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If the doors of perception were cleansed
every thing would appear to man as it is,

Infinite.

— William Blake (1793)
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Pletikosić available at https://bitbucket.org/amiede/classicthesis/.

https://bitbucket.org/amiede/classicthesis/


P R E FA C E

The main part of this cumulative dissertation is a unifying essay that discusses the essence
of three studies forming the basis of this work. The essay includes an introduction into
the overarching scientific gap it aims to fill, summarizes and interprets the findings of the
studies in a larger scientific context, and provides an overall conclusion. The three studies
and two published data sets are explicitly listed on page xi. The studies are added as
appendices and my contribution to each of them is stated at the beginning of the respective
appendix.
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A B S T R A C T

Cold pools are mesoscale bodies of cool and dense air that form underneath precipi-
tating clouds and spread horizontally on the Earth’s surface. Lifting of environmental
air at their leading edge constitutes the importance of cold pools for the development
and organization of atmospheric convection. Although being explicitly represented in
hectometer-scale numerical simulations, cold pools and especially their spatial properties
are hardly captured by existing observation systems. This dissertation presents a com-
prehensive characterization of cold pools in Germany, discusses factors controlling their
strength, and describes the Field Experiment on Sub-mesoscale Spatio Temporal Variability
in Lindenberg (FESSTVaL) that determines the morphology of cold pools (i. e., their size,
shape, and structure) for the first time ever using in situ observations.

The first part presents a preparatory study on the analysis of nearly 500 cold pool
passages at a 280-m high tower in Hamburg (northern Germany) observed over 14 years.
The sampled cold pools most likely occur in July and in the afternoon. The near-surface
temperature perturbation ∆T exhibits a median of -3.3 K and can be as strong as -10.8 K. ∆T
is more strongly correlated with the saturation deficit of the pre-event air mass (r = −0.71)
than with the event-accumulated rainfall amount (r = −0.35), emphasizing that the cold
pool strength is mainly controlled by evaporative cooling by precipitation. This process
becomes occasionally superposed by the downward transport of upper-level air masses in
convective downdrafts.

The second part describes the realization of FESSTVaL that took place at the Meteorological
Observatory Lindenberg – Richard Aßmann Observatory (MOL-RAO) in eastern Germany
from May to August 2021. The experiment featured a dense network of 99 measurement
stations at sub-mesoscale resolution (O(100) m – O(10) km) that covered a circular area
of about 30 km in diameter. For this purpose, novel, custom-designed Autonomous cold
POoL LOgger (APOLLO) stations equipped with fast-response air temperature and pressure
sensors as well as supplementary Weather Transmitter (WXT) stations were developed,
which proved to operate reliably. The impacts of the COVID-19 pandemic delayed the main
experiment by one year and motivated the implementation of the precursor experiment
FESST@HH in Hamburg during summer 2020, which was facilitated by the support of
volunteers.

The last part focuses on the evaluation of the FESSTVaL and FESST@HH data sets. The
spatial interpolation of the ∆T signals allows to define individual cold pool objects. The
derived sample of about 1300 cold pool objects during 39 events exhibits a median size of
8.4 km, whereas the size of cold pools increases with their strength. Contrarily to common
assumption, the cold pools are not circularly shaped, which is independent of their size
and strength. The analysis of four selected events suggests that cold pools grow linearly
with the spatially-integrated rainfall accumulation and cool most efficiently early in their
life cycle, confirming the cold air production by precipitation.

This dissertation demonstrates that dense station networks illuminate the previously
obscured morphology of cold pools and allow to more precisely describe the underlying
processes required for the validation and improvement of weather and climate simulations.
Furthermore, the work provides valuable guidance for the implementation of future
measurement campaigns.
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Z U S A M M E N FA S S U N G

Cold Pools sind mesoskalige Körper kalter und dichter Luft, die sich unterhalb regnen-
der Wolken bilden und horizontal an der Erdoberfläche ausbreiten. Durch die Hebung
umgebender Luftmassen an ihrer Vorderseite sind Cold Pools von großer Bedeutung für
die Entwicklung und Organisation von atmosphärischer Konvektion. Obwohl sie explizit
in Hektometer-skaligen numerischen Simulationen dargestellt werden können, werden
Cold Pools und insbesondere ihre räumlichen Eigenschaften nur unzureichend von bereits
existierenden Beobachtungssystemen erfasst. Diese Dissertation präsentiert eine umfassen-
de Charakterisierung von Cold Pools in Deutschland, diskutiert Einflussfaktoren für ihre
Stärke und beschreibt die Messkampagne Field Experiment on Sub-mesoscale Spatio Temporal
Variability in Lindenberg (FESSTVaL), die erstmals überhaupt die Morphologie von Cold
Pools, d. h. ihre Größe, Form und Struktur, mithilfe von In-situ-Beobachtungen bestimmt.

Der erste Teil präsentiert eine vorbereitende Studie zur Auswertung von nahezu 500

Cold-Pool-Durchgängen an einem 280 m hohen Messturm in Hamburg (Norddeutschland),
die über einen Zeitraum von 14 Jahren beobachtet wurden. Die untersuchten Cold Pools
treten am häufigsten im Juli und am Nachmittag auf. Die bodennahe Temperaturstörung
∆T weist einen Median von -3.3 K auf und erreicht eine Stärke von bis zu -10.8 K. ∆T ist
stärker mit dem Sättigungsdefizit der Luftmasse vor dem Ereignis korreliert (r = −0.71)
als mit der akkumulierten Regenmenge des Ereignisses (r = −0.35), was unterstreicht, dass
die Cold-Pool-Stärke im Wesentlichen von Verdunstungsabkühlung durch Niederschlag
bestimmt wird. Dieser Prozess wird in Einzelfällen durch den Abwärtstransport von
darüberliegenden Luftmassen in konvektiven Abwinden überlagert.

Der zweite Teil beschreibt die Durchführung des Messexperimentes FESSTVaL, das von
Mai bis August 2021 am Meteorologischen Observatorium Lindenberg – Richard-Aßmann-
Observatorium (MOL-RAO) im Osten Deutschlands stattfand. Das Messexperiment zeichne-
te ein dichtes Netzwerk aus 99 Messstationen in sub-mesoskaliger Auflösung (O(100) m –
O(10) km) aus, das ein kreisförmiges Gebiet mit 30 km Durchmesser abdeckte. Zu diesem
Zweck wurden neuartige, anwendungsspezifische Autonomous cold POoL LOgger (APOLLO)-
Stationen mit trägheitsarmen Sensoren für Lufttemperatur- und druck sowie ergänzende
Weather Transmitter (WXT)-Stationen entwickelt, deren zuverlässiger Betrieb nachgewiesen
wurde. Die Auswirkungen der COVID-19-Pandemie verzögerten das Hauptexperiment
um ein Jahr und begründeten die Umsetzung des Vorläuferexperimentes FESST@HH in
Hamburg im Sommer 2020, welches durch die Unterstützung Freiwilliger ermöglicht
wurde.

Der letzte Teil behandelt die Auswertung der Datensätze von FESSTVaL und FESST@HH.
Die räumliche Interpolation des ∆T-Signals erlaubt es individuelle Cold-Pool-Objekte zu
definieren. Die analysierte Stichprobe mit etwa 1300 Cold-Pool-Objekten aus 39 Ereignis-
sen weist eine Median-Größe von 8.4 km auf, wobei die Größe der Cold Pools mit ihrer
Stärke zunimmt. Im Widerspruch zur verbreiteten Annahme sind die Cold Pools nicht
kreisrund geformt, was unabhängig von ihrer Größe und Stärke gilt. Die Analyse von
vier ausgewählten Ereignissen deutet darauf hin, dass Cold Pools linear mit der räumlich
integrierten akkumulierten Niederschlagssumme wachsen und sich zu Beginn ihres Le-
benszyklus am effizientesten abkühlen, was die Kaltluftproduktion durch Niederschlag
bestätigt.
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Diese Dissertation unterstreicht, dass dichte Messnetze die vormals unbekannte Mor-
phologie von Cold Pools beleuchten und es ermöglichen die zugrundeliegenden Prozesse
präziser zu beschreiben, was notwendig für die Validierung und Verbesserung von Wetter-
und Klimasimulationen ist. Darüber hinaus gibt die Arbeit wertvolle Hinweise für die
Umsetzung zukünftiger Messkampagnen.
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Part I

U N I F Y I N G E S S AY





1I N T R O D U C T I O N

1.1 cold pools in atmospheric convection

Warm air rises, cold air sinks.

This simplified version of Archimedes’ principle can be considered as common knowledge
and is a fundamental mechanism in the Earth system. The principle is not only essential to
maintain the balance of heat, moisture, and momentum in the atmosphere but is also the
main cause for atmospheric motion on various spatial scales (Fernando, 2003). As the most
prominent example, horizontal differences in the net input of radiative energy between
the equator and the poles drive the global-scale general circulation of the atmosphere
(Stull, 2017). On much smaller scales, thermally direct circulations in the form of vertical
and highly turbulent motion of buoyant air are referred to as convection (Emanuel, 1994).
In case of moist convection, rising air masses lead to the condensation of atmospheric
water vapor and become apparent by the formation of clouds. For deep updrafts, also
precipitation, i. e., liquid rain drops, solid ice particles, or any combination of both phases,
forms inside the cloud and eventually falls to the ground. Strong convection in the form of
thunderstorm clouds is often accompanied by hazardous phenomena like heavy rainfall,
hail, lightning, wind gusts, and tornadoes (Stull, 2017).

While the upward branch of the convective overturning circulation produces spectacular
and beautiful clouds that are hard to overlook, the downward branch is rarely visible and
attains much less attention although being at least equally important. When rain drops
and melting ice particles fall through the cloud and into the atmospheric sub-cloud layer,
they reach drier, under-saturated air masses and start to re-evaporate (Figure 1.1). This
process cools and moistens the environmental air, which becomes negatively buoyant
and sinks down to the surface. The outflow air hits the surface and spreads horizontally
away from the precipitation area forming a body of cold and dense air, referred to as a
cold pool. At the leading edge of the propagating cold pool front, lighter environmental
air eventually gets lifted and forms a new cloud, initiating a new convective life cycle
(Figure 1.2).

As the formation of cold pools is directly linked to atmospheric convection, their
appearance is similarly small-scale, short-lived, and highly variable. Since cold pools
constantly grow throughout their life cycle, and the areal coverage of convection itself
varies considerably between different events, the size of cold pools reported in numerical
(Romps and Jeevanjee, 2016; Tompkins, 2001) and observational studies (Feng et al., 2015;
Terai and Wood, 2013) ranges from less than 10 km to up to several hundreds of km
(Zuidema et al., 2017). These length scales are commonly referred to as the atmospheric
mesoscale (Orlanski, 1975). Accordingly, the typical life time of cold pools is in the order
of hours (Feng et al., 2015; Romps and Jeevanjee, 2016; Tompkins, 2001). By definition,
cold pools are characterized by a lower air temperature than their environment and,
consequently, a higher air density. The hydrostatic cooling effect, i. e., the additional weight
of the cooler air in the atmospheric column, also leads to an increase in air pressure.
Further pressure excess is caused by the downward drag of falling precipitation particles
on the air, called liquid-water loading or ice loading, and a dynamical component when
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cloud layer

cold pool

precipitation
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surface
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Figure 1.1: Schematic of cold pool formation: Precipitation (liquid rain drops or solid ice particles;
gray dots and asterisks) forms inside a convective cloud, falls into the sub-cloud layer,
and cools the air by evaporation. The pool of cold and dense air propagates horizontally
on the Earth’s surface (blue arrows), forms a vertical circulation at its leading edge, and
lifts warmer environmental air (red arrow), which eventually triggers a new convective
cloud.

the descending air hits the ground. The horizontal pressure difference pushes the cold pool
air outwards and drives the propagation on the Earth’s surface, which is usually compared
to a so-called density current. A distinct gust front and a vertical circulation called head,
which reaches higher than the rest of the cold pool body, often form at the leading edge of
the air mass boundary (as indicated in Figure 1.1; Markowski and Richardson, 2010; Stull,
2017). The horizontal differences in temperature, pressure, and wind speed between a cold
pool and its environment strongly vary from event to event and can reach magnitudes of
more than 10 K, 5 hPa, and 15 m s−1, respectively (e. g., Engerer et al., 2008; Feng et al., 2015;
Goff, 1976). One important factor for the variability in cold pool strength, as discussed later
in this dissertation, is the thermodynamical potential for evaporation of the atmosphere,
i. e., its temperature and humidity. This is one reason why cold pools over land are found
to be generally stronger than over oceans (Zuidema et al., 2017).

1.2 significance of cold pools

The interest in cold pools is justified by their critical role in initiating new convection and
shaping its appearance. Rotunno et al. (1988) found an interplay between cold pools and
low-level wind shear that systematically controls the strength and longevity of line-shaped
convection. The leading edge of a cold pool front is proven to be a location of preferential
triggering of new convection due to mechanical lifting by the dense air masses, moisture
accumulation in the lower atmosphere (Feng et al., 2015; Tompkins, 2001; Torri et al.,
2015), and collisions with other cold pool fronts (Meyer and Haerter, 2020; Torri and
Kuang, 2019). Cold pools also favor the transition from shallow (i. e., weak) to deep (i. e.,
strong) convection, since they support the formation of wider and deeper clusters that
are less diluted by the turbulent import of dry environmental air (Boeing et al., 2012;
Khairoutdinov and Randall, 2006; Schlemmer and Hohenegger, 2014). Moreover, cold pools
are believed to critically impact the process of convective self-aggregation, which describes
the spontaneous segregation of an initially homogeneous atmosphere into cloudy and
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Figure 1.2: Cloud formation at the leading edge of a thunderstorm outflow south-east of Hamburg
(Germany) on 27 June 2020 at 20:50 CEST (photograph by the author).

cloud-free areas and is a important factor for the distribution of clouds in the atmosphere
(Haerter, 2019; Jeevanjee and Romps, 2013; Nissen and Haerter, 2021; Wing, 2019).

The understanding of processes related to atmospheric convection, cold pool forma-
tion, and their interplay has several critical implications. Due to evolving computational
resources over the past decades, numerical simulations at the km-scale and below are
able to directly resolve convective clouds and precipitation on regional domains (Stevens
et al., 2020) and even globally (Satoh et al., 2019). In this context, cold pools have shown
to impact the correct simulation of the diurnal cycle of precipitation (Kurowski et al.,
2018; Rio et al., 2009) and total rainfall amounts (Grant and Heever, 2015). Since the
representation of convection propagates to the large-scale evolution of numerical weather
prediction models (Peters et al., 2019), it is a critical factor for short-term weather forecasts,
especially given the potentially hazardous and life-threatening impacts of severe weather
caused by strong thunderstorms. Furthermore, clouds have been identified as an essential
albeit very uncertain parameter for climate sensitivity and projecting global warming
(Nuijens and Siebesma, 2019; Siebesma et al., 2020). Current research especially focuses
on oceanic shallow cumulus clouds and their interplay with atmospheric circulations
including cold pools, which is believed to have a substantial impact on Earth’s radiation
budget and global-mean cloud feedbacks (Bony et al., 2017). In conclusion, cold pools
are not only crucial to understand and correctly represent atmospheric convection in
numerical simulations but their role in determining the distribution of clouds also makes
them a key component in the changing climate of our Earth.

1.3 observational blind spot

Highly resolved information in space and time is required to appropriately describe the
characteristics of cold pools due to their small-scale and transient appearance. Modern
hectometer-scale numerical simulations, often referred to as Large-Eddy simulations, have
been established as a standard tool to conveniently and comprehensively approach scien-
tific questions related to cold pools. Accordingly, our knowledge about the morphology
of cold pools, i. e., their size, shape, and structure, as well as their evolution in time is
mostly based on such high-resolution simulations, often applied on idealized setups.
Consistent with observational evidence, the reported sizes of simulated cold pools range
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from below 5 km (Drager et al., 2020) to several tens of km (e. g., Romps and Jeevanjee,
2016; Tompkins, 2001). This does not only reflect the highly dynamic character of cold
pools but also the variety of parameters that can be used for the cold pool identification,
e. g., temperature, buoyancy, or radial wind velocity (Drager and van den Heever, 2017).
The shape of cold pools is often assumed to be circular (e. g., Haerter et al., 2019; Meyer
and Haerter, 2020; Romps and Jeevanjee, 2016), but Torri and Kuang (2019) also found
that they quickly lose their initially circular shape as they grow and merge into larger
clusters. The most poorly determined spatial property of cold pools is their structure.
While for theoretical considerations often a uniform temperature is assumed (e. g., Romps
and Jeevanjee, 2016), other simulation-based studies find a ring-like structure, which is
attributed to the gust front formation and moisture accumulation at the leading edge of
cold pools (e. g., Langhans and Romps, 2015; Zuidema et al., 2017). However, the recent
findings are still inconsistent regarding the fact if cold pools are coldest in their centers
(Drager et al., 2020) or at their boundaries (Meyer and Haerter, 2020).

Also several observational studies aim at describing the size, life cycle, and horizontal
and vertical structure of cold pools based on stationary point measurements (e. g., Engerer
et al., 2008; Goff, 1976; Kruse et al., 2022; Touzé-Peiffer et al., 2022; Vogel et al., 2021),
aircraft observations (Terai and Wood, 2013), or ship observations (Feng et al., 2015). In
a recent study, van den Heever et al. (2021) introduced a measurement campaign that
characterized the spatial variability of cold pool temperature on scales between O(100) m
and O(1) km using uncrewed aerial systems, radiosondes, and three closely-spaced surface
stations. Although these studies apply a large variety of approaches to describe the spatial
characteristics of cold pools and provide valuable results, this challenging task was not
yet satisfactorily addressed. A common weakness of observational studies dedicated to
cold pools is that the limited number of measurement points does not allow to capture the
extent and structure of cold pools. Furthermore, the analyzed samples of events are either
biased to strong events (Engerer et al., 2008) or focus on single, strong events (Borque et al.,
2020). Therefore, we lack reliable in situ observations of the horizontal dimension of cold
pools that cover a wide range of intensities and event types (i. e., weak, strong, isolated,
or widespread convection). As a consequence, the morphology of cold pools as found
in numerical simulations or being used as a starting point for theoretical considerations
cannot be sufficiently validated, which considerably limits our understanding of cold
pools and the factors controlling their characteristics.

1.4 new approach

Since cold pools are mesoscale phenomena with typical sizes between O(1) km and
O(100) km, observations that appropriately capture their horizontal structure need to
cover length scales of about one order of magnitude smaller, i. e., O(100) m – O(10) km.
We refer to these scales as the sub-mesoscale, formally part of the meso-γ and micro-α
scale (Orlanski, 1975). Conventional meteorological station networks, e. g., the operational
surface network of the German Weather Service, have a typical resolution of 25 km,
i. e., mesoscale resolution. The delicate trade-off between spatial resolution and coverage
required for a measurement setup especially dedicated to cold pool observations might be
the main reason why such a challenging and ambitious enterprise was not yet realized to
date. In this dissertation, I present the Field Experiment on Sub-mesoscale Spatio Temporal
Variability in Lindenberg (FESSTVaL) that addresses this scientific gap. The main idea of
this measurement campaign is to describe the morphology of cold pools (size, shape,
and structure) for the first time using in situ observations of a sub-mesoscale network of
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measurement stations especially designed for this purpose. The fundamental hypothesis
that the present work aims to test is the following:

A dense observational station network at sub-mesoscale resolution is suitable to enhance our
understanding of cold pools.

More specifically, I will elaborate on the following research questions:

• What new information on cold pool characteristics does a dense station network
provide compared to single-point observations?

• Which factors control the strength and size of cold pools?

• What challenges are related to the operation of a dense station network and evalua-
tion of its observations?

The answers to these questions will not only help to test our established conceptual model
of the appearance of cold pools but also to illuminate potentially new properties that were
previously obscured by the insufficient resolution and coverage of existing observation
networks. This dissertation approaches the task in the following way: Chapter 2 introduces
a statistical characterization of cold pool passages based on multi-year observations at a
boundary layer tower that serves as a reference for the single-point view on cold pools
and design of the experiment (Study A). Chapter 3 describes the implementation and
organizational challenges related to the realization of FESSTVaL, including its preceding
Field Experiment on Sub-mesoscale Spatio Temporal variability at Hanseatic city of
Hamburg (FESST@HH) in summer 2020 (Study B) and the main experiment in summer
2021 (Study C). Chapter 4 presents preliminary results of the experiments according to
unpublished analyzes of Study C, followed by a summary and interpretation of the overall
findings as well as perspectives of the unique data sets in Chapter 5.
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Cold pools are a common meteorological phenomenon. At a given location, cold pool
front passages are as frequently observed as summery rainfall or thunderstorms occur.
By definition, the arrival of an air mass cooler than the present one becomes evident by a
drop in local air temperature. In case of a cold pool, such event typically takes place on a
time scale of minutes and is accompanied by disturbances in air pressure, humidity, and
wind speed. Although we know that these signals are characteristic for cold pool passages,
their individual amplitude, sharpness, and even sign strongly vary between different
events. The evaluation of single-point measurements is the classical and most convenient
approach to describe cold pools in observations. Existing studies, however, restrict their
analysis to small samples of pre-selected events (e. g., Goff, 1976) or specific types of events
(usually strong convection; e. g., Engerer et al., 2008). As a new contribution, Study A uses
multi-year tower observations that allow to robustly quantify the signal strength of cold
pools over land, including their vertical dimension, over a wide range of meteorological
conditions and event types. Additionally, the results provide a reference data set for the
design of instruments to use in a dense station network during the FESSTVaL measurement
campaign and for the interpretation of the spatial cold pool observations with respect to
the single-point view.

2.1 characterization of cold pool passages

2.1.1 Detection

In Study A, we detect cold pool front passages based on co-located near-surface mea-
surements of 2-m temperature T2 and rainfall rate R. The algorithm designed for this
investigation (Kirsch, 2020) identifies temperature drops of at least 2 K within 20 min as
cold pool events if R is non-zero within a period of 60 min after the begin of the tempera-
ture drop t0. The amplitude of the temperature perturbation ∆T is defined as the difference
between the minimum value within 60 min after t0 and the median value of the 30-min
period prior to t0, meaning that ∆T is typically negative. In a similar fashion, we use this
scheme to quantify the perturbations in further meteorological variables that go along
with the temperature drop. This simple approach allows to objectively and consistently
analyze cold pools in a multi-year data set with minimal assumptions on the type and
strength of the signal.

The analysis method is applied on measurements performed at the Weather Mast
Hamburg (WMH) observation site. The WMH is a 305-m high television broadcasting tower
located in the eastern outskirts of Hamburg (northern Germany) that is equipped with
meteorological sensors at heights between 2 m and 280 m above ground (Bruemmer et al.,
2012). For the analysis, we use data of air temperature T, pressure p, specific humidity q,
equivalent potential temperature Θe, horizontal wind speed U, and vertical wind speed w
at five height levels (2 m [10 m for wind], 50 m, 110 m, 175 m, and 280 m) recorded at 1-min
resolution during 14 extended summer seasons (1 April to 30 September) between 2006

and 2019.

9
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2.1.2 Occurrence of events

The detection algorithm identifies a total number of 489 cold pool events for the 14-year
period with an average of 34.9 events per summer season. While the yearly number of
events varies randomly, the annual and diurnal cycles of occurrence show distinct peaks
in July and at 15:00 local time, respectively (Figure 2.1). This as expected for phenomena
related to convection over land, which is generally tied to the diurnal cycle of solar
heating. Although the detection method does not consider information on the source of
the temperature drops, this result confirms that the analysis is not severely contaminated
by synoptic cold front passages, which occur randomly over the course of the day.
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Figure 2.1: Occurrence of cold pool events detected at WMH between 2006 and 2019: (a) Number
of events per summer season (1 April to 30 September), (b) mean annual cycle, and
(c) mean diurnal cycle.

2.1.3 Temperature perturbation

A further look into the temporal and vertical temperature structure of the signal allows
to better understand the characteristics of the sampled cold pool passages and related
processes. The maximum temperature perturbation ∆T for all 489 cold pool events exhibits
a median of -3.3 K near the surface (i. e., 2-m height) and reaches -10.8 K for the strongest
event. The signal strength generally weakens with height, indicating a weaker vertical
temperature decrease, i. e., more stable stratification, inside the cold pool than in its envi-
ronment as expected. The mean time series of the signal shows that the temperature drop
is strongest just after t0 and reaches its largest amplitude after 20 to 25 min independent
of the observation height (Figure 2.2a). However, the average temperature signal recovers
only marginally at least 1 h after the initial drop, since the majority of events occurred in
the afternoon, i. e., after the diurnal maximum of solar heating.

