are not predicted, a potentially large number
of ice crystals are produced, which is based on the fixed number concentrations of aerosols
and cloud droplets prescribed in the model. A solution to this potential problem would be

to predict the number concentrations of aerosols and cloud droplets.
5.2.3 SENSl-sensitivity to 1-moment prediction (D,, specified)

Results of the 1-moment simulation with D,, specified are discussed in this section.
This experiment predicts on one moment for each hydrometeor category (except 2-moments
for pristine ice crystals), and assumes a fixed mean diameter for each species. The mean
particle mass has a diameter of 0.1 cm for rain, snow, aggregates, and graupel, and 0.5 cm
for hail.

The evolution of the vertical velocities and total ice field (Fig. 5.12) is very similar
to the control run. The major difference is that the northern storm is slightly more north
than in the control run. A vertical cross-section of the vertical velocity field is shown in
Fig. 5.13. This figure shows only slight differences from the control run. The updraft is
slightly weaker (35 m s~ peak updraft) and not as wide as the control run. The simulated
vertical velocity and reflectivity fields at 5.6 km MSL are shown in Fig. 5.14. These vertical
velocity fields show a similar structure after 60 minutes of simulation time compared to
the control run, however, after 90 minutes of simulation time, the main updraft (15 m s~)
is slightly weaker than the control run and there exists two strong updrafts (greater than
15 m s~1) to the north. The reflectivity pattern shows some similarities to the control run,
but the major difference is that the area of reflectivity over 60 dBZ is much greater than the
control run. Also, peak values in SENS1 are over 80 dBZ which is much greater than the
control run (65 dBZ). This difference is due to the diameter dependence of reflectivity, and
in this 1-moment simulation a prescribed diameter of 0.5 cm is assumed which dominates
the reflectivity pattern.

The mixing ratios at 60 minutes of simulation time for SENS1 are shown in Fig. 5.15.

The hail mixing ratio shows a similar structure to the control run with slightly larger
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Figure 5.12: Simulated vertical velocities and total ice mixing ratios (contour interval,
maximum) at 9000 m AGL for SENS1 after 30 minutes of simulation time for (A) vertical
velocity (5 m s~*, 25 m s~1) and (B) total ice mixing ratio (1 g kg~1, 5 g kg~!), and after
60 minutes of simulation time for (C) vertical velocity (5 m s=?, 40 m s~!) and (D) total
ice mixing ratio (1 g kg~?, 8 g kg~1).
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Figure 5.13: A vertical cross-section through the center of the storm for SENS1 with
simulated vertical velocities (5 m s~1, 35 m s~!) with solid contours denoting positive
values and negative contours denoting negative values. Wind vectors are also included
with maximum vector of 35 m s~1.

peak values found near 8 km MSL. The peak is displaced about 1 km lower than the
control run in response to the larger hail particles in SENS1 which have larger fallspeeds.
The rain mixing ratio field shows peak values of 4.5 g kg~! found at 4-6 km MSL which
is slightly greater than the control run. No significant rain mass is found elsewhere in
this cross-section unlike the control run which has a secondary peak of rain found at the
surface west of the main updraft. Both graupel and aggregate mixing ratios have increased
at the expense of rain in this sensitivity run. Graupel mass is found to the east of the
main updraft, with peak values of 1.6 g kg~!. The graupel mass field is more widespread
and greater than the control run in response to the higher prescribed diameters used in
this simulation than is diagnosed in the control run (mostly between 0.4 and 0.7 mean
diameters). The aggregate mass field also extends to lower altitudes than the control run
with significant mass existing above 6 km MSL with peak values of 1.0 g kg~! which is
nearly twice as much as the control run. The pristine ice crystal mixing ratio field is

confined above 9 km MSL. Liquid water contents are similar to the control run.
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Figure 5.14: Simulated vertical velocities and reflectivity (contour interval, maximum)
at 5.6 km MSL for SENS1 after 60 minutes of simulation time for (A) vertical velocity
(5 m 571, 15 m s™7) and (B) reflectivity (5 dBZ, 80 dBZ) and wind vectors (maximum
value 24 m s~1), and after 90 minutes of simulation time for (C) vertical velocity (5 m
s71, 15 m s71) and (D) reflectivity (5 dBZ, 80 dBZ) and wind vectors (maximum value
20 m s71),
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Figure 5.15: Simulated fields for SENS1 of (A) hail mixing ratio (1 g kg~?, 8 g kg™?), (B)
rain mixing ratio (0.4 g kg2, 2.8 g kg™!), (C) graupel mixing ratio (0.2 g kg =, 1.6 g
kg ~1) and (D) aggregate mixing ratio (0.2 g kg™, 1.0 g kg™!), (E) pristine ice crystal
mixing ratio (0.2 g kg =1, 1.6 g kg ~!) and (F) liquid water content (0.2 g m~3, 0.9 g
m~3). Contour intervals and maxima are shown in brackets. All fields are at 60 minutes
of simulation time.
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5.2.4 SENS2-sensitivity to 1-moment prediction (N, specified)

In this experiment one moment of the distribution is predicted (except 2-moments for
pristine ice crystals) with Ny being specified. The prescribed Ny for each hydrometeor
species are 8 x 10 m~* for rain, 3 x 10® m~* for snow, 1.8 x 10 m~* for aggregates,
1.1 x 108 m~* for graupel and 4 x 10* m—* for hail.

The evolution of the vertical velocities aad total ice field (Fig. 5.16) is very similar
to the control run. The predicted vertical velocity field at 60 minutes of simulation time
(Fig. 5.16c) is slightly more elongated and weaker than the control run. A vertical cross-
section of the vertical velocity field is shown in Fig. 5.17. This figure shows some minor
differences from the control run. The updraft is slightly weaker (35 m s™! peak updraft)
and not as wide as the control run. The location of the peak updraft is near 8 km MSL
which is simulated lower than the control run. SENS2 also has stronger negative velocities
(15 m s~1) east of the main updraft at 11-12 km AGL.

