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Abstract 

Pollen, one type of primary biological aerosol particle (PBAP), is emitted from the terrestrial 

biosphere and can undergo physical changes in the atmosphere via particle rupture. To examine 

the fate of pollen and its atmospheric processing, a pollen emission and transport scheme is 

coupled to the Weather Research and Forecasting Model with Chemistry (WRF-Chem). We 

simulate the emission of pollen and its impacts on the cloud properties and precipitation in the 

Southern Great Plains from 12- 19 April 2013, a period with both high pollen emissions and 

convective activity. We conduct a suite of ensemble runs that simulate primary pollen and three 

different pollen rupture mechanisms that generate subpollen particles, including (1) high 

humidity-induced surface rupture, (2) high humidity-induced in-atmosphere plus surface rupture, 

and (3) lightning-induced rupture, where in-cloud and cloud-to-ground lightning strikes trigger 

pollen rupture events. When relative humidity is high (>80%), coarse primary pollen (~1 µg m-3) 

is converted into fine subpollen particles (~1.2e-4 µg m-3), which produces 80% more subpollen 

particles than lightning-induced rupture. The in-atmosphere humidity-driven rupture 

predominantly produces subpollen particles, which is further enhanced during a frontal 

thunderstorm. During strong convection, vertical updrafts lift primary pollen and subpollen 

particles (~0.5e-4 µg m-3) to the upper troposphere (~12 km) and laterally transports the ruptured 

pollen in the anvil top outflow. In regions of high pollen and strong convection, ruptured pollen 

can influence warm cloud formation by decreasing low cloud (< 4 km) cloud water mixing ratios 

and increasing ice phase hydrometeors aloft (>10 km).  

 

Plain Language Summary 

Biological aerosols like pollen are released from the terrestrial biosphere into the atmosphere and 

affect atmospheric processes, hydrology, and climate. For example, large primary pollen ruptures A
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in different atmospheric conditions to produce multiple small-sized pollen fragments. Moreover, 

these ruptured particles can trigger thunderstorm asthma. In this study, a Weather Research and 

Forecasting Model with Chemistry was used to evaluate the fate of pollen in the 

atmosphere. Model simulations indicate that the three pollen rupture mechanisms, including high 

humidity-induced surface rupture, in-atmosphere plus surface rupture, and lightning-induced 

rupture, influence the overall pollen load over the Southern Great Plains during convective days 

with high pollen emissions. The SPP are produced in the highest concentrations in the 

atmosphere and on the surface due to the high relative humidity-induced-rupture. Even though 

in-cloud and cloud-to-ground lightning strikes trigger pollen rupture events, they cannot produce 

as much as humidity-induced ruptures. The ruptured pollen is transported to higher altitudes by 

vertical updrafts, horizontally through the outflows from the top of the clouds, and finally to the 

surface by the downdraft. In regions of high pollen and strong convection, ruptured particles can 

further alter the hydrometeors and influence cloud formation. 

 

Keywords: 

Pollen, Biological aerosols, Lightning, Thunderstorm asthma, Hydrometeors, WRF-Chem 

 

Key points: 

• The greatest amount of subpollen particles is formed from surface and in-atmosphere 

humidity-driven primary pollen rupture. 

• Vertical updrafts lift pollen to the upper troposphere (~12 km) during convective events. 

• Ruptured pollen can reduce cloud water mixing ratios and slightly increase ice phase 

hydrometeors aloft.  

 

1 Introduction 

Atmospheric aerosols influence Earth's climate through their interactions with radiation and 

clouds, thereby influencing the overall hydrological cycle (Bellouin et al., 2020; Christensen et 

al., 2020; IPCC, 2021). Primary biological aerosol particles (PBAP) are particles directly emitted 

from the Earth’s surface and include bacteria, cellular matter, decayed organic matter, fungi, 
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plant fragments, pollen, and spores (Despres et al., 2012). PBAP, like other aerosol particles, can 

impact atmospheric processes (Jaenicke, 2005; Sofiev et al., 2006; Despres et al., 2012; Fröhlich-

Nowoisky et al., 2009; Lawler et al., 2020) by influencing clouds and precipitation as cloud 

condensation nuclei (CCN) (Ariya et al., 2009; Sun and Ariya, 2006) and ice nucleating particles 

(INP) (Diehl et al., 2001; Murray et al., 2012; Pummer et al., 2012; Dreischmeier et al., 2017; 

Gute and Abbatt, 2018; Burkart et al., 2021), which affect the overall climate and hydrological 

cycle (e.g., Andreae and Rosenfeld, 2008; Zhang et al., 2014; Joung et al., 2017; Pöschl et al., 

2010; Wozniak et al., 2018; Zhang and Steiner, 2022). Primary pollen can further act as a giant 

CCN, due to their size and hygroscopicity, which may influence cloud formation processes (Yin 

et al., 2000; Posselt and Lohmann, 2008; Kang et al., 2019).  

Anemophilous plants (i.e., those with wind-driven pollination strategies) emit the greatest 

number of pollen grains into the atmosphere (Straka, 1975; Lewis et al., 1983; Jones and 

Harison, 2004), and the spatial distribution of pollen emissions depends on the vegetation species 

or plant functional type (PFT). Emissions have a strong variability depending on their flowering 

time (Wozniak and Steiner, 2017; Zhang and Steiner, 2022), their physical (shape, density, and 

viability) characteristics (Helbig et al., 2004; Veriankaite et al., 2010; Despres et al., 2012), and 

meteorological (e.g., temperature, wind, humidity, precipitation, and friction velocity) and 

climatological (e.g., temperature, soil moisture, and CO2) conditions. Additionally, atmospheric 

pollen concentrations can be altered via anthropogenic activities such as land-use patterns, 

urbanization, and extreme weather conditions like thunderstorms and lightning (Sofiev et al., 

2006; Zhang et al., 2014; Ziska et al., 2011; Hughes et al., 2020).   

Observations of pollen are limited surface observations, which are sparsely distributed. 

Additionally, the relatively large size of pollen grains has led to their exclusion in many 

observational aerosol networks. Most atmospheric aerosol models have focused instead on the 

simulation of PM2.5, which has known health effects, can influence climate, and has a broader 

suite of analytical tools for observations. Pollen transport within and above the atmospheric 

boundary layer is poorly constrained, with few observations and modeling studies investigating 

the vertical and spatial distributions. Surface temperature and humidity can affect pollen 

transport, with cooler and moister conditions limiting emissions (Jones and Harrison, 2004). In 

previous studies, back-trajectory analysis has identified long-range transport, which is possible 

via mechanical and thermally induced turbulent eddies that lift emissions into the atmospheric 
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boundary layer (Kuparinen et al., 2007a, 7b; Mahura et al., 2007) and is vital to plant ecology 

and evolution (Tackenberg, 2003; Kuparinen et al., 2009; Nathan et al., 2011). However, a 

complete analysis of pollen transport in the atmosphere has yet to be conducted. 

Primary pollen grains can be processed and altered within the atmosphere. Under high humidity, 

large-sized primary pollen grains are known to rupture due to osmotic shock, forming small 

fragments (subpollen particles, SPP) ranging from 30 nm to 5 m (Grote et al., 2001, 2003; 

Taylor et al., 2004; Taylor and Jonsson, 2004; Miguel et al., 2006; Steiner et al., 2015; 

Emmerson et al., 2021; Stone et al., 2021). While rainfall can reduce pollen counts by wet 

deposition (Hughes et al., 2020), moist conditions can also cause pollen rupture (Rathnayake et 

al., 2017; Wozniak et al., 2018). Field observations suggest that pollen fragments peak during 

rainfall and remain in the atmosphere for several hours afterward (Rathnayake et al., 2017). 

Hughes et al. (2020) is the first field study to measure potential SPP before, during, and after 

thunderstorm events and found a significant increase in SPP with diameters of 0.25-1.0 μm 

during precipitation in Iowa City, Iowa during the spring tree pollen season (April-May 2019). 

