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Abstract. A new empirical parameterization (EP) for multiple groups of primary biological aerosol particles
(PBAPs) is implemented in the aerosol–cloud model (AC) to investigate their roles as ice nucleating particles
(INPs). The EP describes the heterogeneous ice nucleation by (1) fungal spores, (2) bacteria, (3) pollen, (4)
detritus of plants, animals, and viruses, and (5) algae. Each group includes fragments from the originally emitted
particles. A high-resolution simulation of a midlatitude mesoscale squall line by AC is validated against airborne
and ground observations.

Sensitivity tests are carried out by varying the initial vertical profiles of the loadings of individual PBAP
groups. The resulting changes in warm and ice cloud microphysical parameters are investigated. The changes
in warm microphysical parameters, including liquid water content and cloud droplet number concentration, are
minimal (<10 %). Overall, PBAPs have little effect on the ice number concentration (<6 %) in the convective
region. In the stratiform region, increasing the initial PBAP loadings by a factor of 1000 resulted in less than 40 %
change in ice number concentrations. The total ice concentration is mostly controlled by various mechanisms
of secondary ice production (SIP). However, when SIP is intentionally shut down in sensitivity tests, increasing
the PBAP loading by a factor of 100 has an effect of less than 3 % on the ice phase. Further sensitivity tests
revealed that PBAPs have little effect on surface precipitation and on the shortwave and longwave flux (<4 %)
for a 100-fold perturbation in PBAPs.

1 Introduction

In most climate models, the largest source of uncertainty
for estimating the total anthropogenic forcing is associated
with cloud–aerosol interactions (Pörtner et al., 2022). Atmo-
spheric aerosol particles can act as cloud condensation nu-
clei (CCN), and a few of them act as ice nucleating particles
(INPs), thereby influencing the microphysical properties of
clouds, and depending on the cloud type (Fan et al., 2010;

Chen et al., 2019), the treatment of INP in climate models
can strongly affect the atmospheric radiation budget (DeMott
et al., 2010). Various sources of aerosol particles, including
dust/metallic, marine aerosols, anthropogenic carbonaceous
emissions, and primary biological aerosol particles (PBAPs),
contribute to the observed INPs (Kanji et al., 2017).

A significant amount of global precipitation is associated
with the ice phase in cold clouds (Field and Heymsfield,
2015; Mülmenstädt et al., 2015, Heymsfield et al., 2020). In
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particular, mixed-phase clouds are vital for the global climate
(Dong and Mace, 2003; Zuidema et al., 2005; Matus and
L’Ecuyer, 2017; Korolev et al., 2017, and references therein).
In a multimodel simulation study, Tsushima et al. (2006)
showed that the doubling of CO2 concentrations caused the
changes in the distribution of cloud water in the mixed-phase
clouds in a climate simulation to be significant.

PBAPs are solid particles of biological origin and are emit-
ted from the Earth’s surface (Després et al., 2012). They are
highly active in initiating ice as INPs and include bacteria,
fungal spores, pollen, algae, lichens, archaea, viruses, and bi-
ological fragments (e.g., leaf litter and insects) and molecules
(e.g., proteins, polysaccharides, and lipids; Després et al.,
2012; Fröhlich-Nowoisky et al., 2015; Knopf et al., 2011;
Szyrmer and Zawadzki, 1997). Considering the onset tem-
perature of freezing, some ice nucleation active fungi and
bacteria (especially Pseudomonas syringae, with an onset
freezing temperature around −3 ◦C) are among the most ac-
tive INPs present in the atmosphere (Després et al., 2012;
Hoose and Möhler, 2012). The potential impact of PBAP
INPs on cloud microphysical characteristics has been recog-
nized for many years; however, this topic remains a subject
of debate (DeMott and Prenni, 2010; Spracklen and Herald,
2014; Hoose et al., 2010b). Some previous modeling stud-
ies have shown that, on a global scale, PBAPs have only
a limited influence on clouds and precipitation (Hoose et
al., 2010a; Sesartic et al., 2012, 2013; Spracklen and Heald,
2014). On a global scale, the percentage contribution of
PBAPs to the immersion freezing (ice nucleation by INP im-
mersed in supercooled water drop) is predicted to be much
smaller (0.6 %) compared to dust (87 %) and soot (12 %;
Hoose et al., 2010).

Many studies have used cloud models to highlight the po-
tential impact of PBAP INPs on cloud microphysics and
precipitation (e.g., Levin et al., 1987; Grützun et al., 2008;
Phillips et al., 2009). For example, the mesoscale aerosol–
cloud model by Phillips et al. (2009) had a 3-D domain of
about 100 km in width, and many cloud types were present
in the mesoscale convective system that was simulated. Their
simulations revealed that the cloud cover, domain radiative
fluxes, and surface precipitation rate were significantly al-
tered by boosting organic aerosols representing PBAPs. Ac-
cording to Hummel et al. (2018), in shallow mixed-phase
clouds (i.e., altostratus), when the cloud top temperature is
below −15 ◦C, PBAPs have the potential to influence the
cloud ice phase and produce ice crystals in the absence of
other INPs.

The quest for insights into the broader atmospheric role
of PBAP INPs for cloud microphysical properties and pre-
cipitation is hampered by the limited availability of observa-
tions of both their ice nucleation activities for various species
and their aerosol distributions in the real atmosphere (Huang
et al., 2021). More generally, there is incomplete knowledge
about the chemical identity of the key INPs, whether biolog-
ical or otherwise (Murray et al., 2012). In many global and

regional models, the ice nucleation activity of bioaerosols is
represented either empirically or theoretically, based on labo-
ratory measurements of specific biological species of PBAPs
that are assumed as representative candidates (e.g., Pseu-
domonas syringae). This assumption of representativeness
introduces uncertainties that would be expected to impact the
model results, potentially introducing a bias into the estima-
tion of the effects of bioaerosols on clouds (e.g. Sahyoun et
al., 2016; Hoose et al., 2010b; Spracklen and Herald, 2014,
Huang et al., 2021, and references therein).

In addition to primary ice nucleation, ice formation in
clouds can occur because of processes generating new par-
ticles from pre-existing ice, and these are known as sec-
ondary ice production (SIP) mechanisms (Korolev and Leis-
ner, 2020; Korolev et al., 2020). SIP can have a consider-
able impact on cloud micro- and macro-physical properties,
such as precipitation rate, glaciation time, cloud lifetime,
and cloud electrification by increasing the ice number con-
centrations by a few orders of magnitude (e.g., Blyth and
Latham, 1993; Crawford et al., 2012; Lawson et al., 2015;
Phillips et al., 2017b, 2018, 2020; Phillips and Patade, 2022;
Sotiropoulou et al., 2021a, b). This, in turn, can influence the
global hydrological cycle and climate (Zhao and Liu, 2021).

However, in many cloud models, the representations of
these SIP mechanisms are uncertain, as most of the cloud
models include only the Hallett–Mossop (hereafter HM; Hal-
lett and Mossop, 1974) process and neglect other SIP mech-
anisms (e.g., Fan et al., 2017; Han et al., 2019). A few sec-
ondary ice formation processes (e.g., the HM process) have
been suggested to be active in the temperature range where
active PBAP INPs exhibit strong ice nucleation activity. The
INPs of biological origin, such as bacteria, are highly ac-
tive in the temperature range of the HM process (−3 to
−8 ◦C) compared with non-biological INPs (Möhler et al.,
2008; Patade et al., 2021; henceforth PT21). At temperatures
warmer than −15 ◦C, some of the PBAPs generated by bio-
logically active landscapes (e.g., forests and woodlands) can
promote ice formation and crystal growth in clouds (Morris
et al., 2014).