The simulated vertical velocity and reflectivity fields at 5.6 km MSL are shown in
Fig. 5.18. These vertical velocity fields show a similar structure after 60 minutes. After
90 minutes of simulation time the vertical velocity field is similar in structure but slightly
stronger than the control run. The reflectivity pattern is very similar to the control run,
and contrary to the high reflectivities found ir SENS1, peak reflectivity values in SENS2
are near 65 dBZ. The areal coverage of reflectivity greater than 60 dBZ in SENS2 is greater
than the control run north of the main updraft. The microphysical fields at 60 minutes of
simulation time for SENS2 are shown in Fig. 5.19. The hail mixing ratio field shows that
the hail mass extends to lower levels than in the control run. Peak values of hail mass
are located near 8 km MSL which is nearly 1 km lower than the control run which may
be partly due to the lower location of the peax updraft (Fig. 5.17) and to the larger hail
mean diameters found above 5 km in SENS2 (Fig. 5.19¢). The rain mixing ratio shows
much less mass between 4 and 6 km MSL compared to the control run. With the larger
hail diameters found in SENS2, the hail category has a longer residence time and is slower
to melt completely than in the control run, and consequently is slower to convert to rain.

Graupel mixing ratio values are very small, with a region of 0.2 g kg~! found east of the
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Figure 5.16: Simulated vertical velocities and total ice mixing ratios (contour interval,
maximum) at 9000 m AGL for SENS2 after 30 minutes of simulation time for (A) vertical
velocity (5 m s™, 25 m s™!) and (B) total ice mixing ratio (1 g kg~?, 5 g kg~!), and after
60 minutes of simulation time for (C) vertical velocity (5 m s~, 40 m s™*) and (D) total
ice mixing ratio (1 g kg~?, 8 g kg™1).
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Figure 5.17: A horizontal cross-section through the center of the storm for SENS2 with
simulated vertical velocities (5 m s™!, 35 m s™!) with solid contours denoting positive
values and negative contours denoting negative values. Wind vectors are also included
with maximum vector of 35 m s~1.

main updraft. These results are contrary to the observations in which graupel precipitation
was quite active in the storm. Pristine ice crystal and aggregate mass (not shown) is very
similar to the control run. The liquid water content field extends over a wider area than
the control run with slightly less liquid water found in SENS2. The hail diameter field is
very different than the control run with peak values slightly larger (2.4 mm) than in the
control run. Largest hail mean diameters are found near 8 km MSL, with diameters less
than 1 mm below 4 km MSL over the eastern half of the domain. The rain mean diameter
field is also quite different than the control run and the observations, with peak values less

than 0.5 mm nearly four times less than the control run.
5.2.5 SENS3-sensitivity to collection

This sensitivity test examines the effect of modifying the mechanism of raindrop freez-

ing. As was noted in Section 2.6.5, ice collecting raindrops would most likely be converted
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Figure 5.18: Simulated vertical velocities and reflectivity (contour interval, maximum)
at 5.6 km MSL after 60 minutes of simulation time for SENS2 of (A) vertical velocity
(5 m s, 28 m s~!) and (B) reflectivity (5 dBZ, 60 dBZ) and wind vectors (maximum
value 24 m s~1), and after 90 minutes of simulation time for (C) vertical velocity (5 m
s71, 21 m s7!) and (D) reflectivity (5 dBZ, 65 dBZ) and wind vectors (maximum value
20 m s~1).
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Figure 5.19: Simulated fields for SENS2 of (A) hail mixing ratio (1 g kg™!, 8 g kg™?),
(B) rain mixing ratio (0.4 g kg™, 2.1 g kg™'), (C) graupel mixing ratio (0.2 g kg ~?,
0.2 g kg 1) and (D) liquid water content (0.2 g m~3, 0.8 g m~2), (E) hail mean diameter
(0.4 mm, 2.4 mm) and (F) rain mean diameter ((0.09 mm, 0.45 mm)). Contour intervals
and maxima are shown in brackets. All fields zre at 60 minutes of simulation time.
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to hail at sub-freezing temperatures in the model. As a sensitivity to this collection pro-
cess, this experiment examines the effect of changing the collection path of ice collecting
rain from hail (as in the other simulations) to graupel (in this experiment). One simulated
feature not represented well by the control run was the relatively high hail concentrations.
Even though the hail category is defined as a combination of all frozen drops and hail par-
ticles, there is a possibility that more frozen drops are converted to the hail category which
may increase hail concentrations. This sensitivity, therefore, defines the hail category as
being produced solely by the conversion of graupel to hail by collection of liquid water.
The vertical velocity and total ice fields at 9 km for SENS3 are shown in Fig. 5.20.
These fields exhibit little changes from the control run. A vertical cross-section of the simu-
lated vertical velocity field (60 minutes simulation time) is shown in Fig. 5.21. Comparison
to the control run shows that the peak updraft is slightly less (peak values 35 m s~! in
SENS3) and that the width of the updraft is much less than in SENS3. The orientation
of the simulated updraft is nearly vertical which was observed. Another weak updraft is
found near X=-68, between 7 and 10 km MSL, which is not simulated by the control run.
Areas of downdrafts occur in the simulation, between 10 and 12 km MSL east of the up-
draft, between 2—4 km MSL just east of the updraft, and west of the main updraft. These
downdraft regions were observed, but the magnitudes are much stronger than the control
run and the observations. The structure also picks up the downdraft to east of the main
updraft which splits the main updraft from a secondary updraft to the east, which was
observed (Fig. 5.5b). The simulated flow pattern also appears consistent with the control
run. The simulated vertical velocity and reflectivity fields at 5.6 km MSL for SENS3 after
60 minutes and 90 minutes are shown in Fig. 5.22. The simulated main updraft is very
similar to the control run structure (Fig. 5.6) at both simulation times. The simulated peak
updraft is 25 m s~! at 60 minutes (Fig. 5.22a) and 21 m s~! at 90 minutes (Fig. 5.22c)
which is slightly stronger than the control run. The orientation of the simulated updraft
is southwest/northeast at 60 minutes but rotates to a more west/east orientation by 90
minutes which is shown in the observed field. At 60 minutes, the simulated reflectivity

pattern (Fig. 5.22a) has many small scale peaks in the structure, which are co-located with
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Figure 5.20: Simulated vertical velocities and total ice mixing ratios (contour interval,
maximum) at 9000 m AGL for SENS3 after 30 minutes of simulation time for (A) vertical
velocity (5 m s~1, 25 m s~!) and (B) total ice mixing ratio (1 g kg~?, 5 g kg~?), and after
60 minutes of simulation time for (C) vertical velocity (5 m s, 40 m s™*) and (D) total
ice mixing ratio (1 g kg™?, 8 g kg™?).
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Figure 5.21: A horizontal cross-section through the center of the storm for SENS3 with
simulated vertical velocities (5 m s™%, 35 m s™!) with solid contours denoting positive
values and negative contours denoting negative values. Wind vectors are also included
with maximum vector of 35 m s~1.