2.1.4 Cold pool height

Consistent with the hydrostatic relationship, the additional weight of the approaching
dense air masses leads to an increase in air pressure (Figure 2.2b). The median amplitude
∆p at the surface for the sampled cold pools is 0.7 hPa and the strongest event reaches a
signal of 5.9 hPa. Along with ∆T, the amplitude of ∆p constantly decreases with height,
since the hydrostatic pressure signal is only determined by the weight of the air column
above a given level. Moreover, the decrease in ∆p is approximately linear and less affected
by short-term fluctuations from local effects than ∆T, which allows us to estimate the
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vertical extent of the observed cold pool bodies. We define the cold pool height hCP (or
referred to as cold pool depth in Study A) as the height where the linearly extrapolated
pressure signal ∆p vanishes. This analysis reveals a median hCP of 746 m and values
ranging between a few hundred meters and almost 2 km, which matches typical heights
reported for continental convective outflows (Markowski and Richardson, 2010).

2.1.5 Wind perturbation

Cold pool passages go along with substantial disturbances of the local wind field. The
horizontal wind speed experiences a median increase of 3.6 m s−1 at 10-m height, which
increases to 5.4 m s−1 at 50 m and above. According to the mean time series, the wind
speed maximum is confined to a distinct peak coinciding with the strongest temperature
drop, reflecting the well-known gust front typically associated with convective outflows
(Figure 2.2e). At heights of 110 m and above, a prominent peak in vertical wind speed a few
minutes before t0 becomes apparent, which is followed by a weaker and longer-lived peak
of opposite sign (Figure 2.2f). This combination and timing of horizontal and vertical wind
speed signatures clearly proves the existence of a lifting-induced overturning circulation
at the leading edge being a critical factor for the importance of cold pools for triggering
new convection.
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Figure 2.2: Height-dependent mean temporal evolution of (a) air temperature T, (b) pressure p,
(c) specific humidity q, (d) equivalent potential temperature Θe, (e) horizontal wind
speed U, and (f) vertical wind speed w relative to t0 during cold pool passages at WMH
between 2006 and 2019. Note that in (c) the temporary dip in ∆q just after t0 is not of
physical nature but can be attributed to an instrumental issue.

2.2 factors for cold pool strength

The surface footprint of a cold pool observed at one point largely varies from event to
event. The strength, here defined in terms of temperature perturbation ∆T, of nearly
500 cold pool passages during 14 extended summer seasons ranges from the detection
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threshold of -2 K to extreme cases of almost -11 K. Do we understand which factors control
the observed cold pool strength?

2.2.1 Evaporation of precipitation

We know that cold pools are generated by evaporation of precipitation underneath con-
vective clouds. In most simple terms, we would expect that a strong convective cell also
produces a strong cold pool. A common measure to determine the strength of convection
is rainfall. Since the typical life time of a cold pool is on the scale of hours, we consider
the absolute rainfall accumulation over the 90-min cold pool event. Figure 2.3a shows that
∆T at 2-m height actually increases with the accumulated rainfall amount, which confirms
the posed assumption. However, the decimal logarithm of the rainfall amount and ∆T are
only moderately correlated for all 489 events according to a linear correlation coefficient r
of -0.35.

Another factor for evaporative cooling is the environment in which the precipitation
falls. If an air mass is not saturated with water vapour, its potential for cooling by
evaporation of additional water increases with decreasing relative humidity. Similarly,
the absolute amount of evaporable water increases with the temperature of the air mass.
Consequently, a warm and dry air mass provides the most favorable conditions for strong
cooling by evaporation of precipitation. To measure both effects by a single parameter, we
introduce the absolute saturation deficit qsat− q, given by the difference between saturation
specific humidity and actual specific humidity. Similar to the rainfall amount, the strength
of observed cold pool events constantly increases with higher saturation deficits near
the surface averaged over a 30-min period prior to the event (Figure 2.3b). The higher
correlation coefficient (r = −0.71) shows that the pre-event saturation deficit is actually a
much better predictor for the temperature perturbation of a cold pool than the rainfall
amount.

We further investigate the role of evaporation with a simple time-dependent thermo-
dynamical model. The model takes the individual pre-event temperature and humidity
conditions as input and simulates the idealized cooling and moistening process of the
air mass assuming that an unlimited amount of rainfall is available for evaporation.
When assuming that the evaporation process does not stop before the air is saturated,
the simulated temperature drops agree reasonably well with the observed temperature
drops according to r = 0.67. This value increases to r = 0.80, when we take into account
how much the air was actually moistened during the cold pool passages (Figure 2.2c)
and stop the simulated cooling process at this value. Therefore, we conclude that the
thermodynamical potential for evaporative cooling explains at least 64 % of the variability
in observed cold pool strength. This result is particularly impressive, since we do not
use information on the actual precipitation that evaporated. It is also unclear where in
the atmosphere the evaporation took place that caused the temperature signal and if the
near-surface conditions are actually representative for this air mass.

2.2.2 Convective downdrafts

Although evaporative cooling explains large parts of the cold pool strength, it is not the
only process relevant for the formation of convective outflows. When a given air mass
is solely cooled by evaporation, its equivalent potential temperature Θe is conserved by
definition. However, for the observed cold pool passages, ∆Θe is generally not zero but
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Figure 2.3: Distribution of cold pool 2-m air temperature perturbation ∆T2 dependent on (a) event-
accumulated rainfall and (b) pre-event median saturation deficit qsat − q. Box plots use
20-percentile interval bins labeled with the median values of each bin. Vertical lines,
boxes, and whiskers mark the median, interquartile range, and the 5th/95th percentiles,
respectively. The linear correlation coefficient r indicated in (a) is calculated between
the decimal logarithm of the rainfall amount and ∆T2.

exhibits on average a similar magnitude as ∆T (Figure 2.2d). The change in Θe indicates the
arrival of an air mass different from the pre-convective state, which is most likely related
to the vertical transport of mid-tropospheric air into the sub-cloud layer by downdrafts,
i. e., downward currents of air that locally form inside strong precipitation. We show that
the agreement between the observed cold pool strength and the strength simulated by the
evaporation model is lower for events that experience a strong negative signal in Θe and
vice versa. Therefore, the cooling signal during cold pool passages is determined both by
evaporation of precipitation and vertical advection of potentially (i. e., height-corrected)
cooler upper-level air masses in convective downdrafts. We observe events that are clearly
dominated by one or the other process, however, generally both of them act on the cold
pool formation and can hardly be disentangled.

2.3 implications

The analysis of long-term tower observations presented in Study A draws a clear and
robust picture of the average cold pool properties over northern Germany. The mean
annual cycle of detected cold pool passages shows that the summer period from June to
August is the season with highest likelihood to capture cold pool events and, therefore, the
ideal time to conduct FESSTVaL. The perturbations in analyzed measurement variables also
suggest that air temperature, pressure, and wind speed are the most reliable parameters to
identify cold pools and to be included into the instrument design for the field experiment.

Apart from the technical considerations, Study A allows us to better understand the
mechanisms that control the variability in cold pool strength. Although the two identi-
fied main factors, evaporation of precipitation and import of upper-level air masses by
downdrafts, are well-known processes, the considerably larger explanatory power of the
pre-event saturation deficit for the cold pool strength compared to the rainfall amount is
a new finding. This also contradicts the common assumption in literature that rainfall is
the most important factor for the cold pool strength. Still, about one third of the observed
variability in the temperature signal remains unexplained and cannot be explained with-
out further knowledge about the individual cold pool events. By definition, single-point
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observations miss information about the history and structure of the sampled cold pool,
i. e., when it was initiated and where its center is located relative to the measurement
location. Anecdotal evidence from observations and high-resolution simulations tells us
that the strength of a cold pool largely varies throughout its life cycle and within its spatial
extent. However, we still lack direct observations that help to put local measurements
into context. Furthermore, Study A does not consider spatial information of precipitation
that can be related to properties of a cold pool usually propagating away from its parent
convective cell.
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The lack of direct observational evidence of the horizontal dimension of cold pools
motivated the idea for the ambitious FESSTVaL experiment, the central component of
this dissertation. The measurements of a dense station network represent a substantial
progress in quantifying the morphology of cold pools for the first time and help us to better
interpret the signals and processes derived from single-point observations as in Chapter 2.
In this chapter, I present the considerations that were required for the design and planning
of the experiment, the challenges related to its realization, and the performance of the
measurement instruments.

3.1 design of instruments

3.1.1 Requirements

Observing the horizontal dimension of cold pools is challenging, which might be one
reason why this task has not yet been satisfactorily addressed in the past. Indications
from various observational platforms and high-resolution model simulation tell us that
the size of cold pools typically ranges from a few to tens of kilometers but can even
reach hundreds of kilometers (e. g., Zuidema et al., 2017). To capture not only the full
extent of a cold pool but also its inner structure, the observations need to have a spatial
resolution of one order of magnitude smaller, i. e., O(100) m – O(10) km, which we refer to
as the sub-mesoscale. Based on the rough estimation for a 10-km×10-km domain with
1-km resolution, we identified 100 as a reasonable number of measurement points for
a ground-based network that allows to compromise between coverage and resolution.
Here, we call such station network a dense network. Fortunately, the pyranometer network
operated within the framework of the HD(CP)2 Observational Prototype Experiment
(HOPE) campaign (Madhavan et al., 2016) gave us confidence that a station network of
this extent is actually realizable and manageable. Moreover, HOPE provided us with a role
model for the design of instruments required for the network.

Measurement stations used in a dense network for observing cold pool signals not only
have to be scalable to a number of 100, meaning to be financially inexpensive, but also
need to fulfil several technical specifications. Most importantly, the instruments need to be
equipped with meteorological sensors that precisely respond to rapid changes in signal
strength as expected for cold pool front passages and sample at intervals t ≤ 10 s. To limit
both the constraints for measurement locations and the effort for station maintenance,
the instruments have to operate independently of external power for about two weeks.
Moreover, the instruments should be easy to install and to service. Since no ready-to-use
solution fulfilling all of these requirements was available from commercial providers,
we decided to produce the instruments by ourselves. The development of instruments,
including design, assembling, and testing, took about three years and involved (part-
time) work of one engineer, two student workers, and myself. The result is two types of
measurements stations as introduced in Study B.

15
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3.1.2 APOLLO stations

The backbone of our field experiment are the so-called Autonomous cold POoL LOgger
(APOLLO) stations. Inspired by the pyranometer stations of the HOPE campaign (Madhavan
et al., 2016), we designed the measurement stations based on simple masts that can be
deployed virtually anywhere. Reflected by their working title TP poles, we decided to only
include sensors for air temperature and pressure. This choice was made on the one hand
to consider the findings of Study A and on the other hand to avoid the technical and
financial effort needed for reliable sensors for, e. g., humidity. Furthermore, the exclusion
of wind sensors owes to the additional restrictions on the choice of measurement locations
that accurate wind observations would require.

The main component of an APOLLO station is a low-cost data logger optimized for low
power consumption, which is based on a micro controller board located inside a logger
box (Figure 3.1a). The temperature and pressure measurements are performed by a small
(7 mm×1.2 mm) and fast-response negative temperature coefficient (NTC) thermometer
placed inside a passively-ventilated radiation shield at the top of the mast and a digital
sensor inside the logger box, respectively. Both variables are sampled at 1-s resolution and
logged to a micro-SD memory card. For initial time synchronization and drift correction
of the internal clock in post-processing, an on-board GPS module is briefly activated once
per hour, which minimizes the required power consumption. The logger can also establish
a local WiFi hotspot for on-site control, data inspection, and fast access to measurement
data via download. The power source of the data logger is a standard 20 Ah USB power
bank battery that allows for an autonomous operation time of 10 to 14 d and is placed
inside a separate plastic tube. All components are mounted on a 3-m mast that is anchored
in the soil with a ground screw. The material costs for all required parts sum up to around
EUR 300 per station.

The APOLLO stations prove their suitability to adequately capture signals of cold pool
passages in several tests measurements. Experiments in a wind tunnel laboratory show that
the time required for the shielded NTC temperature sensor to respond to rapid temperature
changes (i. e., e-folding time constant) strongly decreases for increasing ventilation and is
smaller than 14 s±10 % for a wind speed of ≥ 3 m s−1. This property compensates for the
lack of active ventilation that is common to more precise (in absolute terms) but slower-
responding temperature measurements. As a result, the APOLLO captures the amplitude
and shape of the rapid cooling signature during a cold pool event without apparent lag
compared to an inertia-free ultrasonic sensor. Furthermore, the relative accuracy of the
air pressure sensor proves to be sufficient to identify changes in barometric pressure
equivalent to differences in altitude of less than 1 m.

3.1.3 WXT weather stations

The Weather Transmitter (WXT) stations are the bigger sisters of the APOLLO stations
(Figure 3.1b). They are designed to form a secondary, less-dense network and provide
information about parameters not measured by the APOLLO network. The name of the
WXT weather stations refers to their main component, the Vaisala Weather Transmitter
WXT536. The WXT536 is a commercial compact multi-parameter sensor that is usually
used for climate monitoring and combines a multi-parameter sensor for temperature,
pressure, and humidity, an ultrasonic anemometer for measurements of horizontal wind
speed and wind direction, and a piezoelectrical module sensing impacts of rain drops
and hail stones. To compensate for the rather slow-responding internal thermometer, the
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(a) (b)

Figure 3.1: Components of (a) APOLLO station and (b) WXT weather station.

WXT station is equipped with an external Pt1000 thermometer inside a separate radiation
shield that exhibits response times smaller than 55 s±10 % for a wind speed of ≥ 3 m s−1.
All measurement data are sampled at 10-s resolution and written onto an SD memory
card by a data logger that is synchronized with an integrated GPS module. Each station
is powered by a 12-V lead battery that is recharged by a solar panel, which allows for
autonomous operation over an extended summer period. Similar to the APOLLO stations,
the components of the WXT station are attached to a 3-m mast that is anchored in the
soil with a ground screw. Since the wind observations are very sensitive to disturbances
of the local flow field by surrounding obstacles like buildings or vegetation, the WXT
measurement sites are carefully chosen to minimize this impact.

3.2 implementation of field experiments

The initial plan for the FESSTVaL experiment was to set up a network of about 100 APOLLO
and WXT weather stations in the surrounding of the Meteorological Observatory Linden-
berg – Richard Aßmann Observatory (MOL-RAO) located in eastern Germany about 60 km
south-east of Berlin. The MOL-RAO is operated by the German Weather Service and was
chosen given the variety of already existing operational measurement systems and the
combination of relatively flat terrain and frequent convective activity during the summer.
To sample a reasonable number of cold pool events, the experiment was planned to cover
an extended summer period from May to August 2020.

In early 2020, the assembling of measurement stations and preparations for FESSTVaL
were in full swing. However, soon the plans turned out to be not realizable. In March
2020 the impacts of the COVID-19 pandemic also seriously affected Germany and made
any travels for the experiment impossible. Without knowing when and if at all we could
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resume the original plan, a fundamental modification of the experiment was required.
Not least to generate a data set usable for this dissertation, we decided in April 2020

to postpone FESSTVaL by one year and to replicate a home office-conform version of the
experiment in Hamburg in summer 2020, named Field Experiment on Sub-mesoscale
Spatio Temporal variability at Hanseatic city of Hamburg (FESST@HH).

3.2.1 FESST@HH 2020

Study B describes the implementation of FESST@HH. The modification of plans left us with
the task to acquire about 100 measurement locations over the greater area of Hamburg
less than two months before the intended start of the experiment. As the most feasible and
least bureaucratic approach we identified to ask existing institutional partners as well as
colleagues and friends of the Meteorological Institute of the University of Hamburg and the
local Max Planck Institute for Meteorology to host measurement stations on their premises
and in their private backyards. Thanks to the short-notice support of the numerous
partners, we were actually able to set up 82 APOLLO and 21 WXT weather stations over an
area of about 50 km×35 km (Figure 3.2). The installation of instruments started in late May
2020 and took about three weeks, while the official measurement period of FESST@HH ran
from 1 June to 31 August. The resulting network covered the urban center of Hamburg and
parts of its rural surrounding, whereas the approach of site acquisition caused a random
distribution of stations over the area with the tendency of higher density near the city
center. Despite that, the sites for WXT stations were not only chosen to allow for weakly
disturbed wind measurements but also to cover the network approximately uniformly.
The average nearest-neighbor distance for all 103 measurement stations of 1.85 km with a
standard deviation of 1.42 km shows that the rapidly implemented FESST@HH network still
satisfies the requirements to study cold pools on the sub-mesoscale.

Besides the quick and simple acquisition of measurement locations, another benefit
of the community approach of the experiment was that it significantly reduced the
individual work load associated with the maintenance of the instruments. Station hosts
could volunteer to take over maintenance duties, which included to regularly change the
battery, check the measurement data, and upload them to an FTP server. The remaining
stations were serviced by colleagues and student workers living nearby. Instead of a
small team servicing the entire network, the maintenance work was shared between
nearly 40 people. Since many of them were laypersons for meteorological instruments, the
project unintentionally included a citizen science component. Although its impact was not
evaluated, it is still a unique and valuable feature of the experiment.

3.2.2 FESSTVaL 2021

Although delayed by one year, we were able to successfully conduct the FESSTVaL experi-
ment at the MOL-RAO in the desired format in summer 2021. The experience of the previous
year allowed us to optimize the process of instrument installation, which reduced the time
needed to set up a network of similar size by roughly half. The design of the FESSTVaL
station network was developed based on an idealized triangular grid that forms concentric
rings and radially decreases in density. The purpose of this design was to compromise
between sub-km-scale resolution and sufficient spatial coverage as well as to use triangles
of measurement points to estimate the propagation velocity of cold pool fronts. Instead of
asking individual landowners for permission to install the stations at the desired locations,
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Figure 3.2: Map of measurement locations of APOLLO and WXT weather stations during the
FESST@HH 2020 experiment. Indicated are also the location and the 20-km scanning
range (dashed line) of the X-band rain radar and the Weather Mast Hamburg (WMH).
Black solid line marks the city limits of Hamburg.

the concept for site acquisition was to approach only a small number of local authorities
for permission to set up the stations on the about 5-m wide strip of public ground along
major roads. The final positions of measurement sites were then determined according to
these boundary conditions by shifting the locations of the idealized network to the closest
public road. As described in Study C, the FESSTVaL network consisted of 80 APOLLO and
19 WXT stations covering a circular area of about 30 km in diameter, with its center at the
Falkenberg boundary layer measurement site situated about 5 km south of the MOL-RAO
(Figure 3.3a). The experiment area is located in a sparsely populated environment that is
characterized by forests, scattered lakes, and mostly flat terrain. Although being slightly
smaller and more structured, the network exhibits a spatial resolution similar to the
FESST@HH network according to an average nearest neighbor distance of 1.98 km and a
standard deviation of 1.26 km.

The measurement period of FESSTVaL ran from 17 May to 27 August 2021. Thanks to a
sophisticated maintenance plan including optimized routes for five pre-defined sectors of
the network, all 99 measurement stations could be serviced by a single person within five
working days. However, one major drawback of the strategy to set up the measurement
stations along public roads was the vulnerability of instruments to undesired interventions
by unknown persons. The number of incidents like theft of batteries and manipulation or
destruction of stations actually increased from one to 27 compared to FESST@HH, whereas
the majority of incidents occurred as an apparently coordinated attack during the last days
of the measurement period1.

1 Comment: This demonstrates that the installation of 99 suspiciously looking masts at prominent locations is
actually a brave idea. . .
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(a) (b)

Figure 3.3: (a) Map of measurement locations of APOLLO and WXT weather stations during the
FESSTVaL 2021 experiment. Indicated are also the location and the 20-km scanning range
(dashed line) of the X-band rain radar and the MOL-RAO. (b) X-band rain radar installed
on the platform of a trailer at the Falkenberg measurement site.

3.2.3 Data sets

After completion of the observation periods, the generated raw measurement data were
further processed and prepared for publication. This task mainly included the GPS
correction of the logged time stamps, the removal of erroneous data caused by technical
flaws or external impacts, and the homogenization into a standardized NetCDF data format.
The finalized data set of FESST@HH (Kirsch et al., 2021) exhibits an overall availability of
quality controlled APOLLO and WXT data of 90.0 % and 94.3 %, respectively, if only the
period after the completion of the installation phase in mid-June is considered (Figure 3.4a).
For the FESSTVaL data set (Kirsch et al., 2022), these numbers are even slightly higher (92.0 %
and 98.1 %), whereas the considerably decreased availability of APOLLO data during the
first days of the observation period marks the successive activation of stations after their
installation two weeks before (Figure 3.4b). The FESST@HH and FESSTVaL data sets also
include meta data describing the local thermal climate of the measurement sites based on
standardized local climate zone (LCZ) classes introduced by Stewart and Oke (2012). This
information is of interest especially for the FESST@HH observations, since the re-design of
the experiment meant to move the network to an area consisting of a mixture of urban
and rural environments compared to the mostly rural setting of the MOL-RAO. Therefore,
the strengths of the data set are not limited to the analysis of cold pools but also allow
to study urban effects like the nocturnal urban heat island of Hamburg or variations of
turbulent temperature fluctuations in different urban and natural environments, which
are well captured by the fast-response NTC thermometers of the APOLLO stations.

During FESSTVaL 2021, the dense network of APOLLO and WXT stations was accompanied
by a myriad of in situ and remote sensing observations performed operationally by the
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Figure 3.4: Daily mean availability of quality controlled APOLLO and WXT station measurement
data for (a) FESST@HH (1 June to 31 August 2020) and (b) FESSTVaL (17 May to 27 August
2021).

German Weather Service at the MOL-RAO or other research groups in the framework of
the experiment. These include a 99-m high boundary layer tower at the Falkenberg site,
several Doppler wind lidars, swarms of uncrewed aerial vehicles, and energy balance
measurements at three dedicated supersites. Particularly relevant for the investigation
of cold pool formation and further analyses in this dissertation is the data set of an
X-band rain radar (Burgemeister et al., 2022b) at the center of the station network, which
was temporarily installed for the experiment period and operated by the University of
Hamburg (Figure 3.3b). According to an established measurement principle, the radar
horizontally scans the atmosphere with electromagnetic radiation (frequency f = 9.4 MHz;
X-band region of the electromagnetic spectrum) and the backscatter signal allows to derive
spatial information on rainfall intensity at resolutions of 60 m in range, 1

◦ in azimuth, and
30 s in time and a maximum range of 20 km. Similar measurements are also available for
FESST@HH, since an identical radar instrument is permanently installed on the rooftop of
the 85-m high Geomatikum building in the city center of Hamburg. However, the radar
scan radius does not cover the entire station network (Figure 3.2) and the data are only
available for the last month of the observation period due to downtimes of the instrument
(Burgemeister et al., 2022a).

3.3 lessons learned

The successful realization of the FESST@HH and FESSTVaL experiments represents a sub-
stantial scientific contribution and teaches several helpful lessons for future observational
campaigns. First of all, this project demonstrates that the construction and operation of
a sub-mesoscale station network dedicated to the observations of cold pools is actually
practicable although never done before. The strategy to design and manufacture about
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100 custom-built, low-cost instruments proves feasible according to the reliable operation
of APOLLO and WXT stations and indicated by the remarkably high availability of quality
controlled measurement data. The greatest challenges regarding the execution of the
field experiment are the acquisition of suitable measurement sites and the choice of the
maintenance strategy. Owing to the boundary conditions set by the COVID-19 pandemic,
FESST@HH and FESSTVaL represent two different approaches to these challenges without
one being clearly superior to the other. While the custom-designed FESSTVaL network en-
sures homogeneous site conditions and keeps the acquisition effort small, the installation
of instruments on secured premises during FESST@HH reduces the risk of manipulation
and damage by external persons. The highly coordinated maintenance strategy involving
few but well-instructed persons probably accounts for the slightly improved overall data
availability during FESSTVaL. However, FESST@HH demonstrates that a community effort
supported by laypersons, although being implemented on short notice, has the potential
to substantially ease the operation of a dense station network.
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To the same degree as the realization of FESST@HH and FESSTVaL were ambitious and
challenging considering the extraordinary circumstances, the generated data sets are
unique. For the first time, the data allow a glimpse into previously obscured properties
of cold pools based on in situ observations. Without claiming to exploit the data sets
already to their full potential, this chapter showcases a possible approach to analyze the
measurements of the dense station networks for illuminating the spatial dimension of cold
pools.

