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JP3.17 IMPACT OF VARYING CCN CONCENTRATION ON THE
PRECIPITATION PROCESS OF A SIMULATED CONVECTIVE STORM

Conrad L. Ziegler*1, Edward R. Mansell', and Eric C. Bruning?

1. INTRODUCTION

The effects of the concentration of cloud
condensation nuclei (CCN) on cloud microphysics
have long been recognized (e.g., Pruppacher and
Klett 1978). The potential impact of CCN on the
precipitation process in convective storms is of great
interest, since microphysics generally and
particularly precipitation formation may strongly
impact several areas of storm analysis and
forecasting: for example, airflow dynamics,
hydrology, electrification, chemistry, and their
numerical predictions.

Precipitation in convective storms develops via
some combination of warm- and cold-cloud
processes (e.g., Fig. 1). The warm-cloud process is
dominated by the combined effects of condensation
with quasi-stochastic drop coalescence (i.e., binary
coalescence or “self-collection” of cloud droplets to
form drizzle-sized rain drops, followed by rain
collection of cloud and rain “self-collection”). The
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Figure 1: Conceptual diagram of precipitation
processes in deep convective storms as derived from
a 3D kinematic cloud model (adapted from Ziegler
1988).
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cold-cloud process is initiated mainly by production
of graupel embryos via: (1) drop freezing; and (2)
vapor nucleation of crystals followed by riming of
vapor-grown and aggregated snow particles.
Subsequent precipitation growth is dominated by
graupel riming of cloud. Rain is predominantly
produced from graupel meltwater.

The CCN concentration has the capacity to
modulate the warm- and cold-cloud processes in
several ways. For example, low (or alternatively,
high) CCN forces the nucleation of low (high)
concentrations of large (small) droplets, which in turn
increase (decrease) the coalescence rate and
accelerate (slow) the growth of rain drops. Graupel
develop high (low) bulk densities and fallspeeds via
riming of large (small) droplets. Frozen-drop graupel
embryo formation is regulated by the median volume
size of coalesced drops (which in turn is CCN-
dependent) at temperatures at or colder than about - 5
to-10 °C.

The impact of CCN on convective storm
evolution has been examined using numerical cloud
models. For example, Li et al. (2008) implemented a
two-moment bulk microphysics scheme in the WRF
model, finding that precipitation in a simulated Texas
Gulf coast storm increases with increasing CCN
concentration from low to moderately high values
due to suppression of warm rain coalescence and
enhancement of the mixed phase precipitation
process. Van Den Heever and Cotton (2007)
demonstrated that simulated storm dynamics was
sensitive to suppression of the warm rain process
caused by CCN enhancement, thereby exerting a
strong influence on precipitation by effectively
modulating the time-integrated updraft vapor supply.

In the present study, the impact of varying CCN
concentration of the parent airmass on the subsequent
microphysical structure and evolution of a small,
multicell storm is explored with a high-resolution,
three-dimensional cloud model. The simulation is
compared to a storm observed on 28-29 June 2004
during the TELEX experiment (Bruning et al. 2007).

2. CLOUD MODEL

a. Airflow dynamics

This study uses the Collaborative Model for
Multiscale Atmospheric Simulation (COMMAS)
(Wicker and Wilhelmson 1995). As described in
Coniglio et al. (2006), the model uses the basic
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equation set from Klemp and Wilhelmson (1978)
which includes prognostic equations for momentum,
pressure, potential temperature, and turbulent kinetic
energy (Deardorff 1980). Time integration is
performed with a third-order Runge-Kutta (RK)
scheme (Wicker and Skamarock 2002). Advection
on the first two RK iterations uses Sth-order upwind
differencing. On the final RK step, scalar quantities
(e.g., potential temperature, mixing ratio, number
concentration, etc.) are advected using a sixth-order
finite difference with a monotonicity filter (Leonard
1991) and are computationally diffused (horizontal
directions only) with the simple monotonic filter of
Xue (2000), following Bryan (2005). Wind
components, on the other hand, are advected with a
Sth-order weighted essentially non-oscillatory
(WENO) scheme (Jiang and Shu 1996; Shu 2003).
Sedimentation uses the Kato (1995) first-order box-
Lagrangian scheme, with corrections for the two-
moment system as in Mansell (2010) to prevent
spuriously large particles and radar reflectivities.

b. Microphysics

The cloud model employs a detailed two-
moment, bulk microphysical parameterization
scheme which describes form and phase changes
among a range of liquid and ice hydrometeors
(Mansell et al. 2010). The two-moment
microphysical parameterization predicts the mass
mixing ratio and number concentration of cloud
droplets, rain drops, cloud ice crystals, pristine and
aggregated-rimed snow crystals, graupel, and hail.
Hydrometeor size distributions are assumed to follow
self-preserving, generalized-Gamma functional
forms. Transfer rates between the vapor phase and
the various hydrometeor categories are derived from
governing equations for individual particles
integrated over the appropriate hydrometeor size
distribution. Microphysical processes include cloud
droplet and cloud ice nucleation, condensation/
deposition, evaporation/sublimation, collection-
coalescence, variable-density riming, shedding, ice
multiplication, cloud ice aggregation, freezing and
melting, and conversions between hydrometeor
categories.