isolated updrafts. Peak values are found near the western boundary of the reflectivity core
near an isolated updraft, and another one is found near Y=198 km and X=-58 km which
is co-located with the main updraft. By 90 minutes the reflectivity pattern (Fig. 5.22d)
becomes more coherent and similar to the control run. Peak reflectivities are near the main
updraft with peak values of 65 dBZ, and there exists a strong reflectivity gradient on the
western boundary which is found in the control run.

A vertical cross-section of certain microphysical fields at 60 minutes is shown in
Fig. 5.23. The hail mixing ratio field shows a broad region of hail mass centered over
8 km MSL (peak values 7 g kg~!). A secondary peak exists west of the main updraft
with a 2 g kg~! peak, which may be forced by a weaker updraft simulated in this region
(Fig. 5.21). The hail mixing ratio field is less widespread than the control run since rain-
water collected by ice hydrometeors is first converted to graupel instead of hail, unlike the

other simulations. The hail structure has also shifted to lower altitudes than in the control
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Figure 5.22: Simulated vertical velocities and reflectivity (contour interval, maximum)
at 5.6 km MSL after 60 minutes of simulation time for SENS3 of (A) vertical velocity
(5m s™?, 25 m s™) and (B) reflectivity (5 dBZ, 65 dBZ) and wind vectors (maximum
value 24 m s~1), and after 90 minutes of simulation time for (C) vertical velocity (5 m
. m s™1) and (D) reflectivity (5 dBZ, 65 dBZ) and wind vectors (maximum value
20m s™*).
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Figure 5.23: Simulated fields for SENS3 of (A) hail mixing ratio (1 g kg™, 7 g kg™!), (B)
rain mixing ratio (0.4 g kg™, 2.2 g kg™?), (C) graupel mixing ratio (0.2 g kg ~?, 1.6 g
kg ~') and (D) aggregate mixing ratio (0.2 g kg™!, 0.4 g kg™!), (E) pristine ice crystal
mixing ratio (0.2 g kg ~!, 1.0 g kg ~!) and (F) liquid water content (0.2 g m™3, 0.8 g
m~3). Contour intervals and maxima are shown in brackets. All fields are at 60 minutes
of simulation time.
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run due to the higher prescribed diameters and resultant higher fallspeeds of hail in SENS3.
Rain mixing ratios (Fig. 5.23b) show 3 distinct peaks in the simulated results. One area is
found near 5 km MSL with a 2.1 g kg™! peak, where most of these drops form by melting
and shedding from the hail category and from autoconversion of cloud droplets. The other
2 peaks near 3 km MSL (1.2 g kg™?) and near the surface (1.5 g kg™') have formed by a
combination of melting and shedding of drops from the hail and graupel categories. More
rain is being produced by melting graupel in this simulation since graupel exists at lower
altitudes than the control run. This structure is quite different from the control run with
more rain being collected between 4 and 6 km MSL by hail and graupel. More rain is
produced between 4 km and the surface due to melting of graupel and hail than in the
control run. The graupel mixing ratio field (Fig. 5.23c) shows a much broader region of
graupel mass above 5 km MSL than in the control run, with highest values of graupel mass
east of the main updraft (peak values 1.6 g kg~!). This eastern region of graupel mass is
co-located with an enhanced region of liquid water content (Fig. 5.23f) which is forced by
the secondary updraft as shown in Fig. 5.21. Unlike the control run, graupel also exists in
the updraft region. Graupel amounts are higher than in the control run due to the larger
diameters prescribed in SENS3 which allow the graupel particles to grow to larger sizes
before converting to hail. Aggregates and pristine ice crystal categories are quite similar
to the control run, except that ice crystal mass is less than the control run. Pristine ice
crystal mass is lower due to less mass reaching the anvil region of the cloud, due to much
larger conversion of mass to graupel in the middle troposphere.

Number concentrations and mean diameters of selected hydrometeor fields for SENS3
are shown in Fig. 5.11. The number concentration of hail (D >5.0 mm) (Fig. 5.24a) shows
that peak values are 14 m™3, which is still higher than observed values. The mean hail
diameter field in an assumed gamma distribution is shown in Fig. 5.24b. This field shows
that most of the mean hail diameters are approximately 1.2 mm, with larger diameters west
of the main updraft where peak mean diameters are over 2.0 mm. This result is surprising
since raindrop freezing being converted to hail instead of graupel was hypothesized as

a potential reason for the production of smaller hail particles and higher hail number
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Figure 5.24: Simulated fields for SENS3 of (A) hail number concentration (2 m~3, 141-1),
(B) hail mean diameter (0.3 mm, 2.4), (C) rain number concentration (0.4 171, 2.0 17%)
and (D) rain mean diameter (0.3 mm, 2.4 mm), (E) graupel number concentration (1172,
9 171) and (F) pristine ice crystal number concentrations (9000 1-1, 45000 1-*). Contour
intervals and maxima are shown in brackets. All fields at 60 minutes of simulation time.
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concentrations in the control run. The rain number concentration field shows a distinct
peak near the updraft at 5 km MSL. Peak values of rain number concentration are close
to 2 171, These peak values of rain concentration are less than the control run and rain
concentrations were observed to be 21~! near 5-6 km MSL. Elsewhere in the domain, rain
number concentrations are less than 0.1 17!, The mean diameters of rain show values are
below 0.8 mm above 4 km MSL, but increase over lower altitudes with most values over
1.0 mm below 4 km MSL which is slightly greater than the control run. Graupel number
concentrations (Fig. 5.24e) are mostly in the 1-9 1! range and exist predominantly above
6 km MSL, however, concentrations in and near the updraft are 0.5 to 1.0 1=1. These
values are slightly greater than the control run. Pristine ice crystal number concentrations
(Fig. 5.24f) are predicted up to 45000 1! near 10 km MSL which is less than the control
run due to a sink of available mass to graupel in the middle troposphere.