4.1 spatio-temporal analysis

The evaluation of the FESST@HH and FESSTVaL data sets involves a considerably higher
degree of complexity compared to single-point observations. More specifically, the detec-
tion and analysis of cold pools need to be expanded from one dimension (time) to three
dimensions (time and horizontal space), which opens up numerous possibilities of how
to approach this task. We decided to first compile a list of cold pool events sampled by
the station networks and subsequently apply a spatial interpolation method to identify
individual cold pool objects.

4.1.1 Identification of events

When atmospheric convection affects an area of the size as the considered experiment
domain, i. e., several tens of km in diameter, it typically lasts for a few hours and may
produce one or more cold pools. We refer to such events as cold pool events. Given the
high spatial density of the network, the cold pools are expected to be recorded by multiple
stations albeit not simultaneously but over the course of several minutes or even hours. To
identify all cold pool events observed over the 3-month experiment period, we apply the
detection algorithm introduced in Study A on the individual single-point observations. We
define potential cold pool events as periods when five or more stations detect temperature
drops. However, to include cold pool passages without local rainfall, we omit the rainfall
criterion used in Study A and verify the plausibility of potential events based on the
visual inspection of operational precipitation radar imagery. All events are analyzed over
a maximum event duration of 4 h.

As presented in Study B and C, the method identifies a total number of 37 and 42 cold
pool events sampled during FESST@HH and FESSTVaL, respectively. Here, the number of
about 12 events per month is considerably larger than the corresponding average frequency
for June to August (around 7 per month) observed at the WMH site (Figure 2.1b; Study A).
This indicates that single-point observations frequently miss cold pools in close proximity.
Moreover, the variability of observed temperature perturbations within the network for
single events is even larger than the variability in average signal strength between the
different events. However, we still need to determine the number and structure of involved
cold pools.

23
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4.1.2 Identification of cold pool objects

Study C describes our approach to identify individual cold pool objects in the analyzed
events. We define a cold pool object as a spatially connected area of temperature perturba-
tion ∆T in the horizontal field reconstructed from the station signals. First, this requires
the definition of a robust reference state in space and time that estimates a hypothetical,
unperturbed temperature field, i. e., without the presence of a cold pool. Here, we simply
use the same linear temperature trend Tref(t) as a time-dependent reference temperature
for all stations. Tref(t) is given by the (unperturbed) average temperature trend over all
stations during the first 60 min of the event, which is extrapolated over the entire event
period. Then, we calculate ∆T at every station from the difference between the current
temperature and Tref, and spatially interpolate ∆T to a regular 1-km×1-km grid using
the ordinary kriging method (Murphy et al., 2021; Wackernagel, 2003). Cold pool objects
are defined as four-connected clusters of grid points with ∆T ≤ −2 K larger than 10 km2,
whereas multiple cold pool objects per time step are allowed.

Figure 4.1 showcases the spatial interpolation of ∆T for cold pool events Elphi, recorded
during FESST@HH on 10 August 2020, and Jogi, recorded during FESSTVaL on 29 June 2021,
which are two of a few selected cases that were named. The good overall match in spatial
structure between the temperature perturbation and rainfall intensity field does not only
provide confidence in the reliability of the two independent observation systems but also
confirms our perception of cold pools initially forming in the area of strongest precipitation
and propagating horizontally away from their origin. Not least, this is actually the first
ever spatial view of cold pools based on in situ observations.

(a) (b)

Figure 4.1: Snapshots of interpolated temperature perturbation ∆T (colored isolines) observed by
the dense station networks (gray dots) and radar-measured rainfall rate (blue shading):
(a) cold pool Elphi on 10 August 2020 at 13:50 UTC during FESST@HH and (b) cold pool
Jogi on 29 June 2021 at 14:10 UTC during FESSTVaL (color maps by Crameri, 2018).

4.2 morphology of cold pools

The introduced analysis method finally allows us to explore the novel data sets and derive
previously unobserved properties of cold pools (Study C). For now, we focus on the size
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and shape of cold pools as well as the mean temperature perturbation over their extent.
More specifically, we robustly quantify the diameter of all sampled cold pool objects that
cover a wide range of event types and test whether the common assumption that cold
pools are round (i. e., circularly shaped) is justified. Here, we restrict the analysis to the
FESSTVaL data set.

4.2.1 Size

When the analysis method is applied to all 42 cold pool events of FESSTVaL at 1-min
intervals, we obtain a total number of 4955 cold pool objects during 39 events that exhibit
the minimum required size of 10 km2. The median equivalent diameter dequi (i. e., the
diameter of a circle with same area) of the objects is 17.4 km. However, the significance of
this number is strongly affected by the fact that many cold pool objects are only partially
sampled and reach beyond the boundaries of the experiment domain as illustrated in
Figure 4.1. We decided to address this issue by neglecting objects that do not allow a
reliable estimation of their morphological properties instead of making assumptions on
their extent outside of the station network. For an objective separation, we define the
boundary contact parameter fb that indicates the fraction of cold pool perimeter that
touches the boundary of the measurement network. As a trade-off between sample size
and integrity of the results, we keep all objects with fb ≤ 0.25. The applied filtering
reduces the sample size by about 75 % and leaves us with 1278 cold pool objects. The
remaining sample exhibits a median dequi of 8.4 km with values varying between the
detection threshold of 3.6 km (equivalent to 10 km2) and above 20 km (Figure 4.2a). The
corresponding median object-mean temperature perturbation ∆T is -2.3 K (Figure 4.2b).
When further splitting the sample into a weaker and a stronger half based on ∆T, we find
that the size of cold pools correlates with their strength, meaning that strong cold pools
are larger than weak ones. Also the reverse statement, that large cold pools are stronger
than small ones, is true.

These results match well with our intuitive notion of the morphology of cold pools, and
the numbers are within the range of cold pool sizes derived from observations (Feng et al.,
2015; Terai and Wood, 2013) and numerical simulations (Tompkins, 2001). However, the
finite extent of the station network and the rigorous filtering of the objects limit a general
assessment of the cold pool size, whereas the absolute numbers strongly depend on the
chosen threshold for fb and tend to be biased to small sizes. Moreover, the sample is not
statistically independent as it includes identical objects of the same event but at a different
stage of their life cycle.

4.2.2 Shape

The data set also allows us to challenge the common conceptual model that cold pools are
circularly shaped objects (e. g., Haerter et al., 2019; Meyer and Haerter, 2020; Romps and
Jeevanjee, 2016). We test this assumption by determining the aspect ratio of the sampled
cold pool objects given by the fraction between the length of major axis and minor axis of
an ellipse fitted to the individual objects. Therefore, the aspect ratio is is 1 for circularly
shaped and greater than 1 for elongated objects. For the filtered cold pools sample, the
values vary between about 1.1 and 2.6 and exhibit a median of 1.55, indicating that the
objects are generally not circularly shaped (Figure 4.2c). The data for the four sub-samples
of small, large, weak, and strong cold pools show that this is true independent of size and
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strength and also of the choice of the filtering threshold for fb (not shown). These findings
suggest that the concept of perfectly round cold pools generally does not match with
reality although we do not further specify their actual shape. A possible explanation is the
merging of initially isolated cold pools into larger, irregularly shaped clusters (Torri and
Kuang, 2019), which that are not identified as individual objects by the analysis method.
Indications from single events also suggests that the objects tend to be stretched along the
propagation path of the parent convective cell with the background flow.

Figure 4.2: Distribution of (a) equivalent diameter dequi, (b) object-mean temperature perturbation
∆T, (c) aspect ratio, and (d) standard deviation of ∆T of cold pool objects with a
maximum network boundary contact of 25 %. Shown are the respective data for all 1278

objects (gray), for objects smaller (light blue) and larger (dark blue) than the median
of dequi, and objects weaker (light red) and stronger (dark red) than the median of
object-mean ∆T. Distributions of sub-samples defined by the respective variables on
the x-axis are not shown. The aspect ratio represents the ratio between major axis and
minor axis of an ellipse fitted to the cold pool object. Vertical lines, boxes, and whiskers
mark the median value, 25th/75th percentiles, and 5th/95th percentiles, respectively.

4.3 growth mechanisms

The observations of FESSTVaL are not only suited to determine properties of static cold
pool objects but also to track their life cycle over a certain period. The previous results
show that the limited spatial extent qualifies the station network to describe especially
small cold pools, which tend to be young, i. e., in an early stage in their growth phase. To
capture these cold pools and understand the associated growth processes, we manually
select suitable events that are initiated and grow inside the experiment area rather than
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move into it with the parent cell. Four cold pool events fulfil these criteria, namely Elphi
(10 August 2020), Felix (26 June 2021), Jogi (29 June 2021), and Jürg (25 July 2021), whereas
Elphi was sampled during FESST@HH. Study C analyzes the growth phases of the four cold
pools up to the times when they reach their maximum sizes or become too large for the
network (here defined by fb ≥ 2/3). All four cold pools grow at a nearly constant rate for
between 55 and 75 min and reach sizes of at least 1000 km2, while Felix reaches only about
100 km2 and is the only event whose entire life cycle is observed by the network. Also the
development of ∆T varies among the four events and reach maximum values between
about -3 K and -7 K before the end of the analyzed growth phase.

The analysis of single-point observations in Study A shows that the local cooling signal
of cold pools can be traced back to the footprint of evaporation of precipitation, although
the correlation with the local rainfall amount is weak. The high-resolution measurements
of the X-band rain radar (Burgemeister et al., 2022a,b) help to relate the impact of rainfall
also to cold pools as entities. Figure 4.3a illustrates the relationship between the radar
domain-integrated accumulated rainfall amount ΣRRadar and cold pool area ACP over
the growth phase of the four selected events, whereas both quantities are normalized
between 0 and 1 to facilitate comparison. For all four cases, ACP scales almost perfectly
linearly with ΣRRadar according to correlation coefficients larger than 0.98, although the
absolute rainfall amounts differ by more than one order of magnitude. This shows that
the production of cold air, both directly by evaporative cooling and indirectly by import of
potentially cooler air in convective downdrafts, is the main driver for the volume increase
of cold pools. In addition, the relative scaling between ΣRRadar and ∆T is very similar for
the four events, showing a non-linear relationship with strongest cooling by the first half
of the rainfall amount and a very weak impact on the temperature for the second half
(Figure 4.3b). Therefore, evaporation of precipitation is the dominant cooling process as
it is most efficient in the early stages of the cold pool life cycle when the boundary layer
air is still most under-saturated. This is in line with the high explanatory power of the
saturation deficit for the local cooling signal found in Study A.

Figure 4.3: (a) Cold pool area ACP and (b) object-mean temperature perturbation ∆T dependent on
area-integrated accumulated rainfall amount ΣRRadar during the growth phase of cold
pool events Elphi, Felix, Jogi, and Jürg. The minimum–maximum range of all quantities
is normalized between 0 and 1. Gray dashed lines are the 1-to-1 lines whereas for (b) it
is adapted to the negative values of ∆T. Time runs from left to right in both (a) and (b).
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The good agreement between the derived cold pool properties and the radar-observed
rainfall amount is surprising, since the analysis does not include the vertical dimension.
In reality, a cold pool is a three-dimensional body whose volume is controlled by the
amount of produced cold air and, therefore, should be proportional to the total amount
of involved precipitation. The linear scaling between cold pool area and rainfall amount
means that the cold pool height stays approximately constant during the growth phase.
The physical process behind the expansion of a cold pool is often described in literature as
a density current that horizontally propagates due to its decreased buoyancy. Apart from
the density difference between the density current and its environment, the propagation
velocity is directly proportional to the height of the current (Benjamin, 1968; von Kármán,
1940). In Study C, we argue that a horizontally expanding cold pool would rapidly flatten
and decelerate without constant volume increase by supply of cold air. Therefore, the
approximate conservation of the cold pool height, which is also supported by radiosonde
observations during FESSTVaL, indicates an approximate balance between the theoretical
flattening under volume conservation and the volume increase by cold air import through
rainfall evaporation and convective downdrafts. In conclusion, both mechanisms, the cold
air production and the subsequent density current-like expansion, act hand in hand and
are crucial to sustain the growth of a cold pool.

4.4 cold pool structure

As its most intriguing capability, the FESSTVaL station network allows us to catch a glimpse
into the horizontal temperature structure of cold pools, which helps to more thoroughly
understand the previous findings of this dissertation. The evaluation of cold pool objects
presented in Section 4.2 already statistically quantifies the variability of ∆T within the
objects and finds a median standard deviation σ∆T of about 0.2 K (Figure 4.2d). Without
interpreting this number in absolute terms, the analysis also shows that σ∆T is significantly
larger for large and strong cold pool objects. Although rather anecdotally, detailed analyses
of selected events give us more information about the shape of the spatial distribution
of ∆T. Representative for other cases, Figure 4.4 illustrates the spatio-temporal evolution
of ∆T during cold pool Jogi relative to its analyzed center defined by the ∆T-weighted
centroid of the object. During the first 60 min of its life time, Jogi constantly grows and
cools and still continues to grow after reaching its maximum strength near the center. The
temperature perturbation maintains a concentric structure with a roughly constant radial
gradient throughout the growth phase and only starts to homogenize after the time of peak
intensity. Consistent with the findings presented in Section 4.3, the expansion of the cold
pool area and the time of its end correlate well with the increase and decay of the average
rainfall intensity over the experiment area. Also the cold pool area of individual events
should be directly related to its maximum ∆T when considering a concentric temperature
structure with strongest signal at the center and given the fact that larger and stronger
cold pools are generally more heterogeneous. Under these circumstances, the rainfall
amount does not only control the cold pool area but also the maximum strength at the
center and the temperature perturbation anywhere else within the cold pool. However, in
the context of single-point observations as in study A, the relationship between rainfall
and local temperature perturbation is not dominant as these observations do not include
information about the age of the cold pool and their distance to the cold pool center.
Moreover, the local rainfall amount is not representative for the intensity of the parent
convective cell generating the cold pool.
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Figure 4.4: Time series of temperature perturbation ∆T (color-coded) and pressure perturbation
∆p (black isolines) dependent on distance to cold pool center for cold pool event Jogi
on 29 June 2021 (color map by Crameri, 2018). ∆T and ∆p indicate averages of all
spatially interpolated observations at grid points inside the analyzed cold pool object
with same distance to its center, defined as the ∆T-weighted centroid. ∆p at individual
measurement stations is defined as the deviation from the linear pressure trend over
the 4-h event period. Blue solid line indicates the domain-mean rainfall rate observed
by the X-band rain radar.

The illustration of the structure of cold pool Jogi in Figure 4.4 also includes direct
evidence for the presence of convective downdrafts that we attribute to the local strength
of ∆T (Study A) and to the cold pool growth by cold air import (Study C). The spatio-
temporal signal of the observed air pressure perturbation ∆p shows a distinct peak at the
cold pool center about 15 min before ∆T reaches its maximum. The time lag indicates that
this signal in ∆p is not hydrostatically generated by cooling of the atmospheric column
but of non-hydrostatic nature. Non-hydrostatic pressure perturbations are long known
(e. g., Markowski and Richardson, 2010; Mueller and Carbone, 1987; Wakimoto, 1982) and
can be related to dynamical effects due to the collision of convective downdrafts with the
surface. As already suggested in Study B, these short-term pressure signals underline that
our thermal perspective on cold pools needs to be complemented by a dynamical one,
which helps to gain a comprehensive understanding of cold pool characteristics.

We emphasize that the interpretation in this subsection is preliminary and has to be
confirmed by further in-depth analyses. However, the available findings draw a plausible
and consistent picture and give a first substantial indication for the actual temperature
structure of cold pools, which is inconsistently represented in numerical simulation studies
(Drager et al., 2020; Meyer and Haerter, 2020). The cold pool structure even proves to be a
key element to unify the results presented throughout this dissertation. In this sense, the
overarching benefit of the dense station networks of FESST@HH and FESSTVaL is to provide
context to the variability of cold pool characteristics derived from single-point observations
and to deepen our understanding of the controlling mechanisms.
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5.1 benefit and practicality of dense stations networks

In this dissertation, I describe the realization of dense networks of custom-designed,
low-cost meteorological measurement stations to shed light on the spatial dimension
of convective cold pools for the first time with in situ observations. The work brings
together the results of three studies that define the overall story line: firstly, the analysis
of long-term tower observations providing a robust characterization of cold pools in
traditional point measurements; secondly, the development of novel APOLLO and WXT
measurement stations and the realization of the FESST@HH and FESSTVaL experiments; and
lastly, the evaluation of the unique data sets and the interpretation of the derived cold
pool properties and underlying processes. The starting point of the dissertation was the
observational blind spot at the sub-mesoscale, i. e., spatial scales between O(100) m and
O(10) km, left by conventional measurement setups. This motivated the hypothesis that
high-resolution observations help us to sharpen and challenge our perception of cold pools
that is mainly shaped by numerical simulations and single-point observations. In summary
of the findings discussed in the three studies, the overall result of the dissertation is:

Yes, a dense observational station network at sub-mesoscale resolution is suitable to enhance our
understanding of cold pools.

In more detail, the answers to the research questions posed in Chapter 1 are the following:

• What new information on cold pool characteristics does a dense station network provide
compared to single-point observations?

Observations at the 280-m high WMH robustly characterize the local properties of 489

cold pool passages during 14 extended summer seasons, representing the classical
single-point perspective. The sampled cold pools preferably occur in July and the
mid-afternoon hours. The temperature perturbation ∆T near the surface ranges
between the detection threshold of -2 K and an extreme value of -10.8 K, exhibits
a median of -3.3 K, and generally weakens with height. The vertical measurement
component also proves the existence of a lifting-induced overturning circulation
at the leading edge of cold pools and allows to derive a median cold pool height
of 746 m based on the vertical extrapolation of the pressure signal. The 3-month
FESST@HH and FESSTVaL experiments open a new perspective on cold pools using
a dense network of about 100 measurement stations that allow us to also quantify
the size, shape, and spatial structure of the surface footprint of cold pools. The
statistical evaluation of 1278 sampled cold pool objects during 39 events reveals a
median equivalent diameter of 8.4 km and maximum sizes up to three times larger,
although the absolute numbers are negatively biased by the extent of the station
network. Large cold pools tend to be strong and vice versa. The aspect ratio of the
objects ranges from 1.5 to 1.6 independent of their size and strength, meaning that
cold pools are generally not circularly shaped, contrarily to common assumption.
The spatial variability of the temperature within the objects increases for larger
and stronger cold pools and a detailed view on single events suggests a concentric
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structure with strongest perturbations near the center, which provides guidance for
the verification of existing numerical simulation studies. These findings could not
have been achieved with previously available observational data sets and enhance our
ability to correctly describe cold pools. A comprehensive understanding also requires
the reliable characterization of the vertical structure of cold pools. Although WMH
observations and singular radiosonde profiles during FESSTVaL provide estimates of
the cold pool height, its spatial variability, which is critical to interpret the density-
driven expansion of cold pools, is still poorly observed.

• Which factors control the strength and size of cold pools?

The long-term WMH observations show that the strength of ∆T during cold pool
passages exhibits a higher correlation with the evaporation potential of the air mass
prior to the event (r = −0.71) than with the event-accumulated rainfall amount
(r = −0.35). Cooling by rainfall evaporation explains even 64 % of the variability
of ∆T if the observed moistening of the air is considered. The process becomes
occasionally superposed by the downward transport of potentially cooler upper-level
air into the sub-cloud layer through precipitation-driven downdrafts as indicated
by perturbations in equivalent potential temperature. However, the dense network
observations reveal the spatially integrated rainfall amount to be the dominant
controlling factor for cold pool growth, according to an almost perfectly linear
relationship with the area expansion of four selected events. Consistently for these
cases, the rainfall cools most efficiently in the early growth phase, which also
points to the impact of evaporative cooling. Therefore, precipitation acts on the
volume increase and cooling of cold pools, both by cold air production through
evaporation and by import of upper air masses in convective downdrafts. This
process runs in parallel to the density current-like expansion of a cold pool, which
would theoretically lead to its flattening and deceleration, but this is not observed.
Considering the roughly concentric structure of cold pools with coolest temperature
at the center as found for single cases, the rainfall amount does not only control the
cold pool expansion but also the strength of the local temperature signal. However,
the WMH single-point observations are not able to verify this relationship as they do
not include information of the age of the cold pool and the position relative to its
center.

• What challenges are related to the operation of a dense station network and evaluation of its
observations?

Given the lack of comparable precedent experiments, FESST@HH and FESSTVaL prove
that the realization of a measurement network at sub-mesoscale resolution for
spatial cold pool observations is possible. The exceptionally good performance of
the novel APOLLO and WXT stations demonstrate that the design and operation of
about 100 custom-built instruments is a feasible measurement strategy. Apart from
the technical requirements, the greatest challenges are the acquisition of suitable
and secure measurement sites that form a network at the desired resolution and
a well-coordinated maintenance procedure. Although this dissertation provides
a good example of how the organization of such a complex enterprise can be
additionally impeded by external circumstances (in this case a pandemic), the
rapid transformation of FESSTVaL into its home office-conform version FESST@HH
demonstrates the benefit of including a supportive citizens community to ease the
site acquisition and station maintenance. Future efforts might aim to repeat a larger
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version of the experiment or to establish operational measurement networks at
sub-mesoscale resolution. However, with respect to the huge workload required to
regularly replace batteries and collect measurement data, the operation of about 100

APOLLO and WXT stations in their current version is only feasible during a limited
campaign period or after a technical update to achieve longer battery life times and
reliable remote data transfer.

Beyond the technical and organizational requirements, the meaningful evaluation of
observation data from a dense station network is challenging and lacks guidance
from previous studies. The derivation of morphological cold pool properties from
spatially distributed temperature observations involves several processing steps,
including the identification of cold pool events, the definition of a robust temperature
reference state in space and time, the spatial interpolation of irregularly spaced data,
and the definition of individual cold pool objects that are produced by convective
outflow air rather than other meteorological processes causing local temperature
depressions. The presented analysis of cold pool objects also reveals the issue of
cold pools being too large or only partially sampled by the station network, which
seriously limits the generality of the derived size or shape. While the latter problem
will remain inherent to all station networks, the described analysis procedure does
not claim to be definitive and might be improved or extended in future attempts of
evaluating the data set of FESSTVaL or similar subsequent measurement experiments.

5.2 perspectives

The FESST@HH and FESSTVaL experiments have produced unique and extraordinary data
sets. This dissertation presents only one possible way to evaluate the data, which is far
from exploiting their potential to the full extent. In the following, I illustrate some of the
possible ideas that should or could be implemented to continue the described investigation
or to explore new pathways of research in the future.

The presented work of Study C is still unpublished but intended to be further developed
for publication in a scientific journal. The statistical characterization of cold pool objects
will benefit from additional analyses that help to further interpret the factors controlling
the spatial properties of cold pools. This includes the question if not only the strength
but also the size of cold pools is determined by the atmospheric saturation deficit (Study A),
which can be derived from regular radiosondes profiles available for FESSTVaL. It has also
not yet been considered that the size of analyzed cold pool objects should strongly depend
on the morphology of the parent precipitation field and, more precisely, on the clustering of
multiple convective cells. Moreover, the concentric temperature structure found for selected
cold pool events needs to be statistically confirmed for all sampled cases.

More challenging problems that are beyond the scope of Study C concern the mech-
anisms controlling the cold pool growth. To disentangle the relative importance of the
density-driven expansion compared to cold air production by precipitation, we need to
observe how far cold pools propagate after the rainfall has stopped. Since cold pools at the end of
their life cycle are usually larger than the size of the station networks used here, this issue
requires the inclusion of additional surface and radar observations outside of the experiment
area or simply a larger network in a potential follow-up campaign. In this context, more
extensive vertical observations by distributed radiosonde profiles are desirable for the
future to test if the assumption of a constant cold pool height is reasonable. This would
also help to quantify the importance of convective downdrafts for cold pool growth, since the
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vertical distribution of the temperature perturbation allows to calculate the hydrostatic
and non-hydrostatic (i. e., dynamical) portion of the surface pressure perturbation. The
discussed cold pool events Elphi and Jogi exhibit a directional rather than a symmetric
horizontal expansion of the outflow air, which might be related to the wind field that
could favor or impede the expansion in certain directions. This phenomenon can be further
investigated with the help of direct quantification of the propagation velocity of cold pool
fronts within the station network and spatial information on the vertical wind profile
available from Doppler lidar measurements during FESSTVaL.

