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A combination of modelling studies and ground-based and aircraft measurements
is used to examine the development of ice particles in convective clouds observed
over the Black Forest mountains during the Convective and Orographically-induced
Precipitation Study (COPS). High concentrations of relatively small ice particles
were observed in the weaker northern cell that developed on convergence lines
over the mountains in the much-studied 15 July 2007 case. The conditions in the
cloud were not conducive for the Hallett–Mossop process. Instead, the explanation
for such high concentrations of ice is likely associated with the type of ice nuclei
ingested into the cloud. Biological nuclei, oxidised organic aerosol particles in the
polluted air vented from the Murg valley into the cloud base, and desert dust are
all possible candidates. A model sensitivity test with biological nuclei produced
similar concentrations of ice particles to the observations. In contrast, the high
concentration of ice particles measured in clouds that advected over the Black
Forest mountains on 11 July 2007 were likely due to the Hallett–Mossop process.
The deep convective cell at the southern end of the COPS domain on 15 July
2007 developed in less polluted air than the shallower northern cloud. A model
sensitivity test with lower aerosol loading produced a more vigorous cloud with a
higher top, more precipitation, and greater reflectivity, more similar to the radar
observations. The results suggest that aerosol particles vented out of the valleys
could have a significant impact on orographically induced precipitation. Copyright
c© 2011 Royal Meteorological Society and Crown copyright, the Met Office
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1. Introduction

Clouds and precipitation play a critical role in the global
hydrological cycle, which is a major factor in climate change.
Convective clouds are the cause of severe weather such as
flash floods which directly affect the quality of human lives.

The accuracy of forecasts of flash floods, such as occurred at
Boscastle in the UK in 2004 (Golding et al., 2005), depends,
in part, on our understanding of the microphysics of the
clouds, including the formation and development of ice
particles and precipitation. However, there are still many
questions about how ice particles are initiated, and how high
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concentrations of ice particles are produced in clouds, and
therefore about the production of precipitation.

There have been many reports of ice particle concentra-
tions that are much higher than typical concentrations of
ice nuclei (e.g. Mossop et al., 1972; Hobbs and Rangno,
1985; Harris-Hobbs and Cooper, 1987; Blyth and Latham,
1993; Bower et al., 1996). Among the suggested secondary
ice production processes, the Hallett–Mossop (HM) process
of splintering during riming (Hallett and Mossop, 1974)
has received the most attention and is the most quantified.
Although experiments (Hallett and Mossop, 1974; Mossop
and Hallett, 1974; Mossop, 1978, 1985; Saunders and Hos-
seini, 2001) have shown strict conditions for the operation of
the HM process, there is considerable evidence that this pro-
cess operates in cumulus clouds in many parts of the world
(e.g. Harris-Hobbs and Cooper, 1987; Blyth and Latham,
1993; Hogan et al., 2002; Huang et al., 2008).

Considerable effort has been made recently on identifying
ice nuclei either in laboratory experiments, such as the one
conducted at the Aerosol Interactions and Dynamics in the
Atmosphere (AIDA) cloud chamber (Möhler et al., 2006;
Field et al., 2006), or in the observations of real clouds.
For example, Pratt et al. (2009) used an aircraft single-
particle Aerosol Mass Spectrometer to directly measure
the chemistry of individual cloud ice-crystal residues over
Wyoming. They found that biological particles and mineral
dust accounted for about 33% and 50% of the residues,
respectively. Choularton et al. (2008) also pointed out the
likely importance of the chemical composition of aerosol
particles in ice nucleation. They observed rapid transitions
between highly glaciated regions and regions consisting
of supercooled water, and suggested that the transition
was caused by ice nucleation initiated by oxidised organic
aerosol coated with sulphate in the more polluted regions of
the cloud. The highly oxidised aerosols first acted as cloud
condensation nuclei (CCN) and then as ice nuclei (IN).

In numerical models, most of the ice nucleation schemes
do not resolve the different characteristics of IN in terms of
their ice nucleating efficiencies. They may work for a ‘mean’
ice nucleus, but may not for a specific situation, such as the
one Choularton et al. (2008) observed. Diehl and Wurzler
(2004) and Diehl et al. (2006) developed a new approach
of immersion freezing which considered the ice nucleation
characteristics of different insoluble particles. Levin et al.
(2005) also included the chemical composition of aerosol
particles in their simulations of the events during a dust
storm.

The purpose of this article is to address the question
of ice particle development in the clouds that formed
on two days during the Convective and Orographically-
induced Precipitation Study (COPS) held in the Black
Forest mountains in southwest Germany and the Vosges
mountains in eastern France during the summer of
2007. Ground-based measurements of aerosol particles and
aircraft measurements of aerosol and cloud particles are
used in conjunction with an axisymmetric cloud model
with sophisticated microphysics: the Model of Aerosols and
Chemistry in Convective Clouds, MAC3. In addition, we
examine the role of aerosols in the development of the
much-studied cloud observed on 15 July 2007 (IOP8b;
Richard et al., 2011). The details of the field experiment
and model are discussed in sections 2 and 3, respectively. In
section 4 we show in situ and ground-based observations of
aerosol particles and in situ cloud measurements gathered

on 15 July. We then show the results of MAC3 model runs
performed using the input aerosol data with the standard
and modified IN. We finally present a model run with a low
concentration of aerosols. In section 5, we discuss a different
case (11 July 2007) where high concentrations of ice were
observed, which MAC3 model results suggest are due to the
HM process. The conclusions are given in section 6.