In the USA, about 18 % of the total landmass is used as
cropland, farmland, and for agricultural activities (Garcia et
al., 2012). These are major sources of biological particles
in the atmosphere. Biogenic particles released from crops,
either pre- or post-harvest, have previously been shown to
serve as INPs (in Colorado and Nebraska; Garcia et al.,
2012). Huffman et al. (2013) found that airborne biologi-
cal particles increase significantly in concentration, by an or-
der of magnitude or more, during rainfall in a forest in the
western USA and that bioaerosols are well correlated with
INPs. Prenni et al. (2012) observed a similar increase in con-
centrations of ground-level INPs during rain at a forested
site in Colorado, which was associated with increased bio-
logical particles. Convective clouds can efficiently transport
lower tropospheric aerosol particles into the upper tropo-
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sphere where they can affect the cloud properties (Cui and
Carslaw, 2006).

The current study aims to simulate realistic concentrations
of multiple groups of PBAP INPs, including bacterial and
fungal particles, to investigate their interactions with con-
vective clouds observed during the Midlatitude Continen-
tal Convective Clouds Experiment field campaign (MC3E)
in the USA (Jensen et al., 2016). In view of the literature
noted above about the effects of PBAP INPs, there is a need
for more detailed analyses of their role in altering cloud mi-
crophysical properties and precipitation because the realistic
treatment of ice nucleation activity for major PBAP groups
was not available prior to our empirical scheme (PT21). Hith-
erto, laboratory measurements of isolated biological species
(e.g., Pseudomonas syringae and Cladosporium sp.) have
been the basis for attempts to simulate biological ice nucle-
ation in clouds, but the representativeness of the choice of
such species has been a long-standing issue. For example,
Hummel et al. (2018) considered three highly ice nucleation
active PBAP species in their model, which may not repre-
sent the ice nucleation activity of PBAP in the atmosphere.
It is not known which biological species of ice nucleation
active (INA) PBAPs contribute the most to biological ice nu-
cleation. Consequently, there is a need for a new approach
oriented toward laboratory measurements of biological INPs
sampled from the atmosphere, thus optimizing the represen-
tativeness of the data for studies of clouds.

In this paper, such an approach is followed to investigate
the effect on cloud properties from various major groups of
PBAP. We incorporated a recent empirical parameterization
for various PBAP groups by PT21 into our 3-D aerosol–
cloud model (AC). PT21 created an empirical formulation
resolving the ice nucleation of each group of PBAPs, includ-
ing (1) fungal spores and their fragments, (2) bacteria and
their fragments, (3) pollen and their fragments, (4) detritus of
plants, animals, and viruses, and (5) algae. We also examine
the relative importance of various secondary ice processes in
their role in mediating the PBAP effects on cloud microphys-
ical properties, given the weakness of PBAP effects on cloud
microphysical properties.

2 Description of observations

2.1 Selected case of a deep convective system

In the current study, we simulated a squall line that occurred
on 20 May 2011 during MC3E (Jensen et al., 2016). The
MC3E campaign took place from 22 April through to 6
June 2011 and was centered at the Atmospheric Radiation
Measurement (ARM) Southern Great Plains (SGP) Central
Facility (CF; 36.6◦ N, 97.5◦W) in north-central Oklahoma.
The surface meteorological analysis on 20 May indicated a
southerly flow at the surface, which provided enough mois-
ture from the Gulf of Mexico to trigger convection. Deep
convection, organized in the form of a squall line, passed

over the measurement site between 10:30 and 11:00 UTC,
resulting in convective precipitation. It was followed by
widespread stratiform precipitation that was well observed
by both airborne and ground-based measurements. Vertical
sounding characteristics of this case are described in Fig. S1
in the Supplement, based on the Skew-T plot.

2.2 Aircraft observations

The in situ cloud microphysical observations used in this
study were obtained from a University of North Dakota Ci-
tation II aircraft. The aircraft collected observations of cloud
microphysical parameters from the cloud base (1.8 km above
mean sea level; hereafter a.m.s.l.) to a maximum altitude
of 7.5 km a.m.s.l. The MC3E campaign collected extensive
airborne measurements of aerosols and cloud microphysical
properties over north-central Oklahoma. A detailed descrip-
tion of the scientific objectives of the MC3E program, includ-
ing the field experiment strategy, airborne, and ground-based
instrumentation, is given in the paper by Jensen et al. (2016).
A summary of the airborne instrumentation during MC3E is
provided in the Supplement.

2.3 Ground-based measurements

A comprehensive instrumentation suite deployed at the ARM
SGP central facility provided continuous measurements of
atmospheric gases, aerosols, clouds, and local meteorolog-
ical conditions (e.g., wind, temperature, precipitation, and
atmospheric profiles). A cloud condensation nuclei (CCN)
counter (CCN-100; DMT) measured the CCN number con-
centration at seven supersaturation values with a temporal
resolution of 1 h. Surface precipitation was measured with
16 rain gauge pairs placed within a 6 km radius of the SGP
CF.

During the MC3E campaign, the measurement facility
deployed at CF measured the spatial variability in surface
fluxes of heat, moisture, and momentum. A radiosonde ar-
ray of six sites, covering an area of 300× 300 km, was de-
signed to capture the large-scale variability in the atmo-
spheric state. Radiosonde observations (Vaisala RS92-SGP)
were conducted with a 6 h frequency (four times daily) at
around 05:30, 11:30, 16:30, and 22:30 UTC, providing verti-
cal profiles of atmospheric state variables (pressure, temper-
ature, humidity, and winds) of the environment surrounding
the ARM SGP site. When aircraft operations were planned
based on forecasted convective conditions, the sounding fre-
quency was increased to a 3 h frequency, with the starting
time at 05:30 UTC.

In addition to airborne observations, the ARM radar net-
work was used to conduct unique radar observations during
the MC3E campaign. The information about various radar
assets during MC3E is given by Jensen et al. (2016). The
surface precipitation used for model validation in this study
is a radar-based precipitation estimate, as described by Gi-
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angrande et al. (2014). Their radar-based rainfall retrievals
were in good agreement with observations, with an absolute
bias of less than 0.5 mm for accumulations less than 20 mm.

The Interagency Monitoring of Protected Visual Environ-
ments (IMPROVE) network stations close to the location of
airborne observations provided ground-level measurements
of various chemical species. These included carbonaceous
compounds (black and organic carbon), salt, ammonium sul-
fate, and dust. The details of the measurement techniques
used for the mass mixing ratios of these compounds are sum-
marized in Malm et al. (1994). The measurements of these
aerosol species from various IMPROVE sites, including sites
at Ellis (36.08◦ N, 99.93◦W), Stilwell (35.75◦ N, 94.66◦W),
and Wichita Mountains (34.73◦ N, 98.71◦W) in Oklahoma,
were averaged to provide inputs to AC.

Initial mass concentrations for the aerosol species of AC
(11 species) including sulfate, sea salt, dust, black carbon,
soluble organic, and biological and non-biological insoluble
organic (five groups of PBAPs) were derived from the God-
dard Chemistry Aerosol Radiation and Transport (GOCART)
model (Chin et al., 2000). The prescribed mass mixing ra-
tios of aerosol species in our aerosol–cloud model (AC) are
based on IMPROVE observations and are listed in Table S2.
It should be noted that, for the MC3E case considered in this
study, coincident IMPROVE measurements were not avail-
able. The mean values of the IMPROVE measurements con-
ducted on 18 and 21 May are used to prescribe the mass of
various aerosol species.