5.2.6 SENS4-sensitivity to all hydrometeors; v=3

This sensitivity examines the effect of changing the shape parameter of all hydromete-
ors. This effectively increases the mean diameter of each species as was shown by Fig. 2.1.
All other model parameters are similar to the control run. |

A horizontal cross-section of the vertical velocity and total ice fields at 9 km for SENS4
is shown in Fig. 5.25. The evolution of the storms at this altitude is very similar to the
control run. A vertical cross-section of the simulated vertical velocity field for SENS3 (60
minutes simulation time) is shown in Fig. 5.26. Comparison to the control run shows that
the peak updraft in SENS3 is slightly less (41 m s™') but overall, the structure is very
similar. The simulated fields for SENS4 after 60 minutes and 90 minutes are shown in
Fig. 5.27. The simulated main updraft is very similar to the control run at both simulation
times. The simulated peak updraft is 25 m s~! at 60 minutes (Fig. 5.27a) and 21 m s~1 at
90 minutes (Fig. 5.27c). The orientation of the simulated updraft is southwest/northeast
at 60 minutes but rotates to a more west/east orientation by 90 minutes like the control
run. The updraft at 90 minutes, however, extends farther northeastward than the control
run. The reflectivity pattern for SENS4 shows much higher reflectivities at both times
than in the control run. Most of the reflectivity is greater than 60 dBZ, with large regions
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Figure 5.25: Simulated vertical velocities and total ice mixing ratios (contour interval,
maximum) at 9000 m AGL for SENS4 after 30 minutes of simulation time for (A) vertical
velocity (5 m s, 25 m s~1) and (B) total ice mixing ratio (1 g kg™, 4 g kg™!), and after
60 minutes of simulation time for (C) vertical velocity (5 m s~?, 40 m s~!) and (D) total
ice mixing ratio (1 g kg~!, 5 g kg~1).
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Figure 5.26: A horizontal cross-section through the center of the storm for SENS4 with
simulated vertical velocities (5 m s=!, 41 m s~1) with solid contours denoting positive
values and negative contours denoting negative values. Wind vectors are also included
with maximum vector of 41 m s~1.

of over 80 dBZ at both times. These high reflectivities are due to the higher value of
v for each hydrometeor which effectively shifts the mean diameter of the distribution to
larger sizes. These reflectivities are much higher than observed values. A cross-section
of some of the microphysical fields for SENS4 is shown in Fig. 5.28. The hail mixing
ratio field is very similar to the control run, with a peak value of 8 g kg~! centered near
9 km MSL. Rain mixing ratios (Fig. 5.28b) are similar to the control run with peak values
near 4.0 g kg~!. No significant rain mass is found near the surface as in the control run.
The graupel mixing ratio field (Fig. 5.28c) shows only negligible amounts since most ice-
liquid collections result in conversion to the hail category. The aggregate mixing ratio field
is smaller than the control run with 0.4 g kg~! found in SENS4. Pristine ice crystals are
similar to the control run. The liquid water content field shows lower amounts than the
control run with 0.6 g m~2 found at 4 km MSL. These values are less than the control run

due to hydrometeor collection and autoconversion to rain.
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Figure 5.27: Simulated vertical velocities and reflectivity (contour interval, maximum)
at 5.6 km MSL for SENS4 after 60 minutes of simulation time for (A) vertical velocity
(5 m s™1, 25 m s™1) and (B) reflectivity (5 dBZ, 70 dBZ) and wind vectors (maximum
value 24 m s~!), and after 90 minutes of simulation time for (C) vertical velocity (5 m
s~1, 18 m 5™1) and (D) reflectivity (5 dBZ, 75 dBZ) and wind vectors (maximum value
20 m s~1).
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Figure 5.28: Simulated fields for SENS4 of (A) hail mixing ratio (1 g kg™, 8 g kg™?), (B)
rain mixing ratio (0.4 g kg~?, 4.0 g kg~?), (C) graupel mixing ratio (0.2 g kg~*, 0.0 g kg™?)
and (D) aggregate mixing ratio (0.2 g kg~2, 0.4 g kg~?), (E) pristine ice crystal mixing
ratio (0.2 g kg~?, 1.6 g kg~!) and (F) liquid water content (0.2 g m~3, 0.6 g m~3). Contour
intervals and maxima are shown in brackets. All fields are at 60 minutes of simulation time.
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Number concentrations and mean diameters of selected hydrometeor fields for SENS4
are shown in Fig. 5.29. The number concentration of hail (D >5.0 mm) (Fig. 5.29a) shows
peak values of 16 m~3, which are greater than in the control run. The mean hail diameter
field in an assumed gamma distribution is shown in Fig. 5.29b. This field shows that most
of the mean hail diameters are much larger than the control run with peak values of 6 mm
found near the surface, which is due to the higher value of v for hail. The rain number
concentration field shows values of less than 0.2 1=! over the domain. The mean diameter
of rain field shows values that are below 1.5 mm where the small rain mass is located,
which is much greater than the control run at this altitude due to larger v values for rain.
Graupel number concentrations (Fig. 5.29e) are negligible. Pristine ice crystal number
concentrations (Fig. 5.29f) are predicted up to 54000 1~! which is similar to the control

run.
5.2.7 SENSS5-sensitivity to v=3 for hail only

This sensitivity test examines the role of the shape parameter on the hail distribution,
while all other species have a ¥ = 1. Increasing the » of hail should produce larger hail
particles, and possibly lower number concentrations which were not handled well in the
control run.