All altitudes are given above mean sea level (amsl), and
times in Coordinated Universal Time (UTC), which is 2 h
behind local time.

2. Details of experiment

COPS was conducted from 1 June to 31 August 2007
in the Black Forest mountains region in southwestern
Germany and the Vosges mountains in eastern France
to understand the physical processes responsible for the
initiation and development of precipitating convection
(Wulfmeyer et al., 2008, 2011). A map of the Black
Forest mountains showing the main geographical features
discussed in the article is shown in Figure 1. The data
discussed in this article were gathered with the UK Facility
for Airborne Atmospheric Measurements (FAAM) BAE-146
research aircraft and also with instruments in the aerosol
container located on Hornisgrinde at supersite H. We also
show data from the polarimetric C-band Doppler research
radar POLDIRAD (Schroth et al., 1988) which was deployed
in the foothills of the Vosges mountains about 20 km
northwest of Strasbourg, and mention data gathered with
the Institute for Meteorology and Climate Research (IMK)
radar located at Karlsruhe. The aircraft made penetrations
near the tops of convective clouds as they ascended. Legs
were also made below the cloud base to investigate the
properties of aerosol particles. Many ground-based facilities
were deployed at five supersites, such as radars, lidars,
radiosondes, and aerosol instruments (Wulfmeyer et al.,
2008). Data are presented from the Aerodyne Time of
Flight Aerosol Mass Spectrometer (ToF-AMS; Drewnick
et al., 2005) and the Grimm Optical Particle Counter (OPC,
model 1.108) which were deployed in the aerosol container
behind a 4 µm impactor. The size range of the ToF-AMS is
about 70 to 700 nm, while that of the OPC is 0.3 to 20 µm.

Aerosol size distributions and concentration of aerosols
were measured by a PMS Passive Cavity Aerosol Spec-
trometer Probe (PCASP; Kin and Boatman, 1990; Strapp
et al., 1992) and a Condensation Particle Counter (CPC,
TSI model 3025; Gilmore, 2002). In situ microphysical mea-
surements were made with the Johnson–Williams probe for
liquid water content (LWC), the 2DC (cloud) and 2DP (pre-
cipitation) probes (Knollenberg, 1970; Jensen and Granek,
2002; Korolev, 2007), the Cloud Particle Imager (CPI; Law-
son et al., 2001; Connolly et al., 2007) and the Small Ice
Detector (SID-2; Cotton et al., 2010), on board the FAAM
BAE-146 aircraft. The Fast Forward Scattering Spectrome-
ter Probe had technical problems and so was not used in
this study. The concentrations of ice particles were derived
from the SID-2, 2DC and 2DP probes. The nominal size
ranges of SID-2 and the CPI are 2–280 µm and 10–2000 µm,
respectively, while for the 2DC and 2DP are 25–800 µm and
200–6400 µm, respectively. Since there are known problems
with the 2DC instrument for sizes smaller than about 100 µm
diameter, only particles with diameters greater than 150 µm
were used in the analysis. Concentrations were calculated
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after rejection of zero-area images, splashes, streakers, and
hollow images.

Cotton et al. (2010) found that SID-2 cannot discriminate
the phase of all particles correctly where there are high
concentrations of cloud droplets. In the probe configuration
that was flown in this project, the small trigger volume is
surrounded by an extended sensing volume. When the
droplet concentration exceeds a few tens of cm−3, the
coincidence of particles in this sensing volume with another
particle in the trigger volume becomes significant. The
detector records a signal which is the sum of scattered
intensity of the coincident particles. This leads to a non-
uniform azimuthal detector element response and the
skewing of the particle size distribution toward larger particle
sizes. However, detected particle sizes above 50 µm are
increasingly unlikely to be from coincidence events. Hence,
we take the concentration of non-spherical particles above
this threshold as being a more plausible upper limit on the
ice crystal concentration.

Wind measurements were calculated from the inertial
navigation system and turbulence probe on the radome in a
manner described by Lenschow and Spyers-Duran (1987).
Errors in horizontal winds were experienced during turns,
as expected, but our interests were only in straight segments
of flight through cloud. Vertical wind is thought to have
an absolute accuracy within ±0.5 m s−1 at best, although
the resolution is better than 0.05 m s−1. The ports on the
turbulence probe occasionally iced up in supercooled cloud,
but this did not occur during the most of the penetrations
discussed in this article. An estimation of the altitude of
cloud top was made using the on-board forward-looking
video camera. Most penetrations were made within a few
hundred metres of cloud top.