They used single-particle fluorescence spectroscopy with offline measurements of chemical 

tracers and found that pollen fragments were most abundant during convective thunderstorms 

with strong downdrafts and lightning strikes. Pollen is a common allergen (D' Amato et al., 

2016; Andrew et al., 2017), so understanding its emission, transport, and fate in the atmosphere 

is increasingly important. The significance of the pollen-asthma relationship varies between 

studies depending on the pollen type and the surrounding meteorological conditions. Over the 

last few decades, numerous epidemiological studies have examined the relationship between 

exposure to different pollen types and asthma-related Emergency Department (ED) visits in 

various locations in the United States (e.g., Babin et al., 2007; Darrow et al., 2012, Anenberg et 

al., 2017; Pollock et al., 2017; Neumann et al., 2019), Canada (Dales et al., 2004, 2008), 

Australia (Andrew et al., 2017; Emmerson et al.. 2021), Europe (Lake et al., 2016), and Asia 

(Yair et al., 2019).  

Several studies have reported increased asthma morbidity during thunderstorms leading to a 

phenomenon known as “thunderstorm asthma” (Bannister et al., 2020; Beggs, 2017; D’Amato et 

al., 2019; Emmerson et al., 2021). The thunderstorm asthma hypothesis suggests that pollen 

grains are processed within a thunderstorm and ruptured, either due to high humidity-induced 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516486/#gh296-bib-0005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516486/#gh296-bib-0020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516486/#gh296-bib-0018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516486/#gh296-bib-0017
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osmotic shock (Beggs, 2017) or lightning-induced osmotic shock (Newson et al., 1998; Hughes 

et al., 2020; Emmerson et al., 2021), causing the larger primary pollen grains to rupture into 

smaller fragments that are easily dispersed by strong thunderstorm winds (Taylor and Jonsson, 

2004). Compared to primary pollen, the smaller-sized SPP can persist in the atmosphere longer 

and are easily inhalable as cytoplasmic allergens. Around twenty epidemic thunderstorm asthma 

events have been reported (Kevat, 2020). Several studies combining allergy, pulmonology, 

meteorology, and climatology perspectives have established the relationship between 

thunderstorm asthma and asthma morbidity (Dales et al., 2004; D' Amato et al., 2016; Ziska et 

al., 2011; Yair et al., 2019; Emmerson et al., 2021, Kevat, 2020; Hughes et al., 2020). Yair et al. 

(2019) reported the first case of thunderstorm asthma in Israel on 25 October 2015, where a 

storm with intensive lightning activity, hail, downbursts, and heavy rain coincided with the peak 

of Ambrosia pollen. Melbourne, Australia experienced the world's largest thunderstorm asthma 

event on 21 November 2016 coinciding with the peak grass pollen season, in a brief period 

resulting in thousands of casualties (672% of the average overnight casualties) and several deaths 

(Andrew et al., 2017; Thien et al., 2018; Bannister et al., 2020; Emmerson et al., 2021). This 

event occurred during a dry thunderstorm period associated with a gust front sweeping eastwards 

through the city. These two studies are representative of two different types of thunderstorm 

events (one with precipitation and one without) that have triggered severe thunderstorm asthma 

episodes across the globe. 

High resolution atmospheric modeling can provide insight into pollen’s atmospheric fate and its 

impact on cloud processes and human health.  Zhang et al. (2014) developed a regional-scale 

pollen emission and transport modeling framework over Southern California that treated pollen 

as a non-reactive tracer within the coupled Weather Research and Forecasting - Community 

Multiscale Air Quality (WRF/CMAQ) model. Pollen rupture mechanisms have recently been 

included in models, such as Wozniak et al. (2018) who used a regional climate model (RegCM) 

to simulate pollen rupture during spring pollen season in the United States and estimated its 

influence on precipitation. Emmerson et al. (2021) evaluated the Melbourne thunderstorm 

asthma event with several possible pollen rupture mechanisms, including mechanical friction, 

lightning strikes, and relative humidity, concluding that the lightning rupture mechanism was the 

most efficient SPP generator in this case.  
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 In this study, we model the fate of pollen and the possibilities for their rupture over the Southern 

Great Plains (SGP) in the United States during the simultaneous occurrence of high pollen 

emissions and thunderstorms with lightning activity in April 2013. We have developed a pollen 

module that adds primary biological particles (primary pollen and subpollen particles) as a new 

aerosol species within the WRF-Chem model (Grell et al., 2005) by incorporating pollen into the 

MADE/SORGAM aerosol framework (Schell et al., 2001). The Pollen Emissions for Climate 

Models version 2.0 (PECMv2.0) (Zhang and Steiner, 2022) provides the hourly pollen emission 

flux during the phenological cycle, which is further coupled with online meteorology. We 

include different pollen rupture mechanisms (including both moisture and lightning-driven 

rupture) and examine the effect of these particles on cloud formation and hydrometeor evolution. 

Hypothesizing that the seasonal timing and transport of pollen and their rupture may influence 

mesoscale atmospheric phenomena, our objectives are to (1) examine the fate of pollen and the 

possibility of their rupture and (2) understand the relative contribution of meteorological 

conditions to the variability in modeled pollen and vice versa, and (3) evaluate the effect of these 

particles on warm cloud formation and hydrometeor evolution during a thunderstorm with the 

lightning event. As a result, this work provides essential input to studies related to the climatic 

impact of PBAPs, climate-related changes in airborne pollen, and human health. 

 

2 Methodology 

2.1 Pollen Modeling Framework  

We incorporate pollen within the WRF-Chem modeling (Grell et al. 2005) framework to 

simulate its emissions, transport, and fate in the atmosphere. The coupled framework of WRF-

Chem includes the presence of pollen to feedback on cloud and radiative processes, allowing us 

to investigate the impact of pollen on cloud formation processes. Pollen emissions are 

incorporated into the WRF-Chem model (Figure 1) and coupled with a new module for pollen 

within the Modal Aerosol Dynamics Model for Europe (MADE) (Ackermann et al., 1998) 

aerosol model that implements the Secondary Organic Aerosol Model (SORGAM) of Schell et 

al. (2001) (MADE/SORGAM).  MADE uses the modal approach to represent the aerosol size 

distribution with three log-normal modes, i.e., Aitken mode (< 0.1 µm diameter, with median 

diameter of 0.01 µm and standard deviation of 1.6; Ackermann et al., 1998), the accumulation 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

mode (0.1–2.0 µm diameter, with median diameter of 0.07 µm and standard deviation of 2.0; 

Ackermann et al., 1998) and the coarse mode (>2 µm diameter).  

 

Figure 1. Schematic representation of the pollen module within the MADE-SORGAM aerosol 

chemistry module in the WRF-Chem modeling framework [after Schell et al. (2001)]. The pollen 

module is embedded alongside the SORGAM framework together with other aerosol emissions, 

including anthropogenic emissions, biomass burning, sea salt, and dust. Here, we add two new 

aerosol indices via this module, including (1) POLP (primary pollen) to represent the coarse 

biological aerosol concentration and (2) POLS (subpollen particles) in the accumulation mode 

biological aerosol concentration. For emissions, we use the Pollen Emissions for Climate Models 

version 2.0 (PECMv2.0; Zhang and Steiner, 2022), which provides the total emission potential to 

simulate pollen counts over the United States. Along with the high humidity condition, the 

lightning parameterization (Barth et al., 2014) is called to rupture POLP to POLS via lightning. 

 

We embed the pollen module alongside the SORGAM framework and other aerosol emissions, 

including anthropogenic emissions, biomass-burning, sea salt, and dust. We add two new aerosol 

indices via this module, including (1) POLP (primary pollen) to represent the coarse biological 

aerosol concentration and (2) POLS (subpollen particles) in the accumulation mode biological 

aerosol concentration. Pollen thus represents an additional aerosol species of biological origin 
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that are added to two different aerosol modes and subject to all major atmospheric processes, 

including emissions, transport, gas-aqueous-phase chemistry, influence on radiative properties 

and cloud formation, and wet and dry deposition.  

