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1 | INTRODUCTION

As the contribution of wind energy increases in the Ger-
man energy grid (from 1.7% in 2000 to 34% over the first
half of 2024: BMWK, 2024; Fraunhofer ISE, 2024), it is

Abstract

Deep convection and cold-pool characteristics over Germany during July 2023
are investigated using Deutscher Wetterdienst (DWD) radar observations and
a convection-permitting Weather Research and Forecasting (WRF) model sim-
ulation. The analysis combines instantaneous snapshots of convection with a
Lagrangian tracking approach to examine the life cycles of isolated convec-
tive cells. WRF successfully captures the general morphology and evolution of
deep convection and associated cold pools, although it tends to produce smaller,
more intense rain-producing cells. Simulated cold-pool properties-including
wind gusts and virtual potential temperature (6,) reductions-align well with
observations (e.g., median 6, drop of —2.95K and wind gusts of 4.28 m - s7%,
extreme gusts of > 10m - s7!), suggesting that the model represents key fea-
tures of convective outflows reliably. The temporal evolution of convective cell
properties shows a downward-facing parabolic pattern in both model and obser-
vations in terms of cell size, rain rate, and reflectivity, although WRF intensifies
convection too quickly and consistently overestimates rain rates. An analy-
sis of wind-energy-relevant metrics reveals that cold pools induce substantial
increases in wind speed, stability, and vertical shear. Estimated power output
increases by 35%-60% for long-lived cells and 33%-50% for short-lived ones,
peaking during the mid-to-late cell life cycle. These findings highlight the need

to consider cold-pool dynamics in wind-energy forecasting and operations.
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becoming increasingly important to attain a more com-
plete understanding of meteorological phenomena that
impact wind-energy production. While larger-scale events,
such as cold fronts, mesoscale storms, or low-level jets
(DeMarco & Basu, 2018) can lead to dramatic changes in
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energy output, they are relatively easy to forecast and pre-
pare for in advance. Events that occur on shorter time
scales and smaller spatial scales, which can be associated
with rapid changes in wind speed and direction, are much
harder to predict. So-called “wind ramps” can be associ-
ated with a variety of meteorological events and present
issues for electrical system stability, while also contribut-
ing to forecasting errors (Feng & Zhang, 2018; Gallego
et al., 2015). Wind ramps associated with deep convection
(Canepa et al., 2020; Drew et al., 2018; Steiner et al., 2017)
are particularly difficult to predict, due to the intrinsically
stochastic nature of deep convection.

Deep convective clouds (or thunderstorms) are asso-
ciated with multiple extreme weather phenomena,
including lightning, hail, abrupt darkening, heavy precip-
itation, and rapid changes in wind speed and direction
(wind ramps). Convectively induced wind ramps, also
known as cold-pool “gust fronts”, play an important role
in wind-energy applications, particularly in the context
of wind turbine performance and longevity. These cold
pools form when cold, denser air produced within thun-
derstorms spreads out near the surface (Benjamin, 1968;
Droegemeier & Wilhelmson, 1987). This denser, cooler
air is produced primarily by the evaporative cooling of
precipitation and the melting of ice hydrometeors, while
hydrometeor loading also contributes to the downward
acceleration of air (Zipser, 1969). Cold-pool gust fronts
also impose increased mechanical loads on wind turbines,
as the sudden changes in wind speed and direction can
stress turbine blades (Kelly et al., 2021).

Deep-convection-induced gust fronts play an impor-
tant role in producing minute-scale fluctuations in
wind-energy output (Pichault et al., 2022). In particular,
the strongest winds associated with cold-pool gust fronts
can typically occur at around 100-m height above ground
(Canepa et al., 2020; Goff, 1976; Gunter & Schroeder, 2015;
Lombardo et al.,, 2014), which is usually close to hub
height for onshore wind turbines (BWE, 2023). The gust
front initially leads to a temporary increase in wind speeds
and increased energy production, but following the gust
front passage there are reduced winds and a temporary
stabilization of the boundary layer. This stabilization can
last approximately two hours (Kruse et al, 2022) and
affects the strength and duration of the turbine-induced
turbulent wake (Englberger & Doernback, 2018). Due to
the relatively small scale of individual single-cell thun-
derstorms, which can be just a few kilometres in diameter
(Houze, 2014), and due to the non-stationary short-lived
nature of convection (Goudenhpofdt & Delobbe, 2013),
there are difficulties in capturing cold-pool characteristics.

Cold pools are relatively rare events, occurring only
between 24 and 44 times per summer season (as, for
example, observed in Hamburg with mast data: Kirsch

et al., 2021), with a typical maximum occurrence in July
(Kirsch et al., 2021; Pacey et al., 2021). Due to the rela-
tive paucity of these events and the lack of an extensive
ground-based observational network, there is a need to
acquire comprehensive statistics on cold-pool events. One
such observational field campaign, the Field Experiment
on Sub-mesoscale Spatio-Temporal Variability in Linden-
berg (FESSTVaL: Hohenegger et al., 2023), attempted to
capture cold-pool characteristics by employing a dense
observation network of more than 100 stations with
near-surface measurements during the summer months
of 2021. From data obtained during this campaign, Kirsch
etal. (2024) investigated the morphology of convective cold
pools (size, shape, and structure), as well as factors control-
ling their growth using surface-based observations. They
found that cold pools are far from circular in shape, hav-
ing aspect ratios between 1.5 and 1.6 independent of their
size and strength, which is likely due to the propagation
of parent rainfall cells stretching the associated cold pools
along the direction of the background flow (Parker, 1996).
They found a median temperature difference, or cold-pool
strength, of about —4 K, which is similar to other studies in
Hamburg (Kirsch et al., 2021) and the Netherlands (Kruse
et al., 2022). Extreme cases of up to —10.8 K have been
observed (Kirsch et al., 2021). The passing of a cold pool is
characterized not only by a steep decrease in temperature,
but also by a wind-speed perturbation of the order of a few
metres per second (Kruse et al., 2022 found a median wind
anomaly of 44 m - s71).

Ground-based observation networks can provide
important insight into convective cold pools that affect a
fixed location; however, there is often information lacking,
including the three-dimensional structure and tempo-
ral evolution of cold-pool and parent-cell attributes. An
attempt to characterize deep-convective life cycles, includ-
ing the lifetime, size, and intensity development of storms,
was performed by Wilhelm et al. (2023) using the detec-
tion and tracking algorithm KONvektive Entwicklung in
RADarprodukten (KONRAD) developed at the German
Meteorological Service (Deutscher Wetterdienst: DWD).
In particular, they focused on life cycles of convective cells
in Germany, analysing isolated convective storms for the
summer periods from 2011 to 2016. They found that “an
axially symmetric parabola opened downwards describes
the mean cell area evolution well”, with longer-lived cells
having larger areas. They also showed that higher thermal
instability is associated with faster initial growth, and the
initial growth of the cell (in the first 5-35 minutes of the
life cycle) provides the best skill in predicting whether a
cell has a short or long lifetime, and thus a small or large
lifetime maximum area. Wapler (2021) performed a sim-
ilar multi-year analysis of convective storms and showed
that the average temporal evolution of the storm size is
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symmetric, with the maximum being reached halfway
through the cell lifetime.

