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Abstract. A study of the evolution of raindrop spectra DSD is observed as the drops fall through the atmospheric
(raindrop size distribution, DSD) between cloud base andcolumn (List et al., 1987; Tzivion et al., 1989; List and Mc-
the ground surface was conducted using a column model oFarquhar, 1990; Hu and Srivastava, 1995). The specific re-
stochastic coalescense-breakup dynamics. Numerical resultearch goal is to establish a model that predicts the evolu-
show that, under steady-state boundary conditions (i.e. contion of the rainfall microstructure for a simple configuration
stant rainfall rate and DSD at the top of the rainshaft), thedescribing coalescence-breakup dynamics below cloud base.
equilibrium DSD is achieved only for high rain rates pro- More broadly, this work is a first step toward a simulation
duced by midlevel or higher clouds and after long simulationof the evolution of rainfall microstructure in warm rain with
times ¢ 30 min or greater). Because these conditions are notletailed microphysics in complex weather prediction mod-
typical of most rainfall, the results suggest that the theoreticakls, and to achieve a dynamic simulation of DSD that will be
equilibrium DSD might not be attainable for the duration of used for physical algorithms in radar rainfall estimation.
individual rain events, and thus DSD observations from field

experiments should be analyzed conditional on the specific

storm environment under which they were obtained. 2 Model description

2.1 Discretization of the general Stochastic Collec-
tion/Stochastic Breakup Equation

1 Introduction

A full description of the box-model is provided by Prat and
The evolution of rainfall microstructure in the presence of Barros (2007). We present here only a summary of the key
combined coalescence, breakup, accretion, evaporation, ammmponents for the rainshaft implementation. The general
condensation mechanisms has been the object of extensigoverning equation for the rate of change of the number con-
research over the past 40 years (Testik and Barros, 2007%entrationn (v, z, t) of drops with volume between and
The ability to simulate the rain drop size distribution (DSD) v+dv in a vertical rainshaft in the presence of coalescence
in the natural environment is key for studying precipita- and breakup is given by the following general equation:
tion processes generally, and to validate microphysical P&, h s
rameterizations in numerical models. In this work, a col- ~— a7~ T az [P (.20 V0, 9] =S,z 1)
umn model of the stochastic equation describing the evo-=1 ["n@w — v, 1) n(v, 1) Cv — v/, v') dv’

=3Jo
lution of raindrop spectra through a rainshaft has been de- )

veloped. Previously, Prat and Barros (2007) tested sev-_n(v’t) Jo n@'.n Co,v) dv
eral coalescence/breakup kernels for a single box model int3 [o~ 7,0 dv' [¢°n@", 1) BQW,v") P(v,v/,v") dv”
which the spatial homogeneity of the DSD is assumed, and_,(y, 1) [&n (V1) v B, v) dv'

the evolution of the DSD is tracked over time. The single

box model is extended in this study to a homogeneous one= 2 (V&) F 2.2+ I3 (v. 2. )+ Iav. 2.1)

dimensional rainshaft model in which the evolution of the

@)

The first term on the left hand side of (Eq. 1) represents the
Correspondence toA. P. Barros temporal evolution of the droplet number density, z, 7)
(barros@duke.edu) between volume (i.e. mass) interuahndv+dv, at location
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z and timer. The second term represents the fall of a drop atand
a velocity V (v, z, t). The source tern§(v, z, t) on the right
hand side describes the coalescence-breakup dynamics. The/=C¢ (i xj)=K (¥, %7) Eccoay (xi, %)) =Kij-Ecoaij  (5)
coalescence of droplets is described by tefingate of cre-
ation of droplet of volume due to the coalescence of smaller B; j = B(xi,x;) = K (xi, x;) .Erkp (i, xj) = Ki.j. (1 — Ecoai,j)
drops), and; (rate of disappearance of droplet of volume (6)
due to coalescence with other drops of voluie The col-
lisional breakup mechanism is described by tetmgrate ~ Where Ecoa)(x;, x;) is the coalescence efficiency and
of creation of drop of volume resulting from a collisional K (x;, x;) is the gravitational collection kernel:
breakup event involving two drops of voluméandv”), and s 3 1\ 2
14 (rate of disappearance of drops of volum@wolved ina ~ K;; = [97/16] 3, (xi/ + x/) Vi — Vv )
collisional breakup event with other drops). Ter6, v’),
B(v,v'), andP (v, v/, v") are respectively the collection ker- The termsy and«; ; x are derived from the selected dis-
nel, the breakup kernel and the fragment distribution functioncretization method. The term can be seen as the contri-
by collisional breakup involving two drops of voluméand  bution to droplet population located at ti#h size interval
v” for a resulting droplet of volume. due to the coalescence of two droplets of sizeand.xy, re-