3. Description of model

MAC3 was employed to simulate the clouds. MAC3 is a 2D
axisymmetric non-hydrostatic bin-resolved two-moment
cloud model that has been developed and used for many
years (Reisin et al., 1996; Yin et al., 2000, 2005; Cui and
Carslaw, 2006; Huang et al., 2008). There is a detailed
treatment of most major microphysics processes, including
nucleation, growth, break-up and sedimentation for both
liquid drops and ice phase particles (ice crystal, graupel,
and snow). MAC3 includes detailed calculations of the
splinter production during riming (HM process) which was
quantitatively described by Hallett and Mossop (1974) and
Mossop (1978). The riming rate is directly calculated in
the model by solving the stochastic collection equation for
drops and ice phase particles with size distributions that are
explicitly predicted. The model domain used here and later
was 12 km in the vertical and 6 km in the radial direction
with a grid size of 300 m and 150 m, respectively. The
observations of the sub-cloud aerosol particle distribution
from the PCASP were used for the aerosol background
conditions (Huang et al., 2008). The aerosol size distribution
below 100 nm was assumed to be identical to that from Gras
(1995).

4. Case 1: 15 July 2007

The COPS region was on the western edge of a high-
pressure ridge over eastern Europe (Kottmeier et al., 2008;
Kalthoff et al., 2009) which resulted in warm, dry and

sunny conditions over the Black Forest mountains. The
ridge was present from 14 to 16 July. Two precipitating
convective clouds developed to the east of the Black
Forest crest (Aoshima et al., 2008). As pointed out by
Kalthoff et al. (2009) and Behrendt (2011), the convection
was triggered by a passing convergence zone, which was
intensified by convergence lines formed by the thermally
induced mountain and valley flows. The cloud base height
was about 2.9 km amsl in the north; it was not measured
in the south. The southern cloud developed into a mature,
deep thunderstorm with a cloud top of about 12 km amsl. In
contrast, the northern cloud was comparatively shallow with
a top of only about 6 km amsl and with weak precipitation.
The BAE-146 aircraft penetrated the northern cloud near its
top.

4.1. Observations of aerosols

Two racetrack runs were made heading south over the
Rhine valley at 0.9 km amsl and returning north over the
mountains at the western edge of the Black Forest at 1.7 km
amsl. Figure 1 shows the track of the aircraft in the first
northern leg from 1335 to 1346 UTC. The location of the
northern and southern clouds at 1330 UTC determined
from visible satellite imagery is indicated in the figure. The
convergence line and cloud passed over the Murg valley
from about 1300 to 1400 UTC. The reflectivity of the cloud
at the time it produced the first echo (1430 UTC) measured
by the Polarization diversity Doppler Radar (POLDIRAD)
shows the progression of the cloud. The magnitude of the
vertical air velocity is shown along the track and indicates
that there was a strong updraught on the west side of the
Murg valley. Figure 2 shows the aircraft measurements of
vertical velocity and concentration of aerosols from the
CPC and PCASP along the flight track (Figure 1). The
strong updraught occurred when the aircraft flew over
the western edge of the Murg valley, with maximum
speed greater than 5 m s−1 at (8.34◦E, 48.60◦N) and a
simultaneous rapid rise in the concentration of aerosols
measured by the CPC (maximum 7000 cm−3) and the
PCASP (maximum 1500 cm−3). There was also a significant
increase in relative humidity (RH). The backscattering signal
from the Leibniz Institute for Tropospheric Research multi-
wavelength Raman lidar BERTHA (Backscatter Extinction
lidar Ratio Temperature Humidity profiling Apparatus)
located in the Murg valley was relatively strong up to
about 3 km amsl from about 1200 to 1400 UTC. The
updraught over the Murg valley was much stronger than
that over the Kinzig valley, most likely because thermally
induced convergence lines were stronger over the Murg
valley and also because the aircraft encountered the passing
convergence zone while flying over the Murg valley (Kalthoff
et al., 2009). The proximity of the venting, strengthened
by the convergence zone, which triggered the northern
convective cells, combined with the high concentration of
aerosols measured by the aircraft instruments and the high
backscattering signal, suggests that a high concentration of
aerosols was ingested into the cloud.

An overview of the composition of aerosols from the
ToF-AMS at supersite H is shown in Figure 3. We can see
that the mass concentration of organic material measured
by the ToF-AMS was far higher than that of the other
aerosol component species on 15 July and there was a build-
up of the mass of organics from 14 to 16 July. There is
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Figure 1. Flight track of aircraft heading north over the mountains from
1335 to 1346 UTC on 15 July 2007. The magnitude of the updraught speed
is indicated by the colour scale. Wind vectors show the horizontal wind
direction and speed. The two ellipses show the location of the clouds as
determined by the satellite images at 1330 UTC, and the coloured dots
indicate the reflectivity (dBZ) measured by POLDIRAD at 1430 UTC. The
colour scale for the reflectivity is –5–10, 10–20, 20–30, 30–40, 40–50, and
50–60 dBZ in grey, green, yellow, orange, red, and dark red, respectively.
The coloured lines are the elevation with contours at 200, 400, 600, 800, and
1000 m. The location of POLDIRAD is (7.61◦E, 48.74◦N). The IMK radar
was located at Karlsruhe (8.36◦E, 49.01◦N). Note that one tenth of a degree
of longitude is 7.4 km and 7.3 km at latitudes 48 and 49◦N, respectively.

also some evidence of a peak in the middle of the day on
15 July. As already mentioned, there was a high pressure
ridge situated over Europe on 14–16 July with high solar
radiation resulting in high temperatures. Therefore there
was likely to be increased emissions of biogenic volatile
organic compounds (VOCs) oxidation products from the
forest (Mentel et al., 2009).

