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Abstract.   Investigating the influence of ultrafine parti-
cles (UFP) on heavy rainfall events reveals a nuanced rela-
tionship between atmospheric composition and weather 
phenomena. This paper analyzes heavy rainfall events 
around the region of Frankfurt Airport and UFP data ac-
quired by the Hessian Agency for Nature Conservation, 
Environment and Geology, and discusses what influence 
UFP may have on the hydrologic cycle. While a direct cor-
relation remains inconclusive, daily average analysis sug-
gests a potential link between elevated UFP counts and 
impending heavy rainfall, affecting the hydrologic cycle. 
Further in-depth analysis is required to validate this sup-
position and better understand the effects of UFP´s influ-
ence on the hydrologic cycle. 

Introduction 

Extreme weather events, including heavy rainfall and 
prolonged drought periods, are on the rise globally. A pi-
oneering study conducted by researchers from the Karls-
ruhe Institute of Technology and the independent insti-
tute Airborne Research Australia explores the connection 
between ultrafine dust or particles (UFP) in the atmos-
phere and their disruptive impact on the hydrologic cycle 
- particularly cloud physics and rainfall formation.  

The study underscores that anthropogenic UFP emis-
sions alter precipitation patterns and contribute to heavy 
rainfall events by serving as cloud condensation nuclei [1]. 
Moreover, it has already been established that the quan-
tity of UFP has notably increased in recent decades [2]. 

 

Particulate matter refers to airborne aerosol particles, 
including dust particles or droplets of specific sizes, ca-
pable of remaining suspended in the atmosphere for sev-
eral days before settling to the ground [3]. These particles 
are typically classified based on their aerodynamic diam-
eter into PM10 (particulate matter with a diameter less 
than 10 m) and PM2.5 (with a diameter less than 2.5 

m). UFP, measuring up to 100 nm in diameter, are con-
siderably smaller than PM10 particles. They are primar-
ily produced by the combustion of fossil fuels in exhaust 
gas purification systems, large combustion plants, as well 
as from air and maritime traffic. Due to their small size, 
UFP can deeply penetrate into the human body, reaching 
lung tissue and the bloodstream, where they have been 
shown to cause respiratory and cardiovascular diseases 
along with neurodegenerative diseases such as dementia, 
Alzheimer's and Parkinson's [2][4][5].  

Heavy rain, a weather phenomenon characterized by 
substantial amounts of precipitation in a short period of 
time and small geographical area, typically originates 
from convective clouds like cumulonimbus clouds.  

This precipitation can lead to floods, landslides, or 
flash floods, causing significant harm to the environment, 
buildings and infrastructure. Therefore, the German 
Meteorological Service (Deutscher Wetterdienst, DWD) 
issues severe weather warnings when expected rainfall 
reaches 15 liters per square meter within an hour or 20 
liters within six hours [6]. 

The impacts of climate change are significantly shap-
ing the frequency and intensity of these extreme precipi-
tation events. Research from the World Weather Attribu-
tion indicates that heavy rainfall occurrences in Germany 
and some neighboring countries have seen a surge, with 
probabilities increasing by 1.2 to 9 times due to human-
induced global warming.  
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Additionally, the studied areas have shown that heavy 

rainfall intensity has risen by 3 to 19% [7]. Carbon diox-
ide drives warming and increases water vapor capacity of 
the atmosphere. However, due to its long lifespan and 
uniform atmospheric distribution, carbon dioxide cannot 
solely account for the observed uptick and high variabil-
ity in frequency and distribution of heavy rainfall occur-
rences. An understanding of the hydrologic cycle´s dy-
namics is therefore essential to comprehending these 
changes [8]. 

1 Problem Statement 
Due to their impact on both the quantity and size of water 
droplets in cloud formation in the atmosphere, UFP can 
disrupt the hydrologic cycle by impeding precipitation. 
Typically, water droplets ranging from approximately 
0.01 to 0.25 mm in diameter coalesce around a cloud con-
densation nucleus (CCN) measuring roughly 0.0002 mm. 
Once the combined total size of droplets and CCN has 
reached 1 to 2 mm, they can descend to the earth as 
raindrops, surpassing the updraft speed within a cloud. 

Due to their diminutive size and highly curved sur-
face, which hastens water evaporation, UFP are poor 
CCN. As a result, the droplets which accumulate around 
an UFP remain too small to overcome air resistance for 
an extended period of time. This process generates an ad-
ditional energy reservoir in the mid-troposphere, promot-
ing extreme rainfall. When these highly enriched clouds 
eventually precipitate, the resulting rainfall events are no-
tably more intense and moisture-laden. Regions exhibit-
ing significantly heightened UFP levels increasingly ex-
perience extreme heavy rainfall and decreasing overall 
precipitation [1][2][9]. 