In the rainshaft model, we assume homogeneity with re-spectively, and the termy ; xcan be seen as the contribution
gard to the heightz) for the fall velocity of drops of volume  to the droplet population located at tih size interval due to
v V (v,z)=V (v). Finally, the term describing the fall of the collisional breakup of two droplets of sizg andxy, re-

drops through the atmospheric column is reduced to: spectively. For the selected discretization scheme internally
5 5 consistent with respect to the drop number dengify)(and
a2 [n(v,z,0) V(v,2)] = V() - [n (v, 2z, 1)] 2) drop mass concentratioM), n is equal to :
Z Z
Xi4+1— 0 .
The source term is discretized using a fixed pivot techniquel = s f Xi SV =Xi41

(Kumar and Ramkrishna, 1996) that allows the discrete equa- T4l — X

tion to be internally consistent with two selected integraland 5 =

properties of the DSD. More details concerning the inter-

mediate step for the discretization of the source term in theandx; ; «is given by :

general Stochastic Collection/Stochastic Breakup Equation it

(SC/SBE) can be found in Kumar and Ramkrishna (1996),61._].’1{ - / 7Y by, xj, xp)dv

for the coalescence part of the equation, and Prat and Barros X X4l — X

(2007) for the extension to collisional breakup. Finally, the +/xi V—Xi_1
Xi-1

vV—Xi_1 .
——— if x1<v=<x (8)
Xi —Xi—1

integration of Eq. (1) over th&h discrete interval is given by P, xj, xi)dv ©

(Prat and Barros, 2007) :

1 X T Xi-1

ANt ANt Finally, the average number density of droplets for itie
Lel 4V ;,j’ =Si(z,1) size category (between diametgrandd; 1 in cm) by size
interval [cnm3 cm~1] is given by :

j=k
= 1— 368 0nCikNi(z, )Ni(z, t 1 Vil Ni(z, t
Zk ( 3 ],k)n J.k ]( YNk (z, 1) iz t) = / n(v, 7, dv = i(z,1) (10)
J diy1—d; Jy, div1—d;
Xi—1=(xj+xp) <xi41 .
Thus, thekth order moment of the DSD is :
nbin nbin
—Nie D) ¥ CikNee, 1) Mien) =Y NiGz ot (11)
1 nbinnbin i=1
+3 2 2 Nj(z 0)Ni(z, 1) Bikki jik wherem; is the drop mass (in [g]) in th&h class category.
j=1k=1 _ Moments of interest include the drop humber concentration
) anI:nB' (N2 1) (My—o in [cm~3]), the drop mass concentration or liquid wa-
e e ’ ter content §£;—1 in [gcm3]), and radar reflectivity factor

(3)  (Z=I16/(p.7)]%.10"2. M;—z in [mmP m~3]). Equation (3) is
then solved using a simple forward finite difference scheme
WhereN; (z, t) is the total number density of droplet in the znd transformed into:
ith class size (cm?®) : Ar
Ni (zp, t + At) = Ni (zp, 1) + V’"E’ [Ni (zh—1,1) — Ni (z. 1)]

Vi+1
Ni(z.1) = / n(,z,1) dv (4) 18; (zn, 1) At (12)

Adv. Geosci., 10, 145t52, 2007 www.adv-geosci.net/10/145/2007/



O. P. Prat and A. P. Barros: Microphysical processes in a rainshaft model

(a) 0

|~ 30s ——60s
-
180s
120s”_~

240s
1000 / 300s
360s
420s

480s

fall distance (m)

2000 540s
600s 900s

1200s

1800s

3000

0.E+00 2.E-03 4.E-03 6.E-03

MO (cm-3)

I
T

8.E-03 1.E-02

(b) 0

1000 A

2000 -

fall distance (m
3

420s

3000

480s” 540s

. 900s
1200s
.

600s , 1800s

0.E+00
M1 (gr.cm”-3)

1.E-06 2.E-06

3.E-06

1000 1 120s

2000 -

fall distance (m)
=
&

360s

3000

.
- 900s
-

-
~ 1800s

, 600s

0.E+00 2.E+04 4.E+04 6.E+04

Z (mm"6.m"-1)

Fig. 1. Evolution of vertical profiles of DSD integral properties
for the time dependent column modefa) Droplet number den-
sity (Mg). (b) Droplet mass #1). (c) Radar reflectivity factor
(Z=[6/(p.n)]2.M2. The initial DSD is a Marshall-Palmer distri-

bution with a nominal rainrat&=50 mm.hn 1.

Numerical stability of (12) is achieved for>1V;.Ar/Az

where (Az) is the spatial resolution and\¢) is the time step.
The expression for the fall velocity() was taken from Best
(1950) with the largest drops of the DSBH0.7 cm) having

a maximum fall velocity of about 9.5 n1.
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Fig. 2. DSD evolution of the solution of the SC/SBE for the time
dependent column model after a fall distance of 3000 m. The ini-
tial DSD is a Marshall-Palmer distribution with a nominal rainrate
R=50mm.tr1. The solution is obtained for an irregular grid (40
bins).