Observational studies seldom offer insights into the
three-dimensional structure of convective cells and cold
pools as they evolve over time. One method to overcome
these deficiencies is to use numerical models to com-
pliment ground-based and radar-derived observations to
obtain a more complete understanding. Grant et al. (2024)
performed such a study using the Icosahedral Nonhydro-
static model in large-eddy-simulation mode (ICON-LES)
over Germany and found that the model underestimated
the observed cold-pool temperature variability substan-
tially (compared with the FESSTVaL observations), even
when the mean cold-pool properties are well represented.
The Weather Research and Forecasting (WRF) model has
previously been used to gain an understanding of convec-
tion characteristics over Germany. Wagner et al. (2018a)
showed that WRF is generally able to represent the diurnal
cycle, structure, and intensity distribution of precipitation
when compared with DWD observational datasets. How-
ever, the chosen WRF model setup can lead to significantly
varied results. In particular, the choice of the cloud micro-
physics scheme in WRF has been shown to impact the
properties of convection significantly (Fan et al., 2017; Ani-
somiv et al., 2023; Pandey et al., 2023). In some cases,
the model tends to exhibit a positive bias in terms of
high rain rate (Pryor et al, 2023), while in others the
model underestimates total stratiform precipitation (Han
et al., 2019). Putnam et al. (2016) compared WRF simu-
lations of a mesoscale convective system and a supercell
when implementing five different microphysics schemes.
All schemes investigated underestimated liquid water con-
tent in regions of pure rain, with some schemes producing
too much graupel and others showing a small raindrop
bias. Similarly, Kocher et al. (2023) compared five differ-
ent schemes and found that the WRF model is gener-
ally unable to simulate extreme hail events over southern
Germany.

Of the available microphysics schemes well suited for
simulating deep convection and associated cold pools,
the WRF Double-Moment 6-class (WDM6) microphysi-
cal scheme (Lim & Hong, 2010) has been given particular
attention in the literature. While some studies have shown
that this scheme produces excessively high concentrations
of small-to-medium raindrops (Putnam et al., 2016; Zhuo
etal.,2022) and may underestimate the extent of stratiform
precipitation-potentially leading to an underestimation of
convective area, cold-pool size, and strength-other stud-
ies suggest it performs well in simulating the inner core
regions of convective cells. For a simulated mesoscale con-
vective system, Wise et al. (2024) found that the WDM6
microphysics scheme produces a rain water mixing-ratio
profile that decreases sharply below the cloud base, in
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contrast to the relatively uniform profiles produced by the
commonly used Thompson (Thompson et al., 2008) and
Morrison (Morrison et al., 2009) schemes. This sharper
decline leads to enhanced evaporative cooling, resulting in
a stronger cold pool and associated gust front. In bow-echo
simulations, however, Zhuo et al. (2022) found that all
three of these schemes underestimate cold-pool strength
by about 25%. These studies suggest that there is some dis-
agreement on the performance of the WDM6 microphysics
scheme depending on the type of convection organiza-
tion being simulated; however, in terms of deep convection
generally, this scheme has shown better agreement with
radar observations (Min et al., 2015) and can produce more
realistic vertical cell structure (Song & Sohn, 2018). More-
over, recent studies suggest a more realistic representation
of cold-pool structure and strength (Anisomiv et al., 2023;
Wise et al., 2024), which motivates our selection of WDM6
herein.

As far as we are aware, an evaluation of simulated
deep convection and associated cold pools with a focus
on wind-energy-relevant quantities has not yet been per-
formed. A deeper understanding of convective cold pools
and their parent cells in the context of wind energy would
enable wind-farm operators to be more aware of the
impacts of cold-pool gust fronts and optimize turbine oper-
ations accordingly. There remains limited understanding
of the temporal evolution of cold-pool properties, such as
strength, size, depth, and lifetime evolution. To this end,
we evaluate simulated characteristics of deep convection
by comparing a WRF simulation with DWD radar observa-
tions. A statistical evaluation of the convection produced
by the model is required before the suitability of the model
in simulating cold pools near the surface, where observa-
tions are sparse, can be addressed. Thereafter, we provide
general guidance on potential cold-pool gust-front effects
relevant to wind energy. The key questions addressed in
this work are as follows.

« To what extent can WRF reproduce the bulk observed
convection characteristics in Germany?

+ How much do the wind, temperature, and tempera-
ture stratification change during simulated convective
cold-pool passage?

« How do convective cold-pool characteristics relevant for
wind energy evolve through a typical convective cell life
cycle?

« Are convective cold pools a significant factor for
wind-energy applications?

The simulation performed in this study is evaluated,
where possible, using weather radar measurements sup-
plied by DWD. The remainder of the article is organized
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as follows. In Section 2, the model setup, datasets, and
methodology are described. In Section 3, modelled convec-
tive cell characteristics are compared with DWD observa-
tions, while in Section 4 aspects of convection related to
wind energy are explored. Convection and cold-pool life
cycles are investigated in Section 5, while the conclusions
are given in Section 6.

2 | NUMERICAL MODEL,
DATASETS, AND METHODOLOGY
21 | WRF model setup

The simulation presented in this study is conducted using
WRF (V4.4.1), a state-of-the-art, non-hydrostatic model
widely utilized in the meteorological community for both
operational forecasting and research purposes (Skamarock
et al, 2021). This model solves the fully compressible
Euler equations, employing a terrain-following, hybrid
sigma-pressure vertical coordinate system. The numeri-
cal model configuration for this simulation features two
nested domains with horizontal resolutions of 5km and
1km. The horizontal grid dimensions are 300 x 300 for
Domain 1 (D1) and 901 x 901 for Domain 2. The inner-
most domain (D2) incorporates 57 vertical levels. Vertical
nesting is also applied, ensuring that the inner domain
with finer horizontal resolution has higher vertical reso-
lution. The lowest kilometre above ground level contains

approximately 6-8 full model levels, depending on the ter-
rain. This corresponds to a vertical grid spacing of roughly
100-150m in the boundary layer, with even finer spac-
ing closer to the surface. Initial and boundary conditions
are supplied from the European Centre for Medium-Range
Weather Forecasts (ECMWF) operational analyses, pro-
vided every six hours. The model’s top boundary is set at a
height corresponding to 50 hPa to account for tropopause
effects. For both domains, the three-dimensional turbulent
kinetic energy subgrid mixing scheme that is self-adaptive
to the grid size between the large-eddy simulation and
mesoscale scales is utilized (Zhang et al., 2018). A revised
Monin-Obukhov scheme is used to simulate the surface
layer (Jimenez et al., 2012). Additionally, the Noah-MP
land-surface model (Niu et al., 2011), the Rapid Radiative
Transfer Model long-wave scheme (Mlawer et al., 1997),
and the Dudhia short-wave scheme (Dudhia et al., 1989)
are used. As discussed in the Introduction, the WDM6
microphysics scheme (Lim & Hong, 2010) is used in D2,
while the Kain-Fritsch cumulus parametrization scheme
(Kain & Fritsch, 1993) is used in D1.