3 Methodology

3.1 Model description

The AC used in this study is a cloud-resolving model (CRM)
with a hybrid spectral bin/two-moment bulk microphysics,
interactive radiation, and semi-prognostic aerosol schemes
(Phillips et al., 2017b, 2020). The model predicts the mass
and number concentrations for five types of hydromete-
ors, namely cloud liquid, cloud ice (or crystals), rain, grau-
pel/hail, and snow. The mixing ratios of the total number
and mass of all particles in each microphysical species are
treated as model prognostic variables. AC treats all known
microphysical processes such as droplet nucleation, ice initi-
ation, through primary and secondary processes, and growth
processes, such as the deposition/sublimation of ice particles,
condensation/evaporation of drops, freezing/melting, and co-
agulation by collisions between various hydrometeor types.
Both the cloud base and in-cloud activation of aerosols to
form cloud droplets are treated explicitly, with the predicted
in-cloud supersaturation resolved on the model grid being
used to activate aerosols aloft. Bin-resolved size distributions
of each aerosol species are predicted for the interstitial and
immersed components of each aerosol species. Extra prog-
nostic variables track the number of aerosols in each aerosol
species that have been lost by INP and CCN activation.

Secondary ice formation is represented by the following
four types of fragmentation:

– breakup in ice–ice collisions (Phillips et al., 2017a, b;
most active between −10 to −20 ◦C),

– rime splintering (most active between −3 to −8 ◦C;
Hallett and Mossop 1974),

– fragmentation of freezing rain/drizzle by modes 1 and 2
(Phillips et al., 2018; most active around −15 ◦C), and

– sublimation breakup (Deshmukh et al., 2021; most ac-
tive between −0 to −18 ◦C).

The empirical parameterization (EP; Phillips et al., 2013)
of heterogeneous ice nucleation treats all known modes of ice
formation (deposition mode, condensation /immersion freez-
ing, and inside-out and outside-in contact freezing) in terms
of dependencies on the loading, size, and chemistry of multi-
ple aerosol species. In the previous version of the EP, prior to
PT21, there were four species of INP aerosol. One of these
was PBAP INPs. However, that version of the EP did not
resolve the individual types of PBAP INP, which exhibit a
wide range of ice nucleating abilities. The current version of
AC also includes the ice nucleation (IN) activity of dust and
black carbon. The ice nucleation parameterization of dust,
and black carbon, is based on studies by Phillips et al. (2008,
2013). The activation of dust and black carbon INP starts at
temperatures colder than −10 and −15 ◦C.

There are two types of homogeneous freezing represented,
i.e., that of cloud droplets near −36 ◦C and that of solute
aerosols at colder temperatures. Both schemes are described
by Phillips et al. (2007, 2009). For cloud droplets, a lookup
table from simulations with a spectral bin microphysics par-
cel model treats the fraction of all supercooled cloud droplets
that evaporate without freezing near −36 ◦C, depending on
the ascent, initial droplet concentration, and supersaturation.
The size dependence of the temperature of homogeneous
freezing is represented.

Cloud processes and rainfall formation have been detected
using different radar variables, such as a specific differential
phase KDP. Moisseev et al. (2015), for example, noted an in-
crease in observed KDP because of aggregation. In addition, a
few studies have hypothesized evidence of SIP via KDP (e.g.,
Sinclair et al., 2016; Kumjian and Lombardo, 2017; Carlin et
al., 2021). In this study, we attempted to detect secondary ice
formation signatures by implementing KDP estimations into
AC. Based on Ryzhkov et al. (2011), KDP values were esti-
mated for various hydrometeor types, including cloud drops,
raindrops, cloud ice, snow, and graupel (their Eqs. 22, 23, 24,
26, and 29).

3.2 Empirical formulation for PBAP INPs

In a recent study, PT21 provided an empirical formulation for
multiple groups of PBAP INPs based on field observations

Atmos. Chem. Phys., 22, 12055–12075, 2022 https://doi.org/10.5194/acp-22-12055-2022



S. Patade et al.: Multiple groups of biological ice nucleating particles 12059

over the central Amazon. In this study, we modified AC by
implementing the recent empirical parameterization of PBAP
INPs by PT21. The empirical formulation by PT21 is based
on observations of PBAP collected at the Amazon Tall Tower
Observatory (ATTO), a research site located in the middle of
the Amazon rainforest in northern Brazil. The empirical for-
mulation by PT21 for multiple groups of PBAPs includes (1)
fungal spores (FNG), (2) bacteria (BCT), (3) pollen (PLN),
(4) viral particles and plant/animal detritus (DTS), and (5)
algae (ALG) and their respective fragments, which are im-
plemented in AC. This formulation has empirically derived
dependencies on the surface area of each group (except al-
gae), and it applies to particles with diameters greater than
0.1µm. Additional details about the formulation by PT21 are
given in the Supplement.

3.3 Model setup

AC was driven by initial and evolving boundary data for me-
teorological conditions. The large-scale advection of humid-
ity and temperature tendencies maintained the convection.
Convection was initiated by imposing perturbations onto
the initial field of vapor mixing ratio. The large-scale forc-
ing condition used for the simulation was derived using the
constrained variational analysis method described in Xie et
al. (2014). Based on this method, the so-called large-scale
forcing, including large-scale vertical velocity and advective
tendencies of temperature and moisture, were derived from
the sounding measurements network. During the MC3E cam-
paign, the sounding network consisted of five sounding sta-
tions centered on a sixth site at the ARM SGP central facil-
ity. An area with a diameter of approximately 300 km was
covered by this sounding network covers. Figure S2 shows
the time–height evolution of potential temperature and wa-
ter vapor mixing ratio from large-scale forcing data. It also
shows the time variation of convective available potential en-
ergy (CAPE) based on observations. The maximum value
of CAPE 2400 J kg−1 was noticed at around 12:00 UTC on
20 May.

The model simulations were carried out for a three-
dimensional domain of 80×80 km with horizontal grid spac-
ings of 2 km. In the vertical, the model resolution was 0.5 km,
and the model top was located at about 16 km. The lateral
boundary conditions are doubly periodic on all sides of the
domain. The initial time of the simulations was at 12:00 UTC
on 19 May 2011, and all simulations were performed for 48 h
at a time step of 10 s.

The GOCART model (Chin et al., 2000) was used to ini-
tialize the seven chemical species associated with the EP.
The data from the three IMPROVE sites mentioned above
(Sect. 2.3) were used to rescale the mass concentration pro-
files at all levels so that they match the measurements near
the surface. Table S2 lists the mass mixing ratios of vari-
ous aerosol species after the corrections. The corresponding
vertical profiles of various aerosol species, including sulfate,

dust, sea salt, black carbon, and total organic carbon, are
shown in Fig. S3a–e. The corresponding IMPROVE mea-
surements are also shown in the same figure. There were no
direct measurements of PBAP mass during IMPROVE, and
therefore, it was derived from the measured mass of the total
organic carbon (TOC). The relative contribution of insoluble
and soluble organic carbon to TOC was assumed to be 20 %
and 80 %, respectively, by assuming a water-soluble fraction
of 80 % for carbonaceous aerosol (Phillips et al., 2017b).
AC takes into account the soluble fraction of each type of
aerosol. The values of this factor are 0.15 for dust and 0.8 for
carbonaceous species. The value of this fraction for all PBAP
groups is 0.1.