The vertical velocity field and total ice field at 9 km for SENS5 are shown in Fig. 5.30.
The evolution of the storm at this altitude is very similar to the control run. A vertical
cross-section of the simulated vertical velocity and flow fields for SENS5 (60 minutes simu-
lation time) is shown in Fig. 5.31. The peak velocities in the updraft (37 m s~ in SENS5)
and the width of the updraft are less in SENS5 than in the control run. The other basic
features are quite similar to the control run. The simulated vertical velocity and reflectivity
fields at 5.6 km MSL for SENS5 after 60 minutes and 90 minutes are shown in Fig. 5.32.
The simulated vertical velocity fields at both times are nearly identical to the control run.
The reflectivity fields for SENS5 are also quite similar to the control run. Some differences
between the two simulations are that the peak reflectivities are nearly 5 dBZ higher in
SENS5 and the area of greater than 60 dBZ is greater in SENS5 than in the control run.
These increases are due to the higher value of v for hail in SENS5. A cross-section of
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Figure 5.29: Simulated fields for SENS4 of (A) hail number concentration (2 m~3, 16
m™3), (B) hail mean diameter (0.3 mm, 6.0 mm), (C) rain number concentration (0.417%,
less than 0.4 1~!) and (D) rain mean diameter (0.3 mm, 1.6 mm), (E) graupel number

concentration (1171, 01-1) and (F) pristine ice crystal number concentrations (9000 1=,

72000 1~1). Contour intervals and maxima are shown in brackets. All fields at 60 minutes
of simulation time.
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Figure 5.30: Simulated vertical velocities and total ice mixing ratios (contour interval,
maximum) at 9000 m AGL for SENS5 after 30 minutes of simulation time for (A) vertical
velocity (5 m s~1, 25 m s~1) and (B) total ice mixing ratio (1 g kg~?, 5 g kg~?), and after
60 minutes of simulation time for (C) vertical velocity (5 m s~!, 40 m s~!) and (D) total
ice mixing ratio (1 g kg™?, 8 g kg~1).




140

12.0

o\

(km)

z

l

P

[ I B B

LA llllﬂ]jl[lﬁl]l I 3 A T T R S

(S]
O F
o4
n

% (km)

Figure 5.31: A horizontal cross-section through the center of the storm for SENS5 with
simulated vertical velocities (5 m s~!, 37 m s~!) with solid contours denoting positive
values and negative contours denoting negative values. Wind vectors are also included
with maximum vector of 37 m s~1.

some of the microphysical fields for SENS5 is shown in Fig. 5.33. These fields are valid
for 60 minutes simulation time. The hail mixing ratio field shows a broad region of hail
mass centered over 9 km MSL (peak values 8 g kg~?). A secondary peak exists west of
the main updraft with a 1 g kg~! peak. The overall structure of the hail mixing ratio field
is very similar to the control run with slightly less hail mass found in SENS5. The rain
mixing ratio field (Fig. 5.33b) shows only one peak near 5 km MSL (1.6 g kg~!). The other
peak found near the surface (1.6 g kg™!) in the control run is not predicted in SENSS5.
Peak rain mixing ratios are much less than the control run. The graupel mixing ratio field
(Fig. 5.33c) shows a broader region of graupel mass above 4 km MSL than in the control
run, with much higher values of graupel mass found in SENS5, which have grown at the
expense of the rain category. Aggregate and pristine ice mixing ratios are slightly greater
than the control run. The liquid water content field in SENSS5 is similar to the control run.

Number concentrations and mean diameters of selected hydrometeor fields for SENS5

are shown in Fig. 5.34. The number concentration of hail (D >5.0 mm) (Fig. 5.34a) shows
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Figure 5.32: Simulated vertical velocities and reflectivity (contour interval, maximum)
at 5.6 km MSL for SENS5 after 60 minutes of simulation time for (A) vertical velocity
(5 m s, 25 m s™!) and (B) reflectivity (5 dBZ, 65 dBZ) and wind vectors (maximum
value 24 m s~1), and after 90 minutes of simulation time for (C) vertical velocity (5 m
s71, 15 m s™1) and (D) reflectivity (5 dBZ, 70 dBZ) and wind vectors (maximum value
20 m s™1).




142

L
Iy rrrrr T T T T T T T

Figure 5.33: Simulated fields for SENS5 of (A) hail mixing ratio (1 g kg~?, 7 g kg™?), (B)
rain mixing ratio (0.4 g kg~?, 1.5 g kg™!), (C) graupel mixing ratio (0.2 g kg =, 1.6 g
kg ~1) and (D) aggregate mixing ratio (0.2 g kg%, 0.6 g kg~!), (E) pristine ice crystal
mixing ratio (0.2 g kg ~, 1.6 g kg ) and (F) liquid water content (0.2 g m~3, 0.8 g
m~3). Contour intervals and maxima are shown in brackets. All fields are at 60 minutes
of simulation time.
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Figure 5.34: Simulated fields for SENS5 of (A) hail number concentration (2 m~3, 12 m=3),
(B) hail mean diameter (0.3 mm, 6.0), (C) rain number concentration (0.4 17?, 2.0 1)
and (D) rain mean diameter (0.3 mm, 0.8 mm), (E) graupel number concentration (117,
101-1) and (F) pristine ice crystal number concentrations (9000 1-%, 63000 1~*). Contour
intervals and maxima are shown in brackets. All fields at 60 minutes of simulation time.
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peak values of 12 m~3, which is less than the control run, but still higher than observed
values. The mean hail diameter field in an assumed gamma distribution is shown in
Fig. 5.34b. This field shows that the mean hail diameters are much larger than the control
run with peak values of 6 mm found near the surface. Mean hail diameters above 6 km MSL
are near 2 mm, which is near the location of higher hail number concentrations. The rain
number concentration field shows values of 2.0 1=! which is similar to the observed values.
The mean diameters of rain show values are between 0.5 and 0.8 mm which is slightly
less than the control run. Graupel number concentrations (Fig. 5.34e) are mostly from
1-6 1~ similar to the control run. Pristine ice crystal number concentrations (Fig. 5.34f)
are predicted up to 63000 1= which is slightly higher than in the control run due to more
moisture reaching the anvil region of the cloud in SENSS5.

5.3 Discussion

A strong convective storm that occurred during the CCOPE field project on 1 August
1981 has been numerically investigated with RAMS. The convection was artificially initi-
ated with a warm bubble in a horizontally homogeneous initialization. Five simulations
were performed: a control run which included the new 2-moment hydrometeor prediction
scheme; a 1-moment sensitivity run; a sensitivity run which examined the effect of hy-
drometeor collection of rain; and sensitivity tests which modified the shape parameter of
each hydrometeor (v = 3); and for hail (v = 3) only. Each of these simulations exhibited
a splitting updraft which developed after 30 minutes of simulation time, and quasi-steady
characteristics existed from 60 to 90 minutes of simulation time.