For emissions, we use the Pollen Emissions for Climate Models version 2.0 (PECMv2.0; Zhang 

et al., 2022), which provides the total emission potential to simulate pollen counts over the 

United States. The climate-flexible PECMv2.0 model uses modern surface pollen count data and 

empirical relationships between prior-year annual average temperature to develop pollen season 

start dates and end dates. In addition, the model produces emission potentials for the most 

prevalent wind-pollinating taxa in the United States, including nine genera of deciduous 

broadleaf trees (DBF, including Acer or maple, Alnus or alder, Betula or birch, Fraxinus or ash, 

Morus or mulberry, Platanus or plane, Populus or poplar, Quercus or oak, Ulmus or elm), two 

families of evergreen needleleaf trees (ENF, including Cupressaceae or cypress, Pinaceae or 

pine), grasses (Poaceae; C3, C4), and one type of weed (Ambrosia or ragweed). To reduce the 

number of additional tracers, we group all pollen types and simulate total pollen only. 

The pollen module couples pollen emission fluxes with the online meteorology and converts 

primary pollen into subpollen particles via different rupture mechanisms depending on the 

existing meteorological conditions. The overall effective mean grain diameter of POLP is > 10 

µm, based on Wozniak et al. (2018), that used the University of Cambridge Pollen Image Library 

to classify the diameters of the DBF vegetation (28 µm), ENF vegetation (40 µm), grasses (35 

µm), and ragweed (20 µm) with all assuming a similar mass density of 1200 kg m-3 based on 

measurements (Davis & Brubaker, 1973). For the POLS, the mean grain diameter is assumed to 

be ~ 0.15 µm (based on the most hygroscopic of the POLS size bins; Steiner et al., 2015) with a 

mass density of 1450 kg m-3, based on the mean of the mass densities typical of protein (1350 kg 

m-3; average from Table 1 in Fischer, Polikarpov, & Craievich, 2004) and starch (1500 kg m-3 for 

air-equilibrated starch; Dengate, Baruch, & Meredith, 1978; Marousis & Saravacos, 1990) 

molecules that likely comprise subpollen particles (Steiner et al., 2015).  Because PBAP is 

almost entirely organic (Despres et al., 2012), the physical and optical properties of POLP and 

POLS are treated like organic carbon in MADE-SORGAM with a molecular weight of 80.44 

g/mol and 44.44 g/mol for POLP and POLS respectively, and hygroscopicity as 0.25 and 0.14 

for POLP and POLS, respectively.  
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The pollen module is divided into two sections. First, the daily total pollen emission potential 

(Epot, in grains m-2 s-1) from PECMv2.0 is called for each grid cell. Epot is modified by the online 

meteorology (Eq. 1), including grid cell wind (Eq. 2), precipitation (Eq. 3), and relative humidity 

(Eq. 4) using parameterizations developed in Sofiev et al. (2013) to calculate the total pollen 

emissions (Epol) (Eq. 1): 

Epol = Epot x fw x fr x fh                                                                                                                 (1) 

The factors fw, fr, and fh represent wind, rain, and relative humidity factors that influence total 

pollen emission potential. The following are defined as: 

fw = 1.5 − e
−
|u10|
5                                                                                                                                          (2) 

 fr = {

            1,   rain < rainlow
rainhigh−rain

rainhigh−rainlow
,   rainlow < rain < rainhigh

                 0,   rain > rainhigh

                                                                             (3) 

 fh =

{
 
 

 
 1,   relhum < relhumlow

relhumhigh − relhum

relhumhigh − relhumlow
,     relhumlow < relhum < relhumhigh                                    (4)

 0,   relhum > relhumhigh

 

The meteorological parameters in Eq. 2 to Eq. 4 are from online WRF-Chem grid-cell resolution 

variables, including ‘u10’ as the 10-meter horizontal wind speed, ‘rain’ as surface precipitation 

rate (mm hr-1), and ‘relhum’ as 10-meter relative humidity (%) with low and high thresholds of 

rainhigh = 0.5 mm hr-1, rainlow = 0 mm hr-1, relhum high = 80%, and relhum low = 50%. These 

thresholds obtained by Wozniak et al. (2018) are based on Sofiev et al. (2013) and Linkosalo et 

al. (2010).  

 

2.2 Pollen Rupture Mechanisms 

Due to the uncertainties in mechanisms of pollen rupture, we added three rupture mechanisms in 

WRF-Chem to generate POLS, including (1) high humidity or precipitation-induced surface 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

rupture and (2) high humidity or precipitation-induced surface plus in-atmosphere rupture, and 

(3) lightning-induced rupture. These three mechanisms are tested and evaluated in Sections 3.2 

and 3.3 of the manuscript. 

2.2.1 Humidity induced surface rupturing  

At the surface, we assume that pollen on cones or anthers of flowers may rupture when exposed 

to moisture during precipitation or when surface humidity is high.  This hypothesis is based on 

laboratory studies of birch and grass pollen (Taylor et al., 2004; Taylor et al., 2002). If surface 

conditions promote rupture, ruptured particles (designated in the model as POLS) are released 

from the primary pollen grains (defined in the model as POLP) into the ambient atmosphere. For 

a given atmospheric model grid volume at the surface (i=1), when the relative humidity is equal 

to or greater than 80%, the rupture flag is turned on (rupture = 1) to allow the POLP to rupture 

and produce POLS: 

POLS𝑖=1 = POLP𝑖=1 x Frupt x nspg  x 
mPOLS

mPOLP
                                                                                 (5a) 

Where the fraction of POLP ruptured and converted to POLS (Frupt) is assumed to be 0.7, 

following Taylor et al. (2002) and Wozniak et al. (2018). Here mPOLP and mPOLS are mass of 

POLP and POLS. Following Suphioglu et al. (1992) and Stone et al. (2021), the conversion 

factor from primary pollen to subpollen (nspg ) is estimated to be 1000 subpollen particles  (i.e., 1 

POLP grain produces ~1000 POLS grains).  

Further, the fraction of the POLP converted to POLS is subtracted from the total POLP: 

POLP𝑖=1  = POLP𝑖=1 x (1 – Frupt)                                                                                                  (5b) 

If the relative humidity is < 80%, the rupture flag is turned off (rupture = 0), and no POLS is 

produced. 

2.2.2 Humidity induced surface plus in-atmosphere rupturing 

For the second rupture mechanism, the above process is repeated for the entire atmospheric 

column (i=2 to N) at each atmospheric layer including the surface (i=1): 

POLS𝑖=1,N  = POLP𝑖=1,N x Frupt x nspg  x 
mPOLS

mPOLP
                                                                          (6a) 

POLP𝑖=1,N  = POLP𝑖=1,N  x (1 – Frupt).                                                                                         (6b) 
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The same relatively humidity threshold is used as at the surface (>80%) to determine if 

atmospheric rupture occurs. 

2.2.3 Lightning induced rupturing 

The third pollen rupture mechanism is that induced by lightning. Lightning is simulated online in 

WRF-Chem using the parameterization of Barth et al. (2014), which includes a two-dimensional 

(e.g., lat/lon) in-cloud (IC) and cloud-to-ground (CG) lightning flash rates within each model 

grid cell. The gridded flash rate (lightning strikes per second) triggers pollen rupture events. 

With every lightning strike, we assume that ~ 10% of the POLP converts into POLS and using 

the same rupture production rates as observed in humidity studies (1 POLP produces 1000 

POLS; Suphioglu et al., 1992; Stone et al., 2021).  There are two large uncertainties in this 

rupture mechanism: (1) it is unknown if lightning-induced rupture would provide the same 

number of POLS as humidity-induced rupture, and (2) the efficiency of lightning rupture is also 

unconstrained. In this study, we test the rupture fraction (Frupt) with a value of 0.10, as we do not 

expect that a lightning flash would rupture all the pollen within a model grid cell:  

POLS𝑖𝑐𝑙𝑑𝑓𝑟𝑎>0.3=Ncb,Nct  = POLP𝑖𝑐𝑙𝑑𝑓𝑟𝑎>0.3=Ncb,Nct  x Frupt x  nspg x IC_lightning flash rate  (in-        

cloud) x 
mPOLS

mPOLP
                                                                                                                          (7a)  

where i indicates the number of in-cloud layers in the atmosphere, and  

POLS𝑖𝑐𝑙𝑑𝑓𝑟𝑎<0.3=1,Ncb  = POLP𝑖𝑐𝑙𝑑𝑓𝑟𝑎<0.3=1,Ncb  x Frupt x nspg x CG_lightning flash rate (cloud-to-

ground) x 
mPOLS

mPOLP
                                                                                                                       (7b) 

where the IC flash rates are applied within the cloud layer when the cloud fraction ‘cldfra’  > 

0.3), and is applied from the cloud base layer (Ncb) to the cloud top layer (Nct). CG flash rates are 

applied to low cloud layers (cloud fraction < 0.3) in the layers between the cloud base layer (Ncb) 

to the model ground layers (i=1). 