Measurements of particle growth factors were obtained
at supersite H using a Hygroscopicity Tandem Differential
Mobility Analyser (HTDMA) and are discussed by Irwin
et al. (2010). Hygroscopic growth factor is defined as the
ratio of the particle diameter at a target RH (85% in this case)
to the dry particle diameter (obtained at RH< 15%). Data
from the HTDMA show narrow mono-modal growth factor
distributions, which is suggestive of an internal mixture of
the inorganic and organic particulate components (Irwin
et al., 2010). This suggest that the organic material is
secondary in nature and has condensed onto pre-existing
aerosol. This could possibly be a result of the photo-
oxidation of biogenic gas-phase material, but this cannot be
confirmed from the measurements. The fact that there is
little black carbon, sulphate and nitrate, and the site is far
from local pollution sources, supports the notion of organics
being biogenically produced. At the same time as the high
organic concentrations, significant amount of coarse-mode
material was measured by the Grimm OPC (despite the
use of the impactor on the inlet). The composition of this
coarse-mode material is unknown, but could be associated
with primary biogenic emissions, such as leaf litter. However,
the possibility of the presence of dust cannot be ruled out as
there were no measurements of coarse-mode composition.

There is evidence suggesting that various biogenic
particles are IN (e.g. Szyrmer and Zawadzki, 1997; Levin
and Cotton, 2009). As early as 1966, measurements made
by Soulage (1966) indicated that pine forests raise the ice-
nucleating activity. In addition, recent work carried out at
the AIDA chamber (Möhler et al., 2005) has shown that a
sulphate coating can considerably increase the effectiveness
of the immersion nuclei, which can be further enhanced
by the presence of oxidised organic material. Choularton
et al. (2008) pointed out that a possible source of the ice
particles observed at Jungfraujoch is immersion freezing by
organic/carbon particles that were carried up in plumes of
polluted air. Thus, it is possible that the oxidised organics
ingested into the northern cell on 15 July 2007 first acted as
effective CCN and then IN. There is also some suggestion
that there was dust present. In the following section, MAC3
will be used to simulate the 15 July cloud to test the effect of
aerosols on the microphysics of the clouds.

4.2. Cloud observations

According to the IMK radar observations (not shown) the
reflectivity of the northern convective cell had reached
a maximum value (35–40 dBZ) and precipitation (with
reflectivity of 30 dBZ) had reached the ground before the
time of the first aircraft penetration (1445 UTC).

The reflectivity had just begun to decrease when the
aircraft made the first penetration. The radar reflectivity did
not increase again. Evidently, the aircraft penetrated a new
cell which did not produce precipitation. The observations of
vertical wind, liquid water content (LWC) and concentration
of ice particles with diameter d > 50 µm from the SID-2
instrument during the first three penetrations are shown
in Figure 4. The updraught measured in the cloud was
strong with maximum values of about 10 and 11.5 m s−1

in the first and second penetrations, at 1445 UTC and
1457 UTC, (Figures 4(a) and (b)), respectively. The aircraft
followed the cloud top as it ascended. The maximum values
of LWC in both penetrations was 1.4 g m−3, despite the
strong updraught. It is clear that considerable entrainment
had occurred since the adiabatic values are about 4 g m−3.
The relatively low values of LWC in such strong updraughts
is most likely because of the relatively small size of the
turrets (about 1 km), allowing the cores of the thermals to
be eroded (Blyth et al., 2005). There is an average decrease
in both the values of vertical wind and LWC towards the
downshear side of the cloud evident in Figure 4(b) and there
is a strong downdraught of about –7 m s−1. This greater
dilution downshear has often been observed in clouds and,
indeed, Hobbs and Rangno (1985) showed that ice particles
developed in downshear regions. The average temperatures
measured in the first two runs were approximately –4 and
–7 ◦C. There is evidence of ice particles in the downdraughts
in both of these penetrations. Blyth and Latham (1993)
observed the first ice particles in the downdraughts of New
Mexico clouds. Figures 4(a) and (b) show the maximum
concentrations of ice particles larger than 50 µm of about
60 and 150 litre−1 in the first and second penetrations,
respectively. There is a distinct absence of these larger ice
particles in the updraughts in both penetrations.

The cloud continued to ascend, but had obviously begun
to decay by the time of the next penetration at 1508 UTC
(Figure 4(c)), which was at a temperature of –9 ◦C. There
was a strong downdraught of more than –10 m s−1 resulting
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Figure 2. Measurements of vertical velocity (bold black line), concentrations of aerosols from the CPC (thin black line) and PCASP (bold grey line), and
relative humidity (thin grey line) along the flight track shown in Figure 1 when the aircraft flew over the Murg valley from southwest to northeast on 15
July 2007. The figures along the top axis are longitudes along the flight track, corresponding to the latitudes shown on the bottom axis.

Figure 3. Composition overview from ToF-AMS at supersite H during July 2007.

from entrainment of the dry air causing strong evaporative
cooling. The maximum concentration of the ice particles
(d > 50 µm) detected by the SID-2 probe had increased
to about 300 litre−1 in the strong downdraught. Although
the majority of particles measured by the CPI were too
small (d < 40 µm) to distinguish between water and ice
particles, the instrument did detect a few ice particles
larger than 400 µm in the downdraught. The maximum
concentration of particles detected by the 2DP was 0.9 litre−1

in the downdraught. The aircraft penetrated close to the
top of the cloud in the next penetration at T = −10 ◦C.
Downdraughts were measured across most of the cloud
(not shown) and there were lower concentrations of the ice
particles (d > 50 µm). However, one 200 m wide updraught
(wmax ≈6 m s−1) was observed with no larger ice particles
detected by the SID-2 instrument.