The WRF domain setup is displayed in Figure 1. The
inner domain (D2) encompasses the region covered by
the 17 operational radar stations of DWD almost com-
pletely. The simulation is performed for the entire month
of July 2023, with a temporal output of 5 minutes to pro-
vide direct comparison with the 5-minute output of DWD
radar data (see below). On average, July has been shown
to be the most convectively active month over Germany
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FIGURE 1 (a)Domain setup for the WRF simulation and (b) maximum area covered by the 17 operational C-band radar stations of
the DWD radar network. The locations of the radar stations are shown by white dots. [Colour figure can be viewed at wileyonlinelibrary.com]

35U8017 SUOWILLIOD BB 3[ed1 ke au} Aq PeuA0B 812 SaILe YO 85N JO'S3IMI 10§ ARIG1T BUIIUO ABJIA UO (SUORIPUOO-PUE-SWLSILLCY" A8 1M ARG [BUIIUO//S1IY) SUOIIPUOD) PUE SWLR L 8U3 885 *[S202/0T/82] U0 ARIGIT BUIIUO ABIIM * "UBWED Z}OYWBH "] Ul MU Wy “N-HNT 'S WNUeZ yasia - K011 paeie9 Ad 2v002 b/200T 0T/10puco’ A1 Aseaqfputjuo sieuL/Sdiy Wwoiy pepeojumoa ‘0 ‘X0L8LLyT


http://wileyonlinelibrary.com

KILROY and THAYER

Quarterly Journal of the 50f23

(Kirsch et al., 2021; Pacey et al., 2021). The model is initi-
ated at 0000 UTC on July 1, so that the spin-up period (~6
hours) of the model occurs during the night-time, when
there are typically very few convective cold pools (see fig.
1c of Kirsch et al., 2021).

The usage of 1-km grid spacing in the inner domain
is sufficient for simulating cold pools in terms of their
bulk characteristics, such as magnitude, depth, geomet-
ric shape, and areal coverage (Squitteri & Gallas, 2020).
In general, 1-km resolution is widely considered to be
“convection-permitting” (e.g., Wilhelmson et al., 2001),
and is used routinely in high-resolution regional mod-
elling. Pryor et al. (2023) employed 1.33-km horizontal
grid spacing in WRF simulations of deep convection over
the southern US Great Plains, and Wagner et al. (2018a)
showed that 1- or 5-km grid spacing simulations with WRF
reproduce the diurnal cycle and spatial structure of pre-
cipitation over Germany when compared with radar and
station data. Prein et al. (2021) noted only modest improve-
ments in mesoscale convective system simulations when
grid spacing was reduced below 4 km, while Squitieri and
Gallus (2020) found that the statistical properties of cold
pools in simulations with 0.333-km grid spacing were
similar to those in simulations with 1-km grid spacing,
suggesting diminishing returns in forecast fidelity below
1km. Additional guidance for the choice of grid spac-
ing chosen here was provided by the observational work
of Wapler (2021) and Wilhelm et al. (2023), who charac-
terized deep convection over Germany using DWD radar
data. They showed that only the shortest-lived cells have
a cell size of about ~ 20 km?, and then only during their
early and decay stages. This cell size is at the limit of being
marginally resolved with 1-km grid spacing (assuming 4-6
grid points are required to resolve a given convective fea-
ture). The majority of convective cells, particularly around
their peak stage, are considerably larger and should be ade-
quately captured. Moreover, cold pools themselves tend
to spread horizontally beyond the initiating precipitation
core, increasing their effective spatial scale and making
them more amenable to a grid spacing of 1 km. However,
finer-scale simulations of 100-m horizontal resolution are
recommended in order to capture the turbulent flow asso-
ciated with cold pools (Fievet et al., 2023; Grant & van den
Heever, 2016; Straka et al., 1993). Hirt et al. (2020) showed
that cold pools are more frequent, smaller, and less intense
in lower-resolution simulations using ICON-LES. Further-
more, their gust fronts are weaker and less likely to trigger
new convection. Bryan et al. (2003) showed that 1-km reso-
lution may be insufficient to reproduce realistic squall-line
evolution in idealized settings, due to a lack of resolved tur-
bulence. Given that the focus in this study is not on the
finer-scale turbulent features of cold pools, but rather on
bulk convective statistics over a large region for a relatively
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long time period (month-scale), the usage of a 1-km grid
spacing is deemed sufficient.

2.2 | DWD observational data

The German C-band weather radar network conducts
a 5-min interval terrain-following near-surface scan at
each of its 17 operational stations (Wapler, 2021; Wil-
helm et al., 2023). These scans have a range resolution
of 1km and an azimuth resolution of 1 degree. At radar
sites, measurements are taken close to the surface; how-
ever, the measurement height increases with distance
from the radar due to variations in topography and the
effects of atmospheric conditions on radiation prop-
agation. The individual radar sweeps are combined
into a reflectivity composite with a horizontal reso-
lution of 1km, covering Germany and some adjacent
regions.

In this study, we utilize both the WN and RV radar
composite datasets of the DWD. These composites sup-
ply the quality-assured reflectivity and terrain-following
near-surface precipitation observations, respectively, over
Germany with a resolution of 1km X1 km (totalling
1200 x 1100 pixels). The temporal resolution is 5 minutes,
and data for the entire month of July 2023 have been
analysed in order to provide a direct comparison of radar
reflectivity and radar-derived rain rate with the 1-km WRF
simulation described above. The extent of coverage by the
DWD network is shown in Figure 1.

2.3 | TATHU tracking algorithm
and convection detection

A new method to track convective systems systematically
has been recently developed. The Tracking and Analysis
of Thunderstorms (TATHU) toolset allows for the detec-
tion, tracking, and analysing of thunderstorm life cycles
(Ubaet al., 2022; Sena et al., 2024). Originally developed to
detect and track thunderstorms in satellite data by utilizing
a brightness temperature threshold and overlapping area
technique, we have extended the code to process DWD
observational radar data and WRF output. Convective ele-
ments can be identified via a chosen threshold within a
given two-dimensional (2D) field from which TATHU gen-
erates a corresponding bounded polygon with a weighted
centroid position. Given the polygon boundary at each
time step and a user-provided polygon overlap area per-
centage, the convective elements identified can be tracked
in time. Convective element characteristics (centroid posi-
tion, shape, size) are provided at each time step and statis-
tics (e.g., mean, maximum, minimum, median values) of
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the given 2D field related to each convective element can
be obtained.