 

2.3 Model domain and configuration 

Figure 2 shows the WRF-Chem model domain centered on the Southern Great Plains (SGP) of 

the United States (US) bounded by 30-42ºN and 90-105ºW. The SGP is the developing ground 
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for severe weather events in the Central US, and the SGP experiences frequent thunderstorms 

that are amongst the strongest globally (Maupin et al., 2021). The SGP region is influenced by 

the Great Plains Low-Level Jet (LLJ) and its associated moisture flux during the late spring and 

summer over the central and eastern United States, which is connected with severe weather 

systems in the central US (Maddox, 1983; Arritt et al., 1997; Mo and Berbery, 2004). Aerosols 

are known to play a role in cloud development and can modify the systems that develop in the 

SGP, and moderate aerosol loading persists over the region (Penner et al., 2004; Fan et al., 2013; 

Parworth et al., 2015). The comprehensive, long-term measurements from the DOE SGP ARM 

site by Parworth et al. (2015) indicate that submicron bulk aerosols exhibit high interannual 

variability, with their highest mass concentrations in the summer (~20 μg m-3) and the lowest in 

the autumn (~5 μg m-3). Composition is dominated by total organics (~55% of the aerosol mass), 

followed by nitrate (16%), sulfate (~20%), and ammonium (~9%). Though the SGP site lacks 

direct PBAP measurements except for short field campaigns (Knopf et al., 2021), Subba et al. 

(2021) utilized ground and satellite observations of bulk aerosols and meteorological 

measurements to detect possible PBAP primary emissions and rupture events from pollen and 

fungal spores and found that they could occur up to about 30 days yr-1. For pollen, ~12 days yr-1 

were identified as primary pollen event days, with ~4 days yr-1 showing rupture events during 

and after ~10 hrs of rainfall. To understand the role of the severe thunderstorm and lightning on 

the pollen emission and their role in hydrometeor evolution, we simulate from 12 to 19 April 

2013, when relatively high pollen emissions are present (Subba et al., 2021) in conjunction with 

severe storms (https://www.spc.noaa.gov).  
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Figure 2. WRF-Chem simulation domain with averaged (12-19 April 2013) (a) daily pollen flux 

from PECMv2.0 model (grains m-2 d-1; color contours), orography (m MSL, brown contours), 

and black contours show the state boundaries; (b) WRF Vegetation classes comprising of (1) 

Evergreen Needleleaf Forest, (2) Evergreen Broadleaf Forest, (3) Deciduous Needleleaf Forest, 

(4) Deciduous Broadleaf Forest, (5) Mixed Forest, (6) Closed Shrubland, (7) Open Shrubland, 

(8) Woody Savanna, (9) Savanna, (10) Grassland, (11) Permanent Wetlands, (12) Cropland, (13) 

Urban and Build-up, (14) Cropland/Natural Mosaic, (15) Snow and Ice, (16) Barren or Sparsely 

Vegetated, and (17) Water.  

 

The total pollen emission potential (Epot) is the greatest (up to ~2x106 grains m-2 d-1) over 

forested regions (including Evergreen, Deciduous Needleleaf, Deciduous, and Mixed Forest 

vegetation types), with lower emissions (~0.5x106 grains m-2 d-1) over grassland and cropland 

areas (Figure 2b).  We conduct three ensemble simulations for each sensitivity experiment 

discussed in section 3.4 at a 12 km horizontal resolution with 45 vertical layers. The limitations 

of the coarser horizontal resolution (12x12 km) in these simulations may include some loss of 

evidence of pollen transport and their consequent impacts. Additionally, this may further 

enhance uncertainty in the role of aerosols in cloud formation processes as the model 
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representation of clouds, lightning, and overall atmospheric controls themselves may be limited. 

These limitations are discussed in detail in their respective sections.  

The overall model configuration is described in Table 1. We allow POLS to act as a CCN and 

influence warm cloud formation processes. Although pollen has been shown to act as INP in 

previous studies (Diehl et al., 2001), we have not modified the standard ice nucleation 

parameterization in WRF-Chem to be aerosol-aware, and the current parameterization simulates 

ice concentrations as a function of temperature only. For cloud microphysics, we use Morrison 

microphysics having five hydrometeors (cloud, rain, snow, ice, and graupel) (Morrison et al., 

2005). In the current Morrison scheme, the secondary ice formation is turned on via Rime-

Splintering (Haller and Mossop 1974), and the primary ice nucleation is simulated based on 

immersion, deposition, contact, and homogeneous freezing (Bigg, 1953; Cooper, 1986; Meyers 

et al., 1992). Future work will include the development of an aerosol-aware parameterization that 

can allow for pollen to act as an INP.  

 

Table 1: Model configuration 

Simulation period 12-19 April 2013 

Domain 30 to 41 N and -104 to -90 E 

Southern Great Plains United States 

Horizontal resolution (dx) 12 x 12 km 

Vertical resolution 45 layers from 1000-50 mb 

Meteorological IC and BC North America mesoscale (NAM) forecast output at T221 (32-

km) resolution, 28 vertical levels  

Shortwave radiation Goddard shortwave radiation scheme (Chou et al., 1998) 

Longwave radiation The rapid radiative transfer model (RRTM) (Mlawer et al., 

1997) 

Land surface Community National Center for Environmental Prediction 

(NCEP), Oregon State University, Air Force, and Hydrologic 

Research Lab-NWS Land Surface Model (NOAH) (Chen and 

Dudhia, 2001) 
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Surface Layer  Monin-Obukhov (Monin and Obukhov, 1954; Janjic, 2002) 

PBL Yonsei University Scheme (YSU) (Hong et al., 2006) 

Cumulus The Grell scheme (Grell and Devenyi 2002) 

Microphysics Morrison 2-moment scheme (Morrison et al., 2005) 

Chemical mechanism 

 

RADM2 Regional Acid Deposition Model version 2) chemical 

mechanism (Stockwell et al., 1990) 

Chemical initial and 

boundary conditions 

MOZBC from the Model for Ozone and Related chemical 

Tracers (MOZART) model (Emmons et al., 2010) 

Anthropogenic emissions National Emissions Inventory (NEI) | US EPA (www.epa.gov) 

Biogenic emissions The Model of Emissions of Gases and Aerosols from Nature 

version MEGAN v2.1 biogenic emissions (Guenther et al., 

2012) 

Pollen emissions The Pollen Emissions for Climate Models version 2.0 

(PECMv2.0; Zhang et al., 2022) 

 

2.4 Model sensitivity tests 

Because the physical processes surrounding rupture are uncertain (Section 2.2), we test the 

different rupture mechanisms in WRF-Chem with a series of sensitivity tests (Table 2) using the 

configuration outlined in Table 1. All simulations include primary and secondary aerosols from 

anthropogenic and biogenic emissions, with sensitivity tests modifying only the treatment of 

primary and subpollen processes. The first experiment (EXP1) includes no pollen. The second 

experiment (EXP2) only has primary pollen (POLP), with no rupture (POLS). The third 

experiment (EXP3) has both primary pollen and subpollen (POLS) with precipitation or 

humidity-induced rupturing only at the surface (e.g., within the first model level) (Section 2.2.1).  

The fourth experiment (EXP4) includes POLP and POLS, with rupture occurring at the surface 

and in the atmosphere based on the relative humidity constraints (Section 2.2.2). Finally, the fifth 

experiment (EXP5) includes POLP and POLS induced by lightning-induced rupture (Section 

2.2.3). Each of these experiments is carried on as an ensemble of three times of model 

simulations. 