There are very few observations available in the litera-
ture that show the fraction of PBAP in the insoluble or-
ganics or total aerosol particles. For example, observations
by Matthias-Maser et al. (2000) found that 25 % of the to-
tal insoluble particles are biological. PBAPs can contribute
a significant fraction to the number concentrations of total
aerosol particles (Mattias-Maser et al., 1999). Mattias-Maser
and Jaenicke (1995) showed that PBAPs can amount to 20 %
and 30 % of the total aerosol particles. The observation by
Jaenicke (2005) in a semi-rural location showed that cellular
particles can contribute up to about 50 % of the total particles.
Based on these studies, we assumed that 50 % of the insolu-
ble organics were biological in origin. The total PBAP load-
ing was prescribed, partly based on observations of insoluble
organics. The mass fraction of each PBAP group in the total
PBAP mass is prescribed, based on the PT21 observations.
The fraction of mass mixing ratio for various PBAP groups
is FNG= 0.39, BCT= 0.13, PLN= 0.31, DTS= 0.17, and
ALG= 2.5× 10−4.

It should be noted that the observations of PBAPs over dif-
ferent geographical locations (including the region where we
carried out the simulation) are rare, which prevents us from
using the region-specific PBAP observations for the present
study. Hence, PT21’s default observations were used to cal-
culate the relative contribution of various PBAP groups to
insoluble organics. The parameters for the shape of the parti-
cle size distribution (PSD) of each PBAP group (modal mean
diameters, standard deviation ratios, and relative numbers in
various modes) are prescribed, based on observations from
Amazon (PT21). Figure S4 depicts the corresponding size
distribution of various PBAP groups in AC. To check the va-
lidity of the observation from PT21 over the region consid-
ered in the current study, the model-estimated values of one
of the major PBAP bacteria are compared with the observa-
tions, as shown Fig. S5. It shows that the estimated values of
bacterial number concentration are overall in fair agreement
with previous observations (e.g. Bowers et al., 2009; Bauer
et al., 2002; Burrows et al., 2009). The simulated bacterial
(∼ 104 m−3) and fungal (∼ 103 m−3) number concentration
by AC is in good agreement with their typical concentration
in the atmosphere (Després et al., 2012). The resulting ver-
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tical profiles of mass of the various PBAP groups are shown
in Fig. S3f.

From these prescribed loadings of aerosol species, AC
predicts their size distribution and, hence, the CCN activity
spectrum. Using the initial sounding and aerosol profile, AC
can predict the in-cloud size distribution of aerosols in each
species and in-cloud supersaturation. Figure S6 shows the
predicted CCN spectrum comparison with observations from
the CCN counter at the surface at the SGP site. It should be
noted that the aerosol mass loading from IMPROVE observa-
tions showed variations of 20 %–30 % for the simulated case.
The uncertainties in the input aerosol mass loading can result
in simulated CCN concentration and are shown by the errors
in the CCN concentration predicted by the AC. During 19–
20 May, the measured number concentration of active CCN
at the SGP CF ranged from 400 to 3000 cm−3 at 1 % su-
persaturation (Fridlind et al., 2017). The measurements were
made on 20 May before the start of the rain in clear air. The
normalized CCN number concentrations at 1 % supersatura-
tion from observations and AC are ∼ 1000 and ∼ 940 cm−3,
respectively. Given the wide range of observed CCN concen-
trations at each supersaturation and the uncertainties in the
model-predicted CCN concentration, the predicted and ob-
served CCN activity spectra are in acceptable agreement.

4 Results from control simulation and model
validation

4.1 Overview of the control simulation

An intense north-to-south-oriented squall line moved over
the ARM SGP CF on 20 May 2011, from 11:00 to 14:00 UTC
(Sect. 2.1). The new version of AC simulated this case, after
implementing the empirical formulation by PT21, for mul-
tiple groups of PBAP INPs (control simulation; Sect. 3). It
should be noted that five ensemble runs were carried out for
the control simulation (see Table S3), varying the perturba-
tion in the initial water vapor mixing ratio.

Figure 1 shows the time–height evolution of various liq-
uid and ice cloud microphysical parameters derived from
the control simulation conditionally averaged over cloudy
regions. The maximum average cloud droplet number con-
centration was around 250 cm−3. The liquid water content
(LWC) was typically less than 0.5 g m−3. The freezing level
(0 ◦C) was around 4.1 km a.m.s.l. The deep convection be-
gan at around 10:00 UTC, followed by intense precipita-
tion at around 11:00 UTC, and reached its peak at around
12:00 UTC. The time–height evolution of cloud ice, snow,
and graupel number concentrations shows maxima shortly
before 12:00 UTC, which coincides with the time of peak
precipitation. This suggests that the ice phase was important
in precipitation formation.

The time–height map of simulated radar reflectivity during
20 May, unconditionally averaged over the whole domain, is
shown in Fig. 1g. It shows the well-defined squall line pass-

ing over the domain from 11:00 to 15:00 UTC. The maxi-
mum of this domain-wide simulated reflectivity was around
40 dBZ when deep convection was happening. The instanta-
neous maximum of reflectivity at any grid point (not shown
here) was about 50 dBZ. At other times, the average reflectiv-
ity was typical of the stratiform cloud of about 15 dBZ. The
cloud top height of the squall line decreases after 14:00 UTC.

4.2 Model validation against coincident observations of
the storm

The extended stratiform region of the squall line while in the
vicinity of the SGP CF was sampled by the Citation aircraft
equipped with a full suite of cloud microphysical instrumen-
tation. The aircraft started sampling the stratiform precipita-
tion region at around 13:00 UTC and continued the observa-
tions at sub-freezing temperatures from 13:35 to 15:15 UTC.
Occasionally, the aircraft encountered weak convective up-
drafts (<6 m s−1). The aircraft actively avoided convection
that was more vigorous than that. In this section, we val-
idate various microphysical and dynamical quantities from
the control simulation against aircraft and ground measure-
ments. The control run includes all primary and SIP pro-
cesses of ice initiation. The vertical profiles shown here are
an average of five ensemble runs.

Figure 2 compares the aircraft observations against
predicted microphysical quantities, with both the predic-
tions and observations identically averaged, conditionally
over convective (6>|w|>1 m s−1) and stratiform regions
|w|<1 m s−1). The simulated LWC decreases exponentially
with height above the cloud base. There is considerable scat-
ter in the observed LWC at each level. The various degrees of
dilution of sampled parts of the cloud can cause these vari-
ations in LWC at a given altitude. The maximum simulated
LWC of 0.5 g m−3 was observed in the convective region at
temperatures warmer than −5 ◦C. In the convective region
around −5 ◦C, the measured LWC is lower than the simu-
lated LWC by a factor of 3. For the stratiform region, simu-
lated values of LWC are in adequate agreement with observa-
tions. Overall, the means of observed LWC are in acceptable
agreement with the model results for convective and strati-
form regions.

The vertical profiles of simulated and observed cloud drop
number concentration (CDNC; Fig. 2c and d) showed that
the CDNC was lower than 300 cm−3. In the convective re-
gion, the measured CDNC is 40 % lower than the simulated
CDNC at 15 ◦C. However, an adequate agreement between
them is found around −5 ◦C. For the stratiform region, sim-
ulated CDNC is much higher in the mixed-phase region.
However, at a temperature warmer than 0 ◦C the values of
observed CDNC are in acceptable agreement with observa-
tions. The observed and simulated mean diameter of cloud
droplets varied between 6 to 16 µm (Fig. 2e and f). There are
few points in the convective region e.g., around−5 ◦C, where
the observed cloud drop diameter is 50 % lower than the sim-
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Figure 1. Time–height contours of the domain-averaged (a) cloud water mixing ratio (QCLOUD), (b) cloud droplet number concentration
(CDNC), (c) rainwater mixing ratio (QRAIN), (d) number concentration of cloud ice (NICE), (e) number concentration of snow (NSNOW),
and (f) number concentration of graupel (NGRAUPEL). Due to a wide range of values, the log values number concentrations are plotted. The
surface height is ∼ 500 m. The averaging was done for cloud points with LWC>0.001 g m−3 or total water content (TWC) >10−6 g m−3.
Also shown is the time–height evolution of the domain-averaged (g) radar reflectivity.

ulated value. An adequate agreement between simulated and
observed cloud drop diameter was found for the stratiform
region. Overall, the predictions of the average CDNC and
cloud droplet diameter, in both convective and stratiform re-
gions, show a fair agreement with observations.