Thus the evidence from SID-2 suggests that there was
a high concentration of ice particles (total concentration,
Ni >300 litre−1) measured in the downdraught of the cloud
whose top reached no higher than T ≈ −12 ◦C.

4.3. MAC3 simulations

A modified sounding from Achern at 1300 UTC on 15
July 2007 was used for the background environmental
conditions. The clouds formed only where there was high
humidity. So, in order to simulate the northern convective
clouds that developed over the Murg valley, the moister air

conditions at levels from 1.8 to 4.2 km amsl detected from
the aircraft profile flight around this area at about 1420 UTC
were used to replace the corresponding values of RH. The
aerosol size distribution measured by the PCASP during a
low-level boundary-layer run at 1340 UTC was used for the
‘reference’ run.

We also performed two other runs for this case. The
reference run used the conventional Bigg immersion-
freezing scheme (Bigg, 1953). The second run ‘T1’ used
a new scheme of immersion freezing adopted from Diehl
et al. (2006). The final run ‘T2’ used an initial aerosol
loading of one fifth of the reference run, since the main,
deep convective cell, studied by several authors in the COPS
literature, formed in the southern part of the Black Forest
in a region where fewer aerosols were measured by the
instruments on the aircraft.

4.3.1. Reference run

The model results of the maximum values at any radial
distance from the axis is shown as a function of altitude
and time in Figure 5. The simulated cloud base and top
are zcb ≈ 2.9 km amsl and zct ≈ 6.5 km amsl (Figure 5(a)),
respectively, which is in agreement with the IMK radar
observations. The cloud-top temperature, Tct ≈ −12 ◦C,
and the maximum updraught speed, wmax = 12.8 m s−1

(Figure 5(e)) are also similar to the corresponding observed
values. When the vertical velocity reached its peak, the

Copyright c© 2011 Royal Meteorological Society and
Crown copyright, the Met Office

Q. J. R. Meteorol. Soc. 137: 275–286 (2011)



280 Y. Huang et al.

–5
0

5
10

Time (UTC)

W
 (

m
 s

–1
)

144447 144507 144527 144547 144607

0
1

2
3

4
5

6
7

8

A
lti

tu
de

 (
km

)

(a)

0.
0

0.
4

0.
8

1.
2

Time (UTC)

LW
C

 fr
om

 J
W

 (
gK

g–1
)

144447 144507 144527 144547 144607

0
20

40
60

N
ic

e 
fr

om
 S

ID
2 

fo
r 

d 
>

 5
0µ

m
 (

L−1
)

–5
0

5
10

Time (UTC)

W
 (

m
 s

–1
)

145707 145717 145727 145737 145747 145757

0
1

2
3

4
5

6
7

8

A
lti

tu
de

 (
km

)

(b)

0.
0

0.
4

0.
8

1.
2

Time (UTC)

LW
C

 fr
om

 J
W

 (
gK

g–1
)

145707 145717 145727 145737 145747 145757

0
20

60
10

0
14

0

N
ic

e 
fr

om
 S

ID
2 

fo
r 

d 
>

 5
0µ

m
 (

L−1
)

–1
0

–8
–6

–4
–2

2
0

Time (UTC)

W
 (

m
 s

–1
)

150920 150930 150940 150950

0
3

6
9

13
17

21
25

A
lti

tu
de

 (
km

)

(c)

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

Time (UTC)

LW
C

 fr
om

 J
W

 (
gK

g–1
)

150920 150930 150940 150950

0
50

10
0

20
0

30
0

N
ic

e 
fr

om
 S

ID
2 

fo
r 

d 
>

 5
0µ

m
 (

L−1
)

Figure 4. Observations on 15 July 2007 of vertical wind, LWC and
concentration of ice particles larger than 50 µm measured by SID-2
during penetrations: (a) at 1445 UTC, ≈ 4.6 km amsl, T ≈ −4 ◦C, (b)
at 1457 UTC, ≈ 5 km amsl, T ≈ −7 ◦C, and (c) at 1509 UTC, ≈ 5.3 km
amsl, T ≈ −9 ◦C.

maximum concentration of drops is about 380 cm−3. The
concentrations of graupel particles and raindrops are both
low, and the maximum concentration of ice particles is only
4 litre−1 (Figure 5(c), (d) and (b)). Notice that raindrops
were produced before the graupel particles and hence by
the warm rain process when the cloud was about 2.5 km
deep. The reflectivity factor is shown for all three model
runs in Figure 6. The maximum reflectivity in the reference
run was 43.4 dBZ (Figure 6(a)), which is approximately the
same as that observed in the most intense of the northern
clouds by the IMK radar. The rainfall with a reflectivity of
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Figure 5. Reference run results for the 15 July cloud. The plots show the
maximum values at any radial distance in the model of (a) the concentration
of drops, (b) concentration of ice crystals, (c) concentration of graupel
particles, (d) concentration of raindrops, and (e) vertical velocity.

at least 30 dBZ occurred for about 10 min. There are two
factors responsible for the low concentration of ice crystals
in the model results. The first is that the HM process did
not operate because of the low concentration of graupel
particles. The second is due to the low efficiency of ice
nucleation at such high temperatures (T > −12 ◦C) from
the conventional immersion freezing scheme.