In this study, we define a convective cell numerically
as a contiguous area of at least 15 km? with a minimum
radar reflectivity of 19 dBZ. While the size threshold is
identical to that used in the DWD detection and now-
casting tool KONRAD, the reflectivity threshold of 19 dBZ
is much lower than the 46dBZ used in recent studies
(Wapler, 2021; Wilhelm et al., 2023). The choice of a lower
threshold here allows us to track the earlier development
phase and later decay phases of deep convective cells in
order to capture the cell life cycle more fully. However, due
to the 5-minute temporal resolution of the observational
data, our chosen thresholds may not capture the very
early development, where cells can develop very quickly.
Cells that do not attain a value of at least 46 dBZ some-
where within the identified cell are not considered in
either the simulation or observational data for the com-
parisons in Sections 3 and 4, while this threshold must
be met at some point during a cell’s lifetime to be con-
sidered in the life-cycle analysis in Section 5. This means
that, for life cycles analysed in Section 5, we should cap-
ture development and decay phases. In other studies, a
minimum 40-dBZ threshold was proposed (Steiner et al.,
1995; Goudenhoofdt & Delobbe, 2013) to identify con-
vective precipitation. Goudenhoofdt and Delobbe (2013)
suggest that using lower thresholds can lead to undesirable
behaviour in the tracking algorithm employed, with more
risk of storms being classified as splitting or merging due to
close proximity with other storms. In this regard, TATHU
can identify whether storms undergo splitting or merging
during their life cycle. However, in the interests of simplic-
ity, thunderstorms that undergo splitting or merging will
not be considered in the analysis of Section 5, where life
cycles over Germany are investigated in both simulation
and observational data. In our analysis, a polygon over-
lap criterion of 10% is used to connect convective element
snapshots over time.

The identification of cold pools has long been a diffi-
cult task, even in numerical simulations (Drager & van den
Heever, 2017). Typically, in ground-based observational
data, cold pools and associated gust fronts can be identi-
fied through a sudden drop in temperature and increase
in wind speed, often with a provision that some rainfall
is detected shortly thereafter (Hoeller et al., 2024; Kruse
et al., 2022). In numerical models, a two-dimensional
object can be identified at a given height for a variety
of different meteorological fields. Drager and van den
Heever (2017) and Hirt et al. (2020) use a density poten-
tial temperature! perturbation and rainfall threshold to
identify cold pools. Drager and van den Heever (2017)
avoid explicitly using a buoyancy threshold for defining
cold-pool edges by using the zero contour of the second

radial derivative of density potential temperature. Hirt
et al. (2020) noted that the gust front itself tends to lie
just outside the identified cold pools when identified via
thermodynamical methods, and therefore they define a
cold-pool boundary region as a zone around each cold
pool with 25km width, which is the region most likely
to contain the gust front. Fournier and Haerter (2019)
also suggest that a thermodynamic approach is lacking
and capture of the gust front is unlikely, especially later
in cold-pool lifetimes, as turbulent mixing with environ-
mental air weakens temperature gradients at the cold-pool
edges. Rather than increase the zone around the identified
cold pool by an arbitrary size, they suggest a dynamical
cold-pool outflow approach, where the cold-pool edges are
based on the minimum in a radial derivative of the wind
field from each convective cell. Problems remain, however,
in using more realistic simulations, including a complex
background flow for associating a given cold pool with a
specific parent cell. This is a non-trivial task, as gust fronts
of neighbouring cells tend to merge or collide, and calcu-
lating radial derivatives emanating from each convective
cell centroid for each time step over a large domain is quite
computationally expensive.

In this study, for simplicity, the properties of cold pools
and associated gust fronts are identified by increasing the
size of the thunderstorm polygon by 20% and using the
TATHU framework to extract gust-front properties from
this larger polygon. This approach, while somewhat simi-
lar to Hirt et al. (2020), has the potential falsely to include
information from neighbouring convective cells, should
the increased-size polygon boundaries of two or more cells
overlap. There is also the possibility that the strongest wind
perturbations are not captured by the increased-size poly-
gon, as the gust front from stronger or older cells may have
spread out to larger distances. A more rigorous definition
of cold-pool detection and association with the parent cell
is the topic of future work.

3 | CONVECTIVE SNAPSHOT
CHARACTERISTICS

In this section, a comparison is offered between the con-
vective characteristics in the simulation and the obser-
vational dataset from DWD. Snapshots of convection are
produced at every 5-minute output for the month of July
2023 in both the WRF simulation (D2) and the entire DWD
radar observation network. Individual convective cells are
considered in the characteristics, provided that the min-
imum threshold of 46 dBZ is attained somewhere within
the cell at each snapshot. By considering independent
snapshots in this way, it is apparent that any given individ-
ual cell will likely be counted multiple times during its life
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Horizontal cross-sections of radar reflectivity in (a) WRF at a height of 1 km and (b) the DWD WN dataset; rainfall rate in

(c) the WRF simulation and (d) the DWD RV dataset. Shown is a snapshot on July 3, 2023, 1300 UTC, with a focus over northern Germany.
Wind vectors (m - s7!) at a height of 10 m are shown in the WRF simulation (left panels), with the reference vector given in the upper right of

each panel. Radar reflectivity (dBZ) and rainfall rate (mm - h™") are given in the colour bars on the right of each panel. White dots identify the

polygon centroids for identified cells, while black contours indicate polygon outlines for cells that meet the thresholds defined in Section 2.

cycle in this analysis. In this section, we also do not distin-
guish whether a cell has undergone a merge or split event.
Life cycles and a Lagrangian perspective of simple isolated
cell evolution are discussed in Section 5. It must also be
considered that the domain size is not completely iden-
tical in the simulation and in the observational network,
so the total number of convective cells identified would
not be expected to be the same. However, the focus in this
section is on the ability of WRF to capture the bulk con-
vection characteristics (e.g., radar reflectivity, derived rain
rate, cell morphology) found in observations.

Figure 2 shows a snapshot of the convective situation
on July 3, 2023 at 1300 UTC, with a focus over northern
Germany. The reflectivity (top) and rainfall rate (bot-
tom) are shown in the WRF simulation and DWD radar
observations. This day in particular was very convectively
active over northern Germany. The ability of the TATHU
algorithm to detect convective features is demonstrated,
with contours enveloping convective elements that meet
the threshold requirements. At this time, it can be seen
that, while there is not a complete agreement in the loca-
tion of each individual cell, the WRF simulation broadly
captures the convective situation. A complete agreement
at any given time would not be expected, due to the

stochastic nature of convective initiation. Cells that meet
the threshold of 19 dBZ (with a minimum area of 15 km?)
and are detected by the TATHU algorithm are encircled
by a black contour (upper panels, blue contour in lower
panels). The lower panels show that the regions of maxi-
mum rainfall rate occur within the polygon defined by the
reflectivity threshold. Figure 3 shows similar snapshots
comparing the simulation and observations at different
times throughout July 2023, but covering a larger region.
Furthermore, Figure 3g shows convective cell count per
day in both simulation and observations for the 30-day
period investigated. This figure indicates that the sim-
ulation captures the overall trends and variability in
convective activity well, supporting the idea that WRF can
reproduce the bulk statistical and structural characteristics
of convective systems over extended periods, even at 1-km
resolution. WRF captures periods of reduced (Figure 3c,d)
and enhanced convective activity (Figure 3e,f) reasonably
more than halfway through the 30-day simulation.
Statistics for each individual convective snapshot, at
each 5-minute output for the whole month, are presented
in Figure 4. Shown are histograms of the mean reflec-
tivity, maximum rainfall rate, size, and geometric shape
within each polygon detected (87,904 snapshots for WRF,
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Horizontal cross-sections (a)-(f) as in Figure 2, but covering a larger region of the model domain and radar network at

various times. Panel (g) shows convective cell count per day, as identified by the TATHU algorithm as per the defined thresholds, in the WRF
simulation for the entire WRF domain D2 and for the whole DWD radar network.