The ice particle number concentration from observations
and the control simulation is also compared as shown in
Fig. 3a and b for convective and stratiform regions, respec-
tively. It should be noted that the observed number concen-
tration of ice particle particles smaller than 200 µm is prone
to shattering, even with the use of the shattering correction

algorithm. This can introduce a significant bias in the ob-
served ice number concentration (Korolev et al., 1991). To
avoid these biases, we have compared the number concentra-
tion of ice particles with a diameter greater than 200 µm from
both observation and model (denoted by NT200). However,
in the rest of the paper (in sensitivity studies), the number
concentration from the model included ice particles of all
size ranges.

Observations show that the concentration of ice parti-
cles gradually increases as the temperature decreases, as
expected. The maximum ice number concentration from
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Figure 2. Comparison of the control simulations by AC with aircraft observations for the liquid water content conditionally averaged over
(a) convective (6 m s−1>|w|>1 m s−1) and (b) stratiform (|w|<1 m s−1) regions, cloud drop number concentration over (c) convective and
(d) stratiform regions, and average size of cloud droplets (<20µm) conditionally averaged over (e) convective and (f) stratiform regions. All
the vertical profiles shown here are averaged for the whole domain. The error bars were estimated based on five ensemble runs.

the aircraft observations (with D>200µm) is ∼ 0.06 cm−3

around−15 ◦C. Good agreement to within 50 %, at most lev-
els, was found between the model-simulated NT200 and that
observed for the convective region.

In the stratiform region, at most levels, model values of
NT200 have the same order of magnitude as observations.
However, between about the −10 and −16 ◦C levels, the
stratiform NT200 values are about half an order of magni-
tude lower than the observations. In similar simulations of
the 20 May case, Fan et al. (2015) and Fridlind et al. (2017)
also showed an underestimation of simulated ice number
concentrations. Compared to the observations, their simula-

tions showed half an order of magnitude bias in ice crystal
number concentration. Comparatively, for the convective re-
gion, our model-predicted ice number concentrations were
in better agreement with the observations. As mentioned in
Sect. 2.2, imaging probe data are prone to shattering, and
various corrections were used to rectify this. However, there
are currently no ways of determining how many undetected
artifacts remain after shattering corrections have been ap-
plied (Baumgardner et al., 2017). Such uncertainties in mea-
sured ice number concentration could result in such bias in
observed and simulated ice number concentrations. In sum-
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Figure 3. Comparison of the control simulations by AC with aircraft observations for the ice number concentration of all particles
>0.2(NT200) mm in the maximum dimension of all microphysical species (cloud ice, graupel/hail, and snow), averaged over (a) convective
(6 m s−1>|w|>1 m s−1) and (b) stratiform (|w|<1 m s−1) regions. (c) The vertical profile of simulated radar reflectivity conditionally av-
eraged over all regions of significant reflectivity (>− 20 dBZ) at each level is compared with observations from ground-based radars. The
temperature corresponding to each altitude is mentioned on the right axes, and the (d) predicted precipitation rate (mm h−1) is compared with
ground observations at the SGP CF. All the vertical profiles shown here are averaged for the whole domain. The error bars were estimated
based on five ensemble runs.

mary, though the AC model is not totally perfect, it did a fair
job in simulating observed ice number concentrations.

In Fig. 3c, the radar reflectivity from vertically point-
ing Ka-band ARM zenith radar is compared with the
mean profile from model simulations. This figure illustrates
that simulated reflectivity profiles below roughly 3 km and
8 km a.m.s.l. altitudes are in good agreement with observa-
tions. Between 3 and 8 km a.m.s.l. (temperatures of 2 and
−30 ◦C), the bias in the reflectivity from model simulations
and observations is about 10 dBZ. Thus, the simulated reflec-
tivity is substantially higher than the observed, particularly
at levels where the aircraft sampled the clouds. Fridlind et
al. (2017), and Fan et al. (2015), noticed similar overestima-
tions of reflectivity within stratiform outflow of the squall
line case on 20 May. They attributed the reflectivity biases to
significantly larger ice particles in the simulations than in the
observed.

Figure 3d compares the time series of the precipitation rate
from the control simulation with the radar-based precipita-
tion estimates. In both the control simulation and observa-
tions, a maximum precipitation rate of about 5 mm h−1 was
noticed, with an error in the prediction of less than 5 %. In
comparison to observations, the simulated squall line arrives
1–2 h later. The lack of resolution of the 3-D turbulence in the

planetary boundary layer and uncertainties associated with
the 3-D structure of initial and boundary conditions can all
have an independent impact on the simulated rainfall struc-
ture, resulting in a delayed peak. Nonetheless, AC has done a
fair job of simulating the peak in the predicted precipitation
rate.

4.3 Analysis of simulation with ice particle budgets and
tagging tracers

The activated PBAP INPs from the control run are shown
in Fig. 4 for the convective and stratiform regions. In addi-
tion to the PBAP INPs, Fig. 4 also shows the activated INPs
from dust and black carbon. It should be noted that these con-
centrations shown here are based on advective tagging trac-
ers that follow the diffusion, ascent, and descent inside cloud
motions. Overall, bacterial and fungal particles dominate the
biological INP concentration in the simulated cloud. For ex-
ample, at−20 ◦C, the activated INPs from bacteria and fungi
are higher than the other three groups of PBAP INPs (de-
tritus, pollen, and algae) by 2 orders of magnitude in both
convective and stratiform regions. At that level in convec-
tive regions, the average concentration of simulated active
PBAP INPs is about 3× 10−6 cm−3, which is 2 orders of
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magnitude less than the maximum total for all active INPs
(about 3× 10−4 cm−3) in the whole simulation. Overall, the
predicted total INP concentration is dominated by black car-
bon and dust. At −10 ◦C, the activated INPs from dust and
black carbon differ by an order of magnitude from the total
PBAP INPs in convection.

The formation of ice in a cloud is a result of several pri-
mary and secondary processes. It is important to understand
the relative importance of these processes in precipitation
formation. To that end, Fig. 5a shows the ice particles initi-
ated from various sources throughout the 3-D domain of the
entire simulation. The primary homogeneous (PRIM_HOM)
dominates the total ice budget. Among all SIP mechanisms,
breakup caused by collisions between various ice particles is
the most important in determining the total ice number con-
centration. The ice production by the sublimation breakup
of graupel is slightly lower than PRIM_HOM. However, the
contribution of ice production via the sublimation breakup of
dendritic ice crystals is negligible.