Apart from process understanding, the introduced data sets give us the opportunity to
assess requirements for the design of future observational setups. The presented results
already suggest that a network of about 30 km in diameter is too small to observe the
entire range of cold pool sizes. However, this issue will probably remain for all networks
smaller than approximately 100 km. This relates also to the question which spatial resolution
is actually needed to reliably resolve cold pool properties, which can be answered based on
the sensitivity of the presented findings to the measurement stations included into the
analysis.

The dense station networks of FESST@HH and FESSTVaL provide us with brief glimpses
on characteristics of cold pools that are usually invisible in conventional measurements.
Although the experiments add only small pieces to the big puzzle left us by nature,
they represent significant achievements for our understanding of cold pools and related
convective-scale processes. Ultimately, this contribution might pave the way towards the
implementation of operational sub-mesoscale measurement networks in the near and
intermediate future. These will help us to collect extensive data for a comprehensive
validation of hectometer-scale simulations, to improve forecasts of potentially hazardous
convective events, and to reduce the uncertainty of cloud feedbacks in climate projections.
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abstract

Cold pools are mesoscale features, that are key for understanding the organization of con-
vection, but are insufficiently captured in conventional observations. This study conducts
a statistical characterization of cold pool passages observed at a 280 m high boundary
layer mast in Hamburg (Germany) and discusses factors controlling their signal strength.
During 14 summer seasons 489 cold pool events are identified from rapid temperature
drops below -2 K associated with rainfall. The cold pool activity exhibits distinct annual
and diurnal cycles peaking in July and mid afternoon, respectively. The median tem-
perature perturbation is -3.3 K at 2-m height and weakens above. Also the increase in
hydrostatic air pressure and specific humidity is largest near the surface. Extrapolation of
the vertically weakening pressure signal suggests a characteristic cold pool depth of about
750 m. Disturbances in the horizontal and vertical wind speed components document a
lifting-induced circulation of air masses prior to the approaching cold pool front. Accord-
ing to a correlation analysis, the near-surface temperature perturbation is more strongly
controlled by the pre-event saturation deficit (r=-0.71) than by the event-accumulated rain-
fall amount (r=-0.35). Simulating the observed temperature drops as idealized wet-bulb
processes suggests that evaporative cooling alone explains 64 % of the variability in cold
pool strength. This number increases to 92 % for cases that are not affected by advection of
mid-tropospheric low-Θe air masses under convective downdrafts.

significance statement

Cold pools are areas of cool and dense air underneath precipitating clouds, that often
trigger new convection as they spread outwards. Although cold pools are key for correctly
representing convection in numerical simulations, their observational characterization is
insufficient, focusing on few cases and surface measurements. We analyze meteorological
observations of nearly 500 cold pool passages sampled during 14 years at a 280-m high
mast in Hamburg (Germany). The robust data basis shows that the typical temperature
perturbation associated with cold pools is only -3.3 K and weakens with height. The surface
temperature signal is mainly driven by evaporative cooling of below-cloud air by rainfall,
whereby the saturation deficit is a much better predictor than the often used precipitation
amount.

a.1 introduction

Cold pools are mesoscale areas of cool downdraft air, that form through evaporation
underneath precipitating clouds. The importance of cold pools for the variability of
convective precipitation is a long-standing topic in the literature. Many studies have
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described a variety of dynamical and thermodynamical processes, that relate cold pools
to the formation and organization of convection. As the negatively buoyant air of a cold
pool horizontally propagates on the Earth’s surface as a density current, its leading edge
represents a preferred region for the initiation of secondary convection. While one factor is
the mechanical lifting of less dense air ahead of the cold pool front, the interplay between
cold pools and vertical wind shear also has a strong impact on the organization and hence
life cycle of convective squall lines (Grant et al., 2018; Rotunno et al., 1988). Furthermore,
the modification of the near-surface moisture field by cold pools is thought to be important
for the life cycle of convection. Studies on numerical simulations of oceanic cold pools
identified their leading edge as a region of enhanced moisture in the lower troposphere,
where secondary updrafts are preferably triggered (e. g., Feng et al., 2015; Tompkins, 2001;
Torri et al., 2015). However, those cold pool moisture rings are rarely found in observational
data (Chandra et al., 2018; de Szoeke et al., 2017) and their primary origin is still under
debate (Langhans and Romps, 2015; Schlemmer and Hohenegger, 2016; Zuidema et al.,
2017).

Khairoutdinov and Randall (2006) proposed that cold pools particularly favor the
transition from shallow to deep convection, since they support the formation of large
convective clusters, that are less affected by entrainment of drier environmental air. In
this context, Schlemmer and Hohenegger (2014), Schlemmer and Hohenegger (2016) and
Haerter and Schlemmer (2018) argued that the modification of surface fluxes and moisture
fields by cold pools supports this positive feedback loop and the subsequent organization
of convective clouds into larger clusters. As a consequence, the representation of cold pool
characteristics and dynamics is a critical component for correctly simulating the diurnal
cycle of precipitation (Boeing et al., 2012; Kurowski et al., 2018; Rio et al., 2009).

Cold pools are short-lived phenomena, that lead to rapid perturbations in various meteo-
rological parameters. A large number of studies have investigated cold pool characteristics
based on model simulations with a spatial resolution of < 1 km. Such simulations are
able to explicitly resolve the scale of convective clouds. However, observational evidence
is essential for validating simulated cold pool properties and related processes. Several
observational studies have aimed to characterize the signal of cold pools in different clima-
tological conditions. In the analysis of selected outflow passages in tower measurement
data in Oklahoma, Goff (1976) found a sequence of typical disturbances in meteorological
parameters for different thunderstorm life cycle stages. This includes a mean hydrostatic
pressure rise of 2.5 hPa, followed by wind gusts of 12.8 m s−1 associated with a rapid shift
in wind direction and a potential temperature drop of 4.3 K, occurring within 35 min prior
to the onset of rainfall. Engerer et al. (2008) reported pressure increases between 3.2 hPa
and 4.5 hPa, potential temperature deficits between 5.4 K and 11 K and wind gusts of at
least 15 m s−1 associated with the passage of outflows from mesoscale convective system
(MCS) storms as seen in Oklahoma Mesonet stations. Similar analyses for locations in
Northern Africa can be found in Redl et al. (2015) and Provod et al. (2016). Furthermore,
there exists strong observational evidence for generally much weaker signals of cold pools
forming in tropical oceanic environments compared to continental mid-latitude conditions
(Feng et al., 2015; Terai and Wood, 2013; Vogel, 2017; de Szoeke et al., 2017).

There have also been numerous efforts to identify factors controlling the thermodynami-
cal properties of cold pools. In an early study, Fujita (1959) assigned the cold-air production
to evaporation of precipitation in mesoscale thunderstorm systems based on surface and
airborne observations over several locations in the United States. He found the total density
increase by evaporation in the sub-cloud layer and the associated hydrostatic pressure
rise to be proportional to the surface rainfall. Barnes and Garstang (1982) used radar
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and in situ measurements over the tropical Atlantic to derive a precipitation threshold of
2 mm h−1 to distinguish between nonpenetrative downdrafts that are associated with light
rainfall and mainly cool and moisten the sub-cloud layer, and penetrative downdrafts,
that rain heavily and import lower moist static energy from above cloud base into the
surface layer. By affecting evaporative cooling and the characteristics of downdraft air
masses, the atmospheric profile critically affects the strength of a cold pool. Warm and
dry boundary layers support strong cooling rates by rain evaporation, which is usually
more important for continental convection. The relationship between cold pool strength
and mid-tropospheric conditions is less straightforward. Dry air supports the formation of
downdrafts through entrainment and subsequent evaporation of mid-level air, which tends
to strengthen updrafts and increase the condensate mass available for evaporation (Boeing
et al., 2012; Feng et al., 2015; Markowski and Richardson, 2010). The actual evaporative
cooling also depends on the type of hydrometeors, e. g., rain versus ice particles, which in
turn strongly depends on the present thermodynamical conditions (Engerer et al., 2008;
Li et al., 2015). Turbulent mixing of environmental air into the cold pool and erosion by
surface heat fluxes finally contribute to its dissipation (Gentine et al., 2016; Grant and van
den Heever, 2016, 2018; Ross et al., 2004).

Considering the variety and complexity of parameters acting on the thermodynamics of
cold pools, the identification of dominant processes determining their observed properties
is a challenging task, that has not been satisfactorily addressed yet. In the present study we
use a multiyear observational data set to provide a robust characterization of continental
cold pools. Unlike existing studies, we do not restrict our analysis to pre-selected events
from specific types of convection, which tend to be biased towards strong and less frequent
events, but include cold pools from a wide range of meteorological conditions. Furthermore,
we aim to quantitatively estimate the relevance of the prevailing atmospheric conditions for
explaining the observed variability in the near-surface temperature signal and disentangle
the impact of evaporative cooling and convective import of upper-level air masses. The
presented results could serve as a reference data set for modeled cold pool properties in
state-of-the-art Large-Eddy simulations (LES) and provide guidance for the identification
of potential model biases. The study is structured as follows: after introducing the used
data set and applied method for cold pool identification in section A.2, we discuss the
signal characteristics of the observed events in section A.3. In section A.4 we focus on the
factors controlling the cold pool strength, followed by a summary of the overall findings
in section A.5.

a.2 data and methodology

a.2.1 Observational data set

This study analyzes meteorological observation data from the Weather Mast Hamburg
(WMH) boundary layer tower in Hamburg (Germany). The measurement facility is installed
at a television broadcasting tower located in the eastern outskirts of the city (53.5192

◦N,
10.1029

◦E). The 305-m high main mast is equipped with instrumentation at platforms
in six different heights, while near-surface measurements are conducted at a 12-m mast
located in 170 m distance on a nearby meadow. The instrumentation of the main mast
relevant for the present study consists of platinum resistance thermometers (Pt-100), HMP
45 humidity sensors and 3D ultrasonic anemometers, while the near-surface observations
are accomplished by PTB 200 A pressure sensors and a tipping bucket rain gauge. All
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measurements are available at 1 min temporal resolution. A more detailed description of
the measurement site and instrumentation can be found in Bruemmer et al. (2012).

For the present analysis we use observational data from 14 summer seasons (1 April
to 30 September) between 2006 and 2019 from five height levels (2 m, 50 m, 110 m, 175 m
and 280 m), while the lowest wind speed measurements refer to 10 m height. For years
before 2011 the topmost available measurement height is 250 m. Since air pressure is only
recorded at the surface, we calculate its values at the four upper levels from the respective
temperature data by applying the hydrostatic equation between the observed heights.
These pressure values also go into the calculation of the equivalent potential temperature
after Bolton (1980), which we mainly use to interpret controls on cold pool properties.

a.2.2 Detection and definition of cold pool events

The investigation of observed cold pool characteristics first requires the identification of
their footprints in local meteorological parameters. Since a subjective identification of
single cold pool events in multiyear data is unfeasible, we apply an objective detection
method based on simple threshold criteria (Kirsch, 2020). To minimize the influence of
prescribed constraints on our results, the algorithm only takes 2-m air temperature T2
and rainfall rate R as input parameters. For the identification of cold pool-related signals
in the measurement records, the algorithm scans the input temperature time series for
a difference of ∆T2 ≤ −2 K within 20 min after the current time step. The first of the
subsequent time steps satisfying a temperature decrease of at least 0.5 K then defines
the begin of the cold pool event, denoted by t0. Subsequent decreases in temperature
within the following 60 min are considered to be part of the same event. To attribute the
detected temperature drops to the passage of a convectively-driven cold pool rather than
local meteorological effects, identified events without rainfall within one hour after t0 are
excluded. The same is true for very rare events that include missing values either in the
temperature or rainfall record from 30 min before to 60 min after t0.

The detection method identifies an overall number of 489 temperature drops satisfying
the applied criteria. We consider the discussed results as statistically representative, since
the temperature data availability per summer season is always larger than 95.3 % and
above 99 % in 11 out of 14 years. As the applied cold pool-detection algorithm is only
based on the local temperature and rainfall record and does not use any information about
the origin of the identified temperature drops, the results are potentially affected by the
misinterpretation of synoptic-scale cold-frontal passages as local-scale cold pool events.
The manual inspection of 6-hourly surface analysis charts (Deutscher Wetterdienst, 2019)
for 2017 and 2018, representing years with a very high and very low number of identified
events, shows that 20.5 % and 11.5 % of the detected events occurred within a time range
of 2 hours before or after a cold-front passage, respectively. Still these events might not
have been directly caused by the cold front itself, but rather by pre-frontal convection or
convective cells embedded into the front.

For a coherent description of short-term meteorological signals during a cold pool-front
passage, we consider a unified analysis scheme for the different variables. To calculate
the signal strength in each variable, we first define its unperturbed state as the median
value of the 30-min period prior to the detected begin of the event t0, which is more robust
against the imprecise timing of t0 than taking the arithmetic mean. The signal strength is
then given by the difference between this unperturbed state and the extreme value within
60 min after t0. According to the sign of the respective signal, we define the extreme value
as the minimum value for temperature T and equivalent potential temperature Θe and
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the maximum value for air pressure p, specific humidity q, horizontal wind speed U and
vertical wind speed w. In the case of w, the maximum values refers to the entire 90 min
period to include also signals prior to the cold pool-front passage. For each event, the
same t0 is used for all measurement heights and variables. Missing observations of p, q or
U slightly reduce the number of cases considered in the analysis to at least 448 of the 489

detected cases. The data for w only includes between 216 and 245 cases, as the variable
was not measured before 2013.

a.3 observed cold pool characteristics

a.3.1 Frequency of events

As the first step to analyze the observed cold pools, we determine the frequency and
occurrence of events. The annual number of events exhibits a large variability with a mean
of 34.9±6.8 events (Figure A.1a), however, the cold pool activity follows a distinct annual
cycle peaking in July (7.6 events per month) and a sharp weakening towards the end of
the summer season in September (3.2 events per month; Figure A.1b). Furthermore, cold
pools mainly occur during the second half of the day with a pronounced frequency peak
at 1500 local time (Figure A.1c). These statistics confirm, that the detected temperature
drops are tightly connected to convective activity, as expected. The observed diurnal cycle
in cold pool frequency with a distinct minimum in the early morning hours also proves a
lack of contamination of the presented results by synoptic-scale cold fronts.
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Figure A.1: Occurrence of cold pool events detected at WMH between 2006 and 2019: (a) number of
events per summer season (1 Apr–30 Sep), (b) mean annual cycle, and (c) mean diurnal
cycle.

a.3.2 Strength and temporal evolution of signal

We further characterize the observed properties of cold pools by studying the frequency
distributions of the detected signals (Figure A.2) and the mean time series during the
events (Figure A.3). Figure A.2a indicates that the 2-m temperature perturbation ∆T2
exhibits a median of -3.3 K and a minimum value of -10.8 K. As expected, the magnitude
of the values is by several kelvins smaller than the ones reported by Engerer et al. (2008),
who only included cases from MCS storms into their analysis. Width and skewness of the
distribution is similar between the different measurement heights, however, the median
signal strength constantly weakens with height to -2.4 K at 280 m. From the weakening
temperature signal we can conclude that the temperature inside the cold pool air generally
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decreases less strongly with height than outside of it. Therefore, we find evidence for an
increased atmospheric stability within a cold pool compared to its surrounding. According
to Figure A.3a, ∆T generally exhibits its largest gradient to the surrounding within 15 min
after t0. The early onset of the temperature drop a few minutes before t0 results from the
chosen thresholds to define a cold pool event. After the strongest perturbation is reached
20 to 25 min after t0, the temperature only recovers marginally, since a large fraction of the
recorded events occurred after the diurnal maximum of solar heating. Moreover, this slow
recovery could also indicate that the cold pool is still passing over the measurement site,
even one hour after its arrival. With a typical advection velocity of 10 m s−1, this would
imply a cold pool size of 30 km to 40 km, which could also be potentially observed in
operational station networks.

The pressure signal ∆p2 is mostly confined to ≤2 hPa, while extreme cases of up to
5.9 hPa are observed (Figure A.2b). These values are by more than a factor of 2 smaller
than for MCS-type cold pools as found by Engerer et al. (2008). Similar to the temperature
signal, also ∆p constantly decreases with height from a median of 0.7 hPa near the surface
to 0.5 hPa at the upper-most height, as a direct result of the hydrostatic relationship
employed to infer p at higher levels. The onset of ∆p starts approximately 15 min earlier
than that of ∆T (Figure A.3b), which is in line with the findings of other authors (Engerer
et al., 2008; Goff, 1976). The slight decline in pressure excess about 15 min after t0 may be
a sign of the partially nonhydrostatic nature of the initial perturbation due to dynamical
effects at the propagating cold-air boundary (Houze, 1993; Markowski and Richardson,
2010). The importance of nonhydrostatic effects for the observed pressure signal during
cold pool events would require further investigation, which is beyond the scope of this
study.

The majority of observed cold pool passages leads to an moistening of the air, as shown
in Figures A.2c and A.3c. Based on a median of 1 g kg−1 near the surface and approximately
0.6 g kg−1 at 280 m above ground, ∆q indicates a slight weakening of the moistening with
height, however, magnitude and even sign of the signal are highly variable throughout all
observation heights. For the present definition of ∆q, i. e., using the difference between
the unperturbed state and the maximum post-passage value, about 10 % of the cases even
show a decrease in humidity. This number increases to about 25 %, if the median value of
q within 60 min after the passage would be considered to calculate ∆q. The large variability
in ∆q most likely reflects the interplay of different cold pool-formation processes, namely
evaporation, that would moisten the cold pool, and convective import of upper-layer air
masses, that would dry it. This interplay is discussed in section A.4. However, a clear
moisture ring along the cold pool edge, as reported from numerical simulations, is not
visible. The difficulty in observing a moisture ring is consistent with past observational
studies, which have revealed inconsistencies in magnitude and sign of the cold pool
moisture signal in different climatic regimes (Feng et al., 2015; Provod et al., 2016; Redl
et al., 2015; Vogel, 2017; de Szoeke et al., 2017). The weak temporary dip in ∆q just after
t0 in Figure A.3c is not of physical nature, but an instrumental artifact of the humidity
sensor used before 2018 and relates to a longer response time compared to the temperature
sensor. Most likely this issue also explains the longer equilibration time of the ∆q signal
compared to ∆T and ∆p.

Combining the effects of temperature and humidity, also the perturbation in equivalent
potential temperature ∆Θe gives insights into properties of the observed cold pools
(Figures A.2d and A.3d). Similar to ∆T, the near-surface perturbation in Θe exhibits a
median of -3.2 K and much larger extreme values of up to -15 K. However, ∆Θe does not
significantly vary with height. Since the pre-event Θe is also generally uniform with height
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(not shown), this suggests that Θe inside the cold pool does not significantly vary with
height either. From this we conclude that the horizontal mixing between cold pool and
environmental air throughout the lowest 280 m of the atmosphere is generally very limited.
The steeper time derivative in ∆Θe just after the detected cold pool passage compared to
∆T also results from the same instrumental artifact in the measurement of q, as already
discussed.

Finally, the passage of a cold pool front goes along with a significant disturbance of
the local wind field. The mean temporal evolution of ∆U indicates a distinct peak in
horizontal wind speed just after t0 throughout all heights (Figure A.3e). ∆U exhibits a
median of 3.6 m s−1 at 10 m, while this value increases to 5.4 m s−1 at 50 m, but stays
almost constant above (Figure A.2e). Only for extreme cases ∆U continuously increases
with height from 11.0 m s−1 near the surface to 23.5 m s−1 at the top of the mast. The
profile of ∆U as well as the constantly increasing width of the peak with height result from
the deceleration of wind gusts close to the surface by friction. The mean time series of
the perturbation in vertical wind speed ∆w shows a distinct and short-lived peak shortly
before the detected passage of the cold pool front (Figure A.3f). Since the amplitude of the
peak clearly exceeds the turbulence-induced noise level, it is indicative for a laminar flow
feature that is consistently present throughout a large number of events. In combination
with the following period of negative perturbations, this signature clearly marks the lifting
of air masses prior to the arriving cold pool air with compensating subsidence afterwards.
In contrast to ∆U, both the median of ∆w (∆w10 = 0.6 m s−1, ∆w280 = 1.8 m s−1) and its
maximum values constantly increase with height, which marks a stronger lifting of air
masses aloft (Figure A.2f). In summary, the coherent signals of ∆U and ∆w suggest the
presence of a lifting-induced overturning circulation ahead of the cold pool front.

12 10 8 6 4 2 0
T (K)

2

50

110

175

280

He
ig

ht
 (m

)

a

0 1 2 3 4 5 6
p (hPa)

2

50

110

175

280

b

2 0 2 4 6
q (g kg 1)

2

50

110

175

280

c

18 15 12 9 6 3 0
e (K)

2

50

110

175

280

He
ig

ht
 (m

)

d

0 5 10 15 20 25
U (m s 1)

10

50

110

175

280

e

0 1 2 3 4 5
w (m s 1)

10

50

110

175

280

f

Figure A.2: Height-dependent distributions of perturbations in (a) air temperature T, (b) pressure
p, (c) specific humidity q, (d) equivalent potential temperature Θe, (e) horizontal wind
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Figure A.3: As in Figure A.2, but for the mean temporal evolution of the quantities relative to the
detected cold pool-front passage t0.

a.3.3 Cold pool depth

Consistent with early studies on the vertical structure of convective cold air outflows
(e. g., Barnes and Garstang, 1982; Fujita, 1959), our results in section A.3A.3.2 confirm the
strongest thermodynamical signal of a cold pool to be near the surface and to constantly
weaken with height. We use the information of vertical gradients to infer the depth
of individual cold pools. According to the hydrostatic relationship, the perturbation in
air pressure ∆p induced by the additional weight of the dense cold pool air decreases
approximately linearly with height. Therefore, the linear extrapolation of this gradient to
the height where ∆p vanishes provides an estimate of the cold pool depth (Figure A.4a).
We apply this method to cold pool events that exhibit positive pressure perturbations for all
measurement heights and satisfy the linear relationship between ∆p and height according
to an overall correlation coefficient of at least 0.95 for the entire profile. Furthermore, we
neglect three cases for which the method yields unrealistically large (> 4 km) values. A
potential source of uncertainty might be the fact that the pressure signal is measured only
at surface level and hydrostatically calculated from the respective temperature profile for
the levels above. Figure A.4b illustrates the resulting frequency distribution of cold pool
depths for 419 valid cases, showing an estimated depth of between a few 100 m and almost
2000 m for most events and a median of 746 m. This result is in good agreement with
Markowski and Richardson (2010), who reported a typical depth of 1 km for continental
convective outflows. In contrast, corresponding values for tropical oceanic outflows are
substantially smaller (< 500 m), consistent with the lower cloud base height (Terai and
Wood, 2013; de Szoeke et al., 2017).

a.4 factors controlling the cold pool strength

The results discussed in section A.3 illustrate the distinct footprint of observed cold pool
passages in various meteorological parameters. However, the cold pool characteristics also
largely vary case-to-case from the average, e. g., reflected by the temperature perturbation
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Figure A.4: (a) Height-dependent pressure perturbation ∆p for a cold pool event on 16 Jun 2018

and linear extrapolation for estimation of cold pool depth and (b) distribution of
estimated cold pool depth for all cases between 2006 and 2019 that satisfy the linear
model and yield depths > 4 km. Horizontal line, box and whiskers represent the
median, interquartile range and the 5% and 95% quantiles, respectively, while crosses
mark the extreme values.

∆T ranging between -2 K and almost -11 K. Since the surface temperature signal of a
convective outflow is indicative of its mass excess and, therefore, its potential to propagate
and induce secondary convection, the explanation of its variability is an important step
towards an improved understanding of convective organization. Based on the present
observational data set we aim to identify the main factors controlling the observed cold
pool strength. In our analyses we consider the strength of cold pools solely in terms of
temperature perturbation ∆T.

a.4.1 Observational evidence

In order to investigate the variability in cold pool strength, we first quantify its observed
degree of relation with potential controlling factors. As a first approximation we assume
cold pools to be mainly formed by evaporation underneath precipitating clouds and expect
∆T to be determined by the amount of rainwater in the sub-cloud layer available for evap-
oration. Figure A.5a shows the distribution of ∆T as a function of the accumulated rainfall
amount measured during the 90-min reference period of the cold pool event. Although
the median strength constantly increases from -2.7 K for weak-precipitation events to
-4.0 K for strong-precipitation events, the linear correlation is weak (correlation coefficient
r = −0.35). One reason for this weak relationship might be the poor representativeness
of a surface rainfall point measurement. However, the inclusion of radar-based spatially
distributed rainfall information does not significantly change the result (not shown).