CCN concentration is predicted as a single-
category, monodisperse size spectrum approximating
small aerosols. A subgrid parameterization of cloud
droplet nucleation based on the work of Twomey is
applied in cloud base updrafts that have achieved
water supersaturation (Mansell et al. 2010). Further
nucleation may occur higher in the updraft if water
supersaturation exceeds the maximum diagnosed
cloud base value.

The cloud model predicts the bulk graupel and
hail particle densities as functions of rime layer
density. Both the graupel and hail bulk densities are
diagnosed by dividing predicted total mass by the
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Figure 2: Modified model sounding (dashed gray
curves) based on the operational sounding (solid
black curves) from Norman, OK (OUN) at 00 UTC
on 29 June 2004.

predicted integral of particle volume over all sizes.
Rime density in turn is a function of droplet size
(e.g., affected by CCN concentration), impact speed,
and ambient temperature. The graupel and hail
particle densities are also used as roughness
parameters to scale the drag coefficient in the
expressions for particle fall speed.

The prediction of hydrometeor number
concentration is particularly critical to the resolution
of secondary ice nucleation at higher temperatures (-5
< T < -20 °C) in the mixed phase updraft region,
where ice crystals may be produced both by rime
fracturing (Hallett—Mossop process) and by
splintering of freezing drops in addition to a range of
primary nucleation mechanisms.

¢. Model domain, initialization, and integration

The horizontally-homogeneous model
environment was initialized using a modified form of
the National Weather Service (NWS) operational
sounding at 00 UTC 29 June 2004 (Fig. 2). To
improve consistency with available surface
observations near the storm, the sounding
modifications reduced the mixed layer convective
inhibition (CIN) from 11.4 to 2.9 J kg™! and increased
CAPE from about 770 to 1011 J kg!. Simulations
were performed in a 30-km by 30-km by 21.6-km
domain with constant grid spacing of 250 m in the
horizontal and 125 m in the vertical from the surface
to 10 km, above which the grid spacing was stretched
to a maximum of 500 m. The time step was 4 sec.

Vertical motion was initiated by applying a
constant acceleration term to vertical velocity in the
boundary layer (BL). The updraft nudging method is
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Figure 3: Cross-section at 51 min of the simulation using CCN concentration of 500 cm™. (a) Horizontal section
of reflectivity with horizontal wind vectors and contours of vertical velocity (contour interval of 3 m s'!). Panels
(b-f) depict quantities in a S-N cross-section [indicated on (a)]. The heavy black contour in (c-f) is the 30 dBZ
reflectivity outline. (b) Reflectivity and wind vectors. (c) Graupel content (0.3, 1, 2, 3 g m?) in gray-filled
contours and rain content (1, 4, 7 g m?) in red. (d) Cloud water content (0.1, 0.5, 1, 1.5, 2 g m3). (e) Graupel
mean volume diameter (400 to 2500 um by 300 pum, gray filled) and graupel content as in (¢). (f) Rain mean
volume diameter (300 to 1500 um by 200 pm, gray filled) and rain content as in (c).

consistent with roll-type mesoscale updraft forcing of
convection initiation (e.g., Ziegler et al. 1997).
Details of the updraft forcing term and random
thermal perturbations can be found in Mansell et al.
(2010).

A set of 17 simulations was run using the same
initial conditions (and forcing) except for the base
value of CCN concentration, which varied from 50 to
15,000 cm?3. Initial CCN concentrations are assumed
to be vertically well-mixed, and are therefore scaled
by air density as CCN(z) = CCNase [pair(Z)/po]-

3. RESULTS, DISCUSSION AND CONCLUSIONS

a. Mature storm morphology (CCN = 500 cm™)