Figure 5b and c depict the relative importance of ice con-
centration from various SIP mechanisms and active INPs in
determining the total ice number as a function of temperature
for convective and stratiform regions. Each source of ice dis-
played is tracked with advective tagging tracers throughout
the simulation. Overall, at temperatures warmer than−15 ◦C,
the contribution to the total ice number concentration from
various SIP is 2–3 orders of magnitude higher than the con-
centration of active INPs, highlighting the importance of SIP
mechanisms in ice formation. At −25 ◦C, breakup in ice–
ice collisions contributes around 75 % and 20 % of the total
ice concentration in the convective and stratiform regions,
respectively. At the same temperature, in both the convec-
tive and stratiform regions, sublimation breakup and raindrop
freezing contribute about 8 % and 0.8 %, respectively. It can
be observed that, in the convective regions at temperatures
warmer than −30 ◦C, SIP mechanisms are important in de-
termining the total ice concentrations, whereas at colder tem-
peratures, homogeneous nucleation is dominant. In the strat-
iform region, this crossover occurs at a much warmer tem-
perature around −18 ◦C. At temperatures colder than this,
homogeneous nucleation is a major contributor to the total
ice, whereas at warmer temperatures, SIP mechanisms pre-
vail. Overall, the contribution of active INP to the total ice is
lower than 3 %.

Secondary ice formation via the HM process of rime splin-
tering contributes significantly to ice production at tempera-
tures warmer than about −15 ◦C (Fig. 5b and c), enhancing
the ice concentration beyond the primary ice. In the convec-
tive region, the contribution of the HM process in total ice
can reach as high as 40 % at around −5 ◦C. The simulated
cloud droplet diameter is mostly smaller than 15 µm. It is
smaller than the cloud droplet size required for the HM pro-
cess to occur. In AC, the rate of the rime splintering mech-
anism depends on the concentration of droplets >24µm. It
should be noted that, in the AC model, the HM process

is treated with a factor multiplying the fragment emission
which depends on the cloud droplet size. This factor is zero
for cloud diameter below 16 µm and unity above 24 µm, with
linear interpolations in between.

5 Results from sensitivity tests about the influence
of PBAP

To quantify the effect of multiple types of PBAPs on cloud
properties, sensitivity tests were performed by modifying the
control simulation and comparing the perturbed simulations
with it. A description of various sensitivity tests carried out
in the current study are listed in Table S3. The corresponding
figures for each simulation are also mentioned.

Simulations were performed by eliminating all PBAPs
from the control (no PBAP case) and by multiplying their
initial loadings at all levels by factors of 10 and 100 (high
PBAP and very high PBAP cases), respectively. A compari-
son with the control simulation reveals the overall effect from
both the CCN and IN activities of all bioaerosols combined.
These factors are justified by considering the variations in
PBAP concentrations in the range of about 0.1 to 30 L−1 over
North American forests (Huffman et al., 2013). An additional
simulation was conducted with a 1000-fold increase in initial
PBAP loading (ultra-high PBAP) to investigate if these un-
realistically high concentrations of PBAPs could affect the
ice phase in a purely hypothetical scenario. A total of five
ensemble runs were carried out for all major simulations in-
volving perturbations in PBAP loading. The ensemble runs
were carried out by varying the perturbation in initial condi-
tions (water vapor mixing ratio).

Additional simulations were performed by removing the
treatment of biological IN activity in the EP (no PBAP INP
case) relative to the control run. A comparison of both ad-
ditional simulations against the corresponding simulations
with the full change in the PBAP loadings (no PBAP and
high PBAP cases) reveals the separate roles of the INP and
CCN activities for the changes in biological material. Apart
from these changes in PBAPs, the perturbed simulations are
identical to the control run.

Figure 6 reveals the effects of all bioaerosols on cloud
properties in the convective region (|w|>1 m s−1). Overall,
changes in cloud microphysical properties, including liquid
water content, cloud droplet size, cloud drop number concen-
tration, and ice number concentration, are less sensitive to the
changes in PBAPs for the convective part of the simulated
clouds and are not statistically significant. The LWC, cloud
droplet number, and cloud drop diameter in the perturbed
simulations do not differ much (<3 %) from the control run.
For the whole storm, considerable changes in the spatial
distribution of total ice number concentration are observed
due to changes in PBAPs (see Fig. S7). However, vertical
profiles showed very small changes in the ice number con-
centrations. In the convective region, changes in ice crystal
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Figure 4. The activated number concentration of INPs from various PBAP groups are shown along with dust (DUST) and black carbon (BC)
and total INPs at various temperatures for (a) convective and (b) stratiform regions. All the vertical profiles shown here are averaged for the
whole domain.

Figure 5. (a) Ice crystal budget for simulated MC3E case. The number of ice crystals produced by various mechanisms (as shown in the
legend) per 1015 particles is shown. Also shown is the relative contribution of various SIP mechanisms such as sublimation breakup, raindrop
freezing, ice–ice collision breakup, and the Hallett–Mossop process to the total ice number concentration as a function of temperature,
averaged conditionally over only (b) convective and (c) stratiform regions. The relative contribution was calculated based on advective
tagging tracers for the given process. The convective and stratiform regions were identified based on criteria |w|>1 and |w|<1, respectively.
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Figure 6. The temperature dependence of the (a) liquid water content, the (b) cloud droplet number, (c) the cloud droplet diameter, and the
(d) total ice number concentration for control simulation and various sensitivity runs involving a change in total PBAP number concentrations
for the convective region. The averaging conditions are mentioned at the top of each figure. The ice number concentration from the ultra-high
PBAP is also shown in panel (d). All the vertical profiles shown here are averaged for the whole domain.

number concentration due to changes in PBAPs are negligi-
ble (<6 %). This includes the extreme changes in bioaerosol
loading (ultra-high PBAP case).

Figure 7 shows the corresponding effects in the stratiform
region (|w|<1 m s−1) from all bioaerosols. The changes in
warm microphysical properties because of changes in PBAP
loadings are smaller than 10 %. In this part of the cloud, the
ice microphysical parameters are comparatively more sen-
sitive to the changes in PBAP than in the convective re-
gion. The ultra-high PBAP case predicted a∼ 40 % lower ice
number concentration than the control run. However, these
changes in the ice number concentration are not significant
as the error bars associated with ensemble members overlap.
For the stratiform region, all other simulations considered
here showed <10 % change in ice number concentrations
compared to the control run. These changes in ice number
concentration due to PBAPs are mostly controlled through
their effect on homogeneous freezing above the−36 ◦C level,
as shown in Fig. 7e, by the tagging tracer for homogeneous
nucleation. These ice particles can then advect to lower lev-
els, affecting ice number concentrations in the mixed-phase
region.

Figure 8 shows the number of ice particles generated by
homogeneous nucleation, various mechanisms of primary
nucleation (Fig. 8a), and secondary ice production (Fig. 8b)
per 1015 ice particles for the entire storm. Homogeneous
freezing dominates the ice production among the three broad
types of ice formation mechanisms (heterogeneous and ho-
mogeneous ice nucleation and SIP). The maximum changes
in ice nucleated through the primary ice mechanism are no-
ticed for the very high PBAP case and can be attributed to
the 100-fold increase in all PBAP loading. The very high
PBAP simulation predicted a 15 % lower number of homo-
geneously nucleated ice than the control run. The very high
PBAP cases predicted about 80 % more primary ice crystals
formed at temperatures warmer than −30 ◦C. At tempera-
tures colder than −30 ◦C, this case predicted 20 % more pri-
mary ice crystals than the control run. The very high PBAP
case showed an increase in primary heterogeneous ice and a
decrease in primary homogenous ice. Since the contribution
of primary homogenous ice nucleation is much higher in de-
termining the total ice number concentration when compared
with primary homogeneous nucleation, the overall effect of
the very high PBAP case is a decrease in total ice number
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Figure 7. The temperature dependence of (a) the liquid water content, (b) the cloud droplet number, (c) the cloud droplet diameter, and
the (d) total ice number concentration for the control simulation and various sensitivity runs involving a change in total PBAP number
concentrations for in the stratiform region. Also shown is the temperature dependence of (e) ice concentration on homogeneous freezing.
The averaging conditions are mentioned at the top of each figure. The total ice number concentration and ice number from homogeneous
freezing from ultra-high PBAP are also shown in panels (d) and (e). All the vertical profiles shown here are averaged for the whole domain.
The error bars are based on ensemble runs.

concentration as shown in Fig. 7 and Table S4. However, at
temperatures warmer than −35 ◦C, the ice number concen-
tration in the very high PBAP case was comparable with the
control run (Table S5).