93,430 snapshots for observations). The distribution for
the mean reflectivity within a given cell is relatively simi-
lar in both WRF and the observations (Figure 4a,b), with

a clear Gaussian distribution and relatively small skew-
ness factor. The mean and median are slightly higher in
WRF, however (the WRF mean and median are 32.24
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and 32.15dBZ, respectively, compared with 31.43 and
31.18 dBZ in observations). The kurtosis value is close to
zero for both, suggesting both distributions have moder-
ate tails and a bell-shaped curve. The rain-rate distribution
is not as comparable (Figure 4c,d), with a notable posi-
tive bias of high maximum rain rate in WRF (median of
31.83 mm - h™' in WRF, compared with 23.28 mm - h™' in
observations), a result that has previously been found in
the model (Pryor et al., 2023). The kurtosis value here high-
lights the tendency for heavier tails and a sharper peak,
meaning more of the variance is from infrequent extreme
deviations. WRF also tends to produce smaller convec-
tive cells than in observations (Figure 4e,f), with a median
size of 121.09 km* compared with 225.65 km* in obser-
vations. Extreme values in the tails are common for cell
size distribution (as seen in both kurtosis and the standard
deviation), as larger mesoscale convective systems tend to
occur much less often in nature compared with the more
frequent small-scale popcorn-like convection. Despite the
bias towards smaller cells, the convective cell shape, as
shown by the ellipsoid ratio (Figure 4e.f), is almost iden-
tical. Observed deep convection over Germany is typically
elliptical in shape, with a median ratio of the major to
minor axis of 1.62. In WREF, the median elliptical ratio
(1.52) is very close to observations, indicating that WRF
is capturing the background flow reasonably well, which
plays a role in the stretching of cells into an elliptical shape
(Parker, 1996). These values are also very close to those
found in observations by Kirsch et al. (2024), who showed
that cold pools themselves have aspect ratios between 1.5
and 1.6. While the average cell is rather elongated, the situ-
ation at any given time can represent more isolated circular
cells and highly elongated systems, as shown in Figure 2,
which demonstrates the variability in convective geomet-
ric shape at a given time. The shape of isolated convective
cells throughout the convective life cycle is discussed in
Section 5.

In order to quantify the comparisons shown in
Figure 4, we implement a statistical method, which is
useful for measuring the similarity between two probabil-
ity distributions with different sample sizes. The so-called
Jensen-Shannon divergence (JSD) metric (Schiitze & Man-
ning, 1999) is valid for comparing any shape of probability
distribution, including non-Gaussian distributions. If the
JSD is zero, the two distributions being compared are iden-
tical, while if it is close to 1 then the two distributions
essentially do not overlap at all. Values of JSD < 0.1 suggest
that the two distributions are very similar, while values of
up to 0.5 indicate some degree of overlap. For the distribu-
tions presented in Figure 4, we find corresponding JSD val-
ues of 0.130, 0.170, 0.185, and 0.059 for mean reflectivity,
maximum rain rate, convective area, and ellipsoid ratio,
respectively. WRF captures the distribution of mean reflec-
tivity reasonably well (JSD = 0.130), but does not capture
the maximum rain rate as well (JSD = 0.170). While the
model does extremely well at capturing observed convec-
tive cell shape (JSD = 0.059), the distribution of cell size is
the least well-captured quantity shown here (JSD = 0.185).

Figure 5 shows the properties of convective cell prop-
agation direction and propagation speed in both WRF
and observations for any convective cell that can be con-
nected consecutively in time with the TATHU algorithm
using the previously defined overlap criteria (i.e., in this
case for at least two consecutive time steps). These quan-
tities are calculated from the difference in the ellipsoid
centroid between two consecutive time steps for each
cell. Convective cell propagation direction (Figure 5a,b)
is close to identical, with a difference of about 1° between
simulation and observations, indicating that WRF is
capturing the large-scale background flow direction rea-
sonably well throughout the period investigated. The JSD
score for these two distributions is 0.027, which suggests
that they are almost identical. WRF has previously been
shown to reproduce mesoscale flow features accurately
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panel. Sample size is given in the top panels.

over long time periods (month-scale), even over com-
plex terrain (Wagner et al., 2018b). Here, convective
cells typically propagate from the west-southwesterly
direction, and it is extremely rare (at least during the
month analysed) for cells to propagate from an easterly
direction. The median cell propagates slightly faster in

observations by 0.77 m - s~!; however, the distribution of
propagation speeds is captured very well (JSD = 0.070).
Overall, this result indicates that WRF is capturing the
large-scale bulk shear magnitude and direction well (iso-
lated, non-supercellular convection is typically advected
along with the background flow: Cotton et al., 2010).
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In summary, WRF captures the distribution of con-
vection over Germany well for the month of July 2023.
Despite the bias towards smaller cells that rain at a higher
rate than observed, the mean radar reflectivity and con-
vective shape are captured well. Cell propagation direction
is captured particularly well, although the speed at which
cells propagate is underestimated slightly. Although the
convective shape and propagation direction are captured
well by WREF, these features are not directly related to the
cold pools, but rather to the parent cell that generates the
cold pool. In the next section, we investigate additional
characteristics of deep convection, including those for cold
pools, with a particular focus on quantities relevant to
wind energy.

4 | CONVECTION AND
COLD-POOL CHARACTERISTICS
RELEVANT TO WIND ENERGY

An aim of this work is to quantify the potential impacts
of convective cold pools for wind-energy applications. In
the previous section, we evaluated the model against avail-
able observations in order to determine whether WRF
can capture bulk characteristics (reflectivity, rain rate, and

morphology) of convection over Germany. In this section,
we begin to analyse additional model output relevant
to wind energy, including wind speeds and temperature
changes. One particularly important aspect is to quan-
tify how much the temperature changes during convective
cold-pool passages. When a cold pool traverses a wind tur-
bine, the temporary stabilization of the boundary layer
affects the strength and duration of the turbine-induced
turbulent wake, with stable conditions leading to lower
turbulence and thus longer-lasting wakes (Englberger &
Doernbrack, 2018). Longer-lasting wakes are more rele-
vant, for example, over wind parks, where additional tur-
bines downwind can also be affected. Another important
aspect is the sudden increase in wind speed and the associ-
ated change in rotor-layer vertical shear, which can stress
turbine blades (Kelly et al., 2021). These increased loads
not only accelerate wear and tear but also heighten the risk
of mechanical failure.