Table 2:  Description of WRF-Chem pollen sensitivity tests 
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Experiment no. Pollen production 

EXP1 No pollen 

EXP2 Primary pollen (POLP) 

EXP3 Primary pollen (POLP) and subpollen (POLS) produced due to high 

humidity at the surface 

EXP4 Primary pollen (POLP) and subpollen (POLS) produced due to high 

humidity at the surface and in the atmosphere 

EXP5 Primary pollen (POLP) and subpollen (POLS) are produced due to lightning 

inside the cloud (via in-cloud lightning) and from cloud to ground (via 

cloud-to-ground lightning) 

 

3 Results  

3.1 Simulation evaluation 

For the 12-19 April 2013 simulation period, we evaluate the simulation with ground-based 

observations of aerosols and precipitation. We utilize PM10 and PM2.5 from seven Interagency 

Monitoring of Protected Visual Environments (IMPROVE) sites (Malm et al., 1994) and four 

Environmental Protection Agency (EPA) (www.epa.gov) sites in the region (Figure 3). 

IMPROVE PM10 and PM2.5 data collected every third day (i.e., 13,16, and 19 April 2013) are 

compared with simulated aerosols. In addition, simulated rainfall is compared with Tropical 

Rainfall Measuring Mission (TRMM) measurements.  For this evaluation, we utilized EXP4 

since it best represents the predominant contribution of POLS. 

Previous studies have shown that the SGP region experiences moderate aerosol concentrations 

(~5-15 mg m-3) associated with the local anthropogenic emissions such as vehicular, industrial, 

agricultural, and biomass burning (Kawecki and Steiner, 2018; Parworth et al., 2015), and local 

natural emissions such as soil dust, PBAPs (Subba et al., 2021), natural biomass burning 

(Donovan et al., 2017; Melvin 2018; NIFC 2019; Steiner et al., 2020) and aerosols from long-

range transport (Parworth et al., 2015; Subba et al., 2021). 
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Figure 3. For the model simulation period 12-19 April 2013, the (a) spatial distribution of 

modeled PM10 concentration; (b) observed (blue), and modeled (red) daily rainfall averaged over 

the spatial domain shown in (a); (c) IMPROVE (blue), and EPA (cyan) observed PM2.5 as 

compared with modeled PM2.5 (red) averaged over all sampling periods; and (d) IMPROVE 

(blue) observed PM10 compared with modeled PM10 (red) averaged over all sampling periods in 

the simulation period. Stars in (a) represent the EPA sites (HDR- Hydraulic, MCL- Mcalester, 

PEK- Peck, OKN- Okc North), and the filled circles represent the IMPROVE sites (CBL- Cedar 

Bluff, TAL-Tall Grass, WIM- Wichita Mountain, STL- Stillwell, UPB- Upper Buffalo, CAR- 

Caney Creek, ELI- Ellis).  

 

EXP4 simulated domain-average rainfall agrees well with observations (correlation of 0.91) with 

an overestimation of ~13% (0.02 mm/day). However, there is a slight discrepancy with the 

rainfall timing. The model simulates an earlier onset of rainfall on 14 April and a delay on 16 

April as compared to the measurements. Precipitation timing and the early onset in the model 

may affect the removal and addition of aerosols and contribute to PM concentrations biases.  
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We evaluate EXP4 with observed surface aerosol concentrations, and across all sites the model 

underestimates observed PM10 by ~25% (model average 7.5 µg m-3 compared to IMPROVE 

average of 10.1 µg m-3), with some sites indicating greater differences (~35% in CBL and ELI).  

One potential reason for the PM10 discrepancy is that our simulations only include 

“anthropogenic dust” from the US-NEI, and we do not simulate meteorologically driven dust 

within WRF-Chem. In contrast, across all sites the modeled PM2.5 is underestimated by ~8% 

(model average of 6.1 µg m-3 compared to the measurement average of 7.0 µg m-3). PM2.5 is 

associated with the emissions from urban regions, dominated mainly by the anthropogenic 

emissions from urban areas such as Oklahoma City, Tulsa, and Kansas City. There are several 

sites where PM2.5 is overestimated by the model (TAL, CBL, and ELI) that also simulate an 

overestimation in PM10.  

 

3.2 Temporal evolution of primary and subpollen particles   
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Figure 4. Temporal evolution of column averaged hourly (a) primary pollen (POLP), and (b) 

subpollen (POLS) pollen mass concentration (solid-colored lines) averaged over the entire model 

domain (right axis). Light blue bars indicate the average hourly rainfall (a) and cloud mixing 

ratio (b) (left axis). Each experiment line is the average of the three ensemble members of the 

respective experiments. (c) Temporal evolution of vertical profiles of hourly averaged relative 

humidity (RH %).  
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Averaged over the entire model domain, Figure 4 shows the temporal variations of column 

averaged POLP and POLS for the five different sensitivity tests (EXP1 to EXP5) along with 

rainfall and total (IC+CG) lightning flash rates. In addition to the impacts of wind and humidity, 

the pollen loading is affected by rain (Eq. 4). The reduction of POLS and POLP in the second 

half of the simulation (after 16 April) are due to the removal of both coarse and fine aerosol by 

precipitation (domain averaged rainfall >0.5 mm hr-1). Relative humidity and lightning directly 

influence the generation of the POLS (Figures 4b and 4c). The vertical profiles of relative 

humidity (RH %) averaged over the domain show the highest values between April 17-19 

(Figure 4c). The surface and atmosphere humidity-induced rupture causes POLS to increase with 

moist conditions, resulting in high columnar POLS in both EXP3 (surface) and EXP4 (surface + 

in atmosphere). Similarly, EXP5 (cloud-to-ground + in-cloud lightning) shows higher rupture 

when flash rates increase (Figure 4b). Over the simulation, the averaged columnar POLS in 

EXP5 is much lower than in EXP3 and EXP4 even when lightning increases between April 17-

19. Comparing all the experiments, the production of POLS is the greatest for EXP4, followed 

by the surface rupture in EXP3, with the lowest concentration of POLS produced by the 

lightning rupture (EXP5). POLP increases when POLS formation is low, and the most primary 

pollen is present in EXP2 with no rupture, followed by the lightning rupture (EXP5) and the two 

humidity-induced rupture experiments (EXP3 and EXP4). In section 3.3, we provide further 

details on the variations of pollen in the atmosphere for these five experiments. 

Using EXP5 (lightning-induced pollen rupture) as an example, we compare the spatial 

distribution of POLP and POLS with pollen loading-dependent meteorological parameters, 

including rainfall, cloud fraction, and lightning flash rates (Figure 5). Here we evaluate 24-hour 

averages of pollen in the lowest 5km for three days that show the evolution of pollen rupture 

with meteorological conditions. On the first day (12 April), dry atmospheric conditions and low 

lightning activity lead to high POLP emissions and low POLS generation (Figure 5a). Following 

Eq. 2, pollen loadings are directly proportional to the wind magnitudes over the region. Wind 

direction further influences the transport of POLP and POLS, with strong south-easterlies 

carrying POLP away from the south-eastern part of the domain where the pollen emission fluxes 

are at a maximum (Figure 2a). The first day simulates higher POLP (up to 3 g m-3, Figure 5a) 

with low cloud fractions (up to 0.1, Figure 5b) and a lack of rain and lightning (Figure 5c), 
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leading to very low POLS (<1e-6 g m-3, Figure 5b). On 15 April, POLS increases in the 

northeastern part of the domain (Figure 5e) due to an increase in lightning activity (Figure 5f) 

and rainfall (Figure 5f). As the convective activity builds on 18 April, the increase in lightning 

activity increases the POLS generation (coincident with the IC-flash rate) and the wind carries 

the pollen towards the center of the domain, creating a convergence zone within the convective 

system.  Hence, a strong band of convective activity in the eastern half of the domain reduces 

POLP (now <1 g m-3, Figure 5g) and increases the accumulation of POLS (up to 5e-6 g m-3, 

Figure 5h) corresponding to the heavy lightning activity (Figure 5i). 

 

Figure 5. Spatial distribution of (a, d, g) primary pollen (POLP) (color-filled contours) and wind 

vectors, (b, e, h) subpollen (POLS) (color-filled contours), and cloud fraction (CLDFRA) (open 

contours) and, (c, f, i) total rainfall (color-filled contour), and in-cloud lightning flash rates (open 

contours). Boxes in each row show two regions of interest (R1 and R2). Each column represents 

12, 15, and 18 April 2013, respectively. 
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We further select two regions (R1 and R2) to delineate the processes involved in pollen 

evolution.  R1 has a higher POLS loading (Figure 5h) and is relatively cloudy, with heavy 

rainfall towards the end of the simulation (Figure 5i).  In contrast, R2 has a relatively lower 

pollen load (Figure 5h) and weaker precipitating cloud (Figures 5f and 5i). Both R1 and R2 

experienced an average lightning flash rate of ~0.06 # km-2 hr-1 during the convective activity on 

18 April, influencing the generation of POLS. Overall, this progression of a convective system 

indicates how meteorological conditions evolving from dry conditions with high POLP 

emissions can lead to increased rupture events as POLP interacts with convective systems. 