The model case with CCN = 500 cm3 (similar to
the control run of Mansell et al. 2010) illustrates the
typical structure of the mature simulated storm near
the time of peak overall precipitation and updraft

intensity (Fig. 3). The initial updraft core in the
storm, centered at (x,y) = (15 km,13.5 km), is
decaying at 51 min, while two newer updraft cores
are developing on the west flank of the main
precipitation core (Fig. 3a). In a vertical south-to-
north cross-section (Fig. 3b), the main precipitation
core is downdraft-dominated below and updraft-

dominated above 0 °C. Mixed-phase conditions
combining millimetric graupel (Fig. 3c,e) with
millimetric rain drops (Fig. 3c,f) and supercooled
cloud droplets (Fig. 3d) increasingly characterize the
sub-freezing updraft core region by around 51 min.
Melting graupel and meltwater rain contents are
equivalent via water substance conservation,
although rain drops are smaller than graupel particles
due to the initially moderate bulk densities of the
melting graupel (e.g., CCN-dependent graupel
density in Fig. 7b).
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graupel-based, cold-cloud riming process relative to
the warm rain process (Fig. 4g-1).

As higher CCN concentrations increase the
delay time for rain formation, drops appear at higher F
altitudes and lower temperatures (Fig. 4g-1) and have o+
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Figure 5: Time-height updraft volume where w> 5 m s,
Contour levels 0f 0.01, 0.1, 0.3, 0.5, 0.7 km3. The vertical
dashed line in (c) indicates the times of the plots in Fig. 3.

c¢. Varying storm dynamical evolution with differing
CCN

The updraft volume enclosed by w > 5 m s’!
(Fig. 5) tends to show three maxima at increasing
altitudes of 2-3 km, 6-7 km, and 8-11 km at times of
about 25-30 min, 40-55 min and 55-65 min in the
simulation. The updraft volume experiences similar
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Figure 6: Drop spectra in a Lagrangian (no sedimentation) version of the warm-cloud physics
used in COMMAS. For sake of simple illustration, an adiabatic “bulk parcel” is assumed to rise
from cloud base to -10°C in 14 min at 5 m s'! (with plotted spectra at 0, 7, 10.5, and 14 min).
Condensation narrowing effects are not represented here, since the shape parameter is held fixed
in the present 2-moment microphysics scheme (Mansell et al. 2010). Growth rates are large

(small) at low (high) CCN.

evolution prior to precipitation formation for all
CCN. At lower CCN values, increased loading with
precipitation and reduced riming freezing (latent
heating) at mid-levels leads to decreased updraft
volume. Subsequent fallout and diabatic heating
from ice formation forces a secondary updraft
maximum above 6 km (-10 °C) for CCN > 500 cm3.
Peak updraft values increase modestly with
increasing CCN from 16.8 m s'! (CCN = 50 cm™) to
19.5 m s' (CCN = 500 cm). For CCN > 500 ¢cm™,
peak updraft varies little from 19.5 m s°!.

The sensitivity of cold pool evolution to CCN is
revealed by onset and decay of updraft volume in the
lowest 1.5 km (Fig. 5). The onset of BL updrafts
indicates the action of the solenoidal circulation at
the margins of the cold pool (formed by rain
evaporation). For example, the outflow-induced BL
updrafts at 51 min in the CCN = 500 ¢cm™ run (e.g.,
Fig. 3b) are consistent with enhanced updraft
volumes below 1.5 km at around 51 min (Fig. 5c).
The onset of BL outflow-induced updrafts are
delayed with increasing CCN in the range 50 - 1000



Proc. 13th Conference on Cloud Physics, Portland, OR, 28 June-2 July 2010, AMS, Boston, MA

(a) Total Graupel Mass (b) Mean Graupel Density 1000
' ' ' " CCN: ' : ' _
2601 =
= 800 »
x <
o =
< 5
® 40t 600 S
© o
= T
g 400 3
: -
S 20t (O]
(O] c
200 §
=

0 N N N 1
30 40 50 60 70 80 30
Time (min)

40 50 60 70 80
Time (min)
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Figure 8: Time-series of (a) total rain mass and (b) rain mass above the 0°C isotherm for simulations with

different base CCN concentrations.

cm?? (Fig. 5a-d), consistent with the delayed onset of
surface rainfall. The BL outflow-induced updrafts
are significantly reduced for CCN exceeding 2000
cm? (Fig. 5e-f), implying that increasing rain drop
sizes and fallspeeds coupled with decreasing
concentrations via melting production from large
(low-density) graupel particles is reducing bulk BL
evaporation rates (not shown).

d. Sensitivity of the precipitation process to CCN
The prediction of cloud droplet and rain drop

concentration and mass and their evolution proceeds

through droplet vapor nucleation (i.e., via the

modeled subgrid parameterization of peak cloud base
supersaturation and concentration on CCN and
updraft strength), condensation growth, and quasi-
stochastic coalescence with subsequent vertical
updraft transport above the freezing level.  The
drizzle-drops thus transported to altitude have
sufficiently large volumes to force the production of
graupel embryos via homogeneous drop freezing
(i.e., Bigg freezing), as previously shown by Ziegler
(1988), with additional drop freezing occurring in the
present model via crystal contact nucleation.