In an effort to identify and quantify cold-pool char-
acteristics conservatively using enlarged polygons (see
Section 2.3), we limit the subsequent analyses to con-
vective cells which (1) contain a reflectivity value of at
least 46 dBZ for a given time step, to focus on convec-
tive precipitation, and (2) attain a minimum 2-m virtual
potential temperature (6y) difference of at least —1.5K
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at some grid point within the enlarged polygon, simi-
lar to observed temperature detection thresholds used for
cold-pool studies over Europe (Kirsch et al., 2021; Kruse
et al., 2022). From this subset of convective snapshots,
we show histograms of various quantities for each indi-
vidual cell detected in the WRF simulation (Figure 6).
Quantities are expressed as a mean, where the given vari-
able is averaged over the whole cell polygon, or a mini-
mum or maximum, which is a point value within the cell.
The minimum 2-m 0, difference and the maximum 10-m
wind-speed perturbation are obtained by subtracting a
given field from a two-hour rolling mean. The stability and
shear exponent « are calculated over heights from 60 to
160 m, which we refer to as the rotor-layer region. In atmo-
spheric boundary-layer studies, the wind-shear exponent
(a) is adimensionless parameter that characterizes the ver-
tical variation of wind speed with height. It is commonly
derived from the power-law equation:

Uz) = Uref<i) , (1)
Zref

where U(z) is the wind speed at height z, Uy is the wind
speed at a reference height z..¢, and « is the wind-shear
exponent, which depends on surface roughness and atmo-
spheric stability. For the height range 60-160 m, « provides
insight into the change in wind speed within the lower part
of the atmospheric boundary layer.

The cold-pool intensity is calculated as in Ben-
jamin (1968) and is an integral of the negative buoyancy
from the surface to the cold-pool depth, which is defined
as the height above the surface where the buoyancy goes
from negative to zero. Cold-pool intensity is given as

H
Cr’=-2 / B dz, @)
0

where B is the buoyancy, z is the height, and H is the depth
of the cold pool.

The additional filter (a 2-m 6, difference of at least
—1.5K at some grid point within the cell polygon bound-
ary) removes nearly 30,000 cell snapshots from the analysis
(compared with Figure 4), suggesting that implement-
ing a threshold of 46 dBZ leads to the inclusion of about
one-third of cells that do not have a distinct convective
cold pool from the background environment. The mini-
mum 6, difference identified here is found within the cell
polygon boundary and not out ahead of the cell, where the
gust front is often located. We justify this decision based
on the results of Kirsch et al. (2024), who showed that the
median temperature perturbation is generally strongest
at the centre of the cold pool and decreases linearly in
strength towards the gust-front edge. For the wind-speed

perturbation, it is pertinent to search outside the cell
boundary, and an approach similar to Hirt et al. (2020) is
implemented where the search area is increased. The max-
imum 10-m wind speed for a given cell is found within
a polygon, centred on the original cell polygon centroid
but increased by 20% of its original size. The method used
expands the polygon shape uniformly in all directions,
while preserving the shape of the original polygon.

For the simulated month, the median minimum 2-m
0, difference is —2.95K (Figure 6a), which compares
well with values found in observational studies (Kirsch
etal., 2021, 2024; Kruse et al., 2022). In particular, extreme
cases tend to level out at around —10K (Figure 6a), simi-
lar to the extreme values found in observations (—10.8 K)
by Kirsch et al. (2021). In almost every snapshot, the
cold pool is accompanied with a stable environment, as
indicated by the mean 6, stratification in the cell, calcu-
lated from 60 to 160-m height. The median stability in
a simulated cold-pool environment is 2.9 K - km™'. The
maximum 10-m wind speeds within the cell are shown
in Figure 6¢c and the maximum perturbations to the
time-averaged background flow are shown in Figure 6d.
Median wind-speed perturbations (4.28 m -s~!) match
those found in observations very closely (4.4 m-s~! in
Kruse et al., 2021). Extreme values of over 10 m - s™! can
occur, but are relatively rare.

Typically, also associated with cold pools is an increase
in vertical shear over the rotor layer, due to the protruding
nose-like structure of cold-pool gust fronts, with maxi-
mum winds occurring close to 100-m height. Observed
mean values of shear exponent « have been found in north-
ern Germany and Denmark to be typically of the order
of 0.25-0.3 (Kelly et al., 2014; Wildmann et al., 2022). In
the WRF simulation, the median is slightly larger than
observed, while the mean is almost double that (Figure 6e).
This implies particularly large values of shear in the tail
of the distribution, and these large values are presumably
associated with the strongest cold pools. A more detailed
analysis of cold-pool-associated vertical shear in the WRF
model, including its vertical structure and an evaluation
with available ground-based observations, is the subject of
a future study.

Cold-pool depth and intensity (Figure 6g,h) are nearly
normally distributed, with a median cold-pool intensity
of 9.06 m-s~! and a depth of 2.2km. These values are
somewhat lower than those found in a study of simulated
squall-line cold pools, also using the WRF model with
1-km grid spacing (Fan et al., 2017). The median cell aver-
aged 2-m saturation deficit is 3.78 g - kg~* (Figure 6f). Cold
pools tend to be stronger when the near-surface saturation
deficit is larger, as this allows for increased evaporation of
rainfall, leading to increased evaporative cooling. Kirsch
et al. (2021) found a median value of 4.7 g - kg* in cold
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FIGURE 6 Histograms of (a) minimum 2-m 6, difference (K), (b) mean stability (K - (100 m)™), (c) maximum 10-m wind speed

(m - s7!) and (d) maximum 10-m wind-speed perturbation from a two-hour rolling mean (m - s71), (¢) maximum wind-shear exponent alpha
over the rotor layer, (f) mean 2-m saturation deficit (gs, — ¢, g - kg ™), (g) cold-pool intensity (m - s~1), and (h) cold-pool depth (m) for each
individual cell snapshot detected in the WRF simulation, where the cell attains the minimum thresholds defined in Section 2. Vertical lines
show the location of the mean and median value, according to the label bar in each panel.

pools during the summer months near Hamburg, and In summary, the parent convective cell and cold-pool
they also showed a relatively strong inverse relationship  characteristics in WRF are close to observed median
of near-surface temperature perturbation with pre-event  values for all available variables. The observed median
saturation deficit. and extreme minimum 2-m 6, differences are captured
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well. The median wind gust strength is also very close
to the few observations available (4.28 m - s! compared
with observations of 4.4 m - s7!), and the modelled results
show that extreme 10-m wind-speed perturbations over
10 m - s7! can occur. Presumably, large values of shear
exponent a are associated with these extreme cases. The
results indicate the possibility of very large stresses on
wind turbines from the most intense cold-pool events
(Kelly et al., 2021).