The second relevant factor in controlling the degree of cooling by rainfall is the evap-
oration potential of the sub-cloud layer air. We quantify the potential for evaporative
cooling via the absolute saturation deficit,that is given by the difference between saturation
specific humidity qsat and specific humidity q and mainly depends on the temperature and
humidity of the given air mass. This quantity can be considered as independent from the
rainfall amount, since both factors are practically uncorrelated (r = 0.05). As Figure A.5b
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shows, ∆T has a stronger dependence on the pre-event saturation deficit than on the
accumulated rainfall (r = −0.71). The amplification of cold pool strength with increasing
saturation deficit is especially striking for the 20 % most under-saturated cases, that exhibit
a median temperature deficit of -4.9 K. These results provide observational evidence that
both the amount of rainfall and the evaporation potential of the pre-event air actually
control the strength of the cold pool temperature signal, with the latter being the more
important one.
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Figure A.5: Distribution of cold pool 2-m air temperature perturbation ∆T2 dependent on (a) event-
accumulated rainfall and (b) pre-event median saturation deficit qsat − q. Box plots
use 20-% quantile interval bins labeled with the median values of each bin. Vertical
lines, boxes and whiskers mark the median, interquartile range and the 5% and 95%
quantiles, respectively. The linear correlation coefficient r indicated in (a) is calculated
between the logarithmic rainfall amount and ∆T2.

a.4.2 Role of evaporation

We further explore the importance of evaporative cooling for the observed cold pool
strength by simulating it in a simple thermodynamical model. In this model we assume
that evaporation of rainfall cools and moistens an air parcel in the sub-cloud layer according
to the wet-bulb process. When liquid water of mass ∆mw adiabatically and isobarically
evaporates at the expense of the thermal energy of the air parcel, then its temperature
approximately changes by

∆T ≈ − Lv

cp
∆rv. (A.1)

Accordingly, the water vapor mixing ratio rv increases by ∆rv = ∆mw/ma, where ma
denotes the mass of dry air. Lv and cp are the latent heat of evaporation of water and the
specific heat capacity of dry air, respectively, whereas we neglect the change in specific
heat capacity due to the increase in humidity.

For each cold pool event we initialize the model with the observed pre-event temperature
and relative humidity and let rain water evaporate until the air mass reaches an equilibrium
state. We define two equilibrium states of the model: firstly, the maximum wet-bulb
temperature depression ∆Tmod,sat, where the considered air parcel cools and moistens
until saturation is reached; secondly, the temperature depression ∆Tmod,obs, that denotes
the state when the simulated relative humidity reaches the maximum value that was
actually observed after the respective cold pool passage, allowing for a more realistic
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under-saturated state. Since the cooling of the air parcel during the wet-bulb process
also reduces its saturation vapor pressure and again impacts the moistening required
to reach the respective equilibrium states, we cannot solve Equation A.1 directly. To
realistically simulate this process we iteratively increase rv by sufficiently small increments
∆rv,i ≈10

−6 kg kg−1 and adjust temperature and humidity of the air parcel accordingly.
The statistical analysis in Figure A.6a shows a reasonable agreement between the

observed ∆T and its modeled values of maximum evaporative cooling ∆Tmod,sat with
a correlation coefficient of r = 0.67 and a root mean square error (RMSE) of 1.7 K.
In this configuration the simple model tends to overestimate the cold pool strength,
especially for strong events. This indicates that in most cases the pre-cold pool air is not
moistened to saturation and, therefore, the full evaporation potential is not exploited. To
test this hypothesis, we repeat the same analysis using the second model configuration
∆Tmod,obs, that takes into account the actually observed moistening of the air (Figure A.6b).
As a consequence, the agreement between observed and modeled cold pool strength
considerably improves (r = 0.80, RMSE = 1.3 K). This leads to the conclusion that 64 % of
the variability in cold pool strength may be explained by local evaporative cooling in the
sub-cloud layer.

In the previous considerations we have approximated the process of cold pool formation
by moist-adiabatic cooling of the sub-cloud air mass. However, under these conditions
Θe would be same inside and outside of the cold pool, which on average is not the case
(Figure A.3d). In fact, a negative perturbation in Θe indicates the convective import of
cooler and drier mid-tropospheric air into the atmospheric surface layer, that superposes
with local evaporative cooling. Since the strength and thermodynamical properties of
local downdrafts are highly case-dependent, we can treat ∆Θe as an indicator for the
strength of the vertical import of low-Θe air into the surface layer. Figure A.6c shows the
skillfulness of the evaporation model, as quantified by its RMSE, bias and correlation
coefficient with respect to the observed cold pool strength, as in Figs. A.6a and b, stratified
by observed ∆Θe. For the case of evaporative cooling according to observed moistening,
the model RMSE is smallest for small ∆Θe (0.6 K) and constantly increases for increasingly
negative ∆Θe (2.2 K). In cases of large absolute ∆Θe the model bias is positive indicating
an underestimation in cold pool strength in agreement with the strong vertical advection
of low-Θe air in such cases. In contrast, for the case of maximum evaporative cooling the
model error shows an opposite dependence on ∆Θe, which mainly reflects the previously
described overestimation in cold pool strength, that is compensated by increasingly larger
∆Θe. In a sense, the estimated too large evaporative cooling masks the effect of the missing
vertical advection of low-Θe air, the more so, the stronger the advection.

Despite the simple concepts of the used analysis methods, the presented results provide
observational evidence for the generation process of cold pools. Without the convective
import of cool and dry upper-level air (i. e., for the 20 % of cases with smallest perturbations
in Θe corresponding to ∆Θe > −1.5 K), local evaporative cooling of the present sub-
cloud layer air by rainfall even explains 92 % of the variability in observed near-surface
temperature perturbation of a cold pool (r = 0.96). Figure A.7a shows such a cold pool
event, whose temperature signal is mainly driven by evaporation. In those cases Θe is
approximately conserved and the observed temperature perturbation agrees well with
∆Tmod,obs. In contrast, for the 20 % of cases with largest ∆Θe (< −5.6 K), the evaporation
model fails to reproduce the observed ∆T. For such mainly downdraft-driven cold pool
events the model lacks information about the thermodynamical properties of the advected
air mass and underestimates the strength of the observed temperature signal, that may
even overcompensate the error produced by ∆Tmod,sat (Figure A.7b). This also becomes
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manifest in the weak relationship between ∆T and ∆Θe (r = 0.37). Even though evaporative
cooling explains the largest part of variability in the temperature signal, only 13 % of the
observed cold pool passages are unaffected by convective downdrafts (i. e., ∆Θe > −1 K)
and, therefore, entirely evaporation-driven. Barnes and Garstang (1982) named a parent
rainfall rate of 2 mm h−1 as the main criterion for downdrafts to transport upper-level
air into the surface layer, still the present data does not show a significant relationship
between the maximum observed rainfall rate and ∆Θe (r = −0.38). Another aspect in the
interpretation of the results is the cold pool life cycle stage. Since our analysis does not
include the horizontal dimension of the observed cold pools, we miss information on the
position of the measurement site relative to the parent convection as well as the cold pool
age. Engerer et al. (2008) and others showed that the local outflow properties considerably
vary with the convective life cycle. Therefore, our 13 % of entirely evaporation-driven cold
pools may also be interpreted as young cold pools, although this needs to be confirmed by
further research.
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a.5 summary and conclusions

In this paper we use multiyear boundary layer mast observations in Hamburg (Germany)
to derive an observational reference data set of the characteristics of convective cold
pools. We define a cold pool event as a 90-min time period that includes a drop in 2-m
air temperature of at least 2 K within 20 min in association with local rainfall. For the
analyzed 14-year period between 2006 and 2019 the annual number of observed cold pools
varies between 24 and 44 events per summer season, while the monthly number follows
an annual cycle with its maximum in July. Furthermore, the average cold pool activity
exhibits a distinct diurnal cycle peaking in the afternoon hours.

Based on the meteorological record we find that the majority of events is associated
with a median 2-m temperature perturbation of -3.3 K, while extreme cases reach up to
-10.8 K. The constant weakening of the observed temperature signal with height suggests
an increased atmospheric stability inside a cold pool compared to its surrounding. For
the analyzed events we find an average hydrostatic air pressure rise of 0.7 hPa near the
surface with the tendency for a weaker signal above. Consistent with the findings of
other studies, the onset of the pressure rise generally precedes the temperature signal
by approximately 15 min. By extrapolating the vertical gradient in hydrostatic pressure
perturbation for individual cases we estimate a median cold pool depth of 746 m. According
to the perturbation in specific humidity, a cold pool passage leads to an average moistening
of the air by about 1 g kg−1, however, strength and even sign of the signal are highly
variable throughout all measurement heights. Also, a clear moisture ring around the cold
pool, as generally found in numerical simulations, was not easily recognizable in our
observations. Finally, we find significant disturbances of the local wind field, that are
increasingly intense away from the surface, expressed by a median horizontal wind speed
perturbation of 3.6 m s−1 (5.3 m s−1) at 10 m (280 m) height. A distinct and short-lived peak
in the vertical wind component minutes prior to the approaching gust front also marks
the presence of a lifting-induced circulation ahead of the cold pool.

In the second part of the study we discuss controlling factors of the variability in
cold pool strength to better understand the cold-air production in convective outflows.
Observational evidence suggests that contrarily to usual thinking the near-surface temper-
ature perturbation only weakly correlates with the amount of surface rainfall (r = −0.35),
whereas its statistical relationship with the pre-event saturation deficit is much stronger
(r = −0.71). To further explore the importance of evaporation for the cold pool formation,
we use a simple thermodynamical model, that simulates the wet-bulb cooling process for
air of given temperature and humidity. Under the assumption of maximum evaporative
cooling, i. e., when saturation is reached, the model is able to reproduce the observed
temperature perturbations reasonably well (r = 0.67, RMSE = 1.7 K), although it tends to
overestimate especially the strength of strong cold pools. The model error considerably
decreases, when the evaporative cooling is confined to moistening that corresponds to the
maximum observed relative humidity for the respective event (r = 0.80, RMSE = 1.3 K).
Therefore, we find that local evaporative cooling of sub-cloud layer air by rainfall explains
64 % of the overall variability in cold pool strength. For cases without considerable import
of cooler and drier mid-tropospheric air by convective downdrafts, indicated by small per-
turbations of Θe, this number even increases to 92 %. In contrast, ∆Θe itself only explains
14 % of the observed variance (r = 0.37), meaning that the vertical transport of upper-level
air masses is a secondary driver for the local temperature signal of a cold pool, that more
or less strongly superposes the evaporation process.
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Our current understanding of the dynamical and thermodynamical characteristics of
cold pools as well as how they interact with their environment is very limited and needs
to rely on state-of-the-art convection-resolving simulations. Due to the importance of
cold pools for understanding and correctly simulating the organization of convection,
the validation of these models requires robust reference data of cold pools. Our work
sheds light on the observed properties of continental cold pools over a wider range of
meteorological conditions than previous studies have described and identifies processes
controlling their signal strength. Nevertheless, current operational networks lack spatial
density and sufficient temporal resolution, that is vital to observe morphological properties
like size, shape and propagation velocity of cold pools and the sub-mesoscale variability
of thermodynamical fields. Our results suggest that future research efforts should focus
on the design of observational networks at sub-mesoscale resolution, that allow insights
into the moisture distributions within cold pools, the interaction with turbulent surface
fluxes and the importance of nonhydrostatic pressure effects as an indication of convective
downdrafts. This could be achieved using low-budget weather stations and citizen-science
approaches. These are essential steps towards a comprehensive understanding of moist
convection and its more realistic representation in convection-resolving simulations.
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abstract

From June to August 2020, an observational network of 103 meteorological ground-
based stations covered the greater area (50 km×35 km) of Hamburg (Germany) as part
of the Field Experiment on Sub-mesoscale Spatio Temporal variability at Hanseatic city
of Hamburg (FESST@HH). The purpose of the experiment was to shed light on the sub-
mesoscale (O(100) m – O(10) km) structure of convective cold pools that typically remain
under-resolved in operational networks. During the experiment, 82 custom-built, low-
cost Autonomous cold POoL LOgger (APOLLO) stations sampled air temperature and
pressure with fast-response sensors at 1 s resolution to adequately capture the strong and
rapid perturbations associated with propagating cold pool fronts. A secondary network
of 21 weather stations with commercial sensors provided additional information on
relative humidity, wind speed, and precipitation at 10 s resolution. The realization of
the experiment during the COVID-19 pandemic was facilitated by a large number of
volunteers who provided measurement sites on their premises and supported station
maintenance. This article introduces the novel type of autonomously operating instruments,
their measurement characteristics, and the FESST@HH data set (https://doi.org/10.
25592/UHHFDM.10172; Kirsch et al., 2021). A case study demonstrates that the network
is capable of mapping the horizontal structure of the temperature signal inside a cold
pool, and quantifying a cold pool’s size and propagation velocity throughout its life cycle.
Beyond its primary purpose, the data set offers new insights into the spatial and temporal
characteristics of the nocturnal urban heat island and variations of turbulent temperature
fluctuations associated with different urban and natural environments.

short summary

Conventional observation networks are too coarse to resolve the horizontal structure of
km-scale atmospheric processes. We present the FESST@HH field experiment that took
place in Hamburg (Germany) during summer 2020 and featured a dense network of
103 custom-built, low-cost weather stations. The data set is capable of providing new
insights into the structure of convective cold pools and the nocturnal urban heat island,
and variations of local temperature fluctuations.

https://doi.org/10.25592/UHHFDM.10172
https://doi.org/10.25592/UHHFDM.10172
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b.1 introduction

We present the instrumentation and data set of the Field Experiment on Sub-mesoscale
Spatio Temporal variability at Hanseatic city of Hamburg (FESST@HH) that illuminates
the spatial and temporal structure of convective cold pools. Conventional mesoscale
meteorological station networks have a typical resolution of ∼ 25 km in space and 10 min
in time, and are essential in order to obtain a reliable picture of the atmospheric background
state. Remote sensing techniques can help us to retrieve more finely resolved information
for a few atmospheric variables like precipitation and wind speed. However, the spatial
variability of basic meteorological parameters like air temperature or pressure on the
sub-mesoscale (i.e., length scales between O(100) m and O(10) km) remains under-resolved.
Information on sub-mesoscale variability is especially important for the investigation and
simulation of convective clouds and precipitation (Stevens et al., 2020). Convective cold
pools are an important source of this variability and represent a blind spot for conventional
observation networks. Therefore, cold pools are the main motivation for the FESST@HH
experiment.

Cold pools play a prominent role in understanding the formation and life cycle of
atmospheric convection. They are defined as areas of relatively cool and dense air that
form through melting and evaporation of hydrometeors underneath precipitating clouds.
Their horizontal size ranges from a few km to hundreds of km (Feng et al., 2015; Terai and
Wood, 2013; Zuidema et al., 2017) and temperature decreases can exceed 10 K (Engerer
et al., 2008, Study A). As the body of cold air grows and propagates horizontally away from
the precipitation, it often causes a rapid decrease in local air temperature and the formation
of a gust front. Secondary updrafts are preferentially triggered in the region ahead of the
cold pool air due to the combination of mechanical lifting and accumulation of moisture
in the lower troposphere (Drager et al., 2020; Feng et al., 2015; Tompkins, 2001; Torri et al.,
2015). Cold pools are also found to support the organization of convective clouds and
the transition from shallow to deep convection (e. g., Khairoutdinov and Randall, 2006;
Kurowski et al., 2018; Rotunno et al., 1988; Schlemmer and Hohenegger, 2014). Since
models with hectometer-scale resolution are required to realistically represent processes
related to convection (Bryan et al., 2003; Grant and van den Heever, 2016; Hirt et al.,
2020), large eddy simulations (LESs) have become an established tool to study cold pools.
However, LES models critically depend on parametrizations of subgrid-scale phenomena
such as turbulence and microphysics (Dawson et al., 2010; Li et al., 2015; Smagorinsky,
1963). This fact supports the need for observational data with a similar resolution to
LES models that facilitate validation of simulations and enhance our understanding of
sub-mesoscale processes.

Observational studies on cold pools draw upon a wide range of data collection methods.
These include measurements from boundary layer towers (Goff, 1976, Study A), aircraft
(Terai and Wood, 2013), ships (de Szoeke et al., 2017), precipitation radars (Borque et al.,
2020), and combinations thereof (Feng et al., 2015; Mueller and Carbone, 1987). Neverthe-
less, capturing the horizontal structure of cold pools with the help of in situ observations
is a challenging task given the small number of studies using, e. g., mesoscale station
networks (Engerer et al., 2008; Markowski et al., 2002). In a recent study, van den Heever
et al. (2021) described the use of uncrewed aerial systems, radiosondes and three closely-
spaced surface stations during the C3LOUD-Ex campaign to characterize the structure of
convective updrafts and cold pools. The observations revealed that cold pool temperatures
can exhibit variability on spatial scales between O(100) m and O(1) km. However, given the
small geographical extent of the in situ network, the experiment was unable to characterize
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the complete surface temperature structure of any individual cold pool. There are also
examples of more extensive observation networks at km-scale resolution like the Oklahoma
City Micronet (Basara et al., 2011) and the WegenerNet (Kirchengast et al., 2014). However,
with respect to areal coverage and instrument characteristics, these networks were mainly
designed for climate monitoring rather than investigating short-lived convective-scale
phenomena like cold pools.

The FESST@HH field experiment took place in Hamburg (Germany) from June to August
2020. The aim of the experiment was to perform meteorological observations that are suited
to capturing the spatial structure of cold pools at the sub-mesoscale. This goal required
the design of a ground-based station network that is large enough to cover the typical size
of a cold pool (O(10) km) and dense enough to satisfy the desired resolution (O(100) m).
Additionally, the measurement instruments had to be equipped with appropriate sensors
for capturing cold pool fronts but still inexpensive enough to be deployed in large numbers.
The relatively long measurement period was chosen to catch a reasonable number of cold
pools during the convective season in Hamburg where around seven events per month
are expected (Study A). In this article, we introduce the novel instruments and data set
of FESST@HH, and demonstrate its potential for investigating the spatial structure and
life cycle of cold pools based on a case study. Moreover, the experimental setup allows
for the assessment of the spatial dimension of the nocturnal urban heat island and the
variability of turbulent temperature fluctuations in different environments. A special
feature of FESST@HH was the participation of a large number of volunteers that became
necessary due to the COVID-19 pandemic.

b.2 design of instruments

The instrument design for the FESST@HH experiment was guided by the technical demands
required to observe the sub-mesoscale structure of cold pools in space and time. Most
importantly, the instruments had to be equipped with fast-response air temperature
sensors that precisely capture relative changes in temperature. The sampling interval
required was ∆t ≤10 s in order to track the propagation of cold pool fronts with a velocity
of about 10 m s−1 (Borque et al., 2020) on scales of O(100) m. Moreover, the instruments
had to be able to operate independently of external power for about two weeks given site
location constraints. Based on these requirements, we designed and manufactured the
Autonomous cold POoL LOgger (APOLLO) for operation during the FESST@HH experiment
(section B.2.1). We complemented the network with Weather Transmitter (WXT) stations
(section B.2.2) based on commercial sensors.

b.2.1 APOLLO stations

The APOLLO is a simple and low-cost data logger that records air temperature and pressure.
Inspired by the pyranometer network stations used during the HD(CP)2 Observational
Prototype Experiment (HOPE) campaign (Madhavan et al., 2016), it operates autonomously
without an external power source, and its sensor and control units are mounted on a short
mast (Figure B.1). The APOLLO is equipped with a fast-response and moisture-resistant
thermometer consisting of a small (7 mm×1.2 mm) negative temperature coefficient (NTC)
thermistor probe (type: TE Connectivity GA10K3MRBD1; Figure B.2a) placed inside a
passively ventilated radiation shield (see sensor specifications in Table B.1). The control
unit is based on a micro controller board (type: HIMALAYA Matrix-Core ESP32) located
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inside a small (26 cm×17 cm×10 cm) logger box (Figure B.2b). A digital air pressure sensor
(type: Bosch BME280 Environmental sensor) is installed on the logger main board, and a
counterbalance valve ensures rapid adjustment of barometric pressure inside the logger
box.

Figure B.1: Components of APOLLO station.

parameter sensor measurement accuracy

range

Temperature NTC -40. . . 100
◦C ±0.2 K at 0. . . 70

◦C

thermistor

Pressure BME280 digital 300. . . 1100 hPa ±1 hPa at 0. . . 30
◦C (abs.)

sensor ±0.12 hPa at 25. . . 40
◦C (rel.)

Table B.1: Sensor specifications of APOLLO station (Bosch, 2020; TE Connectivity, 2015).

The readings of the temperature and pressure sensors are sampled with a resolution
of 1 s and recorded onto a micro-SD memory card. An on-board GPS receiver is used to
initially synchronize the internal real-time clock on start of the logger. To minimize power
consumption during operation, the GPS module is activated to log the current time only
once per hour for about 10 s which allows correction of the logger time stamp for drift in a
post-processing step. The logger can establish a local WiFi hotspot for on-site control, data
inspection and fast data access via download, and is able to send status messages via the
LoRa (long-range) wireless communication protocol for live monitoring.
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Figure B.2: (a) NTC thermometer with scale for reference and (b) logger main board of APOLLO
station. Marked are the micro controller board (1), digital air pressure sensor BME280

(2), micro-SD memory card (3), GPS receiver module (4), long-range (LoRa) module (5)
and pressure counterbalance valve (6).

The APOLLO is powered by a standard USB power bank battery (20 Ah capacity) that
corresponds to an autonomous operation time of 10 to 14 d. For easy access during
maintenance, the power bank is placed inside a separate plastic tube. All logger units are
mounted on a 3 m mast that is anchored in the soil with a ground screw. In the standard
configuration, the temperature sensor at the top of the mast and the pressure sensor inside
the logger box are situated about 2.9 and 1.7 m above ground, respectively. The material
costs for all required parts sum up to around EUR 300 per station.