For this investigation an analysis was conducted, us-
ing a specific example to explore the potential link be-
tween elevated UFP concentrations in the atmosphere 
and the occurrence of particularly intense heavy rainfall 
events in a chosen region.  

The Frankfurt Airport region served as the study area, 
because turbine exhaust emissions from aircrafts have 
been identified as a major source of UFP emissions when 
operating on the ground [10]. Furthermore, this region 
stands out as one of the few in Germany where continu-
ous monitoring of UFP concentration is carried out. This 
lack of data collection is primarily attributed to the absence 
of legal regulations concerning UFP emissions [11]. 

The objective of this study is to investigate the con-
nection between UFP and heavy rainfall occurrences us-
ing freely accessible data, with the aim of implementing 
automated analysis and visualization techniques through 
a GIS dashboard in the near future. This approach could 
facilitate more extensive analyses of relationships and 
enhance the presentation of results in a visually engaging 
manner. 

2 Data Material 
Measuring UFP values requires special techniques, as the 
particles, owing to their diminutive size, contribute min-
imally to the particle masses of coarser fine dust categories 
such as PM2.5 and PM10 [12]. Instead of mass determina-
tion, devices for particle counting are employed [13].  

This study sourced UFP data from the  Measuring 
Data Portal of the Hessian Agency for Nature Conserva-
tion, Environment and Geology (HLNUG), which has 
been collecting UFP data at varying numbers of air mon-
itoring stations in and around Frankfurt Airport since 
2015 [14]. Categorization is based on particle size rang-
ing from 10 to 500 nm. For this study, particle sizes  rang-
ing from 10 to 100 nm were considered, aligning with the 
common definition of UFP. Aircraft emissions are pri-
marily associated with the release of UFP sized between 
10 and 30 nm [13]. 

The heavy rainfall data used in this study is sourced 
from the DWD’s catalog of radar-based heavy rainfall 
events (CatRaRE) [15]. This comprehensive catalog en-
compasses all heavy rainfall events in Germany dating 
back to 2001. Unlike large-scale, prolonged precipita-
tion, locally and temporally limited heavy rainfall events 
pose a challenge for measurement. To acquire reliable 
data, the DWD employs weather radars capable of exten-
sively scanning the areas surrounding the radar device, 
effectively capturing duration and intensity of precipita-
tion, even beyond regular measuring stations. Thereafter, 
the collected datasets undergo a multi-stage quality con-
trol process, to ensure their suitability for climatological 
analysis [16]. 

3 Combined Methods 
Initially, the heavy rainfall data was imported into 
ArcGIS and filtered based on the chosen observation pe-
riod. To ensure data consistency, the period from May 1, 
2020, to December 23, 2022, was selected for investiga-
tion.  
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Furthermore, the most intense heavy 

rainfall events were identified and selected 
using criteria such as the maximum precip-
itation within the event zone (RRmax), the 
maximum heavy rainfall index (SRImax), 
and duration stage of the event (Duration) 
(see Figure 1).  

A 50 km buffer was then centered on 
Frankfurt Airport, creating a polygon layer 
that was pairwise intersected with the 
point layer representing the selected heavy 
rainfall events (see Figure 2).  

From the most intense heavy rainfall 
events identified in the studied region, two 
events per year from 2020, 2021, and 2022 
were selected for sample analysis. The 
UFP data from the seven days preceding 
each heavy rainfall event was imported, 
with the heavy rainfall event occurring on 
the last day (Day 0). For each particle size 
category, the upper and lower quartiles 
along with the respective daily mean value, 
were determined for each measurement pe-
riod. This analysis enabled insights into the 
distribution of higher and lower UFP meas-
urements in the days leading up to the heavy 
rainfall event (see Figure 3 to Figure 6). 

4 Results 
In the exemplary illustrated measuring pe-
riods from May 28, 2021, to June 3, 2021 
(see Figures 3 and 4), and from September 
8, 2022, to September 14, 2022 (see Figure 
5 and 6), the UFP values across all particle 
size categories indeed exhibited a distribu-
tion pattern. Lower concentrations were 
predominantly observed at the beginning 
of the period, indicated by a left-skewed 
chart in the lower quartile, while higher 
concentrations tended to occur towards the 
end of the period, as indicated by the right-
skewed chart in the upper quartile.  