Figure 8b shows that, among SIP mechanisms, the contri-
butions of ice–ice collision breakup and sublimation breakup
are higher by an order of magnitude than the HM process and
raindrop fragmentation. However, the budget analysis (not
shown in the plot) showed that about 75 % of the fragments
associated with sublimation breakup are prone to evapora-

tion, making the ice–ice collision breakup a major SIP mech-
anism. The estimated ice enhancement ratio, which is a ra-
tio between the number concentrations of total ice (exclud-
ing homogeneous nucleation) and primary ice, is shown in
Fig. 8c and d for convective and stratiform regions, respec-
tively. Overall, the ice enhancement ratio varied between 10
to 104, which indicates the importance of SIP mechanisms.
The budget analysis shows that, overall, the perturbations in
bioaerosols resulted in very small changes (with a maximum
change of <40 %) in ice generated by SIP mechanisms.
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Figure 8. The number of ice crystals produced during the whole storm by (a) primary ice nucleation mechanisms and homogeneous freezing,
and (b) various SIP mechanisms (as shown in the legend) per 1015 particles are shown for various sensitivity runs. The ice enhancement ratio
for the convective and stratiform regions is shown in panels (c) and (d).

The role of PBAPs in altering radar reflectivity and surface
precipitation was limited and described briefly in the Supple-
ment (Fig. S8). The overall effect of PBAPs on accumulated
surface precipitation was minimal (<4 %; Fig. S8 and Ta-
ble S4). In addition, the changes in PBAPs do not show a sig-
nificant impact on shortwave and longwave radiation fluxes
and cloud fractions, as discussed in the Supplement (Fig. S9).

6 Results from sensitivity tests about secondary ice
production

Various sensitivity experiments were conducted to evalu-
ate the role of SIP mechanisms in determining micro- and
macrophysical parameters of the clouds (see Table S3). SIP
through sublimation breakup and breakup in ice–ice colli-
sions were switched off in the no sublimation breakup and
no collisional ice–ice breakup simulations, respectively. In
the no secondary case, no SIP mechanisms were active.

The results from these sensitivity experiments are shown
in Fig. 9 for the convective and the stratiform region of the
simulated cloud. Overall, in the convective region, the no
secondary and no collisional ice–ice breakup cases predicted
5 % and 12 % higher LWC, respectively, than the control run
(see Table S4). In the stratiform region, these cases predicted
∼ 25 % higher LWC than the control run. Lower ice number
concentrations due to the absence of SIP mechanisms may
reduce the rate of conversion of liquid to ice via mixed-phase
processes, resulting in a higher LWC.

In the convective part, the absence of any SIP increased
the ice number concentration by half an order of magnitude
at temperatures warmer than −25 ◦C. Comparing the no SIP
and control cases, the effect of the inclusion of SIP mech-
anisms is to increase the average ice concentration by up
to half an order of magnitude at temperatures warmer than
−15 ◦C in the stratiform region. For the stratiform region,
at temperatures colder than this, the absence of SIP mecha-
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Figure 9. Temperature dependence of the liquid water content in (a) the convective and (b) the stratiform region for the control simulation
and various sensitivity runs involving SIPs. The ice number concentration is also shown for the (c) convective and (d) stratiform regions. The
averaging conditions are mentioned at the top of each figure. The vertical profiles of (e) radar reflectivity and (f) total specific differential
phase are also shown for the same simulations. (g) The temporal evolution of the total surface precipitation rate averaged over the domain is
also shown. All the vertical profiles shown here are averaged for the whole domain.

nisms resulted in higher ice number concentrations by a sim-
ilar magnitude. These changes at the colder levels are associ-
ated with homogeneous droplet freezing. The changes in ice
number concentration in the no collisional ice–ice breakup
case are comparable with the no secondary case. Compared
to break up in ice–ice collisions, the sublimation breakup has
a lower impact (<40 %) on the total ice number concentra-
tion in both the convective and stratiform regions.

The changes in simulated radar reflectivity, total specific
differential phase, and surface precipitation rate with SIP
mechanisms are shown in Fig. 9e, f, and g, respectively, for
the whole storm. Overall, the simulated radar reflectivity was
1 dBZ lower in the no SIP and no collisional ice–ice breakup
case than in the control run and can be attributed to the over-
all increase in ice number concentration in the control run.

The no sublimation case predicted slightly higher reflec-
tivity than the control run. The absence of all SIPs resulted
in about a 100 % decrease in the KDP at a temperature colder
than −40 ◦C. Between −10 and −30 ◦C, the absence of no
collisional breakup and no secondary resulted in higher KDP
(half an order of magnitude) values than the control run. The
absence of all SIP mechanisms results in a higher surface
precipitation rate (75 %) during the peak rainfall hour, which
occurs around 11:30 UTC compared to the control run. In a
previous study, Phillips et al. (2017b) have shown that SIP
through ice–ice collision breakup can reduce accumulated
surface precipitation in the simulated storm by 20 %–40 %.
They attributed it to the increase in snow particles compet-
ing for available liquid and the reduction in their growth by
riming. It resulted in smaller ice particles and a reduction in
surface precipitation.
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Figure 10. The temperature dependence of the ice number concentration for the control, very high PBAP with no SIP, and no SIP simulations
averaged for (a) convective and (b) stratiform regions. The (c) vertical profile of the radar reflectivity and the temporal evolution of the (d)
surface precipitation rate are shown for the entire simulation. All the vertical profiles shown here are averaged for the whole domain.

7 Results about the influence of PBAPs in the
absence of SIP mechanisms

To investigate the role of PBAPs in altering cloud microphys-
ical properties through SIP mechanisms, an additional sim-
ulation was performed by eliminating all secondary ice pro-
cesses from the control run and multiplying the initial load-
ing of all PBAP groups by a factor of 100 (the very high
PBAP with no SIP case). The results of this simulation are
then compared to the no SIP case, as shown in Fig. 10.

In the absence of any SIP mechanisms, the 100-fold
increase in bioaerosols resulted in minimal effect on ice
number concentration. Overall, without SIP, the increase in
bioaerosol loading by 100-fold resulted in a less than 5 %
change in the ice number concentration. This indicates that
the ice produced by various SIP mechanisms does not al-
ter the effect of bioaerosols on the ice number concentration
in the simulated clouds. The changes in simulated radar re-
flectivity due to a 100-fold increase in bioaerosols are neg-
ligible (<0.5 %; Fig. 10c). The difference in the predicted
surface precipitation rate and accumulated precipitation be-
tween very high PBAP with no secondary and no secondary
cases was lower than 3 %.

8 Discussion

In total, rive PBAP groups have been implemented in the
mesoscale AC model to predict their ice nucleation activity
based on the empirical formulation by PT21. The simulated
concentrations of major PBAPs, including fungi and bacteria,
are of the same order of magnitude as results from previous
modeling studies (Després et al., 2012; Hoose et al., 2010b).
Still, the relative abundance of PBAP groups over the sim-
ulated region is unknown due to the lack of measurements.
The AC model was run with a higher resolution (2× 2 km),
compared to previous studies on a global scale (Hoose et al.,
2010b), to investigate the potential impact of variations in
PBAP concentration on the properties of the simulated squall
line events more clearly.