The APOLLO station proves to be especially suited for accurately recording sharp thermal
boundaries associated with cold pool front passages. In wind tunnel laboratory tests, the
shielded NTC temperature sensor exhibits a response time (i.e., e-folding time constant)
of τ = {93, 14, 10} s±10 % at {1, 3, 5}m s−1 wind speed when being artificially heated
and released to room temperature. Since cold pools are usually associated with wind
speed increases of 3 m s−1 and more (Study A), the lack of active sensor ventilation is
unlikely to impact the accuracy of temperature measurements of cold pool passages. The
comparison with an ultrasonic sensor confirms that the NTC thermometer captures well
the rapid cooling signature of a cold pool event (Figure B.3). Although the response time
of the APOLLO sensor is too large to respond to sub-second temperature fluctuations in the
same way as the inertia-free ultrasonic sensor, it does not show any apparent lag in the
minute-scale shape of the signal and even captures second-scale fluctuations. Moreover,
trial field measurements of two cold pool events show that external site conditions, such
as surrounding obstacles or different surface properties, do not systematically impact
the strength and shape of a cold pool temperature signal (not shown) and, therefore, do
not restrict the choice of measurement sites for APOLLO stations. Since this is not true for
observations of wind speed and wind direction, these are only performed by the WXT
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weather stations at appropriate locations. Similarly, humidity measurements are limited to
the WXT stations to avoid the technical and financial effort needed to equip the APOLLO
stations with precise sensors.
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Figure B.3: Air temperature perturbation observed by a co-located ultrasonic sensor and APOLLO
station during a cold pool event at the Meteorological Observatory Lindenberg –
Richard Aßmann Observatory (eastern Germany) on 26 August 2019. The readings of
the ultrasonic sensor are 1 s averages of 20-Hz acoustic temperature measurements by
an ultrasonic anemometer (type: METEK uSonic-3 Scientific).

b.2.2 WXT weather stations

WXT weather stations are employed to complement the APOLLO stations by providing
information on other common meteorological parameters at selected locations. The main
component of the station is a commercial compact multi-parameter sensor (type: Vaisala
Weather Transmitter WXT536) that measures air pressure, temperature, relative humidity,
wind speed, wind direction, and precipitation (see sensor specifications in Table B.2).
Pressure, temperature, and relative humidity measurements are performed by a pressure–
temperature–humidity (PTU) module inside a radiation shield that combines a capacitive
silicon BAROCAP sensor (pressure), a capacitive ceramic THERMOCAP sensor (tem-
perature) and a capacitive thin film polymer HUMICAP180 sensor (relative humidity).
Wind speed and wind direction are detected by an WINDCAP ultrasonic anemometer
on top of the radiation shield that consists of three equally-spaced ultrasonic transducers
on a horizontal plane. The wind measurements are determined from the transit times
of the ultrasound along the three paths with a sampling rate of 4 Hz and are internally
averaged. Wind gusts are defined as the highest average wind speed of a 3 s interval
which is internally updated every second. The precipitation measurement principle of the
WXT536 sensor is based on a RAINCAP piezoelectrical sensor underneath a steel cover
that detects the impacts of individual rain drops within a collecting area of 60 cm2. Since
the individual signals are proportional to the size of the rain drops, the sensor is able to
derive the accumulated rainfall amount within the measurement interval. The sensor also
distinguishes between impacts of rain drops and hail stones (Vaisala, 2017). Additionally,
the WXT station is equipped with an external Pt1000 thermometer (type: TMH cable sensor
Pt1000 1/3 DIN Klasse B; size: 40 mm×3 mm) inside a separate radiation shield that allows
for smaller response times of the measured temperature signal (τ = {173, 55, 39} s±10 %
at {1, 3, 5}m s−1 wind speed) than the internal PTU module (τ = {334, 213, 155} s±10 %
at {1, 3, 5}m s−1 wind speed).
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The WXT data are sampled at 10 s resolution and written onto an SD memory card
by a data logger (type: Avisaro M22766) that is synchronized with an integrated GPS
module. Each station is powered by a 12 V lead battery. The battery is recharged by a solar
panel (67 cm×41 cm) so that the station can operate autonomously for several months
depending on the available sunlight. Similar to the APOLLO design, the station components
are mounted on a 3 m mast that is anchored in the soil with a ground screw (Figure B.4).

parameter sensor measurement accuracy

range

Temperature PTU module -52. . . 60
◦C ±0.3 K at 20

◦C

Pt1000 thermometer -50. . . 85
◦C ±1.3 K at 20

◦C

Pressure PTU module 500. . . 1100 hPa ±0.5 hPa at 0. . . 30
◦C

±1.0 hPa at -52. . . 60
◦C

Rel. humidity PTU module 0. . . 100 %RH ±3 %RH at 0. . . 90 %RH

±5 %RH at 90. . . 100 %RH

Wind speed Ultrasonic 0. . . 60 m s−1 ±3 % at 10 m s−1

anemometer

Wind direction Ultrasonic 0. . . 360
◦ ±3

◦ at 10 m s−1

anemometer 0. . . 360
◦ ±3

◦ at 10 m s−1

Rainfall Piezoelectrical - better than 5 %,

sensor weather dependent

Table B.2: Sensor specifications of WXT weather station (Vaisala, 2017).

Similar to the APOLLO stations, site conditions like surrounding obstacles and surface
properties are not expected to have a systematic impact on cold pool signals in temperature,
pressure, and humidity that are specific to the WXT sensors. However, wind speed and
wind direction are heavily affected by nearby obstacles like buildings or vegetation due to
the low installation height of 3 m above ground. Therefore, the individual site properties
have to be taken into account when choosing a measurement location and interpreting the
wind data of the WXT stations.

b.3 description of experiment

The FESST@HH measurement campaign took place under extraordinary circumstances.
Its name is a modification of the acronym FESSTVaL (Field Experiment on Sub-mesoscale
Spatio Temporal Variability in Lindenberg), a field campaign that was originally planned to
take place at the Meteorological Observatory Lindenberg – Richard Aßmann Observatory
(MOL-RAO) (eastern Germany) during summer 2020. Due to travel restrictions associated
with the COVID-19 pandemic, the decision was made to postpone the FESSTVaL campaign
to 2021 and to replicate the cold pool part of FESSTVaL in Hamburg under the name
FESST@HH to make it compatible with pandemic-related regulations.
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Figure B.4: Components of WXT weather station.

b.3.1 Experiment area

Hamburg is the second largest city in Germany (population: 1.9 million; 2019) and is
located in northern Germany (53.5◦N, 10.0◦E) about 80 km from the North Sea and the
Baltic Sea. The FESST@HH measurement sites cover an area of 50 km×35 km that includes
the urban center of Hamburg and its rural surroundings (Figure B.5). The station network
consists of 82 APOLLO sites (Table B.3) and 21 WXT sites (Table B.4) that are non-uniformly
scattered over the domain with a generally higher station density closer to the city center.
The arrangement of stations results from the location of private gardens and of public
facilities like schoolyards that could be used as measurement sites (see section B.3.2).
Moreover, the sites for WXT stations were chosen based on a small impact of surrounding
obstacles on the local wind field and a roughly uniform distribution over the network. The
average nearest-neighbor distance between all 103 measurement sites is 1.85 km with a
standard deviation of 1.42 km, whereas it is 1.93±1.41 km and 5.49±1.98 km for APOLLO
and WXT, respectively. The measurement area is crossed by the Elbe river in southeast–
northwest direction and is characterized by relatively flat terrain. While the Elbe valley is
situated around sea level, the elevation north and south of it does not exceed about 80 and
110 m, respectively. The altitudes of all measurement sites lie between 1 and 82 m above
sea level with an average of 17 m.

To characterize the environmental properties of the measurement sites, we apply the
local climate zone (LCZ) framework introduced by Stewart and Oke (2012). This framework
classifies the impacts of surface structure, surface cover, and human activity on the local
thermal climate with the help of 17 standardized LCZ classes. All 103 FESST@HH sites fall
into 15 different LCZ classes, which also includes combinations of classes to describe the
heterogeneity within about 500 m around the station (Bechtel et al., 2015). The majority of
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Map tiles by Stamen Design, under CC BY 3.0. © OpenStreetMap contributors 2021. Distributed under the Open Data Commons Open Database License (ODbL) v1.0
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Figure B.5: Map of measurement locations of APOLLO and WXT weather stations during the
FESST@HH 2020 experiment. Colors indicate environmental conditions of measurement
sites grouped into urban (local climate zone (LCZ) 2, 4, or 5), mixed (LCZ 6), natural (LCZ
9, B, or D), and industrial (LCZ 8 or 10) following the framework of Stewart and Oke
(2012). For stations falling into two LCZs, only the predominant sub-class is depicted.
Black lines mark the city limits of Hamburg.

sites (61) are situated in an open arrangement of low-rise buildings and scattered trees
(LCZ 6; mixed in Figure B.5), while 24 sites mostly near the city center are located in the
proximity of mid-rise and high-rise buildings either in a compact or open arrangement
(LCZ 2, 4, and 5; urban). Each of the other occurring classes contain less than 10 sites, which
include natural environments (LCZ 9, A, B, and D) and industrial areas with mostly paved
surfaces (LCZ 8 and 10). Ten sites are situated less than 50 m away from water bodies like
the Elbe river, the Alster Lake, or channels (LCZ G).

b.3.2 Implementation

The measurement period started on 1 June 2020 and ended on 31 August 2020, whereas the
installation of all stations was completed in mid-June. The realization of the experiment
was enabled by the support of many institutions and private landowners who provided
permission at short notice to use their premises as measurement sites. The different groups
of landowners are indicated by two-letter acronyms as part of a unique site identifier code
that also contains the site number and the installed instrument type (a=APOLLO, w=WXT).
The majority of measurement stations were installed in private gardens and backyards
(PG; Figure B.6a) and on the grounds of various institutions and clubs (OG). Further
groups of sites include existing weather stations and sites of the Meteorological Institute
(WS and MI), air quality observation sites of the Free and Hanseatic City of Hamburg
(LM), grounds of the University of Hamburg (UH), and schoolyards (KB). A special
characteristic of the latter group is that most of the respective APOLLO logger components
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id name lat. lon. alt. sens . height lcz

(◦n) (◦e) (m) (m)

007WSa Wetterstation 53.59817 9.92575 21 3 6

Stellingen Wohngebiet

. . . . . . . . . . . . . . . . . . . . .

113PGa Steinbeker Straße, 53.54563 10.05597 6 7 5G

Hamm

Table B.3: Information about APOLLO measurement sites. Altitude denotes the height of ground
above sea level, and the sensor height is the height of temperature sensor above ground.
See Section B.3.1 for explanation of local climate zones (LCZs) after Stewart and Oke
(2012). To maintain readability, 80 more rows are omitted. See original publication for
full details.

id name lat. lon. alt. sens . height lcz

(◦n) (◦e) (m) (m)

002MIw Wettermast, 53.51996 10.10515 1 3 6D

Billwerder

. . . . . . . . . . . . . . . . . . . . .

114UHw Geomatikum, 53.56819 9.97483 16 72 4

Dachterasse 18. Stock

Table B.4: As Table B.3, but for WXT measurement sites. To maintain readability, 19 more rows are
omitted. See original publication for full details.

are mounted at existing weather stations used for educational purposes and, therefore,
exhibit lower temperature sensor heights (∼ 1.8 m) than the standard stations (Figure B.6b).
Further deviations from the standard APOLLO installation include four loggers mounted
on balconies (040UHa, 092PGa, 111OGa, and 113PGa; Figure B.6e) and two WXT stations
installed on top of a container (017LMw; Figure B.6g) and on a roof-deck of the building of
the Meteorological Institute (114UHw; Figure B.6h). Due to technical issues, minor changes
to the instrumental setup had to be implemented during the measurement period with
the replacement of one APOLLO (068OGa) and two WXT stations (048OGw and 114UHw)
as well as the replacement of one APOLLO by a WXT station (083PGa).

Ensuring the implementation of FESST@HH was compatible with pandemic-related
restrictions affected not only the selection of measurement sites but also the maintenance
strategy. Instead of a small team servicing the entire network, the maintenance work was
shared between nearly 40 people. Private landowners who provided measurement sites
in their backyard could also volunteer to regularly change the battery, check the data,
and upload it to an FTP server. Other stations located on public grounds, schoolyards, or
industrial premises were serviced by colleagues living nearby. The main benefit of this
maintenance strategy was that the collective effort kept the individual workload very low
and promoted the continuous operation of the instruments, which eventually eased the
execution of the experiment under challenging circumstances.
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Figure B.6: Examples of instrument installations during FESST@HH: APOLLO station (a) as the stan-
dard installation in a private garden, (b) attached to an existing weather station on a
schoolyard, (c) on a boat landing stage at a channel, (d) on an air quality observation site
at a public road, (e) on the balcony of the building of the Meteorological Institute, and
WXT weather station (f) as the standard installation on an agricultural field, (g) on top
of a container, and (h) on the roof-deck of the building of the Meteorological Institute.

b.4 data processing

The processing of the APOLLO and WXT station measurement data is a two-stage procedure.
This study describes the published level 2 data format that contains quality-controlled data
in a standardized format. In contrast, level 0 data are the raw data as directly produced by
the instruments, and level 1 data are homogenized data for preliminary analyses but have
not passed any quality checks.

b.4.1 Level 0 data

The raw measurement data are stored in ASCII files. The APOLLO data logger creates a
new file at the start time, which contains the internal logger time, the GPS-synchronized
time, the resistance readings of the NTC thermometer, the pressure readings of the BME280

module, and status information at 1 Hz frequency. By contrast, new level 0 WXT data
files are created at midnight (UTC) on a daily basis. Each line in the files consists of a
GPS-synchronized time stamp and the measurement data of a specific sensor module,
whereas each module sends data at 10 s intervals.
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b.4.2 Level 1 data

Measurement data which have passed the first processing step are called level 1 data. At
this stage, basic standardization procedures are performed to allow for easy access to the
data for preliminary analyses but not quality checks. Most importantly, this includes the
correction and homogenization of the data time stamps. For the APOLLO data, the internal
logger time is corrected with its deviation from the most recent valid GPS time stamp that
is logged once per hour. Data for missing time steps are filled with placeholder values
(NaN). Furthermore, daily files are created by splitting multi-day files and merging sub-
daily files. In case of the WXT data, all time stamps are moved to a regular 10 s time grid.
The measurement data itself are not manipulated, except for the APOLLO thermometer
readings that are converted from resistance to temperature. For both station types, level 1

data are stored in a standard ASCII format.

b.4.3 Level 2 data

The purpose of the second processing level is to generate a standardized and quality-
controlled data product that is ready to use for scientific analyses. Since the raw APOLLO
measurements contain different kinds of erroneous data which originate from technical
issues of the logger or characteristics of the measurement site, we apply several quality
checks and corrections to clean up the data. This processing step is not required for WXT
data due to internal quality checks implemented by the manufacturer of the sensor. In
total, less than 1 % of the level 1 data fail the quality criteria and need to be removed. The
correction procedure contains the following steps:

• removing erroneous temperature and pressure data outside plausible limits defined
by 0 ≤ T ≤ 40 ◦C and 950 ≤ p ≤ 1050 hPa, respectively;

• removing spikes in temperature (pressure) larger than ∆T = 0.5 K (∆p = 1 hPa),
where ∆T (∆p) denotes the absolute difference from the 30 s (60 s) running median
value. For the temperature data, spikes are only removed for phases of active WiFi
connection which produces the spikes;

• removing temperature data showing implausibly large differences from the current
network mean value defined as |T− T| > 15 K. For three stations (037UHa, 040UHa,
068OGa) with erroneous NTC temperature sensors producing unphysical spikes, a
criterion of |T − T| > 2 K is applied, and all data within a time window of 15 min
before and after erroneous data are also removed;

• manually removing single periods of erroneous temperature and pressure mea-
surements that are not filtered by the previous criteria. In case of station 039UHa,
temperature measurements on more than 40 d are affected by the warm air outlet of
a nearby air-conditioning facility and are manually removed;

• applying a 10 s running mean smoothing procedure on the temperature measure-
ments of station 113PGa to account for an anomalously high noise level of the NTC
sensor; and

• correcting the individual biases of NTC temperature sensors. The biases are de-
termined from one-week-long calibrations with respect to a reference WXT sensor
(114UHw) between January and June 2020. The pressure readings of the BME280
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sensors are not calibrated since test measurements of the absolute values showed
an oscillating drift pattern with an amplitude and period of about 0.5 hPa and 10 d,
respectively. The WXT536 and Pt1000 sensors are calibrated by the manufacturer.

The level 2 data (Kirsch et al., 2021) are stored in the NetCDF4 data format (Eaton
et al., 2017) while the naming of files, variables, and attributes complies with the SAMD
(Standardized Atmospheric Measurement Data) product standard (Lammert et al., 2018).
Accordingly, all measurement data of the same variable and from the same type of
instrument are merged and stored in daily files. Note that the time variable expressed
as seconds since 1 January 1970, 00:00:00 UTC ignores leap seconds (i.e., occasional
adjustments of UTC time to variations in Earth’s rotation velocity). Also note that the time
drift correction and quality control procedures cause irregular and isolated data gaps that
may affect only single seconds which has to be taken into account when using the data
set at its full time resolution. The file header contains all relevant metadata describing
the individual measurement sites, namely, the station identifier, the station name, the
geographic coordinates, the altitude above sea level, the sensor height above ground,
and the LCZ. Attached to the data set are also images of all measurement stations and
panoramic views of the surroundings of all WXT stations to support the interpretation of
the corresponding observation data.

b.5 description of data set

b.5.1 Data availability

The level 2 data set of FESST@HH covers the period from 1 June to 31 August 2020 (Fig-
ure B.7a). The average availability of valid temperature observations is 83.2 % and 87.6 %
for all APOLLO and WXT stations, respectively. Since the three-month period also includes
the installation phase of the instruments during the first half of June, these numbers
increase to 90.0 % and 94.3 % if only the period after 15 June is considered. During this
period, the daily availability of APOLLO and WXT measurements is always larger than
82.6 % and 90.0 %, respectively. Apart from the removed measurements affected by erro-
neous sensors and local site conditions, most of the data gaps in the APOLLO data are due
to missing power supply of the loggers, either caused by technical issues related to the
power bank batteries or insufficient maintenance. In only one case was a battery stolen.
The greater stability of the WXT power supply is also the reason for the generally greater
availability of WXT data compared to APOLLO data.

b.5.2 Weather conditions

The weather conditions during the FESST@HH period covered the full range of a typical mid-
latitude summer. The air temperature measured by the station network ranges between a
minimum of 5.3 ◦C on 13 July and a maximum of 35.6 ◦C on 8 August (Figure B.7b; days
defined in UTC). During the entire 92 d period, the maximum temperature exceeded 25

◦C
on 41 d and 30

◦C on 16 d, including an exceptionally long period of 12 consecutive days
with maximum daily temperature exceeding 30

◦C between 6 August and 17 August. In
contrast, July was characterized by relatively cold temperatures with a maximum of above
25
◦C on only 6 d. Measurable rainfall, defined as a daily rainfall accumulation of more

than 1 mm at at least one WXT station of the network, was observed on approximately half
of the days from 1 June to 31 August (Figure B.7c). On 11 d, mostly between 27 June and
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Figure B.7: FESST@HH level 2 data from 1 June to 31 August 2020: (a) daily mean fraction of valid
temperature observations over all APOLLO and WXT stations; (b) daily median (filled
dots), 5th percentile and 95th percentile (whiskers), and minimum and maximum (open
circles) of all WXT air temperature observations; and (c) individual accumulated rainfall
amount at all WXT stations (open circles). Filled dots mark the daily median. Days are
defined in UTC.

10 July, the median rainfall amount exceeded 5 mm. A maximum daily accumulation of
28.2 mm was observed on 27 June in association with a strong convective event.

b.6 observations of sub-mesoscale phenomena

The goal of the FESST@HH experiment was to design and operate an observation network
that is dense enough to investigate the structure of convective cold pools. However, the
data set also contains information and potential scientific implications for additional
sub-mesoscale phenomena that we present here.

b.6.1 Cold pools

During the three-month measurement period, the station network recorded 37 cold pool
events. We define events as periods with at least five stations per hour satisfying the
cold pool detection criterion described in Study A, i.e., a local temperature drop of
at least 2 K within 20 min. This rather conservative threshold was chosen to robustly
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discriminate the cold pool signals from other potential sources of spatial temperature
variability. The plausibility of cold pool detections is checked based on the visual inspection
of corresponding rain radar imagery by an X-band radar of the University of Hamburg
(Burgemeister et al., 2022a) and the operational C-band radar network of the German
Weather Service. The number of approximately 12 events per month is larger than the
long-term average at the Weather Mast Hamburg (WMH) site (Bruemmer et al., 2012)
of about seven events per month (Study A) as expected from the larger areal coverage
compared to a point measurement. Figure B.8 shows an overview of all 37 identified cold
pool events and illustrates the spatial variability of maximum temperature perturbations
detected within the station network. Most of the events (28) exhibit a median temperature
signal of -4 K or weaker, however, the variability in signal strength and number of affected
stations largely vary for different events. To demonstrate the ability of the station network
7 to capture the characteristics of an individual cold pool and to shed light on its internal
structure, we present one case study.
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Figure B.8: Distribution of the maximum temperature perturbation detected at individual APOLLO
and APOLLO stations for the 37 identified cold pool events during FESST@HH. Blacks
dots and whiskers mark the median value and 5th/95th percentiles, respectively. The
events are sorted according to the median values in maximum temperature perturbation.
Events with an average data availability over all stations of less than 75 % are marked
in gray. The times specify the defined begin of the respective events about 30 to 60 min
prior to the onset of rainfall whereas the duration of an event is 4 h. Indicated is also
the number of stations that have experienced a cold pool passage.

On 10 August 2020 around 12:45 UTC, a strong and nearly stationary convective
precipitation cell developed southeast of the city center. About 10 min later, the formation
of a cold pool became evident from a rapid cooling of the surface-layer air. Figure B.9
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illustrates the evolution of the cold pool with snapshots of the temperature perturbations
relative to the pre-event state observed by the station network. About 20 min after initiation
of the convective cell, the cold pool exhibited a temperature perturbation of up to -8 K
within an area of less than 10 km in diameter (Figure B.9a). After another 20 min, the
temperature perturbation strengthened to about -11 K and the cold pool expanded to a size
of roughly 10 km×20 km (Figure B.9b). This process continued until around 14:00 UTC
when the cold pool reached its maximum temperature perturbation of about -12 K and
a diameter of nearly 30 km when assuming a roughly elliptical shape of the cold pool,
whereas its northeastern parts were outside of the network (Figure B.9d). The associated
near-surface wind field observed by the WXT weather stations indicated a strong divergent
flow at the cold pool center especially during the early stages of the cold pool’s life cycle
(Figure B.9a and b). Consistent with expected characteristics of a cold pool, the radial
expansion of the cold-air region during the later stages was also present in the wind
observations predominantly southwest of the cold pool center (Figure B.9c and d).
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Figure B.9: Perturbation in air temperature since 12:30 UTC from (a) 13:05 UTC to (d) 14:05 UTC
observed by APOLLO (circles) and WXT stations (crosses) during a cold pool event
on 10 August 2020. Bluish colors mark stations inside the cold pool defined by a
temperature perturbation stronger than -2 K (color map by Crameri (2018) and Crameri
et al. (2020)). Black arrows indicate instantaneous wind speed and direction observed
by WXT stations. The length of the reference arrow corresponds to 5 m s−1 wind speed.
The four highlighted stations refer to the respective data illustrated in Figure B.10.
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The time series of temperature measurements at selected stations of the network provide
further insights into the spatial structure and life cycle of the cold pool (Figure B.10a).
APOLLO station Luxweg (104PGa) near the cold pool center experienced an initial tempera-
ture drop of approximately 8 K within 5 min, that continued at a slower rate afterwards
and reached a maximum perturbation of -12 K after 1 h. This value is on the order of
strongest temperature perturbations expected during cold pool passages in Hamburg
(Study A). The readings of the stations Ochsenwerder Norderdeich (082PGa) and Obsthof
Lehmbeck (054OGa), located 4 km and 12 km further south, respectively, reveal that the
maximum amount of cooling decreases by about two-thirds away from the center, which
suggests a highly heterogeneous temperature structure inside the cold pool. Since the site
Luftmessnetz Habichtstraße (018LMa), situated northwest of the cold pool center, experienced
no cooling at all, the cold pool produced a gradient in temperature perturbation of 12 K
within a distance of 11 km. This result is in line with the findings of van den Heever
et al. (2021), who reports a variation of near-surface cold pool temperature perturbations
of order 1 to 2 K on scales between O(100) m and O(1) km. The time lags between the
cooling signals observed on the southern side of the cold pool also allow us to estimate its
propagation velocity. Based on time lags of about 15 min and 50 min for travel distances of
3.9 km (104PGa–082PGa) and 11.9 km (104PGa–054PGa), respectively, the velocity is about
4 m s−1. This value is lower than the propagation velocity of 6.7 m s−1 found for a cold pool
event in north-central Oklahoma (Borque et al., 2020), but is plausible considering that the
parent precipitation cell was almost stationary and, therefore, the observed propagation of
the cold outflow air was not biased by the movement of the cell itself.
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Figure B.10: Perturbation in (a) air temperature and (b) pressure since 12:30 UTC observed by the
four selected APOLLO stations Luftmessnetz Habichtstraße (018LMa), Obsthof Lehmbeck
(054OGa), Ochsenwerder Norderdeich (082PGa), and Luxweg (104PGa) during a cold pool
event on 10 August 2020. Locations of the stations are highlighted in Figure B.9.