The control run reproduced many features of the observations. The simulated
strength, orientation, and width of the updraft compared well to the observations. Sim-
ulated peak updrafts were 43 m s~! which was close to the observed peak updraft of
47 m s~!. The simulated updraft also reproduced the width and the vertical orientation
of the updraft from the observations. The simulated storm generated a weak circulation
pattern at 5.6 km which was similar to the observations. The reflectivity structure was

well reproduced by the model, with peak reflectivities and a strong gradient on the western




145

edge, both similar to the observations. Some small scale variations in the vertical velocity
and reflectivity fields were found in the model results which were not found in the observed
fields. The northern storm modified kinematic and microphysical structure on the north-
ern border of the domain and this storm was actually observed to be well north of the
simulated location.

The microphysical structure of the storm was compared to T-28 aircraft data, which
traversed the updraft between 5 and 7 km during a steady state time period of the storm.
The predicted and observed hail mass was found in and near the updraft with maximum
simulated values near 8 km MSL. Rain mass was simulated to be primarily produced by
melting and shedding between 4 and 6 km MSL which was suggested by Rasmussen and
Heymsfield (1987c) to be a primary source of hail embryos. Another source of rain was due
to autoconversion from cloud droplets which may have been overpredicted by the model
and rain rain collection of cloud water. These processes represented potential sinks of the
liquid water field. Pristine ice crystal, aggregate, and graupel hydrometeors were predicted
at higher altitudes and were a possible source for hail categories as these crystals grew and
collected liquid water which resulted in conversion to hail. Liquid water content predicted
by the model was nearly half of observed values. This discrepancy may be due to fact
that hydrometeor collection of cloud water is too efficient in the model. Ice production
mechanisms are quite efficient at these temperatures, and in the presence of high ice mass,
depletion of cloud water by collection is enhanced. Also, autoconversion of cloud water
may have been overpredicted by the model. This process may have decreased liquid water
values in the region of the updraft.

In a two-moment framework, examination of hydrometeor concentrations and mean
diameters are permitted, and the model results were encouraging. Hail number concentra-
tions for diameters greater than 5 mm were simulated to be 14 m~3, however these values
were greater than peak values of observed hail number concentrations (3 m=2). These rel-
atively high hail number concentration provided some of the impetus for sensitivity testing
of the hydrometeor collection and the shape parameter of the hydrometeor distribution.

Hail mean diameters in an assumed gamma distribution were mostly around 1.2 mm with
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mean diameters of 2 mm near the surface. The rain number concentrations were 4 1~?
which was close to the observed values of 2 1. Raindrop mean diameters were primar-
ily less than 0.8 mm above 4 km MSL which was observed, and values increased to near
1.4 mm near the surface. Graupel concentrations were 1 to 6 1! outside of the updraft
core which was slightly greater than aircraft measurements, however, graupel concentra-
tions were less than 11~! in and near the updraft, similar to the observations. Aggregation
was also evident in the anvil region of the cloud, similar to the observations. Pristine ice
concentrations were predicted up to 54000 1-! which may be over-predicted in the model.
A very strong updraft produced large amounts of cloud water and nearly saturated condi-
tions above 9 km MSL. At these altitudes, both homogeneous freezing of cloud water and
haze particles are occurring. Since the aerosol and cloud number concentrations are not
predicted, a potentially large number of ice crystals are produced, which is based on the
fixed number concentrations of aerosols and cloud droplets prescribed in the model. Plans
are currently underway to predict the number concentrations of aerosols and cloud droplets
in RAMS. Cloud top height was 14.5 km which was 0.5 km less than the observations.

Peak precipitation rates for each of the experiments are shown in Table 5.3. Since the
storm relative winds were subtracted out of the mean winds, verification of precipitation
rates to the observed values would be fortuitous. However, the amount of ice and liquid
precipitation can be determined from this table. Peak precipitation amounts for the control
run were 15 mm h~!, with most of the precipitation falling as rain. Peak hail amounts fell
earlier in the simulation. These results are consistent with Crow et al. (1976) which found
that only a small percentage of the total precipitation (4%) from High Plains thunderstorms
fell as hail.

The sensitivity of predicting one-moment of the-d.istribution for each hydrometeor
while specifying the mean diameter exhibited a slight weakening in the strength of the
updraft compared to the control run. A major difference was noted in the reflectivity
fields which were unrealistically high (80 dBZ) in some regions. These high reflectivities
were a result of the larger prescribed hydrometeor diameters in the one-moment simulation.

With larger prescribed diameters, more mass was predicted in the aggregate, graupel and
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Table 5.3: Precipitation rates (mm h~!) for CCOPE experiments

| Experiment I all categories I rain only | hail only |

Control run | 15 15 9
SENS1 15 3.8 15
SENS2 15 8 10
SENS3 15 15 9
SENS4 14 2.5 12
SENS5 12 2 10

hail categories at the expense of rain. This feature resulted from higher collection kernels
for these hydrometeors which depleted liquid water more rapidly than the control run.
Precipitation rates for this simulation (Table 5.3) fell primarily as hail with only small
amounts of rain precipitation predicted. The precipitation rates for hail are much higher
due to the larger prescribed hail diameters.

In the sensitivity of predicting one-moment of the distribution for each hydrometeor
while specifying Ny also generated a weaker updraft than in the control run as seen in
SENS1. By prescribing Ny the hail mean diameters were not fixed and the resultant
reflectivity pattern was better simulated. However, other microphysical parameters such
as graupel mass and rain diameters did not compare well with the observations, possibly
due to variations in the Njp in the storm. Liquid water contents were still lower than
observed similar to the control run. SENS2 produced more rain precipitation than in
SENS1, however, a greater percentage of the precipitation still fell as hail, which was not
observed.