Yet the control simulation is not perfectly accurate in all
respects. In the stratiform region between −10 and −16 ◦C,
the predicted ice number concentration was lower than that
observed by aircraft by half an order of magnitude and in fair
agreement at temperatures warmer than −10 ◦C. This uncer-
tainty factor is similar to the uncertainty in the measurements
due to various biases (e.g., Field et al., 2006). Nevertheless,
all other simulated cloud microphysical parameters, radar re-
flectivity, and the surface precipitation rate were in accept-
able agreement with aircraft and ground-based observations.
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In the control simulation, the average ice concentration
above −30 and −18 ◦C levels is dominated by the down-
welling of homogeneously nucleated ice from above the
mixed-phase region in convective and stratiform clouds, re-
spectively. Below both levels, SIP prevails. Both processes
of ice initiation (homogeneous freezing and SIP) have only
weak sensitivity to PBAPs and, hence, the weakness of the
impact on simulated cloud glaciation.

Based on the sensitivity experiments, it can be concluded
that PBAP INPs have only a limited effect on the aver-
age state of the ice phase of the simulated clouds of this
mesoscale convective system. Most of the changes in ice
number concentration associated with changes in PBAPs are
controlled by their effects on homogeneous nucleation and
SIPs. The lower dependence of simulated ice number con-
centration on changes in PBAPs is consistent with the find-
ings of Hummel et al. (2018). Based on ensemble simulations
of the regional atmospheric model for Europe, they showed
that the changes in the average ice crystal concentration by
biological INPs are very small and are not statistically signif-
icant, implying that PBAPs play only a minor role in altering
the cloud ice phase. The limited effect of PBAPs on cloud
properties on a global scale has been highlighted in previ-
ous studies (Hoose et al., 2010b; Sesartic et al., 2012, 2013;
Spracklen and Heald, 2014).

The weakness of the simulated impact from realistic PBAP
fluctuations is explicable mostly in terms of the low con-
tribution from biological ice nucleation compared to non-
biological INPs to the overall ice initiation. In terms of ice
nucleation efficiency and onset temperatures, each PBAP
group has different ice nucleation properties. Based on verti-
cal profiles of active INPs (Fig. 4), the overall contribution of
activated INPs from all PBAP groups to the total active INPs
was ∼ 1 %. At −15 ◦C, temperature, the active INPs from
dust and black carbon was 1 order of magnitude higher than
PBAP INPs. At −30 ◦C, the predicted INPs from dust and
black carbon were higher by 1 and 2 orders of magnitude,
respectively, than PBAP INPs. The dust and black carbon
INPs activated at these temperatures can be advected down
to the levels where PBAP INPs are most important. Overall,
this resulted in low sensitivity of the average ice phase to the
changes in bioaerosol loading.

The ice production in the simulated cloud system at levels
in the mixed-phase region (0 to −36 ◦C) is largely controlled
by various SIP mechanisms, of which the most important is
the breakup in ice–ice collisions. Some of these processes
are active at temperatures warmer than−15 ◦C (e.g., the HM
process), where PBAP INP are important and expected to
enhance the biological ice nucleation. However, our results
showed that the ice production associated with SIP mecha-
nisms is less sensitive to the initial PBAP loading because
SIP causes a positive feedback of ice multiplication with ice
fragments growing to become precipitation-sized particles
that then fragment again.

In our study, a 100-fold increase in PBAPs leads to a <4 %
change in surface precipitation. Using mesoscale model sim-
ulations, Phillips et al. (2009) reported a 10 % increase in
accumulated surface precipitation associated with deep con-
vective clouds due to a 100-fold increase in biological parti-
cles. Phillips et al. (2009) also noted an effect (up to 4 %) on
surface shortwave and top-of-atmosphere (TOA) longwave
radiation flux because of changes in PBAP number concen-
tration. In our study, the changes in PBAP loading caused
smaller changes in simulated shortwave and longwave fluxes
(<3 %). Sesartic et al. (2012, 2013) showed that including
fungi and bacteria in the global climate model leads to minor
changes (<0.5 %) in the ice water path, total cloud cover, and
total precipitation.

It should be noted that the sensitivity experiments car-
ried out in the current study are limited to the small domain
(80×80 km domain) representing a limited area of the global
ecosystem. Also, the model top was located at 16 km, and
it may not represent the whole atmosphere. The results pre-
sented here are based on a mesoscale model and may not
represent the global impact of PBAPs on clouds.

9 Conclusions

A framework describing the ice nucleation activity of five
major groups of PBAPs, including fungal spores, bacteria,
pollen, viral particles, plant/animal detritus, algae, and their
respective fragments, was provided by PT21. The ice nucle-
ation activity of these major PBAP groups in the EP was
based on samples from the real atmosphere. The present
study implements this EP in AC and investigates the role of
these five PBAP groups as INPs in deep convective clouds.
The high-resolution (2 km horizontally) simulations over a
mesoscale 3-D domain (80 km wide) using AC elucidate the
impact of these PBAP groups on the cloud properties. A se-
ries of sensitivity experiments were conducted to test the im-
pact of PBAP groups on cloud properties.

A midlatitude squall line that occurred on 20 May 2011
during MC3E over the USA Southern Great Plains is simu-
lated with the model. The simulated number concentration of
ice particles showed good agreement (to within about 50 %)
with aircraft observations for the convective clouds within
the mesoscale system. In the stratiform region between −10
and −16 ◦C, the model-predicted ice number concentration
was lower than the aircraft observation by half an order of
magnitude and in fair agreement at temperatures warmer than
−10 ◦C. Various sensitivity experiments were carried out by
perturbing the initial PBAP loading and by altering various
SIP mechanisms.

Each PBAP group has diverse properties, including its
shape, size, and abundance in the atmosphere. A small frac-
tion of PBAPs is found to be ice nucleation active and can
therefore act as PBAP INPs. The relative contribution of each
PBAP within the total PBAPs may vary from one ecosystem
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to another. In the current study, their relative contribution is
based on previous observations from Amazonia and can be
considered as the main limitations of this study. However, the
simulated number concentrations of major PBAPs, including
fungi and bacteria, look reasonable and are close to their typ-
ical abundance in the atmosphere.

Any perturbation in the PBAP concentration by factors up
to 1000 assumed in the current study resulted in maximum
changes in the ice number concentration by <6 % in the con-
vective region and by <40 % in the stratiform region with re-
spect to the control run. The simulations showed that the sim-
ulated ice particle number concentration is much higher than
the number concentrations of PBAP INPs. Even at temper-
atures warmer than −15 ◦C, where PBAP INPs are thought
to be the most important INP, ice crystals originating from
the primary heterogeneous nucleation of dust and black car-
bon from higher levels of the cloud frequently perturb the
lower levels due to sedimentation. The major ice formation
comes from SIP mechanisms and homogeneous nucleation
and both are less sensitive to the changes in PBAPs. There-
fore, PBAP INPs do not show a significant impact on the
average ice phase of the simulated storm.

PBAPs have a minimal effect on the warm microphysi-
cal properties of simulated clouds. The effect on liquid water
content and cloud droplet number concentration was lower
than 10 % in both convective and stratiform regions. Since
both ice and warm microphysical processes are less sensitive
to PBAPs, surface precipitation is not significantly affected
by changes in PBAPs. A 100-fold increase in all PBAPs re-
sulted in less than a 5 % change in surface precipitation.
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