The accompanying air pressure measurements at the four selected sites confirm that
the negative temperature perturbation of the cold pool is associated with a typical hy-
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drostatic pressure rise (Figure B.10b). However, the positive pressure perturbation was
well-pronounced only at station 104PGa, while the amplitudes were not proportional to
the strength of the corresponding cooling signals. The pressure signal at station 104PGa
also experienced rapid fluctuations of about 1 hPa that were not apparent at the three other
sites. Although an in-depth investigation of such effects lies beyond the scope of this study,
this may indicate that the spatial structure of a cold pool differs between temperature and
pressure and that mechanisms other than hydrostatic cooling control the pressure signal
near the center, like dynamic effects already described in early studies (i.e., Mueller and
Carbone, 1987; Wakimoto, 1982).

b.6.2 Urban heat island

The FESST@HH data set is well suited for studying urban climate effects as the station
network covers both the city center and its rural surroundings. Stations near the city
center record weather conditions with urban modifications whereas rural stations provide
undisturbed references. Focusing on air temperature, we define the urban modification
∆Tcity as the difference between the locally observed air temperature and the undisturbed,
natural temperature Tnat determined exclusively by large-scale weather conditions. On
scales of O(10) km without orography, it is reasonable to assume that Tnat varies only
linearly in space. We estimate the mean and the slope of this linear temperature field
with a regression using all stations in weakly sealed (i.e., mostly natural) environments
defined by a maximum sealing up to open low-rise (LCZ 6). The mean diurnal cycle of ∆Tcity
features a step function at almost all stations (Figure B.11a). During daytime, the urban
effects are small and ∆Tcity is close to zero everywhere. In contrast, during nighttime,
predominantly between 21 and 3 UTC, ∆Tcity reaches a constant level at all stations, which
largely reflects the well-known nocturnal urban heat island effect. For example, the most
central station Wetterstation HafenCity (010WSa; orange in Figure B.11a) is almost 2.5 K
warmer than estimated Tnat and the most rural site Obsthof Schuback (055OGw) is even
1.5 K colder than the reference. The spatial pattern of the mean nocturnal urban heat
excess is in agreement with the typical heat island structure featuring largest values close
to the city center (Figure B.11b). Further analysis of individual days (not shown) provides
indication that the advection of the heat island effect causes downwind heat plumes to
form which affect specific outskirts depending on the prevailing wind direction.

b.6.3 Turbulent temperature fluctuations

The NTC temperature sensor of the APOLLO station responds rapidly to air temperature
fluctuations. The recorded time series with a sampling rate of 1 Hz partly resolves tem-
perature eddies related to turbulent sensible heat fluxes. The high frequency temperature
fluctuation expressed by the standard deviation of temperature readings within 1 min
intervals, σT, features a well-pronounced diurnal cycle (Figure B.12a). During nighttime,
σT is close to 0.05 K at all stations, which most likely resembles the noise level of the
instruments. However, at daytime, σT is well above that noise level and follows the com-
mon diurnal cycle of net radiation or sensible heat flux at the surface. Turbulent fluxes
are strongly determined by local surface conditions like albedo, sealing, or vegetation
cover. Likewise, the differences in the diurnal cycle of σT can be explained by local sur-
face conditions: the station Stadtteilschule Blankenese (033KBa) at a schoolyard next to a
sports ground (low albedo, no evapotranspiration) with free insolation exhibits the highest
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Figure B.11: (a) Mean diurnal cycle of urban temperature modification ∆Tcity and (b) nighttime
(21:00 UTC to 03:00 UTC) mean of ∆Tcity at all APOLLO and WXT stations from 15 June
to 31 August 2020. Highlighted in orange and green are the urban station Wetterstation
HafenCity (010WSa) and the rural station Obsthof Schuback (055OGw), respectively. ©
OpenStreetMap contributors 2021. Distributed under the Open Data Commons Open
Database License (ODbL) v1.0.

temperature variability. High values also occur at the schoolyard of station Schule Redder
(036KBa) but are shifted and limited to morning hours due to a building west of the
station casting a shadow and reflecting sunlight. Even more extreme, buildings shade the
station Luftmessnetz Rothenburgsort (020LMa) almost the whole day except during the late
afternoon. The lowest temperature variance is observed at station Uni Sternwarte (043UHa),
the only station below tall trees. The heat exchange within the tree canopy effectively
reduces the energy exchange at the ground.

The relation between surface heat exchange and temperature variability is also directly
confirmed by correlating the net radiation observed at the WMH reference site with σT
at the neighboring APOLLO station Wetterstation Zollamt (011WSa) located about 750 m
away (Figure B.12b). Values of σT lower than 0.75 K are strongly correlated to situations
where the net radiation is close to zero. Increasing variance beyond this threshold is
mostly explained by increasing net radiation (r2 = 0.77). Instead of the sensible heat
flux, we use the net radiation for this analysis to minimize the influence of land surface
differences between the two sites (pasture at Wetterstation Zollamt versus sealed area at
WMH). Additional measurements on a test site show that σT does not change if the sensor
shield is protected from direct solar radiation (not shown). This finding supports our
reasoning that the APOLLO stations capture turbulent temperature fluctuations caused by
the surface heat exchange in the near environment of the observation site rather than
artificially generated by the heating of the sensor shield. Direct measurements of turbulent
heat fluxes and surface properties like temperature and moisture added in the FESSTVaL
follow-up experiment will help to better understand the land–atmosphere interactions for
different land classes.

data availability

The data set is available for download at https://doi.org/10.25592/UHHFDM.10172 (Kirsch
et al., 2021). The data are stored in netCDF files per station type, measurement variable,
and day. The file size is about 25 MB and 1.5 MB for APOLLO and WXT data, respectively.
For both station types, all daily files are merged into monthly *.zip files. The data set also

https://doi.org/10.25592/UHHFDM.10172
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Figure B.12: (a) Mean diurnal cycle of standard deviation of 1 min temperature fluctuations σT at
all APOLLO stations (gray lines) and at the highlighted stations Stadtteilschule Blankenese
(yellow; 033KBa), Schule Redder (orange; 036KBa), Luftmessnetz Rothenburgsort (blue;
020LMa) and Uni Sternwarte (green; 043UHa). Map data © Google Earth 2021. (b) Net
radiation at the Weather Mast Hamburg (WMH) site dependent on σT at station
Wetterstation Zollamt both averaged over 10 min. Blue boxes and orange bars indicate
the interquartile range and median for the respective σT bin. The analyses in both (a)
and (b) are valid for sunny days from 1 June to 31 August 2020, whereas sunny days
are defined as days on which the daily averaged global radiation at WMH is larger than
at least one-third of the daily averaged theoretical maximum of clear-sky insolation.

includes a file containing images of all measurement stations and panoramic views of the
surroundings of all WXT stations.

b.7 summary and conclusions

The FESST@HH field experiment took place in Hamburg (Germany) from June to August
2020 with the primary aim of illuminating the internal structure of convective cold pools
that conventional observations miss. To this end, a dense network of 103 autonomously
operating weather stations was installed over an area of 50 km×35 km with an average
distance between the stations of 1.85km. The measurements were mainly conducted by
82 low-cost, custom-built APOLLO stations that were designed to sample the strong and
rapid changes in air temperature and pressure associated with cold pools at 1 s resolution.
Additional measurements of relative humidity, wind speed, and precipitation at 10 s
resolution were performed by 21 WXT weather stations based on commercial sensors.

The FESST@HH data set is unique not only with respect to its scientific potential for
investigating sub-mesoscale atmospheric processes but also with respect to its implemen-
tation. The experiment was successfully conducted despite the exceptional circumstances
caused by the COVID-19 pandemic, especially thanks to the short-notice support of local
institutions and private landowners who provided their grounds as measurement sites and
helped with the station maintenance. The low-cost and self-manufactured measurement
instruments operated smoothly without any major technical problems although they had
never been used in such a large number before. The good performance is reflected by
an availability of quality-controlled data of more than 90 % during the main observation
period. Most importantly, a case study demonstrates that the network is capable of map-
ping the sharp horizontal temperature gradients produced by a convective cold pool and
capturing its spatial footprint. Throughout its life cycle, the cold pool diameter grows from
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less than 10 km to nearly 30 km, while its leading edge propagates at a velocity of about
4 m s−1 away from the center of convection. There is also evidence that the spatial variance
of the corresponding pressure signals differs from the cooling signature and may indicate
the presence of non-hydrostatic effects acting within the cold pool center. Furthermore, the
data set is relevant for studies in urban meteorology, as the dense temperature observations
include information on the spatial structure of the nocturnal urban heat island and on the
local surface heat exchange mirrored by high-frequency temperature fluctuations.

The FESST@HH field experiment proves that it is possible to conduct observations that
close the information gap left by conventional measurement networks. In addition, it
highlights the real need for dense station networks that act like a magnifying glass for
revealing sub-mesoscale atmospheric processes. The use of a large number of low-cost
instruments designed for a specific purpose is a feasible strategy to tailor a measurement
network that is dense enough to shed light on previously unobserved scales. These data are
scientifically valuable not only for a deeper understanding of cold pools and the convective
life cycle but also for the validation of hectometer-scale numerical simulations. Moreover,
the data set leaves space for unexpected results and applications not yet anticipated.
FESST@HH also exemplifies how a major community effort can ease the execution of a
major scientific enterprise or, as in this case, make it possible at all. In this sense, FESST@HH
has the potential to be a prototype for future field campaigns. It already provides a proof
of concept for an extended investigation of cold pools and further sub-mesoscale boundary
layer structures during the FESSTVaL 2021 experiment.
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abstract

Direct observational evidence on the size, shape, and structure of convective cold pools is
obscured by insufficient resolution of existing measurement systems. The Field Experiment
on Sub-mesoscale Spatio Temporal Variability in Lindenberg (FESSTVaL) aimed to perform
sub-mesoscale (O(100) m – O(10) km) observations that help to sharpen our notion of the
morphology of cold pools, i. e., their size, shape, and structure, and the factors that control
their growth. The experiment was held at the Meteorological Observatory Lindenberg –
Richard Aßmann Observatory (MOL-RAO) south-east of Berlin (Germany) and featured
a dense network of 99 custom-built, low-cost measurement stations covering a circular
area of 30 km in diameter situated in a rural environment. During the experiment period
from 17 May to 27 August 2021, the station network sampled 42 cold pool events. The
morphological properties of cold pools are determined by spatially interpolating the
temperature observations to a regular grid via kriging and defining individual objects
of temperature perturbation stronger than -2 K. For the analysis, cold pool objects that
touch the boundary of the network by more than 25 % are ignored. The remaining sample
of 1278 objects analyzed at 1-min intervals has a median equivalent diameter of 8.4 km
and median strength of -2.3 K. Large cold pools are significantly stronger than small ones
and vice versa. The sampled cold pools are not circularly shaped independently of their
size and strength, exhibiting aspect ratios between 1.5 and 1.6. Moreover, the temperature
structure within cold pools is more heterogeneous if they are large or strong. The analysis
of four selected events reveals that cold pools grow linearly with the accumulated rainfall
amount observed by an X-band rain radar and cool most efficiently early in their life cycle.
Theoretical considerations and observations from radiosonde profiles indicate that the
height of cold pools outside of raining areas is approximately constant in time. These
results suggests that the growth of cold pools is similar to the expansion of an idealized
density current. This process is driven by precipitation, both directly by evaporation in
under-saturated sub-cloud layer air and indirectly by import of upper-level air through
downdrafts.

c.1 introduction

This study presents the first characterization of the morphology of convective cold pools,
i. e., their size, shape, and structure, based on in situ observations of a dense station network
and discusses factors that control their growth. Cold pools are mesoscale bodies of cool and
negatively buoyant outflow air that form by evaporation of precipitation and horizontally
propagate on the Earth’s surface. The significance of cold pools for atmospheric convection
is a long-standing topic in literature, be it for the strength and longevity of convective
squall lines (Rotunno et al., 1988), the organization of tropical deep convection (Tompkins,
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2001), or the transition from shallow to deep convection (Khairoutdinov and Randall, 2006).
In the recent decade, the role of cold pools in organizing convection has attained increased
interest due to evolving computational resources that allow large-domain convection-
permitting simulations at hectometer-scale. The most relevant processes in this context are
the initiation of secondary convection by thermodynamical and dynamical forcing (Feng
et al., 2015; Haerter et al., 2019; Meyer and Haerter, 2020; Schlemmer and Hohenegger,
2014; Torri and Kuang, 2019; Torri et al., 2015) and the impact of cold pools on convective
self-aggregation (Haerter, 2019; Jeevanjee and Romps, 2013; Nissen and Haerter, 2021).

Despite the crucial role of cold pools in organizing atmospheric convection, our per-
ception of basic properties like their size, shape, and structure is mostly based on high-
resolution numerical simulations, often applied on idealized setups. The reported sizes of
simulated cold pools range from below 5 km (Drager et al., 2020) to several tens of km
(e. g., Romps and Jeevanjee, 2016; Tompkins, 2001). This does not only reflect the highly
dynamic character of cold pools but also the variety of parameters that can be used for
the cold pool identification, e. g., temperature, buoyancy, or radial wind velocity (Drager
and van den Heever, 2017). The shape of cold pools is often assumed to be circular (e. g.,
Haerter et al., 2019; Meyer and Haerter, 2020; Romps and Jeevanjee, 2016), but Torri and
Kuang (2019) also found that they quickly lose their initially circular shape as they grow
and merge into larger clusters. The most poorly determined spatial property of cold pools
is their structure. While for theoretical considerations often a uniform temperature is
assumed (e. g., Romps and Jeevanjee, 2016), other simulation-based studies find a ring-like
structure, which is attributed to the gust front formation and moisture accumulation at
the leading edge of cold pools (e. g., Langhans and Romps, 2015; Zuidema et al., 2017).
However, the recent findings are still inconsistent regarding the fact if cold pools are
coldest in their centers (Drager et al., 2020) or at their boundaries (Meyer and Haerter,
2020). A few studies also examine the growth of cold pools (e. g., Drager and van den
Heever, 2017; Haerter et al., 2019; Romps and Jeevanjee, 2016; Tompkins, 2001), which
is usually described as a process at constant velocity that is controlled by the density
current-like expansion of a cold pool due to its density excess relative to the environment.
Moreover, the deceleration of cold pool expansion at large radii is attributed to the impact
of turbulent heat fluxes (Gentine et al., 2016; Grant and van den Heever, 2016, 2018; Romps
and Jeevanjee, 2016).

Also a myriad of observational studies aim at describing the size, life cycle, and hori-
zontal and vertical structure of cold pools based on stationary point measurements (e. g.,
Engerer et al., 2008; Goff, 1976; Kruse et al., 2022; Touzé-Peiffer et al., 2022; Vogel et al.,
2021), aircraft observations (Terai and Wood, 2013), or ship observations (Feng et al.,
2015). However, by definition these analyses need to rely on various assumptions on the
cold pool morphology. In a recent study, van den Heever et al. (2021) introduced the
C3LOUD-Ex campaign that characterized the spatial variability of cold pool temperature
on scales between O(100) m and O(1) km using uncrewed aerial systems, radiosondes,
and three closely-spaced surface stations. Although these studies apply a large variety of
approaches to describe the spatial characteristics of cold pools, this challenging task was
not yet satisfactorily addressed. As a consequence, the morphology of cold pools as found
in numerical simulations or being used as a starting point for theoretical considerations
cannot be sufficiently validated, which considerably limits our understanding of cold
pools and the factors controlling their characteristics.

In the present study we use observation data of the Field Experiment on Sub-mesoscale
Spatio Temporal Variability in Lindenberg (FESSTVaL) that allow us for the first time to
obtain a spatial view into cold pools over land based on in situ measurements on the
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sub-mesoscale, i. e., on scales between O(100) m and O(10) km. More specifically, we focus
on the following questions:

1. What are the morphological properties of observed cold pools?

• How large are cold pools?

• Are cold pools round (i. e., circularly shaped)?

• How heterogeneous is the temperature structure inside cold pools?

2. Which factors control the size and strength of cold pools during their growth phase?

The basis of the novel measurement strategy of FESSTVaL is a surface-based network of
99 low-cost, custom-built measurement stations that were successfully tested during the
precursor experiment the Field Experiment on Sub-mesoscale Spatio Temporal variability
at Hanseatic city of Hamburg (FESST@HH) in summer 2020 as described in Study B. To
quantify the impact of rainfall for controlling the morphology of cold pools, we use
measurement data of an X-band rain radar. Moreover, we apply the density current theory
to the derived properties of the sampled cold pools to describe their expansion and analyze
temperature and humidity profiles measured by radiosondes.

c.2 data

The presented observation data were collected during FESSTVaL from May to August 2021.
FESSTVaL was a field campaign held in eastern Germany that aimed at characterizing
the variability of structures and processes in the atmospheric boundary layer on the
sub-mesoscale. The experiment explored novel measurement approaches and featured
observations by dense station networks, unmanned aircraft systems, and different ground-
based remote sensing instruments. In this study, we mostly focus on the data collected by
the network of Autonomous cold POoL LOgger (APOLLO) and Weather Transmitter (WXT)
stations (Study B) as well as the X-band rain radar. The analysis in Section C.5 also
includes measurement data (Kirsch et al., 2021) collected during the preceding experiment
FESST@HH that took place in Hamburg (northern Germany) from June to August 2020.

c.2.1 Station network

The key component of the FESSTVaL measurement strategy is a dense network of custom-
built weather stations that are optimized for the observation of cold pools. The station
type APOLLO consists of a low-cost and power-efficient data logger, which is mounted
on a 3-m mast. The station is equipped with fast-response air temperature and pressure
sensors that sample at 1-s resolution to adequately capture rapid signals changes typically
associated with cold pool fronts. The sensors are placed inside a radiation shield on top of
the mast and inside the logger box, respectively. The data logger is powered by a power
bank battery and able to operate independently of external power for about 10 to 14 d. The
second station type used for the network is the WXT weather station. Its main component is
a commercial compact multi-parameter sensor (type: Vaisala Weather Transmitter WXT536)
that records air temperature, pressure, relative humidity, wind speed, wind direction,
and precipitation at 10-s resolution. Additionally, an external fast-response thermometer
inside a separate radiation shield allows for smaller response times of the temperature
measurement than the compact sensor. Since the station is equipped with a lead battery
and a solar panel, it can operate without external power for several months. All units are
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also mounted on a 3-m mast. A detailed technical description of the APOLLO and WXT
stations can be found in Study B.

The FESSTVaL station network covers an area of about 30 km in diameter in the sur-
rounding of the Meteorological Observatory Lindenberg – Richard Aßmann Observa-
tory (MOL-RAO), which is located about 60 km south-east of Berlin (Germany) and operated
by the German Weather Service. The network consists of 80 APOLLO and 19 WXT stations
that are roughly arranged along concentric rings centered at the Falkenberg boundary layer
measurement site (52.1666

◦N, 14.1229
◦E) about 5 km south of the MOL-RAO (Figure C.1a).

The majority of stations (88) was installed along public roads, while the remaining stations
formed local clusters at the three supersites MOL-RAO (three stations), Falkenberg (five
stations), and the fields of a farmer in Birkholz (three stations). The average nearest-
neighbor distance between all 99 measurement sites is 1.98±1.26 km (± indicates the
standard deviation) with the minimum near the network center (0.1 km) and the maximum
towards the outer regions (4.8 km). The experiment area is located in a sparsely populated
environment that is characterized by agriculture, forests, scattered lakes, and mostly flat
terrain. The elevation of measurement sites ranges between 39 m and 116 m above mean
sea level.

The data set of the FESSTVaL network covers the period from 17 May to 27 August
2021 (Kirsch et al., 2022). The overall availability of quality controlled data is 92.0 % and
98.1 % for the APOLLO and WXT stations, respectively. Since the APOLLO stations were
successively activated during the first week of the experiment phase, their data availability
is significantly reduced before 20 May. Details on processing of the measurement data and
performed quality checks can be found in Study B.

(a) (b)

Figure C.1: (a) Map of measurement locations of APOLLO and WXT weather stations during the
FESSTVaL 2021 experiment. Indicated are also the location and the 20-km scanning range
(dashed line) of the X-band rain radar and the MOL-RAO. (b) X-band rain radar installed
on the platform of a trailer at the Falkenberg measurement site.
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c.2.2 Rain radar

For a continuous estimation of the current rainfall rate, the ground-based station network
is complemented by an X-band rain radar. The instrument is based on a modified ship
navigation radar that performs single-polarized backscatter measurements at 9.4-GHz
frequency (Lengfeld et al., 2014). It scans the atmosphere at a fixed elevation angle of 2.3◦

at resolutions of 60 m in range, 1
◦ in azimuth, and 30 s in time and a maximum range of

20 km. The radar is mounted on the platform of a trailer and hydraulically lifted to about
8 m above ground (Figure C.1b).

The X-band radar was located at the Falkenberg site in the center of the station network
and operated between 3 June and 30 August 2021 (Figure C.1). The rainfall rate estimate is
obtained by applying several error corrections on the raw reflectivity signal, which includes
the correction for attenuation and noise, the removal of non-meteorological echoes, and the
calibration against a micro rain radar at MOL-RAO. The availability of quality- controlled
data throughout the measurement period is 98.2 % (Burgemeister et al., 2022b). Section C.5
also presents analyses based on X-band radar measurements performed in Hamburg in
2020 (Burgemeister et al., 2022a).

c.3 characterization of cold pool events

In this study, we aim to characterize the morphology of cold pools observed during
FESSTVaL. For this purpose, we identify the sampled cold pool events and describe how to
derive their morphological properties from the introduced network measurements.

c.3.1 Identification

Atmospheric convection over an area of size as the station network in consideration, i. e.,
several tens of km in diameter, typically lasts for a few hours and may produce one or
more cold pools. This is what we refer to as a cold pool event in the following. When
the experiment area is affected by a cold pool event, we expect multiple stations of the
network to observe a rapid decrease in air temperature within a time period of 1 to 2 h
(assuming a propagation velocity of 5 to 10 m s−1). For the identification of these situations,
we apply the cold pool detection algorithm as described in Study A to all network stations.
The detection criterion for a local cold pool passage is a temperature drop of at least 2 K
within 20 min. Potential cold pool events are defined as periods with at least five detections
over the network per hour. Their plausibility is checked based on the visual inspection
of corresponding rain radar imagery and a comparison with the list of cold pool events
documented during the experiment. The start time of confirmed events is set to the next
full or half hour before the onset of rainfall when the temperature field was presumable
still unperturbed. Since the duration of individual event is not known a priori, we consider
a standard duration of 4 h, which allows to capture long-lasting events but does not impact
the evaluation of shorter events.

For the 103-d measurement period of FESSTVaL, we identify a total number of 42 cold
pool events. Figure C.2 illustrates the distribution of maximum temperature perturbation
∆Tmax detected at the individual network stations during all events. The majority of events
(33) exhibits a median ∆Tmax of -4 K or weaker, while it is stronger than -6 K for only
two events. However, the range of signal strength within the network can be even larger,
especially for strong events. Additionally, the affected portion of the network largely
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varies between the events. Note that Figure C.2 shows signals weaker than the detection
threshold of -2 K, since the maximum signal ∆Tmax at a single station is calculated over
a 90-min period, which can be smaller than the largest gradient during the event that is
detected by the identification algorithm (see Study A for details).

Figure C.2: Distribution of maximum temperature perturbation ∆Tmax detected at individual
APOLLO and WXT stations during the 42 cold pool events of FESSTVaL. Blacks dots and
whiskers mark the median value and 5th/95th percentiles, respectively. The events
are sorted according to their median value in ∆Tmax. Events with an average data
availability over all stations of less than 75 % are marked in gray. Indicated are also the
number of stations that have experienced a cold pool passage and the names given to
selected events.

c.3.2 Spatio-temporal analysis

For characterizing the morphology of cold pools, we need to reconstruct their three-
dimensional (x,y,t) structure from the network observations. As the basic idea of this
analysis, we define a cold pool as a spatially connected area with temperature perturbation
∆T relative to an estimated reference state without the presence of a cold pool. In a
first step, we define the time-dependent reference temperature Tref(t) that is valid for
all stations of the network. Tref(t) is given by the linear temperature trend fitted to the
median signal of all network stations during the first 60 min of the event, in which the
temperature field is largely undisturbed, and extrapolated over the entire event period.
Secondly, we calculate the signal ∆Ti(t) at the individual measurement points i as the
difference from Tref(t). To reduce the impact of instrumental noise, we smooth the APOLLO
station measurements with a 10-s running mean filter.
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As the central step of the analysis, we apply kriging to interpolate the ∆T signal at the
irregularly spaced network points to a regular 1-km×1-km grid. Kriging is a geostatistical
method that uses information of the spatial auto-correlation of a variable described by
variograms to estimate values at unsampled points (Wackernagel, 2003). Here, we apply
an ordinary kriging algorithm (Murphy et al., 2021) and approximate its spatial auto-
correlation with a power model variogram, which is suited to capture various shapes of
heterogeneity in presence of a cold pool. We perform the kriging interpolation at 1-min
intervals during the 4-h event period. Consistent with the identification criterion at the
single stations, grid points inside a cold pool are defined by ∆T ≤ −2 K. Furthermore, all
grid points more than 5 km away from a measurement station are considered as unreliable
and excluded from the analysis. To determine morphological properties of the entities
formed by identified cold pool grid points, we define a cold pool object as a four-connected
cluster larger than 10 km2, whereas multiple clusters per time step are possible. Here, we
focus on the size and shape of the analyzed clusters and their spatial distribution of ∆T.