 

3.3 Vertical distribution of primary and subpollen particles 
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Figure 6. Temporal evolution of vertical profiles of hourly averaged primary pollen (POLP) and 

subpollen (POLS) mass concentration from the three ensemble members of different experiments 

(EXP2 in row 1, i.e., a and h; EXP3 in row 2, i.e., b, e, i, and l; EXP4 in row 3, i.e., c, f, j, and m; 

EXP5 in row 4, i.e., d, g, k, and n), averaged over region R1 (columns 1 and 2) and R2 (columns 

3 and 4). The red-dotted box in ‘f’ highlights the time of high thunderstorm activity.  

 

To understand the transport of POLP in the atmosphere and where POLS is formed in the 

atmospheric column, we examine the vertical distribution of POLP and POLS (Figure 6) in the 

two regions outlined in Figure 5a. R1 has higher pollen concentrations than R2, as a result of the 

distribution of primary pollen (Figures 6a to 6d and 6h to 6k respectively) and higher formation 

of POLS due to high humidity and lightning activity (R1: Figures 6e to 6g; R2: Figures 6l to 6n). 

Physical properties of POLP and POLS influence the horizontal and vertical transport, where the 

smaller and lighter POLS have lower settling velocities that allow them to be transported to 

higher altitudes and longer distances. Generally, POLP and POLS concentrations decrease with 

altitude, except for the high convective periods. POLP concentrations reach up to 1 mg m-3 

throughout the first 8km when rupture processes are absent or minimal (e.g., EXP2 and EXP5) 

with reductions during the atmospheric humidity-rupture periods (EXP4) and accompanied by 

the highest concentration of POLS. POLP is greatest near the surface of R1, which experiences 

more rainfall and cloud cover and higher emissions, with mass concentrations reaching up to 1 

mg m-3 (equivalent to ~ 200 primary pollen grains m-3). During the non-convective days in the 

earlier part of the simulation (12-16 April), POLP grains are well-mixed within the first 5km 

and, in some instances, above 5 km. During the high convection days (17 and 18 April), POLP is 

transported to a height of approximately 12 km in the atmosphere, suggesting that pollen can be 

mixed throughout the free troposphere. In contrast, POLP and POLS are much lower over R2, 

with their vertical distributions not exceeding 5km.  

Figure 6 highlights the differences in rupture processes that drive the formation of POLS. In 

EXP2 where rupture is not included (Figures 6a and 6h), POLP remains high until 16 April, after 

which the wet removal decreases atmospheric concentrations. Due to the absence of rupture, 

POLP in EXP2 remains higher throughout the simulation period than in other simulations. Apart 

from the wet removal, POLP further decreases in EXP3 and EXP4 (humidity-induced rupture 
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experiments) due to the formation of POLS in the second half of the simulation. Similarly, the 

generation of POLS due to the lightning-induced rupture is apparent in EXP5 (Figures 6g and 

6n). Surface-only rupture (EXP3) simulates lower POLS concentration compared to EXP4 due to 

the lack of in-atmosphere rupture events. The surface-only induced humidity rupture of EXP3 

(Figures 6e and 6l) creates less POLS (< 1.0e-4 mg m-3 or ~ 4e4 subpollen grains m-3), and POLS 

is generally confined to ~3km and reaches ~6km during highly convective hours. However, the 

addition of in-atmospheric rupture (EXP4; Figures 6f and fm) increases POLS below 5km, with 

its mass concentration reaching up to 2e-4 mg m-3 (or ~ 8.0e4 subpollen grains m-3). Interestingly, 

even on highly convective days, surface humidity rupture-only processes (EXP3, Figure 6e) are 

not able to transport POLS to the higher altitudes (up to12 km) as in the case of EXP4 (Figure 

6f), suggesting that in-atmosphere rupture has a strong influence on free troposphere pollen 

concentrations. 

For EXP5, IC and CG lightning rupture POLP throughout the atmosphere, resulting in the 

formation of POLS (~0.1e-4 mg m-3 or ~ 4e3 subpollen grains m-3). POLS production is 

consistent with the lightning activity (Figure 6g), which peaks during the thunderstorm event on 

17 and 18 April. During the peak lightning period, the in-cloud (from 8 to 12 km) rupture of 

primary pollen results in high values of POLS production (~0.3e-4 mg m-3 or ~ 1.2e4 subpollen 

grains m-3), like that of high humidity in-atmosphere rupture in EXP4 but with a much lower 

magnitude. We note that the relatively low POLS in EXP5 compared to EXP3 and EXP4 could 

be because of the low conversion fraction (Frupt=0.1) from POLP to POLS (Eq. 7). An additional 

simulation was performed with the lightning flash rate factor increased by 20 times as a 

sensitivity analysis, which increased POLS production by >80% (not shown). This increase in 

the lightning flash rate is not consistent with observed lighting flash counts (Barth et al., 2014; 

Zhu et al., 2019), but we note that an increase in either the flash count or the rupture rate (> 10%) 

would act to increase the contribution of POLS from lightning. At a 12km horizontal resolution, 

we would not expect that a single lightning flash would rupture all the POLP within that grid 

cell, although we note that the 10% value used in these simulations is extremely uncertain.  Our 

current lightning rupture experiment (EXP5) has significantly lower POLS than EXP3 and EXP4 

over the less convective region R2 with very low lightning activity (Figure 6n).  
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3.4 Vertical lifting of primary and subpollen particles during thunderstorm and lightning 

events  

To understand the processing of pollen within a thunderstorm, Figures 7 (EXP5) and 8 (EXP4) 

illustrate the various stages of development and decay of a thunderstorm cell and the associated 

rainfall, temperature, and vertical velocity averaged over the latitudinal range 36-37N, which 

includes the area of high pollen loading at higher altitudes (also shown in Figure 6f). The 

thunderstorm organization in the SGP is strongly coupled to changes in large-scale wind and 

moisture patterns, and the model simulates thunderstorm events on 17 and 18 April 2013. On 

these two days, an unstable air mass was observed across Oklahoma and southern Kansas, 

resulting in multiple thunderstorms in this region (https://www.spc.noaa.gov). One of the main 

drivers for this thunderstorm activity is the nocturnal low-level jet stream (Bedka and Mecikalski 

2005). The storm cells formed at the intersection of the eastward cold front with warm, moist 

southerly flow from the low-level jet.   

The thunderstorm generates a series of updrafts starting in the evening (~21:00 hr, Figures 7a 

and 8a) on 17 April and lasting until the early morning hours (03:00, Figures 7d and 8d) of the 

following day. This thunderstorm is accompanied by heavy rain (up to 14 mm hr-1, Figures 7g 

and 8g) and a strong temperature contrast near the surface (around -99 to -97 °E, Figures 7 and 

8). The cold air mass from the west replaces the warm air being lifted during the event, in 

conjunction with downdrafts from the convective events results in a cold pool at the backside of 

the thunderstorm (at approximately -97 E) at ~20:00 hr on 17 April. The strong temperature 

contrast during the night further accelerates the jet (Bedka and Mecikalski 2005; Fedorovich et 

al., 2017), and strong low-level wind shear starts to build within an hour, creating a large 

thunderstorm in the next few hours (23:00 on 17 April to 01:00 on 18 April; Figures 7b to 7c and 

8b to 8c). The vertical shear is accompanied by low-level moisture advection, creating an anvil 

that extends along the direction of the upper-tropospheric winds. The continuous vertical wind 

shear favors the persistence of the thunderstorm event.  
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Figure 7. Horizontal cross section of the stages of development and decay of a thunderstorm cell 

and associated lightning activities as simulated by EXP5 for (a to d) POLS (color contours; ug m-

3), wind vectors , cloud fraction ( black open contours), and temperature (red open contours, oC); 
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(e to h) vertical velocity (color-filled contours; m s-1), and the total lightning flash rates (black 

lines, respectively)rainfall (blue line; mm hr-1), and column averaged POLP mass concentration 

(ug m-3).  
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Figure 8. Horizontal cross section of the stages of development and decay of a thunderstorm cell 

and associated lightning activities as simulated by EXP4 for (a to d) POLS (color contours; ug m-

3), wind vectors , cloud fraction ( black open contours), and temperature (red open contours, oC); 

(e to h) vertical velocity (color-filled contours; m s-1), and the total lightning flash rates (black 

lines, respectively) rainfall (blue line; mm hr-1), and column averaged POLP mass concentration 

(ug m-3).  