------- MP50

LE+00 —o—1t=1800sec - h=500m

1.E-01 A —a—1=1800sec - h=1000m
— —a8—1t=1800sec - h=2000m
Y 1E-02 | —+—t=1800sec - h=3000m
€ ——+—Equ. DSD - Single Box
£ 1.E-03 A
k) |
= 1.E-04

1.E-05 A

1E‘06 T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6
diameter (cm)

Fig. 3. DSD atr=1800s for the solution of the SC/SBE for the
time dependent column model for different fall height values. The
initial DSD is a Marshall-Palmer distribution with a nominal rain-
rate R=50 mm.lr1. The solution is obtained for an irregular grid
(40 bins). The Equilibrium DSD obtained with the homogenous in
space, transient in time, single box model is reported for compari-
son.

(1982a). McTaggart-Cowan and List (1975) and later Low
and List (1982a, b) performed collision experiments with
two drops of different diameter and identified three types of
breakup (disc: DI, filament: FI, and sheet: SH). Low and
List (1982a,b) proposed expressions of the ratio for each type
of breakup Rp,: disc, Rf: filament, andRsy: sheet) and

for the number of fragments createip(: disc, Fg: fila-
ment, andFsy: sheet). In addition, Low and List (1982a, b)

2.2 Formulation of coalescence-breakup kinetics for thefound that the overall fragment distribution function for each

SC/SBE

pair of colliding drops is a sum of 2(3) lognormal and Gaus-
sian distributions depending on the type of breakup (DI(2),

The discrete model for the resolution of the SC/SBE is usedrI(3), SH(2)). A complete description of the fragment dis-
for the prediction of the evolution of the DSD in the pres- tribution function requires the determination of parameters
ence of coalescence and collisional breakup. The expressf the lognormal/Gaussian distributions such as the height
sion for the coalescence efficiency is from by Low and List (H), the standard deviatiow §, and the modal diametep{
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Fig. 4. Number distribution (in [crﬁ3]) for the time dependent column mode@l) r/=60s. (b) t=300s.(c) r=600s.(d) r=1800s. The initial
DSD is a Marshall-Palmer distribution with a nominal rainr&e50 mm.l L. The solution is obtained for an irregular grid (40 bins).

of the distribution for each pair of colliding drops. We use discussion concerning mass conservation considerations for
the formulation proposed by McFarquhar (2004), which waseach single breakup event can be found in Prat and Barros
derived from Low and List (1982a, b) experimental data for (2007).

the fragment distribution function. McFarquhar (2004) used

a modified Monte Carlo method with bootstrap to randomly

choose the result of the collision of arbitrary pairs of drops3 Modeling results for a homogeneous one-dimensional
and proposed general expressions for the parametgrs ( rainshaft model

) of the fragment distribution functions for each type of

breakup. This parameterization has the double advantage &s pointed out earlier, the fixed pivot method (Kumar and
having a more consistent physical basis in order to generalRamkrishna, 1996) used in this work allows the selection
ize experimental results of collisional breakup to arbitrarily of any type of discretization grid. A grid sensitivity analy-
selected pairs of colliding drops, thus overcoming the chal-sis was performed in order to determine a good compromise
lenge posed by the original Low and List parameterizationbetween computational efficiency and accuracy of the DSD.
(1982a, b) in terms of mass conservation enforcement foffypically a geometric grid with a parameter21/3 can de-
each breakup event. The latter aspect has been a major chaleribe accurately the DSD as reported in previous studies (Hu
lenge concerning the implementation of the Low and List pa-and Srivastava, 1995; Prat and Barros, 2007). We use here
rameterization in drop coalescence/breakup models (Valdean irregular grid (40 bins) that covers a diameter range from
and Young, 1985; Brown, 1987, 1988, 1997). A more com-0.01cm to 0.7 cm. The selected grid combines a geometric
plete description of the numerical model as well as a detailedyrid (s=2) at small drop sized(<0.1 cm) in order to capture

Adv. Geosci., 10, 145t52, 2007 www.adv-geosci.net/10/145/2007/
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Fig. 5. Mass distribution or Liquid Water Content (in [grérﬁ]) for the time dependent column model) t=60s. (b) t=300s.(c) +=600s.
(d) +=1800s. The initial DSD is a Marshall-Palmer distribution with a nominal rainRe60 mm.tr1. The solution is obtained for an
irregular grid (40 bins).