For further interpretation of the near-surface cold pool signal, we also include the radar-
derived precipitation into the analysis. To match the interpolation of ∆T and preserve the
high spatial resolution of the radar, we transfer the rainfall signal from its native polar grid
to an aligned regular grid at 0.2-km resolution using a nearest-neighbour interpolation.
Furthermore, we only consider grid points with rain rate R ≥ 1 mm h−1. Figure C.3 shows
an exemplary analysis of ∆T and R during cold pool event Jogi on 29 June 2021. The
expected footprint of the convective precipitation cells is clearly visible in the overall struc-
ture of the interpolated temperature signal. Although finer structures of the precipitation
field are smoothed out by the coarser resolution of the station network especially towards
its boundary, the observational setup is suited to characterize morphological properties of
cold pools.

Figure C.3: Interpolated field of temperature perturbation ∆T (colored isolines) observed by the
FESSTVaL station network (gray dots) and radar-measured rainfall rate (blue shading)
during cold pool event Jogi on 29 June 2021 at 14:10 UTC (color maps by Crameri, 2018).
Note that the -2-K isoline is not displayed due to numerical reasons.
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c.4 cold pool morphology

After describing how to identify cold pool objects in the observational data set of FESSTVaL,
we apply the method to the sample of cold pool events to statistically characterize their
morphological properties, i. e., their size, shape, and temperature structure.

c.4.1 Filtering of objects

The basis for the statistical analysis of the morphological cold pool properties is formed by
the objects found in the 1-min time steps of the 42 cold pool events. The introduced method
identifies a total of 4955 objects during 39 events, while the remaining three events do not
feature objects with the minimum required size of 10 km2. Figure C.4a shows the frequency
distribution of equivalent diameter dequi (i. e., diameter of a circle with same area) for all
analyzed objects, which exhibits a bi-modal shape with local maxima at about 8 km and
40 km and a median of 17.4 km. However, this distribution does not allow a meaningful
interpretation of the average cold pool size as the individual objects usually reach beyond
the boundaries of the station network (Figure C.3) and we do not know the area fraction
that is inside of it. 560 objects (11.3 %) even cover the entire domain of (dequi = 39.4 km)
and, therefore, artificially accumulate as the second peak in the distribution.

To obtain a reliable estimation of the size and shape of the cold pool objects, we either
have to make assumptions on the extent of the cold pools outside the network or only
consider objects that are (mostly) inside the network. As the shape of cold pools may
become highly irregular, e. g., due to merging of multiple cells, and the derivation of the
observed shape is one goal of this study, we stick to the latter approach. To identify cold
pool objects inside the station network, we define the boundary contact parameter fb that
indicates the fraction of cold pool perimeter that touches the network boundary. According
to a median value for fb of 0.51, a significant portion of objects is only partially captured by
the station network. In fact, fb is zero for only 925 objects (18.6 %). As a trade-off between
sample size and integrity of the results, we choose fb ≤ 0.25 as a filter criterion for the
following analyses. The remaining 1278 objects exhibit a median dequi of 8.4 km, whereas
the second peak at the large end of the spectrum disappears, confirming that mostly large
objects are removed from the sample (Figure C.4a). Moreover, the filtering decreases the
median cold pool strength in terms of object-mean temperature perturbation ∆T from
-2.6 K to -2.3 K, still maintaining a long-tailed distribution shape (Figure C.4b).

c.4.2 Statistical analysis

We use the filtered sample of 1278 cold pool objects to statistically investigate their
morphology. For a more thorough understanding of their properties, we additionally
define sub-samples of small and large as well as weak and strong cold pools, whereas the
groups are classified according to a size lower or higher than the median of dequi (8.4 km)
and a strength higher or lower than the median of ∆T (-2.3 K), respectively. Figure C.5
summarizes the respective frequency distributions of dequi, ∆T, aspect ratio, and standard
deviation σ∆T for all filtered objects and the four sub-samples. As already shown in
Section C.4.1, dequi exhibits a slightly skewed distribution with a median of 8.4 km and
extreme values > 20 km (Figure C.5a). This finding is in line with similar cold pool sizes
found in observations (Feng et al., 2015; Terai and Wood, 2013) and numerical simulations
(Tompkins, 2001). However, the extent of the station network limits a general assessment
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Figure C.4: Frequency distribution of (a) equivalent diameter dequi and (b) object-mean temperature
perturbation ∆T for cold pool objects observed by the FESSTVaL station network between
17 May and 27 August 2021. Gray bars represent data for all 4955 objects analyzed for 39

cold pool events at 1-min intervals, while blue bars are for 1278 objects whose boundary
matches the boundary of the network by not more than 25 %. dequi is the diameter
of a circle with same area as the analyzed object. Dashed black lines in (a) mark the
minimum and maximum diameter set by the chosen area threshold for objects (10 km2

≡ 3.6 km) and the domain size (1222 km2 ≡ 39.4 km; including the 5-km interpolation
range around stations), respectively.

of the absolute cold pool size, since it strongly depends on the chosen threshold for fb
and is biased towards small sizes. Additionally, the true cold pool size is underestimated
by the applied detection threshold of ∆T ≤ −2 K, which does not include regions with
weaker signals that still could be considered as part of the cold pool. The analysis also
does not include information on the age of objects, i. e., growth by expansion or merging,
as the parent rainfall cells rarely originate inside the network. Still, the distribution of
equivalent diameter for the sub-samples of weak and strong cold pools is significantly
different from each other according to a Mann–Whitney U test (p < 0.001) that suggests
that stronger cold pools are larger than weak ones. This result is insensitive to the choice
of the threshold for fb (not shown). Also the reverse statement of larger cold pools being
stronger than small ones is true (p < 0.001; Figure C.5b).

Idealized representations of cold pools generally picture circular objects (e. g., Romps
and Jeevanjee, 2016). To test this assumption, we determine the approximate shape of the
sampled objects based on their aspect ratio. The aspect ratio is defined as the fraction
between the length of major axis and minor axis of an ellipse fitted to the object, attributing
values of 1 to circularly shaped and greater than 1 to elongated objects. Figure C.5c shows
that the aspect ratio for the entire sample exhibits a median of 1.55 and ranges between
about 1.1 and 2.6. This result suggests that the cold pool objects sampled by the station
network are generally not round, which contradicts the idealized conception of the cold
pool shape. The same is true for the four sub-samples as their median aspect ratio lies
between 1.54 and 1.60. While the differences between weak and strong cold pools are not
significant (p = 0.145), small cold pools tend to be rounder than large ones (p < 0.001),
although the absolute differences are small. One explanation for this finding might be the
tendency of initially small cold pools to merge into larger and irregularly shaped clusters



88 appendix c

as they grow (Torri and Kuang, 2019). Furthermore, the inspection of single cases suggests
that the propagation of parent rainfall cells stretches the associated cold pools along the
direction of the background flow.

Another characteristic of interest is the heterogeneity of the temperature field inside
the cold pool objects that we quantify by the standard deviation σ∆T of temperature
perturbation ∆T (Figure C.5d). For all objects, σ∆T varies between about 0.1 K and 0.65 K,
which is in the same order of magnitude as the typical variability of the temperature field
without the presence of a cold pool. Moreover, σ∆T is significantly (p < 0.001) larger for
large and strong cold pools, which implies that the temperature inside a cold pool is
far from being uniform but rather its gradient increases when the cold pool grows and
intensifies. This effect may be supported by the previously mentioned merging of multiple
objects. However, this analysis does not provide information on the spatial structure of the
variability, i. e., if the temperature field typically varies randomly or follows a systematic
shape.

Figure C.5: Distribution of (a) equivalent diameter dequi, (b) object-mean temperature perturbation
∆T, (c) aspect ratio, and (d) standard deviation σ∆T of ∆T of cold pool objects with a
maximum network boundary contact of 25 %. Shown are the respective data for all 1278

objects (gray), for objects smaller (light blue) and larger (dark blue) than the median
of dequi, and objects weaker (light red) and stronger (dark red) than the median of ∆T.
Distributions of sub-samples defined by the respective variables on the x-axis are not
shown. The aspect ratio represents the ratio between major axis and minor axis of an
ellipse fitted to the object. Vertical lines, boxes, and whiskers mark the median value,
25th/75th percentiles, and 5th/95th percentiles, respectively.
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c.5 cold pool growth

As the statistical analysis of cold pool objects demonstrates, the FESSTVaL station network
is especially suited to study the small end of the cold pool size spectrum. To better
understand what determines the size of cold pools and how it develops at the early stages
of the convective life cycle, we focus on the growth phase of selected events and relate
their properties to the precipitation signal measured by the X-band radar.

c.5.1 Definition of growth phase

Although the FESSTVaL data set contains a total number of 42 cold pool events, the majority
of events was only partially sampled by the station network, as well in space as in time.
Since we are especially interested in a complete view of the early stages of the cold pool
life cycle, we manually select individual cases suited for analysis of their growth phase,
i. e., they are initiated and continuously grow inside the network rather than moving into
it with the parent convective cell. We define the begin of the growth phase as the time
when the area of the cold pool object first exceeds the detection threshold of 10 km2. The
growth phase ends when the object reaches the maximum size during its life cycle or
becomes too large for a reasonably characterization, here defined by boundary contact
fb ≥ 2/3. Primitive tracking of cold pool properties throughout an event is performed by
identifying the largest object of the current time step.

We identify four events that comply with the required criteria, namely cold pools Elphi
(10 August 2020), Felix (26 June 2021), Jogi (29 June 2021), and Jürg (25 July 2021), whereas
Elphi was observed during the FESST@HH experiment in Hamburg. The time series of cold
pool area ACP in Figure C.6a shows that all the selected cases grow at a nearly constant
rate for between 55 and 75 min. While cold pools Elphi, Jogi, and Jürg grow to a size of more
than 1000 km2 and beyond the applied threshold for fb, Felix only reaches a maximum area
of around 100 km2 and is the only event whose entire life cycle, including its dissipation
phase, is captured by the station network. This fact might explain the decelerated growth
before reaching its maximum area. Note that the short-term negative tendencies in ACP are
associated with inaccuracies of the analysis method due to local temperature fluctuations
rather than an unrealistic shrinkage in cold pool size.

The development of object-mean temperature perturbation ∆T is much more variable
among the four cases (Figure C.6b). Although all events start their growth phase at a ∆T
of between -2 K and -2.5 K, their terminal values vary between around -3 K (Felix), -4.5 K
(Elphi), and -7 K (Jogi and Jürg). Except for Jürg, the relative decrease in ∆T is strongest
during the early phase of cold pool growth and levels later on. Elphi and Jogi appear
to reach their maximum strength already after 35 and 55 min, respectively, and start to
weaken afterwards when they still grow.

Figure C.6c shows the temporal evolution of area-integrated accumulated rainfall
amount ΣRRadar observed by the X-band rain radar during the growth phase of the
respective cold pool events. ΣRRadar indicates the absolute rainfall amount observed
within the entire radar domain rather than inside the analyzed cold pool objects. This
ensures to capture also rainfall not overlapping with the analyzed cold pool, which is
especially relevant for Felix but does not impact the results of the other cases. The largest
total rainfall amount of about 6× 109 L is observed for Jogi and Jürg, whereas in the latter
case the rainfall considerably intensifies after 25 min. In both cases the rainfall also does
not diminish towards the end of the analyzed growth phase, suggesting the parent rainfall
cells still being active. For Elphi and Felix, the rainfall accumulates to a much lower amount
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of less than 1× 109 L and stops before the growth phase ends. Note that for Elphi ΣRRadar
is likely to be underestimated, since at the end of the growth phase approximately one
third of the cold pool object lies outside of the range of the Hamburg radar.

Figure C.6: Time series of (a) cold pool area ACP, (b) object-mean temperature perturbation ∆T,
(c) area-integrated accumulated rainfall amount ΣRRadar, and (d) density current height
hDC during the growth phase of cold pool events Elphi (initiated on 10 August 2020 at
13:07 UTC), Felix (26 June 2021, 09:12 UTC), Jogi (29 June 2021, 13:24 UTC), and Jürg
(25 July 2021, 13:46 UTC). ΣRRadar refers to the absolute rainfall amount observed by
the X-band radar over its entire range. hDC indicates the height of an idealized density
current according to Equation C.1 with growth rate drequi/dt and ∆T as observed by
the station network, whereas the first is smoothed with a 10-min running mean.

c.5.2 Drivers of growth

c.5.2.1 Precipitation

We know that precipitation is a main factor for cold pool formation, both by evaporation
of rainfall and melting of ice-phase hydrometeors within the cloud and in under-saturated
sub-cloud layer air. Therefore, we would expect that the spatial properties of a cold pool are
directly related to the amount of precipitation. Figure C.7a illustrates the relation between
ΣRRadar and ACP for the growth phase of the four selected cold pool events, whereas
both quantities are normalized between 0 and 1 to facilitate comparison. According
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to correlation coefficients r between 0.977 and 0.996, the observed rainfall amount and
cold pool area exhibit a nearly perfect linear relationship for all four cases, although
the absolute rainfall amounts differ by more than one order of magnitude. While the
main underlying process should be the rainfall evaporation, also the vertical transport
of upper-level air masses into the sub-cloud layer by precipitation-driven downdrafts
might support this relationship. Also ∆T provides evidence for the impact of evaporation.
The relative dependence of ∆T on ΣRRadar agrees very well between the different cases,
showing a non-linear relationship with strongest cooling in the early phase of growth and
weaker cooling later on (Figure C.7b). More specifically, the first half of the total rainfall
amount observed during the growth phase already leads to about 80 % of the maximum
∆T averaged over the cold pool area (neglecting the very early cooling phase of the cold
pool that does not satisfy the definition of ∆T ≤ −2 K). The high relative cooling efficiency
for young cold pools is most likely related to the large potential for evaporative cooling
of initially unsaturated air masses and, therefore, supports the hypothesis of rainfall
evaporation being the main cause for increase in cold pool volume.

The good agreement between the spatial cold pool properties and the radar-observed
rainfall amount is surprising, since the analysis does not include the vertical dimension. In
reality, a cold pool is a three-dimensional body whose volume is controlled by the amount
of produced cold air and, therefore, is proportional to the total amount of involved precip-
itation (Fujita, 1959). The linear scaling between cold pool area and rainfall amount means
that the cold pool height stays approximately constant during the growth. Additionally,
the analysis assumes that the near-surface cooling is directly related to instantaneous
evaporation of rainfall observed by the X-band radar at heights up to 700 m. However,
given the high correlation this assumption might actually be valid, also with respect to the
weak relationship between cold pool strength and surface rainfall (Study A).

The role of rainfall in controlling the properties of cold pools is also linked to the
atmospheric conditions in which the parent convection develops. The lower-tropospheric
profiles of temperature and absolute saturation deficit observed by radiosondes outside
the cold pools show that Elphi, Jogi, and Jürg grow in much more favorable conditions for
effective cooling by rainfall evaporation than the smallest and weakest of the discussed
events, Felix (Figure C.8a and b). This suggests that a warm and dry boundary layer does
not only promote strong temperature perturbations (Study A) but also the horizontal
expansion of a cold pool, probably related to the increased density difference between
cold pool and environment. However, the small sample size does not allow to derive a
systematic relationship between the prevailing atmospheric conditions of the boundary
layer and the strength, size, and precipitation amount of a cold pool. A potential controlling
mechanism could be that the atmospheric stability favors or impedes the development
of precipitation-driven downdrafts that support the expansion of a convective outflow.
Moreover, wind shear may lead to preferential or suppressed horizontal expansion of the
cold pool air.

c.5.2.2 Density current

The physical process behind the expansion of a cold pool is often described in literature
as a density current. When rainfall evaporates, the air cools, sinks to the surface, and
horizontally propagates due to its decreased buoyancy relative to its environment and a
horizontal pressure gradient force that pushes the cold pool air outwards (e. g., Grandpeix
and Lafore, 2010; Rochetin et al., 2021). Based on early work by von Kármán (1940) and
Benjamin (1968), the steady-state propagation velocity uDC of an inviscid, irrotational, and
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Figure C.7: (a) Cold pool area ACP and (b) object-mean temperature perturbation ∆T dependent on
area-integrated accumulated rainfall amount ΣRRadar during the growth phase of cold
pool events Elphi, Felix, Jogi, and Jürg. The minimum–maximum range of all quantities
is normalized between 0 and 1. Gray dashed lines are the 1-to-1 lines, whereas for (b) it
is adapted to the negative values of ∆T. Time runs from left to right in both (a) and (b).

incompressible density current with height hDC and temperature perturbation ∆TDC can
be described by

uDC = k

√
g hDC

∆TDC

T0
, (C.1)

where T0 is the environmental air temperature, k the internal Froude number, and g the
gravitational acceleration. Here, we assume that the magnitude of the relative density
gradient ∆ρ/ρ0 in the original version of Equation C.1 can be approximated with the
relative temperature gradient ∆T/T0 (Kruse et al., 2022) and that k is constant with a value
of 0.7, which is found to be realistic in previous studies (e. g., Wakimoto, 1982). In a recent
study, Kruse et al. (2022) showed that the wind gust strength of 189 cold pool passages
observed in tower measurements increases with

√
∆T/T0, providing evidence that the

density current theory according to Equation C.1 is actually valid for real-nature cold pools.
However, the applicability of the theory is still severely limited by our inability to reliably
determine critical parameters like the cold pool height hDC. A brief thought experiment
helps to understand the role of hDC in Equation C.1: Let us consider an idealized body
of cold pool air with constant temperature ∆TDC, which expands horizontally under
volume conservation. Since hDC and uDC are proportional to A−1

DC and A−2
DC, respectively,

the density current would rapidly flatten, decelerate, and eventually stop.
We can test the validity of this theoretical scenario by estimating the actual cold pool

height from observational data of the four described events. As the present data set allows
to directly quantify the average propagation velocity of the thermal air mass boundary
via the expansion of equivalent cold pool radius requi, the density current height hDC
remains the only unknown quantity in Equation C.1. When solving for hDC, this allows us
to directly calculate the height of a density current with mean temperature perturbation
and expansion rate as observed (Figure C.6d). During the growth phase of the selected
cold pool events, hDC mostly varies between 50 m and 350 m, which is at the lower end of
values found in previous studies (e. g., Study A; Kruse et al., 2022; Terai and Wood, 2013).
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Figure C.8: Vertical profiles of (a) environmental temperature Tenv, (b) environmental absolute
saturation deficit qsat,env − qenv, and (c) temperature perturbation ∆T observed by
radiosondes ascents during the cold pool events Elphi, Felix, Jogi, and Jürg. The absolute
saturation deficit is defined as the difference between saturation specific humidity
qsat,env and specific humidity qenv. zagl indicates height above ground level and the
variables are averaged in 25-m bins. Environmental profiles in (a) and (b) refer to
conditions outside the cold pool, whereas tp indicates the time of cold pool passage at
launch location and ti indicates the time of cold pool initiation, i. e., begin of growth
phase, for cases without profiles inside the cold pool. Perturbation profiles in (c) refer to
the differences of subsequent profiles inside the cold pool relative to the environmental
profiles. All radiosondes were launched at the MOL-RAO, except for the first and second
radiosondes during Jogi (launched at the Falkenberg site) and the radiosonde during
Elphi (launched at the Hamburg Geomatikum building).

Consistent with ∆T and ACP, Felix is the most shallow of the four cold pools with a height
of below 100 m, whereas the other three exhibit average heights between 100 m and 200 m.
However, all cases share the common pattern that hDC is largest in the early growth phase
and levels to a lower and roughly constant value after about 20 min. The latter finding
is also confirmed by radiosonde observations for Jogi and Jürg showing approximately
constant cold pool heights based on temperature perturbations in subsequent profiles
(Figure C.8c). The initially larger heights of young cold pools and the peak after around
30 min in case of Jürg are most likely caused by the growth in rainfall area by newly
developing convective cells rather than the expansion of the cold pool air itself. The
constant heights later on reflect the dense air masses freely propagating away from the
precipitating cell center. Therefore, these results provide evidence that the regions of a
cold pool outside the rainfall areas can be well described as density currents.

When considering also the results of the previous section, then the constant cold
pool height argues for a balance between the flattening of a density current expanding
under volume conservation and the volume increase by cold air import through rainfall
evaporation and convective downdrafts. In conclusion, both mechanisms, the cold air
production and the subsequent density current-like expansion, act hand in hand and are
crucial to sustain the growth of a cold pool.
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c.6 summary and conclusions

This study presents results of the FESSTVaL field experiment that explored new measure-
ment approaches to quantify for the first time the morphology of convective cold pools
based on in situ observations at sub-mesoscale resolution (O(100) m – O(10) km). The
experiment took place at the MOL-RAO in eastern Germany between May and August 2021

and featured a dense ground-based network of 99 custom-built, low-cost measurement
stations covering a circular area of about 30 km in diameter. High-resolution rainfall
observations were performed by an X-band rain radar covering the entire network.

During the 103-d measurement period, the FESSTVaL network recorded a total number
of 42 cold pool events. To determine the size, shape and structure of the sampled cold
pools, we use a kriging algorithm to spatially interpolate the temperature observations of
the station network to a regular grid and define four-connected clusters of grid points with
temperature perturbation ∆T ≤ −2 K as cold pool objects. The analysis method applied
to all cold pool events at 1-min intervals identifies 4955 cold pool objects, whereas most
of them are only partially captured by the network. To filter cold pools suitable for a
meaningful interpretation of their morphological properties, we restrict the analysis to
objects that touch the network boundary by not more than a fraction fb = 0.25 of their
perimeter. The remaining 1278 cold pool objects exhibit a median equivalent diameter
dequi of 8.4 km and a median object-mean ∆T of -2.3 K. However, these values critically
depend on fb and the limited size of the observational domain suggests that the sample is
biased towards small and weak cold pools. Splitting the sample into halves in terms of
size and strength reveals that large cold pools are significantly stronger than small cold
pools and vice versa, insensitive to the choice of fb. According to aspect ratios between 1.5
and 1.6, the analyzed objects are not round, independent of their size and strength. This
finding contradicts the common conceptual model of cold pools and is most likely related
to stretching of convective outflows along the mean flow and merging of multiple rain
cells into irregularly shaped clusters. Moreover, the inner-cold pool temperature variability
is significantly larger for large and strong objects, supporting the latter hypothesis.

The FESSTVaL observation network is particularly well suited to study small and young
cold pools and to better understand the factors for growth in the early phase of their
life cycle. The four cold pool events selected for detailed inspection originate inside the
network and grow at almost constant rate for around 1 h, whereas for only one event
reaches its maximum extent within the considered growth phase. For all four events,
the cold pool area during growth scales linearly (r ≥ 0.977) with the area-integrated
accumulated rainfall amount observed by the X-band radar. Also the relative scaling
between object-mean temperature perturbation and rainfall amount agrees very well
among the different cases, consistently showing a higher cooling efficiency early in the life
cycle than later on. More specifically, the first half of observed rainfall amount corresponds
to approximately 80 % of the cooling beyond the detection threshold of -2 K. These findings
clearly identify evaporation of rainfall in under-saturated sub-cloud layer air as the main
source of cold air required to form a cold pool. Depending on precipitation intensity
and atmospheric temperature structure, also the import of upper-level air masses by
downdrafts supports the cold pool growth. Furthermore, the horizontal expansion of
the cold pool air masses depends on the density excess relative to their environment.
According to a theoretical relation for an idealized density current applied on the observed
expansion rate and temperature perturbation as well as indications from radiosonde
profiles, the height of a cold pool stays approximately constant throughout the later
growth phase. Therefore, we conclude that the outer regions of the cold pool away from
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its raining center propagate like a density current but are driven by the cold air import
from precipitation that balances the decrease in vertical extent expected from expansion at
constant volume.

The FESSTVaL experiment is a breakthrough in quantifying properties of cold pools that
were previously obscured by insufficient resolution of existing observation systems. For the
first time, in situ observations allow to determine the size and shape of cold pools, which
are poorly described in previous studies. Although the generality of findings on cold pool
size and shape is limited by the size of the station network and assumptions made for the
analysis, the data set has the potential to serve as a benchmark for the morphology of cold
pools over land. The good agreement in the scaling of size and strength with the rainfall
amount among different cold pool events is remarkable given the diverse synoptical
background conditions and gives confidence in the robustness of the results. The impact
of precipitation, both directly by evaporative cooling and indirectly by downdrafts, clearly
qualifies as the the main driver of cold pool growth that is needed to sustain its density
current-like expansion. More detailed analyses in the future will provide a clearer picture
of influence of rainfall duration, area, and intensity on the cold pool life cycle and their
interplay with the environment set by atmosphere and soil conditions.
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