 

The thunderstorm decay process begins roughly eight hours later (03:00 on 18 April; Figure 7d), 

accompanied by early morning precipitation. This activity transports warm, moist air, which 

further fuels the thunderstorm and disappears early in the morning as the sun rises and the low-

level jet stream dissipates. Lightning is associated with the event (e.g. Figures 7b, 8b), and IC 

and CG lightning activity ruptures POLP, causing POLS to spread throughout the upper 

atmosphere in EXP5 (Figure 7c). Further, the strong convective activity lifts the POLS to higher 

altitudes of ~12 km, where POLS accumulates up to ~2e-4 µg m-3 in the anvil with high lightning 

activity. 

Similarly, EXP4 shows that high humidity within and surrounding the thunderstorm along with 

the high convective activity results in high POLS formation up to ~4e-4 µg m-3 (Figure 8). 

Comparing EXP4 and EXP5, the POLS generated in EXP4 is higher in magnitude than EXP5 by 

~80% throughout the atmosphere. However, the vertical temperature perturbation is similar in 

both cases, and a high vertical wind shear develops around -98°E to -94°E, which is associated 

with the warm air lifting, resulting in moisture advection and further storm development.  

During the thunderstorm evolution, vertical updrafts of ~2 m s-1 (averaged over 12 km) lifts 

POLP and POLS to the upper troposphere (10-12 km) and transports the ruptured pollen (POLS) 

laterally in the anvil outflow. Due to the coarser horizontal resolution utilized in these 

simulations (12 km), our simulations of updrafts and downdrafts may be simplified. Vertical 

updrafts carry POLP into the cloud, where the high humidity in EXP4 causes further rupture of 

POLP at the higher altitudes. These events are accompanied by rainfall and lightning activity, 

allowing the pollen to rupture. The IC and CG lightning strikes rupture the lifted POLP at higher 

altitudes (~12 km). As shown in Figures 7 and 8, vertical updrafts (~2 m s-1 -averaged over 12 

km) are sufficient to loft pollen to the upper troposphere (up to ~12km). On days with little to no 
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convective activity (20:30 on 13 April, 02:30 on 17 April; updrafts < 1 m s-1), pollen is only 

present up to altitudes of 4 to 7 km (Figure 6). This suggests that for pollen rupture to occur 

within a thunderstorm, the vertical temperature difference and the associated instability and wind 

shear are important factors. Additionally, the horizontal anvil and solid horizontal winds can 

increase the likelihood of long-distance transport of POLP and POLP. While we do not test both 

the humidity and lightning induced rupture together, these results suggest that a mature 

thunderstorm, characterized by intense lightning activity and precipitation, can rupture POLP 

and further aid in the distribution of pollen. 

 

3.5 Impact of pollen on hydrometeors 

Finally, we examine the impact of pollen on cloud formation and hydrometeor evolution. Figure 

9a shows the vertical distribution of the hydrometeors during high convection days (17 and 18 

April 2013) alongside differences between the experiments with pollen (EXPs 2 to 5) and the 

ones without pollen (EXP1) (Figure 9b). Our analysis focuses on R1, where pollen 

concentrations and convective activity are higher than in R2. Hydrometeors vary negligibly with 

pollen loading in region R2 (figure not shown). 
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Figure 9. Vertical distribution of (a) hydrometeors including cloud water (QCLOUD), water 

vapor (QVAPOR), rain (QRAIN), graupel (QGRAUP), snow water (QSNOW), and ice water 

mixing ratio (QICE) for EXP1 to 5, and (b) hydrometeor difference (EXP2to5 – EXP1) averaged 

over region R1, during 17-18 April. 
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We analyze vertical profiles of five hydrometeors, including cloud, ice, snow, rain, and graupel, 

and the impact of pollen on these hydrometeors. The vertical distribution of cloud water mixing 

ratio (QCLOUD) decreases with the addition of pollen by ~5% below 4km, where the mixing 

ratios are the largest (7e-2 g kg-1) (Figure 9a, 9b). Decreases in QCLOUD are greatest in EXP4, 

which had the greatest amount of rupture and POLS formation, followed by EXP3, with little 

change in the low-rupture lightning experiment (EXP5) and the simulation without rupture 

(EXP2). These results suggest that the rupture processes have a minor influence on cloud water 

within the low cloud layer. However, this may depend on grid cell resolution (Brient et al. 2015, 

Vial et al. 2016, 2017). On the other hand, along the low cloud layer, QVAPOR increases by 

~2% with the addition of pollen below 2km (with negligible changes aloft) consistent with the 

QCLOUD decreases (i.e., the greatest increase is in EXP4, followed by EXP3 and EXP5). The 

decrease in the cloud water is compensated by the direct rain collection and the increase in 

QRAIN by ~2%. The increase in perturbation potential temperature (PT) also shows a similar 

relationship, with warmer perturbation temperatures scaling with the POLS and reduced 

QCLOUD (not shown). 

In the current model configuration, ice phase hydrometeors are only estimated from temperature-

dependent ice nucleation parameterizations (Meyers et al., 1992) and are not influenced by aerosol 

number concentrations. The ice phase hydrometeors reveal several small changes depending on 

the rupture experiment, likely driven by changes in thermodynamic properties. In all experiments, 

graupel (QGRAUPEL) and snow water (QSNOW) mass mixing ratios maximize between 5-8 km, 

while ice water (QICE) peaks slightly higher between 9-11 km. Experiments with lower rupture 

rates (EXP2, EXP3, and EXP5) lead to relatively higher POLP compared to EXP4 (aloft, Figure 

6), which has more POLS throughout the atmospheric column. Generally, the greatest changes in 

cold phase hydrometeors are for graupel and snow. Changes to QICE are relatively small, 

generally showing slight increases at the altitude of peak mixing ratio (~10km) and slight decreases 

above and below this altitude and are not outside of the model standard deviation, indicating that 

they are not statistically significant.   
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Overall, for experiments with lower POLS, both QGRAUPEL and QSNOW show a slight 

increase of (~2-5%). In contrast, EXP4 which has the greatest rupture simulates a slight decrease 

of ~2% of QSNOW and a negligible change in QGRAUPEL. Similar for QICE, EXP4 shows the 

maximum change with an increase of ~2%. The experiments with low POLS (EXP3 and EXP5) 

leads to the highest positive response of QSNOW and QGRAUPEL (~5%) over the altitudes 7- 8 

km due to lower conversion from ice water mixing ratio (QICE). However, all the experiments 

show increasing ice phase hydrometeors aloft (>10km). Graupel and snow mass mixing ratios 

are controlled by several processes, including formation processes as well as loss processes 

through collision with and collection by other hydrometeors. Because both graupel and snow 

increases generally greatest for the lower POLS simulations (e.g., EXP2, EXP3 and EXP5), we 

postulate that greater POLS can lead to greater rain rates, which then may reduce the snow and 

graupel mass. Using the standard deviation values of the ensemble members, these changes to 

QCLOUD, QGRAUPEL and QSNOW are greater than the model ensemble spread, suggesting 

that they are significant changes. These simulations did not allow POLP or POLS to act as ice 

nucleating particles, therefore, any changes to the cold cloud phases would be due to changes in 

thermodynamics as a result of warm cloud processes. We plan to revisit this with the updated 

aerosol-aware INP parametrization. 