The sensitivity experiment of changing the production of raindrops interacting with
ice particles from hail to graupel resulted in some modifications of the updraft structure.
The main updraft was weaker and narrower than the updraft in the control run. A more
pronounced downdraft was also located below 6 km MSL east of the main updraft. This
downdraft resulted due to more precipitation occurring in this region. More graupel and
hail existed at lower altitudes producing much more rain due to melting and shedding east
of the updraft. Surprisingly, hail concentrations greater than 5 mm were unaffected by
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this change in the collection formulation. Precipitation rates and precipitation type (Table
5.3) were the same as the control run.

The sensitivity of making »=3 for all hydrometeors had little effect on the kinematic
fields and the updraft was nearly as strong as the updraft in the control run. Reflectivity
measurements were dramatically different than the control run. Large regions of 60 dBZ
were found at 5.6 km, and peak values were 80 dBZ, more than 15 dBZ greater than the
control run. With larger mean diameters found in this sensitivity experiment due to the
increased v, reflectivities were increased. The mixing ratio fields were similar to the control
run with the exception of the graupel category, which only showed negligible amounts due
to efficient conversion to hail due to collection of liquid water. Peak hail concentrations
for diameters greater than 5 mm were 16 m~3, which was greater than values predicted in
the control run. Hail mean diameters were much greater than the control run with values
greater than 6 mm. Rain number concentrations were much smaller than the control run
due to hydrometeor collection of the smaller raindrops. Precipitation rates (Table 5.3)
for this simulation were slightly less than the control run, but were dominated by the
hail precipitation due to the increased v for hail, even though the v value for the other
categories was increased.

The sensitivity of making =3 for hail generated little effect on the kinematic fields
with the exception that the updraft was slightly weaker in the control run. Reflectivity
measurements were spatially similar to the control run, however, values were nearly 5 dBZ
higher in the sensitivity experiment, possibly due to the increase » for hail. The microphys-
ical fields showed a dramatic increase in the graupel mass which occurred at the expense
of the rain category which was much lower than the control run. Hail concentrations were
unaffected by the change in v but hail mean diameters near the surface were dramatically
higher with peak values near 6 mm. Hail diameters at higher altitudes, where high hail
concentrations were found, were less than 2 mm. Precipitation rates for this simulation
are slightly less than the control run but with a higher v for hail, more hail precipitation
is predicted.




Chapter 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

6.1 Summary of research results

A two-moment hydrometeor prediction scheme has been implemented into RAMS.
This development includes physics based on the most recent observations and parameter-
izations. The scheme predicts the mixing ratio and number concentration of rain, pristine
ice crystals, snow, aggregates, graupel, and hail. Some added features of this new micro-

physical scheme include:

e the use of a generalized gamma size-spectrum where the v parameter can be pre-

scribed by the user as opposed to a fixed Marshall Palmer spectrum

o the introduction of ice-liquid mixed phase graupel and hail categories categories with

non-thermal equilibrium for the rain, graupel and hail classes
¢ new heterogeneous and homogeneous ice nucleation parameterizations

¢ approximate solutions to the stochastic collection equation rather than the continuous

accretion model approach
e breakup of rain droplets is formulated into the collection efficiency

e analytical flux equations predict mixing ratio and number concentration conversion
from pristine ice crystals to snow due to deposition and vice-versa due to sublimation

(no riming of the pristine ice category)
e predictive equations for ice nuclei (IN)

e crystal habit is diagnosed dependent on temperature and saturation
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e evaporation and melting of each species assumes that the smallest particles com-

pletely disappear first

¢ more complex shedding formulations which take into account the amount of water

mass on the coalesced hydrometeor.

Preliminary tests in an idealized convective environment as discussed in Chapter 3,
showed that the two-moment prediction scheme allowed more freedom on the size distri-
bution by predicting on both the mixing ratios and concentrations of each hydrometeor
distribution. This freedom allowed the size spectra to evolve more realistically than in a
one-moment scheme. One of the unique problems of predicting both the number concentra-
tion and mixing ratio of a hydrometeor is that diagnosed diameters could be unrealistically
small or large. A diameter bounds check is therefore needed to keep the distributions real-
istic. A diagnosis was performed on these idealized convective simulations and it was found
that these limits were exceeded less than 5% of the time, which is acceptable. The bounds
were usually exceeded in large gradient regions of the cloud where mixing ratios were low,
and evaporation was taking place. The simulations also showed that the model is very sen-
sitive to some of the input parameters, which are prescribed by the user. Parameters such
as the cloud droplet number concentration and the shape parameter v of the distribution
can significantly impact the model results, and therefore need to be observed and under-
stood, especially for modeling purposes. The computational costs of predicting on the
additional moment is not excessive, being nearly 15% greater than with the one-moment
scheme. Moreover, the code is currently being optimized to make it more efficient.

Model verification was performed on two separate case studies which exercised the
model in both a wintertime and summertime deep-convective environment. The winter-
time case was a shallow, post-frontal upslope case over the High Plains of Colorado that
occurred during the WISP field project on 28-29 January 1991. Comparisons between
2-moment scheme and the 1-moment scheme showed general agreement in the overall kine-
matic structure. Total precipitation for both simulations was under-predicted by up to a
factor of 3 near the foothills. The microphysical structure, however, of both simulations
differed. In the two-moment simulation, the diameters of each hydrometeor were allowed
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to evolve depending on the environmental conditions, which was especially evident in the
aggregate diameter field. Simulated and observed aggregate mean diameters were much
larger immediately behind the front, and the sizes decreased farther north behind the front.
In the 1-moment scheme, the diameter is held fixed which is an unrealistic constraint and
does not allow variations of the hydrometeor spectra. Another difference between the two
schemes is the evolution of precipitation processes. Both simulations produced significant
cloud water near the surface. This liquid mass was an important source of growth for
snow, aggregates and graupel, however, the hydrometeor evolution due to this growth was
different for both simulations. In the 2-moment scheme the snow crystals were predicted
to be much smaller than the prescribed 0.5 mm mean diameters in the 1-moment simu-
lations, which enabled more graupel mass to be produced in the 2-moment scheme. This
result is contrary to the 1-moment scheme, in which the larger snow crystals were more
readily converted to aggregates instead of graupel. Both aggregates and graupel were pre-
dicted by both schemes, and both species were observed. However, since the two-moment
scheme predicted the sizes of aggregates and graupel to be similar to the observations, the
two-moment simulation handled the observed microphysical evolution more realistically.
The summertime case that was numerically investigated was a strong convective storm
that occurred during the CCOPE field project on 1 August 1981. The convection in this
simulation was initiated with a warm bubble and a horizontally homogeneous initialization
was employed. The control run simulated the strength, orientation, and width of the
updraft quite well. Some small scale features in the vertical velocity field, however, were
produced which were not seen in the observations. Also, the simulation moved the northern
storm too slowly out of the domain. Peak reflectivities were simulated close to the observed
values with a strong reflectivity gradient on the western edge of the storm reproduced
in the simulation. Comparisons to aircraft measurements showed that the qualitative
microphysical structure produced by the simulations compared well to the observations:
hail mass was found in and near the updraft, shedding was predicted to be a dominant
source of rain between 4 to 6 km, aggregation processes were active in the anvil, and cloud
top height was 14.5 km which was 0.5 km less than the observations. Some features not
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handled as well in the simulation were that hail number concentrations were over-predicted
by a factor of 4, and liquid water content was under-predicted by 50%. Precipitation
analysis of the simulation showed that most of the precipitation fell as rain, while significant
hail precipitation occurred earlier in the simulation.