4.3.2. Run T1: Enhanced IN

Since a high concentration of organic material was possibly
ingested into the cloud, we performed a model run with
a new scheme for drop freezing introduced by Diehl and
Wurzler (2004) and Diehl et al. (2006), in which a different
type of ice nucleus was recognized by the different values of
the constant Bh,i that represents the ice nucleating efficiency
in the immersion freezing mode of an insoluble particle
per unit volume of liquid. The values were derived from
laboratory experiments (Diehl et al., 2006, provide details).
The value for leaf litter was used (Bh,i = 0.438 cm−3). The
results are shown in Figure 7. The concentration of ice
crystals is much higher than in the reference run, with a
maximum of 704 litre−1, due to the enhanced ice nucleating
ability of the biogenic aerosol in the new scheme. This is
more consistent with the observations. Both the enhanced
formation of ice particles or direct formation of graupel
particles (depending on the droplet size) via the immersion
mode, and the following formation of graupel by riming,
deplete a significant fraction of the larger drops, leading
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Figure 7. As Figure 5, but for the test run T1.

to the suppression of warm rain. The graupel particles
produced in this run are not large enough to fall and tend
to remain aloft as in the reference run (Figure 7(c)). As a
result, the precipitation reaching the ground is significantly
reduced (Figure 7(d)) as is the reflectivity (Figure 6(b)). The
maximum reflectivity is 37 dBZ, which is slightly less than
in the reference run. This result is similar to the findings of
Levin et al. (2005).

4.3.3. Run T2: Low aerosols

As mentioned above, two precipitating convective cells
developed along the convergence lines on this day. The
southern cell developed into a short-lived thunderstorm
with heavy precipitation and hail (Kalthoff et al., 2009;
Barthlott et al., 2011; Burton et al., 2011, pers. comm.).
The IMK radar images show that the reflectivity of the
southern cell was significantly stronger and the cloud top
was much higher than that of the northern cell.

The high humidity values measured over the Murg valley
were used in the simulation, so it is unlikely that the low
cloud top attained by MAC3 (Figure 5) compared to the
12 km observed top in the southern cell was associated
with humidity, as experienced in some larger-scale model
runs (e.g. Burton et al., 2011, pers. comm.). However,
the measurements from the CO, NOx, CPC, PCASP on
board the aircraft exhibited an interesting distribution
in the concentration of pollution along the flight tracks
(southsouthwest to northnortheast) in the two low-level
runs over the mountains. The air in the north over the Murg
valley is significantly more polluted than the air in the south
over the Kinzig valley. For example, in the run at 1340 UTC,
the concentration of aerosols measured by the CPC over
the Murg valley was about five times that measured over
the Kinzig valley. A similar enhancement of the number
concentration was measured by the PCASP. The southern
cloud formed and developed just at the east end of Kinzig
valley, while the northern cell was located on the east side of
the Murg valley.

In order to test the impact of aerosols on the cloud, we
conducted a sensitivity test (T2) with an aerosol loading
of one fifth that of the reference run, with everything else
the same. The results from T2 are presented in Figure 8.
The cloud top ascended to zct ≈ 8 km amsl compared to
zct ≈ 6 km in the reference run and the cloud developed
more vigorously. The concentration of ice crystals, graupel
particles and raindrops increased significantly and the
raindrops and graupel particles formed earlier than in the
reference run. The reflectivity also increased to a maximum
of 65 dBZ and the maximum occurred about 6 min earlier
(Figure 6). The features of run T2 are similar to the
observations of the southern cell (Kalthoff et al., 2009),
which suggests that the orography played a significant role in
altering the microphysical behaviour of the clouds through
the influence of venting of aerosols from the valleys. The
discrepancy between the modelled and observed cloud top
in test T2 suggests that there are other factors that influenced
the altitude of the southern cloud, the investigation of which
is beyond the scope of this study.

There are two factors which account for the more vigorous
growth in the cleaner cloud with the higher top. The first
is the cooling effect through evaporation, which occurred
near the cloud boundary via entrainment and mixing of the
cloud air with the ambient dry air and in the upper part
of the cloud through the Bergeron mechanism. The cooling
is much stronger in the polluted cloud because the average
size of drops is much smaller, which promotes faster and
stronger evaporation. As a result, the development of the
polluted cloud is suppressed. This is consistent with the
findings of Cui et al. (2006). The second factor is the water
loading term. When the cloud develops to its mature stage,
raindrops are produced which then fall out of the ascending
parcels. Thus the loading term in the upper part of the
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Figure 8. As Figure 5, but for the test run T2.

cloud is reduced. Many studies (e.g. Huang et al., 2008) have
pointed out that raindrops are developed earlier and their
concentration is higher in cleaner clouds (Figure 8(d)) than
in polluted clouds (Figure 5(d)).