 

4 Summary and conclusions 

Primary pollen emission is a function of the vegetation type and meteorological factors that drive 

emission, including relative humidity, wind, and rainfall. Primary pollen grains from vegetation 

can rupture to subpollen at the surface or in the atmosphere due to high humidity and/or lightning 

activity. This study includes primary pollen emissions and their atmospheric rupture processes 

within a coupled aerosol-meteorology model to investigate how pollen is transported in the 

atmosphere before, during, and after a convective event in the US Central Great Plains.  

A new module for pollen within the MADE-SORGAM framework in the WRF-Chem model 

adds two new aerosol tracers (POLP for primary pollen and POLS for subpollen) to represent 

aerosol species of biological origin. The pollen module runs parallel with other aerosol 

emissions, including biomass-burning, sea salt, and dust. The PECMv2.0 model provides the 

total pollen emission potential. The pollen module couples the pollen emission fluxes with the 
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online meteorology and converts POLP to POLS via various rupture mechanisms. Both pollen 

tracers are subject to all major atmospheric processes, including transport, gas-aqueous-phase 

chemistry, influence on radiative properties and cloud formation, and wet and dry deposition. 
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Figure 10. Summary schematic of the pollen rupture mechanisms, enhancement, and transfer 

during and the role of the convective activities during (a) the initial stage and (b) the mature 

stage of thunderstorm simulated in EXP4. Here RFD and FFD indicate rear-flank downdrafts and 

forward-flank downdrafts, respectively. 

We conduct a suite of ensemble runs that simulate POLP and three different pollen rupture 

mechanisms that generate POLS, including: 

(1) high humidity or precipitation induced surface rupturing (EXP3),  

(2) in-atmosphere plus surface rupturing (EXP4), and  

(3) Lightning-induced rupturing, where in-cloud and cloud-to-ground lightning strikes 

trigger pollen rupture events based on the WRF-Chem lightning parametrization (EXP5). 

Rupture of the POLP at the surface and in the atmosphere (EXP4) maximizes during the high 

humidity conditions such as the thunderstorms simulated in the SGP model domain, resulting in 

higher POLS from this rupture process than the other rupture mechanisms. Lightning induced 

rupture (EXP5) simulates higher atmospheric (cloud-to-ground and in-cloud) rupture during 

lightning activity. However, the magnitude of the production of POLS from lightning (EXP5) is 

much lower (by 90%) than rupture induced by humidity (EXP4), though we note that the 

conversion rate of POLS in these events is highly uncertain.  

Figure 10 summarizes the pollen transport within a thunderstorm, as represented by the 

humidity-induced rupture simulation (EXP4). The thunderstorm period begins late on 17 April 

2013 and matures in the early hours of 18 April 2013. Strong low-level wind shear creates a 

large thunderstorm within several hours, further accelerating the jet and increasing the vertical 

temperature gradient. The high convective activity allows both primary and subpollen to mix 

throughout the boundary layer (Figure 10a, b) and transport through the troposphere via the 

vertical updrafts (Figure 10b). The vertical shear and low-level moisture advection creates an 

anvil that extends along the direction of the upper-tropospheric winds. Under these convective 

conditions, the vertical updraft lifts subpollen to the upper troposphere (10-12 km) and transports 

it laterally in the anvil outflow, which is enhanced in the matured stage of the storm (Figure 

10b).  
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Overall, the pollen spatial and temporal distribution depends on their emission potential and the 

ambient meteorological conditions. Vertical wind shear is also responsible for lifting pollen to 

higher altitudes as a result of strong convection, as shown by the relatively low subpollen 

concentrations at higher altitudes (>8km) in the first half of the simulation where deep 

convection is not evident (Figure 10a; before 16 April) and increased subpollen concentrations 

above 8 km during the convective periods (after 16 April; Figure 10b).  

 

This analysis of pollen rupture has implications for our understanding of thunderstorm asthma.  

Atmospheric processes have several possible mechanisms for rupturing pollen, with potential 

return of ruptured pollen particles via downdrafts and horizontal transportation via the anvil 

outflow. There are two potential mechanisms for ruptured pollen aloft to be returned to the 

surface, either via the rear-flank downdraft (RFD) or the forward-flank downdraft (FFD).  In 

Figure 10, the rear-flank downdrafts (RFD) are higher (up to 0.4 m s-1 in both the early and 

mature stages of the storm) than the forward-flank downdraft (FFD; not present in the early stage 

but increasing up to 0.16 m s-1 in the mature stage). RFD are typically associated with a strong 

temperature contrast near the surface and are created by dry upper-level winds impinging on the 

backside of the storm. The strong wall of the vertical updraft at the convective core and RFD 

together act as a barrier for the vertical transport of POLP to higher altitudes (Figure 10b), and 

instead humidity-induced rupture in the lower atmosphere converts POLP to POLS and carries 

them upward along with the vertical updraft in the convective core. The RFD restricts the pollen 

from rising upwards at the back of the storm and increases near surface concentrations. The RFD 

and the vertical updraft region are associated with precipitation (Figure 9), which further 

suppresses the POLP and aids the generation of POLS. The FFD is weaker than the RFD, but it 

does increase in strength during the mature stage (Figure 10b). In these simulations, we do not 

simulate pollen being transported by the FFD from the high altitudes to the surface, although this 

may be limited by the resolution of the model (12km). However, we notice a slight downward 

transport of POLS between 8-10km (Figure 10b) along with the FFD (around 95.5E), although 

this does not appear to reach all the way to the surface. A north-westward wind direction may 

restrict the downdraft and carry the POLS outside of the simulation domain.  

Additionally, the resolution and domain size cannot precisely track the extension of the 

horizontal anvil and the potential return of POLS to the surface from the anvil outflow. Despite 
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the resolution limitations, these results suggest that the recirculation of POLS to the surface from 

the upper anvil may not be possible in the local sense, however, this may occur further 

downwind of the convective event.  From these results, we postulate that much of the subpollen 

generated during thunderstorm events is occurring due to humidity-driven rupture within the 

boundary layer, as the downdrafts do not seem capable of returned pollen ruptured aloft to the 

surface. 

Finally, we evaluated the effect of these particles on cloud formation and hydrometeor evolution 

during a thunderstorm with lightning. The cloud, snow, and graupel mixing ratio were slightly 

affected by the presence of pollen (changes of about <5%) during the highly convective days. 

The remaining hydrometeors show weak responses (<2%) to POLP and POLS. However, we 

note that we only include pollen as a cloud condensation nuclei, and not as an ice nucleating 

particle in the cloud-microphysics process as this was beyond the scope of the current study. 

Future work will consider the role of POLS and POLP as INP using new laboratory 

measurements, which will be important to understand the role of PBAP in the cloud formation 

process.  

Although these uncertainties remain, this manuscript illustrates the implementation of a newly 

developed pollen module in WRF-Chem which simulates primary pollen and atmospheric-driven 

pollen rupture that produces subpollen at the surface and in the atmosphere. The spatial and 

temporal distribution of pollen is related to its emission potential and the meteorological 

conditions, with pollen being lifted to the upper troposphere (10-12 km) during the vertical 

updrafts and transported laterally in the anvil top outflow. Our sensitivity simulations suggest 

that the lightning rupture mechanism generates fewer subpollen than the surface and in 

atmosphere rupture during high humidity during events in the Central United States and this may 

be important for forecasting future events of pollen rupture and thunderstorm asthma.  

 

Data Availability Statement 

The Weather Research and Forecasting Model with Chemistry model code is available from 

(www2.mmm.ucar.edu/wrf/users/download/). WRF-Chem preprocessors are available on the 

website (www.acom.ucar.edu/wrf-chem). Pollen emissions based on Zhang and Steiner (2022) 

are available from https://deepblue.lib.umich.edu/data/concern/data_sets/0c483j691?locale=en.  
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The model output data are made available upon request. The primary tools to analyze the model 

output and generate figures are cdo (code.mpimet.mpg.de/projects/cdo/) and MATLAB 

(www.mathworks.com/products/). Observed aerosol data is available from The Interagency 

Monitoring of Protected Visual Environments (IMPROVE) 

(vista.cira.colostate.edu/Improve/improve-data/) and the US Environmental Protection Agency 

(EPA) (www.epa.gov). The severe weather event report by the Storm Prediction Center of 

NOAA’s National Weather Service is available at the website (www.spc.noaa.gov/). 
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