5 | LIFE-CYCLE CONVECTION
AND COLD-POOL
CHARACTERISTICS

In this section, we answer the question: How do con-
vective cold-pool characteristics that are relevant for
wind-energy applications evolve through a typical convec-
tive cell life cycle? This is important to understand, as,
from point-source observations, it is often not clear which
stage in its lifetime the cell has reached, and therefore it
is not clear whether the impact on a turbine could have
been stronger. In particular, for nowcasting applications,
it is important to quantify the potential impact of a given
cell at any point in its lifetime. In the following, convective
cells are linked in time using a polygon overlap criterion of
10% using the TATHU framework, and for cells to be con-
sidered they must reach the 46 dBZ reflectivity (simulation
and observations) and —1.5K @, difference (simulation
only) thresholds at some point in their life cycles. As the
focus here is on isolated single-cell convection, cells must
not have undergone a splitting or merging event during
their life cycle.

In Figure 7, we offer a comparison of simulated and
observed life-cycle quantities, previously presented as
snapshots in Figure 4, with tracked cells split into two cat-
egories: shorter-lived cells (20-60 min) and longer-lived
cells (1-2 h). The split into two categories of lifetime dura-
tion is performed to investigate whether there are any fun-
damental differences between shorter- and longer-lived
convective cells. The number of trackable cells is dramati-
cally lower than the number of snapshots analysed in the
previous section, and there are approximately 25% fewer
cells tracked in time in the WRF output compared with the
observations. We show that simulated convective cells tend
to peak earlier in intensity and attain a higher maximum
intensity (as shown by both mean reflectivity and maxi-
mum rain rate; Figure 7a-d) compared with observations.
This suggests that, in WRF, convective cells develop too
quickly and the very early phases are difficult to capture
using the criteria defined in this study. The life-cycle rain
rates (Figure 7c,d) confirm the high rain-rate bias in WRF
discussed in Section 3. The intensity trend differences are

less pronounced for long-lived cells, which peak in inten-
sity roughly 25% of the way through their lifetime.

At all points in the life cycles shown here, the sim-
ulated convective cell is raining at a much higher rate
than in the observations (Figure 7c,d). One possible expla-
nation for this lies in the choice of horizontal grid spac-
ing. Idealized simulations by Bryan and Morrison (2012)
demonstrated that grid resolution affects cloud water
evaporation, cold-pool dynamics, and rainfall character-
istics significantly. Coarser grid spacing tends to produce
deeper clouds and more rainfall due to reduced entrain-
ment, while higher-resolution simulations exhibit greater
cloud water evaporation, in part due to the develop-
ment of resolved turbulence. This implies that, at 1-km
grid spacing, there is a risk that simulated cells pro-
duce excessive rainfall while simultaneously underesti-
mating evaporative cooling and cold-pool strength. As
seen in Section 3, simulated convective cells tend to
be smaller in area and with a smaller range of con-
vective areas, but both short- and long-lived simulated
cells peak in size halfway through their lifetimes, as
in observations (Figure 7e,f). This agrees well with the
symmetric upside-down parabola archetype described by
Wapler (2021) and Wilhelm et al. (2023). A possible rea-
son for the smaller cell sizes in WRF lies in the choice of
microphysics scheme, with the WDM6 scheme tending to
produce smaller stratiform rain regions surrounding con-
vection (Putnam et al., 2016), which may reduce the overall
size of the polygon that our tracking algorithm generates.
Convective cell shape is remarkably consistent through-
out convective lifetimes regardless of the lifetime duration,
being more elongated than circular and with a similar
range between simulations and observations (Figure 7g,h).

Figures 8 and 9 extend the life-cycle analysis to con-
vective cold pool (Figure 8) and wind-energy (Figure 9)
relevant quantities. Cold-pool strength (shown by the min-
imum 2-m 6, perturbation from a 2-h running mean)
reaches a minimum of roughly —2.5K about 50% through
the cell lifetime (Figure 8a), regardless of lifetime dura-
tion. This closely follows the lifetime trends for maximum
surface wind speed, which peaks at 8 m - s™! (Figure 8c),
and cold-pool intensity, which peaks at just over 10 m - s
(Figure 8e). All of these lifetime trends closely follow that
of convective area (Figure 7e). Surface moisture increases
over a cell’s lifetime as precipitation evaporates within
the boundary layer, with more moisture present below
longer-lived cells. This manifests as a decrease in time in
2-m saturation deficit (Figure 8b), implying that rain is
falling into a more saturated environment with time, and
thus there is less cooling produced from evaporation with
time (Figure 8a). The maximum surface wind-speed per-
turbation (used as a proxy for the cold-pool gust front)
follows an inverse pattern to the 2-m saturation deficit,
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normalized by cell lifetime and variables and presented as a percentage of total lifetime. In all panels, the solid coloured curve represents the

median of the given variable for the shorter life cycles, while the shaded region encompasses the 10th-90th percentile values. Thick black

dashed curves represent the median longer-lived life cycles, and thin black dashed curves encompass the 10th-90th percentiles for

longer-lived cells. [Colour figure can be viewed at wileyonlinelibrary.com]

with stronger surface wind anomalies of about 3m - s7!

during the middle portion of the lifetime for longer-lived
cells (Figure 8d).

Convective cold-pool depth (Figure 8f) similarly
increases during cell lifetimes to roughly 2000 m regardless

of lifetime duration, indicating a progressively deeper
layer of evaporative cooling. Interestingly, the differ-
ence between shorter- and longer-lived storms in terms
of cold-pool gust-front strength does not seem to relate
strongly to cold-pool depth or temperature perturbation,
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FIGURE 8 Life-cycle evolution of (a) minimum 2-m 6, difference (K), (b) 2-m saturation deficit (gq, — g, g - kg™), (c) maximum 10-m

wind speed (m - s71), (d) maximum 10-m wind-speed perturbation (m - s71) from a two-hour rolling mean, (e) cold-pool intensity (m - s71),

and (f) cold-pool depth (m) for the WRF simulation. Cell life cycles are split into two categories, as in Figure 7. A solid black line shows 0-K

temperature difference in panel (a). [Colour figure can be viewed at wileyonlinelibrary.com]

as suggested by density-current theory. Rather, surface
wind-speed perturbations more closely follow the trend
of convective area. This indicates that a greater volume of
evaporative cooling likely present below longer-lived cells
influences the cold-pool gust-front strength positively,
even more so than convective intensity or surface tem-
perature perturbation. Kirsch et al. (2021) observed that
evaporative cooling in the subcloud layer is the primary
factor controlling cold-pool temperature perturbations,
with a stronger correlation with pre-event saturation
deficit than accumulated rainfall.