Two sensitivity experiments using the one-moment scheme (with D,, or Np specified)
showed somewhat similar kinematic structure as the control run, however, magnitudes of
the updraft were slightly weaker in the both one-moment runs. The one-moment runs
produced more ice mass at the expense of rain. However, these results are forced by the
constraints of the user-prescribed parameters, rather than allowed to evolve more realis-
tically as in the control run. In both 1-moment runs the diameters for each hydrometeor
species above the freezing level were larger than those diagnosed in the two-moment scheme.
These larger diameters resulted in a larger collection kernel of each ice category which de-
pleted more rain mass than in the control run. Consequently, the ratio of hail precipitation
relative to rain was over—predicted in the one-moment runs. With a one-moment scheme,
the user is forced to speculate what is the typical mean diameter or slope intercept of each
hydrometeor. Also, if there are measurements available for a given environment, the mea-
surements that are made in one region of the storm may not be characteristic of another
region. Therefore, a compromise must be made by the user in a one-moment framework.

The second sensitivity test examined the importance of converting raindrops which
freeze due to collection by ice, into graupel rather than hail as was done for the other
simulations. The impetus for this experiment was due to the concern that too much small
ice mass was being converted to the hail category, producing relatively small mean diam-
eters of hail and relatively high hail number concentrations. The sensitivity experiment,
however, had little effect on the microphysical structure of the simulated storm. As in
the idealized convective simulations from Chapter 3, the model was very sensitive to the
shape of the distribution. With » = 3 for all hydrometeors, the microphysical structure
was drastically modified. The collection kernel for each hydrometeor was enhanced, which
eventually led to more hail production at the expense of the other ice species. In the sensi-

tivity test in which v was only increased for hail from 1 to 3, the results were very similar
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to the control run. However, more graupel was produced since more ice mass was injected
into the anvil, which was a source for graupel formation away from the main updraft. The
total precipitation rates were very similar for each experiment except for a decrease noted
in the sensitivity to v of hail. Unlike the control run, the one-moment simulation and the
sensitivity experiments to v predicted most of the precipitation to be in the form of hail,
due to the larger hail diameters in these experiments.

In summary, the new two-moment microphysical scheme was tested in both a winter-
time and summertime environment. The two-moment scheme allowed the hydrometeors to
evolve without a fixed diameter constraint, and for the most part, predicted the microphys-
ical structure better than the one-moment scheme. The two-moment scheme also allowed
for verification of more observable parameters such as reflectivity and crystal diameters,

and these predicted fields compared favorably to the observed features.

6.2 Future research topics

The modeling results indicated some of the problems with not predicting on the aerosol
and cloud droplet spectra. First, prediction of aerosols and cloud condensation nuclei
(CCN) would allow for a more realistic prediction of the cloud droplet spectra. This
prediction would impact warm rain autoconversion processes and collection of cloud water.
Another implication for predicting on the aerosol and CCN populations would be with the
homogeneous nucleation of cloud water and haze particles. Currently, this parameterization
assumes fixed concentrations of cloud droplets and haze particles which may lead to over-
prediction of pristine ice crystals produced by homogeneous freezing mechanisms. Since
there is, in essence, a sustained supply of these freezing sites. A more explicit prediction
of their concentrations should allow a more realistic simulation.

Since two moments are predicted in the new scheme, it provides the capability for
remote sensing comparisons by the model. Currently, multi-parameter algorithms are being
developed (personal communication, V. Bringi) which will be implemented in RAMS. Also,
a more detailed test of the microphysical scheme would be to develop diagnostic tendency

algorithms to examine sources and sinks of each conversion process.




154

It would be desirable to test a MCS in a cloud resolving simulation. The one-moment
scheme would be expected to have difficulty simulating both the deep convective regions
and the stratiform-anvil region with the same user-specified parameters. Finally, these
simulations showed the sensitivity of the model to the shape () of each hydrometeor dis-
tribution. The shape of the size distribution, however, is not easily applied by modelers
since these measurements are not typically conducted for various types of weather phe-
nomena. More recent field projects such as WISP and FIRE, have specifically looked at
the size distribution where the breadth of the distribution can be inferred, but many more
measurements are needed. There is also a need to test the effects of varying » in a variety

of environments and storms.




Appendix A
REFLECTIVITY CALCULATIONS
Using (2.6), the reflectivity or the 6th moment of the distribution can be solved as

———(mm®m™3). (A.1)

For one-moment calculations where D, is specified, N; was diagnosed from the predicted

mixing ratio. In the case when Ny was specified, D,, was defined as

D, = (2o, (A2)

PaT
and N; is diagnosed from D,, and Nj.
For ice-phased particles the above value for Z must be multiplied by a dialectric

constant adjustment which is parameterized by

| K [2(ice)

(| K (ligui d)) p?/4.335, (A.3)

where p is in g cm™3. In the case of mixed-phased graupel or hail particles, a mixed-phase

dielectric constant is assumed.
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