On the other hand, the sensitivity test shows that the
pollution in the north has suppressed the cloud development
rather than strenthening it, as suggested by Rosenfeld
(2006). He proposed that pollution can invigorate warm-
base deep convective clouds by sending more liquid droplets
to supercooled levels where they can freeze and then
release latent heat aloft (Rosenfeld, 2006). The model case
discussed here had a colder base and warmer top than the
clouds discussed by Rosenfeld. The cloud base and top had
temperatures of about 8 ◦C and –12 ◦C, respectively. The
cooling effect caused by evaporation of small drops when
mixing with the dry ambient air and co-existing with ice
particles was apparently significant to dominate over the
latent heat release by freezing of the droplets in the upper
part of the cloud. This point has been presented in the work
of Cui et al. (2006).

5. Case 2: 11 July cloud

5.1. Observations

On 11 July 2007, the COPS area was affected by a passing
upper trough bringing cool west to northwest flow over
the region. Convection developed, but was inhibited by a
weak stable layer around 3 km amsl with an associated deep
dry layer. The aircraft penetrated two convective clouds
near their tops. The forward-facing camera showed that the

first cloud was in a developing stage when penetrated at
about 3.6 km amsl (T ≈ −7 ◦C) from 1100 to 1114 UTC.
The second cloud was in a mature to decaying stage when
penetrated at about 3.3 km amsl from 1158 to 1205 UTC.
The IMK radar images show that the tops of the radar echoes
were about 3.0 km amsl. The clouds did not develop over
the Black Forest mountains, but advected into the COPS
region. The aircraft remained with the clouds for as long
as possible. Only small concentrations of ice particles were
measured in the first cloud. The maximum concentration
of particles from the 2DC and 2DP instruments was only 15
and 0.2 litre−1, respectively. The images from CPI are mostly
of small droplets and only a few images of small columns
and graupel were recorded by the 2DC.

In contrast, relatively high concentrations of ice particles
were measured in the two penetrations made in the
second cloud studied at altitudes of 3.4 and 3.1 km amsl
(T ≈ −5 ◦C). Figure 9 shows the results from the second
penetration made at 1204 UTC. Many ice particles were
recorded by the CPI. Figure 9(b) shows examples of the
ice particle images, some of which are pristine columns
while others are rimed. Even more images of ice particles,
most of which are columns and graupel particles, were
recorded by the 2DC instrument; examples are shown in
Figure 9(c). The LWC is less than 1 g m−3 everywhere, but
is even less on the downshear side of the cloud where
there is a larger concentration of ice particles measured by
the 2DC and 2DP instruments, similar to the 15 July case
(Figure 4(b)). The maximum concentrations from 2DC and
2DP are about 400 and 50 litre−1, respectively. The estimated
concentration of ice particles with diameter d > 150 µm
from the combined 2DC and 2DP instruments was 80 litre−1

(unfortunately, SID-2 did not work on 11 July), which
far exceeds the estimation from the Meyers et al. (1992)
formula derived from typical ice nuclei measurements at
such a high temperature. As mentioned above, the IMK
radar showed that the radar tops were about 3 km amsl. Of
course, the history of the cloud before it reached the COPS
region is unknown, as are the details of the IN, but the
observation of the co-existence of numerous ice particles,
pristine columns, graupel particles and supercooled droplets
within the temperature range of –3 to –9 ◦C suggests that
the HM process of splintering during riming may have
been responsible for the relatively high concentration of ice
particles. MAC3 model results are discussed below to help
understand the early behaviour of the cloud and to test if the
HM process did operate in these relatively shallow cumulus
congestus clouds.

5.2. MAC3 model results

The initial environmental conditions used in the simulation
were slightly adapted from Achern sounding at 1200 UTC,
11 July 2007. Figure 10 shows the spatial distribution of
the concentrations of liquid drops and ice crystals and the
wind vectors at 5 min intervals from 25 to 50 min of the
model run. The simulated cloud developed to a maximum
intensity at t = 35 min. The maximum concentration of
liquid drops at this time (185 cm−3) is consistent with the
concentrations of 180 cm−3 observed by the CPI for all
particles in a developing cloud with high LWC. Secondary
ice particle production due to riming (HM process) became
significant at t = 40 min when the simulated cloud was in
a mature stage. The development of ice particles caused the

Copyright c© 2011 Royal Meteorological Society and
Crown copyright, the Met Office

Q. J. R. Meteorol. Soc. 137: 275–286 (2011)



Development of ice Particles in COPS Convective Clouds 283

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Time (UTC)

LW
C

 fr
om

 J
W

(g
kg

−1
)

120356 120406 120416 120426 120436 120446

0
10

0
20

0
30

0
40

0

Time (UTC)

C
on

ce
nt

ra
tio

n 
fr

om
 2

D
C

(L
−1

)

120356 120406 120416 120426 120436 120446

0
10

20
30

40
50

C
on

ce
nt

ra
tio

n 
fr

om
 2

D
P

(L
−1

)

(a)

(b)

(c)

Figure 9. Observations from a penetration made in the downshear direction
on 11 July 2007 at 1204 UTC. (a) LWC (upper) and concentration of
particles (lower) measured by the 2DC and 2DP instruments. Examples
of particle images from the CPI and 2DC instruments are shown in (b)
and (c). For each CPI image box in (b), the particle size is shown on the
lower left corner. The distance between the vertical lines in (c) represents
800 µm. The vertical wind is not shown because of icing problems in the
instrument during the penetration.