A Lagrangian parcel model previously employed
to test the two-moment warm rain parameterization
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Figure 9: (a) Time integrated rain, graupel, and snow masses. (b) Total domain accumulated rain and ice.

(Ziegler 1985) has been updated to include
condensation, providing a simple illustration of the
effects of increasing CCN concentration on
coalescence growth in the simulated storm (Fig. 6).
The Lagrangian model assumes an adiabatic “bulk

parcel” that rises from cloud base to -10°C in 14 min
at 5 m s’ Condensation growth of droplets
following the motion increases the collection kernel
and thus accelerates binary coalescence rates in the
updraft (e.g., as previously shown by Leighton and
Rogers 1974). In opposition to the acceleration of
coalescence by condensation, increasing CCN
simultaneously decreases median droplet size and
increases total concentration. The resultant net drop
spectral growth rates are large (small) at low (high)
CCN (Fig. 6).

e. Graupel mass and bulk density vs. time and CCN
The peak values of domain-integrated graupel
mass (Fig. 7a) tend to increase monotonically with
CCN, with maximum values occurring in the
multicell storm core at ~ 50-60 min (e.g., also refer to
Fig. 3 for case of CCN = 500 cm3). Conversely, the
domain-averaged bulk graupel density (Fig. 7b) tends
to decrease with increasing CCN due to smaller
droplet sizes and lower graupel fall speeds (i.c.,
relative to a reference graupel size) in the rime layer
density parameterization employed by COMMAS.

f. Precipitation mass vs. CCN

Comparing the evolutions of the integrated rain
mass volumes of the storm (Fig. 8a) and the sub-
freezing region (Fig. 8b), increasing CCN in the
~100-700 cm™ range both delays and elevates the
region of rain formation by coalescence. Further
increasing CCN to >> 1000 cm? reduces and (for
CCN > 5000 cm?) sharply reduces elevated rain

formation, a result that is also consistent with the
increasing dominance of meltwater rain formation.
At extreme values of CCN > 5000 cm?, the relatively
few drops that form from binary coalescence are
lofted to colder temperatures where they quickly
freeze.

The time-integrated ratio of storm-total rain to
graupel masses (e.g., Fig. 9a) decreases to ~1 with
increasing CCN approaching 5000 cm, illustrating
the increasing dominance of graupel meltwater for
the production of rain with increasing CCN. The
time-integrated, storm-total snow crystal mass
increases as graupel mass with increasing CCN,
indicating increased crystal mass growth via riming
and deposition in the higher cloud water contents and
diabatically-warmed (and, hence, more ice-
supersaturated) conditions in the updraft core.

The total accumulated surface rainfall (Fig. 9b)
increases by ~ 20% from ~ 100 cm? to ~ 1000 cm3
due to the combined effects of larger drops and
graupel, higher fall speeds, and reduced sub-cloud
evaporation. Localized peak rainfall increases of up
to 26% are obtained at ~ 500 cm™ and ~ 2000 cm3,
suggesting that bulk rainfall may be somewhat
sensitive to initial conditions or other external factors
that influence the storms’ dynamical evolutions. The
product of increasing graupel mass with decreasing
graupel fall speed (i.e., from decreasing bulk density)
causes graupel precipitation to maximize at ~ 700
cm3 (Fig. 9b).

g. Impact of CCN on storm electrification

As a byproduct of the variation of simulated
cloud and precipitation content with CCN, additional
cloud simulations in which optional electrification
mechanisms were activated in COMMAS manifest a
sensitivity of microphysical charge separation and
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lightning production to CCN changes (Mansell et al.
2010).  Similar rates of simulated and observed
intracloud (IC) and cloud-to-ground (CG) flashes and
CG polarities were obtained for the 28-29 June 2004
storm in the model simulation case that assumed an
ambient CCN value of ~ 400 cm?.

The maintenance of sufficiently large rates of
rebounding collisions between graupel and ice
crystals in the presence of supercooled cloud water in
a convective updraft is conducive to strong
electrification, in turn forcing lightning discharges.
Thus, the joint internal consistency of the COMMAS
model predictions of microphysical and electrical
characteristics and their broad agreement with
independent radar and lightning mapping array
(LMA) observations increases confidence in the
storm simulations while emphasizing the importance
of CCN as an important modulator of the
precipitation process in storms.
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