This phenomenon was also noted in 
some of the other analyzed samples, albeit 
not consistently enough to establish a clear 
trend or regularity. The behavior of quar-
tile captures appeared rather unpredicta-
ble, given the varied distribution of data 
captures in each dataset. 

 
Figure 1: Number of most intense heavy rainfall events in Germany  

from May 1, 2020, to December 23, 2022. 

 

 
Figure 2: Intersect of buffer layer (50 km around Frankfurt Airport) and 

heavy rainfall events. 
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Figure 3:  Charts depicting the distribution of data sets per 

measurement day in the lower quartile (proportion 
of measurements with lowest UFP values) and in 
the upper quartile (proportion of measurements 
with highest UFP values) for the measurement  
period from May 28, 2021, to June 3, 2021, for each 
particle size category. 

 

 
Figure 4: Time series plot of daily mean values per  

particle size category for the measurement period  
from May 28, 2021, to June 3, 2021. 

 

 
 

 
Figure 5:   Charts depicting the distribution of data sets per 

measurement day in the lower quartile (proportion 
of measurements with lowest UFP values) and in 
the upper quartile (proportion of measurements 
with highest UFP values) for the measurement  
period from Sept. 8, 2022, to Sept. 14, 2022, for 
each particle size category. 

 
In analyzing the daily mean values of the UFP concentra-
tions, it was noted that 20 out of 30 generated curves ex-
hibited an increase in values in temporal proximity to the 
heavy rainfall event.  

However, the curves displayed varying patterns. For 
instance, some curves showed peaks at the beginning of 
the observed period and then a dip in the middle of the 
period. Others displayed a continuous increase, only to 
decrease again towards the end of the period.  

Nonetheless, a common observation was that the ma-
jority of curves featured the highest daily mean value 
within the measurement period one to two days before 
the occurrence of the heavy rainfall event. 
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Figure 6: Time series plot of daily mean values per particle 

size category for the measurement period from 
September 8, 2022, to September 14, 2022. 

5 Conclusions 
The present study did not find sufficient evidence to es-
tablish a direct correlation between increased UFP pollu-
tion in the atmosphere and the occurrence of heavy rain-
fall events. Given the complexity of weather and climate 
phenomena, more extensive analysis is necessary. This 
analysis should encompass influencing factors such as al-
titude data, terrain profiles, temperature, general precipi-
tation, air pressure and wind movements. For instance, 
wind and precipitation can impact local UFP concentra-
tions. Clouds can disperse depending on wind strength 
and velocity, moving the potentially correlated heavy 
rainfall event to an area away from the region with in-
creased UFP concentrations [We22]. 

The analysis of daily mean value did indeed provide 
suggestive evidence of a potential increase in determined 
UFP emissions leading up to a heavy rainfall event. How-
ever, to solidify this assumption, a study of significantly 
larger scope would be required. Additionally, analyses at 
various locations are essential for a more precise investi-
gation. This would not only facilitate local comparisons 
but also enable the correlation of results from different 
regions with similar geographical conditions. 

In order to facilitate a comprehensive analysis of the 
relationship between UFP pollution and heavy rainfall 
events, the implementation of an automated system for 
evaluating and visualizing freely available data via a GIS 
dashboard could be highly beneficial. This approach 
would not only enable the examination of individual data 
points but also facilitate the identification of complex 
patterns and trends within the data.  

Moreover, it would allow for the adoption of various 
spatial and temporal scales for modeling, thus enhancing 
the understanding of relationships and providing a more 
robust foundation for further research and decision-mak-
ing. Furthermore, such a system could foster communi-
cation and information exchange among different interest 
groups, which is vital for developing measures to miti-
gate the potential impact of UFP on the hydrologic cycle 
and the environment as a whole. 

In conclusion, as UFP pollution continues to rise 
steadily over time, this study endeavors to establish an 
initial foundation and impetus for further analysis. The 
ultimate goal is to ascertain the potentially significant im-
pact of UFP on the hydrologic cycle and subsequently 
implement measures to mitigate them. This could include 
the establishment of an official UFP limit to regulate 
emissions. 

Publication Remark 
This contribution is the revised English version of the 
(German) conference version published in  
  Tagungsband Langbeiträge ASIM SST 2024,  
  ARGESIM Report AR 47, vol. DOI 10.11128/arep.47, 
  ISBN ebook: 978-3-903347-65-6 
  article DOI 10.11128/arep.47.a4712, p 67-72. 
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