cloud top to ascend to a higher altitude because of the extra
release of latent heat. At t = 45 min (Figure 10(e)) the cloud
is already in a decaying stage and the concentration of ice
crystals has increased to a maximum of 66 litre−1 at about
3 km amsl. The development of the high concentration of
ice crystals is due to the HM process. The ice production rate
by splintering reached a peak of 1 litre−1s−1, while the rate
by other nucleation processes only reached 0.02 litre−1s−1

(not shown). Because the concentration of graupel is critical
to the effective operation of the HM process (Huang et al.,

2008), we compared the modelled graupel concentration
with the concentration of particles larger than 1 mm from
2DP. The maximum values were 0.73 litre−1 from the model
versus 0.95 litre−1 from 2DP. Therefore, the MAC3 results
support the idea that the HM process is responsible for the
high concentration of ice particles observed in the 11 July
cloud.

6. Conclusions

An analysis has been presented of the microphysics of
cumulus clouds observed on two days during the Convective
and Orographically-induced Precipitation Study that was
held over the Black Forest mountains in southwest Germany
in the summer of 2007. The analysis suggests four points:

(i) High concentrations of ice particles were observed in
clouds on 11 July. Conditions were conducive for the
HM process and MAC3 model simulations confirmed
that the high concentrations can be explained by the
HM process.

(ii) High concentrations of relatively small ice particles
(but with size larger than 50 µm) were observed with
the SID-2 instrument in the northern cloud on 15
July which had a top no higher than T ≈ −12 ◦C.
The MAC3 model results suggested that drops
were too small and there were insufficient graupel
particles for the HM process to explain the observed
concentrations. Biological nuclei, oxidised aerosol
particles in the polluted air vented from the Murg
valley into the cloud and desert dust are all possible
candidates. A high mass fraction of oxidised organic
material was measured by the ToF-AMS at supersite
H. Due to the nature of the site, the sub-micron aerosol
composition, the presence of coarse mode material
and the high biogenic activity, a different IN activity
scheme for biogenic material (Diehl and Wurzler,
2004) was used in a model sensitivity study. The
model results using this different scheme predicted the
existence of a high concentration (Ni ≈ 700 litre−1)
of small ice particles. The observations were uncertain
as mentioned above, but there is some confidence in
the 300 litre−1 concentration of particles larger than
50 µm measured by SID-2.

(iii) There was likely to be increased emissions of biogenic
VOC oxidation products from the trees in the Black
Forest on the hot and sunny days just before and
including 15 July. The organic and inorganic material
was found to be internally mixed suggesting that
the organic material is secondary in nature and
had condensed onto pre-existing aerosol particles,
possibly as a result of the photo-oxidation of biogenic
gas-phase material. This conclusion is supported by
the observation of there being little black carbon,
sulphate and nitrate, and also by the fact that the site
is far from local pollution sources.

(iv) Venting of pollutants from valleys in the Black
Forest mountains can have a significant influence
on the microphysics and dynamics of the convective
clouds in several ways. Firstly, it is possible that
oxidised aerosol particles in polluted air could be
more efficient ice nuclei and produce more ice
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Figure 10. Spatial distributions of wind vectors and the concentration of drops and ice crystals and at times from 25 to 50 min. The thin lines are the
concentration of liquid drops with contours at 1, 50, 100, 150 cm−3. The bold lines are the concentration of ice crystals with contours at 1, 30, 50 litre−1.
The scale for the wind vectors is shown in (a).

than the parametrization scheme of Meyers et al.
(1992), as suggested by Choularton et al. (2008).
Secondly, the greater number of CCN particles results
in there being smaller drops, which can more readily
evaporate at cloud top causing a lower cloud top. Also
more condensate is carried along, weighing down the
ascending cloud. So the model predicts that more
polluted clouds are shallower and produce less rain.

The secondary production of ice by splintering during
riming –the HM process –is known to be important in many
convective clouds, now most likely including the 11 July
clouds. However, as mentioned above, conditions do not

appear to have been favourable for this process to be active in
the northern 15 July 2007 cloud, mainly because cloud base
was high and there was a large concentration of relatively
small cloud particles and few graupel particles. Blyth and
Latham (1993) observed a similar case over the mountains
of central New Mexico when moisture was just returning
to the area and cloud bases were high as a result. The
reference MAC3 model run produced low concentrations of
ice particles.

Several large-scale model studies have been performed for
the 15 July case by Barthlott et al. (2009, 2011) and (Burton
et al., 2011, pers. comm.). Also, Kottmeier et al. (2008)
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used COPS data to examine the processes responsible for
the initiation of the cloud. The results of the current study
provide a different perspective, specifically of the role of the
aerosols that are transported by the flows in the complex
terrain, on the microphysical and dynamical properties of
the cloud. The transport of pollution is well-known in
complex terrain. For example, Fiedler et al. (2000) used SF6

as a tracer to show that winds transport pollutant-loaded air
masses from Freiburg up to the summits of the Black Forest
during the day. Thus the properties of the convection that
was initiated by orographically influenced flows may also
be modified by differences in aerosol loadings that are also
generated within the flows.
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