accurately the location of peaks in the small drop diameterquhar, 1990; 100 mm:H: Tzivion et al., 1989; Hu and Sri-
range, and a regular grid\@=0.02 cm) at larger drop sizes vastava, 1995). The results show the evolution of the rain-
(d=0.1cm) in order to capture accurately the tail of the DSD drop spectra below cloud basis as drops are falling through
and minimize the numerical diffusivity. Compared to a fine the air and reach the ground in the absence of updraft. Evapo-
geometric grid {=21/3, 60 bins), the description of the tail ration/condensation processes below cloud basis are ignored.
is improved at a lower computational cost. The results predn Fig. 1a, the drop number density is found to increase with
sented in this study were obtained for a 3000 m height rain-increasing drop fall distance due to the fact that more colli-
shaft with a vertical resolutionAz=20m) and a time step sional breakup events occur with increasing fall distance and
(At=25). that more smaller drops are created. In other words, number
) ) ) . density increases between cloud base and the ground. The
Figure 1 displays the temporal evolution of the vertical g rical mass profile remains almost constant, with a rela-
profiles of DSD mtegrgal properties, i.e. drop number con- e yariation of less than 2%, along the rainshaft (Fig. 1b).
centration Mo in [em™]), liquid water content ((WC#1  pye to the fact that the radar reflectivity factaf)(s propor-
In [grem™?)), and radar r,e,ﬂeCt'V'tyZZ[G/(p'”)]2'1012']_”2, tional to the second order momenit{), Z is found to de-
In [_mms'm_l]) for an initial Marshall-Palmer (MP) distri-  raa5e with increasing fall distance because of the collisional
bution at the top of the rainshaft with a nominal rainrate of breakup of larger drops, causing reflectivity to decrease from

l - . .
50 mm. T comparablle with values commonly used in sim- 1o, top to cloud base. In addition, the evolution toward a
ilar studies (50 mm.h*: List et al., 1987; List and McFar-
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Fig. 6. Radar reflectivity factoZ (in [mm® m—1]) for the time dependent column model) +=60's. (b) r=300s.(c) t=600 s.(d) r=1800s.
The initial DSD is a Marshall-Palmer distribution with a nominal rainr&t50 mm.h L. The solution is obtained for an irregular grid (40
bins).

steady state situation is faster for higher order moments as Figure 3 shows the profile of the steady state DSD
can be seen when comparing profiles of the droplet numbeachieved for different fall distances. The number of large
density (Mp: Fig. 1a) and the radar reflectivity factoZ(  drops decreases with increasing fall distance. The DSD
Fig. 1c) at times 600 s and 3600 s. presents a steeper tail with increasing fall distance due to the
Figure 2 displays the evolution of the DSD after a 3000 m fact that breakup contribution for larger drops increases with
fall through the rainshaft with a continuous Marshall-Palmer increasing fall distance. As the fall distance increases, the tail
distribution with a nominal rainrate of 50 mnthimposed  of the DSD tends towards a steeper MP distribution. In addi-
at the top. For the time interval sufficient for drops to reachtion, the height of the peak located at 0.026 cm increases with
the observation altitude£600 s), the DSD contains a higher increasing fall distance due to the creation of smaller drops
number of large drops. However, due to the collisional by breakup. Results for the column model are compared with
breakup processes involving large drops, the peak of the DSEhe equilibrium DSD obtained with the single box model
evolves towards smaller drop diameters over time. The num{Prat and Barros, 2007) for the same coalescence (Low and
ber of small drops increases with increasing simulation time List, 1982a) and breakup (MFO04) kernels. It is interesting
causing the DSD to evolve towards a single peak curve withto notice that compared to the single box model results (Prat
the peak located at=0.026 cm as observed in the case of the and Barros, 2007), the DSD from the rainshaft model does
single model (Prat and Barros, 2007). not show the second peak locatedda®d.25 cm, but only a
shoulder near the same diameter range. Differences between
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equilibrium DSDs obtained with the rainshaft model for var- content and the radar reflectivity factor, the establishment of
ious fall distances and with the single box are explained byequilibrium is achieved for shorter time periods.

the fact that a true equilibrium DSD is not reached for the fall  The one-dimensional model is currently extended to more
distances considered (up to 3000 m) and that would be evereomplex atmospheric configurations including updraft ef-
tually achieved for higher fall distances. That is, the rainshaftfects and evaporation-condensation processes in order to
does not reach steady state. In the case of the box model, tremulate microphysical processes occurring inside the cloud.
DSD at the previous time step is set as initial condition to In addition, modeling results are compared with experimen-
compute the next time step DSD and the equilibrium solu-tal data including tower-based laboratory experiments with a
tion is achieved faster than in the case of the column modefocus on coalescence-breakup dynamics, and data collected
where the same MP50 DSD is constantly introduced at theduring field campaigns using vertically pointing radar.

top of the rainshatft.
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