Figure 9a shows the maximum shear exponent « over
the typical turbine rotor-layer height (60-160 m). Shear is
slightly greater during the middle portion of the cell life-
time. This aligns with the maximum surface wind-speed
perturbation, indicating a generally positive relationship
between a surface cold-pool gust front and the associated

convective-cell rotor-layer shear. Longer-lived cells have
slightly higher shear than shorter-lived ones. Rotor-layer
static stability (Figure 9b) increases during a cell’s lifetime,
with longer-lived storms having greater stability around
the 50% point in their lifetimes. This would indicate that,
the older a cell, the stronger the stabilization of the cell
environment that occurs. At the very early stages of cell
development, the median static stability is close to zero.
Figure 9c,d shows the mean and maximum 100-m
wind speed. This variable is an important quantity for
wind-energy applications, as typically the hub height for
most turbines is close to 100 m. The 100-m wind speed
averaged over the cell does not change considerably
through the cell life cycle (Figure 9c). Calculating a mean
wind over the cell polygon is equivalent to calculating
the background flow through the cell, as perturbations
in the cell polygon cancel out through spatial averaging.
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FIGURE 9 Life-cycle evolution of (a) maximum wind shear over the rotor blade heights (shear exponent «), (b) mean rotor blade

stability (K - (100 m)~!), (c) mean 100-m wind speed (m - s71), (d) maximum 100-m wind speed (m - s71), (¢) mean estimated power output
(kW), and (f) maximum estimated power output (kW) for the WRF simulation. Cell life cycles are split into two categories, as in Figure 7. A
solid black line highlights the 0 K - km™! threshold in panel (b) and the maximum power output for the standard turbine structure in panels

(e,f). [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 9c shows that the median cell does not likely prop-
agate faster as it evolves in time. Pichault et al. (2022)
also showed that convective cold pools move with the
background mean flow from LIDAR observations. In
contrast, the maximum 100-m wind speed shows a
downward-facing parabolic evolution in time (Figure 9d),
similar to the 10-m wind maximum (Figure 8c). For
longer-lived cells the median wind speed peaks sooner,
close to halfway through the lifetime, whereas it occurs at
closer to 75% of the life cycle for shorter-lived cells.

An estimate of power output can be calculated
from the hub-height wind speed through a simple piece-
wise relationship (Wildmann et al., 2022), where the wind
speed is applied to a simplified power curve and tur-
bine operational adjustments (e.g., blade pitching, turbine
yawing, etc.) are not taken into account. The power output
P (in kilowatts) as a function of wind speed U (in m - s71)

is given by

0, U< Ucutm orU > Ucutout’
U—-U,y,
P(U) = { Pmax #, Ue, £ U < Urateds 3)
rate culin
P maxs Urated < U< Ucut

out *

To perform this calculation, basic turbine specifica-
tions are required, including the cut-in wind speed (Ucyy,, ),
rated wind speed (Urateq), cut-out wind speed (Ueyy,, ), and
maximum rated power output (Ppax). In this study, we
use Ppax = 4700 kW as the maximum rated power out-
put. Values of 3, 13, and 25 m - s~! are used for the cut-in,
rated, and cut-out wind speeds, respectively, representing
a typical onshore wind turbine installed in northern Ger-
many in recent years (BWE, 2023; Lehneis et al., 2021).
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FIGURE 10

Life-cycle evolution of median estimated power output increase (%), from the median mean wind-power output at 100 m,

compared with the median power output associated with the maximum wind speed at 100 m.

Below the cut-in wind speed, the turbine does not generate
power. Between the cut-in and rated wind speeds, power is
assumed to increase linearly. At and above the rated wind
speed, the turbine is assumed to operate at maximum out-
put until it reaches the cut-out wind speed, beyond which
it would shut down to prevent mechanical damage. This
simplified power curve provides a reasonable estimate of
wind power based solely on wind speed and is suitable for
statistical analyses over extended simulation periods, as
conducted in this study.

We estimate the potential power available in the
flow field following a convective cell, in the absence of
an actual turbine. The idea is to provide a rough esti-
mate of what effects a cold-pool wind gust would have
on power production at any given point in its life cycle.
Estimated power output for the lifetime of a convective
cell is shown for the 100-m mean (Figure 9e) and max-
imum (Figure 9f) wind speed. Power output associated
with the mean wind speed is approximately constant
throughout the cell life cycle, with the output falling
below maximum output for the 10th-90th percentiles
shown here.

When power output is estimated with the maximum
wind speed, there is a clear increase in the median curves
for both categories of cells, with similar timings of peak
median values as for the maximum 100-m wind speed. A
maximum power output of 4700 kW is attained by cells
with wind speeds lying between the 50th and 90th per-
centiles (however, the power output in reality may be dif-
ferent when turbine operational adjustment like pitching

or yawing is considered), and can be described as a
downward-facing parabola for longer-lived cells. To quan-
tify this increase in power in time between the median
curves for mean and maximum 100-m power, Figure 10
shows the percentage increase in estimated power output
between the median curves shown in Figure 9e,f. When
considering the effects of the increased power output due
to convective cold pools compared with the mean flow
alone, there is an increase in power output of between 35%
and 60% for longer-lived cells, with the largest increase
in estimated power occurring about halfway through the
cell life cycle. For smaller cells, the difference is slightly
smaller, yet there is still an estimated increase of between
33% and 50% with a cold-pool passage. The estimated
power output change is also often greater for longer-lived
than for shorter-lived cells. For up to 75% of a longer-lived
cell’s lifetime, there is significantly more power output
than shorter-lived cells (notably, the output is 10% greater
between about one- and two-thirds of the way through
a given cell’s lifetime). This indicates not only that con-
vective cold-pool gust fronts will likely increase power
generation compared with the background flow, but that
prediction of convective cell longevity could provide addi-
tional helpful guidance for short-term power forecasting.

6 | CONCLUSIONS

Deep convection and cold-pool characteristics over Ger-
many for the month of July 2023 are analysed in both DWD
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radar observations and a numerical simulation using the
WRF model. The analysis is split into two main compo-
nents: characteristics of convective snapshots produced at
all times available and a Lagrangian framework, where iso-
lated characteristics of convective cells are tracked in time
to produce life cycles. For both components, the model is
evaluated with DWD observations.

The WRF model captures the general distribution of
deep convection and cold-pool-related characteristics over
Germany reasonably well. However, it tends to simu-
late smaller, more intense rain-producing cells compared
with DWD observations, a result that corroborates previ-
ous research on deep convection using WRF. A statistical
tool (the Jensen-Shannon divergence metric) was used to
quantify how similar the distributions are between model
and observations. The results also show that, in particular,
the distributions of convective shape, propagation speed,
and direction show extremely high similarity. The distribu-
tion of mean reflectivity also shows high correlation with
observations.

We also aimed to quantify the wind speeds, temper-
ature, and temperature stratification change associated
with simulated convective cold pools. Median cold-pool
characteristics and associated wind gusts simulated by
WREF align with observed values, including temperature
differences and gust strengths (although, given the rel-
ative paucity of observations for these quantities, more
extensive characteristics of ground-based observations are
required for a more complete model evaluation). In partic-
ular, median values of about —3 K minimum 6, difference
in WRF closely match results from the FESSTVaL field
campaign. Extreme temperature differences found in WRF
are also close to the extreme values in observations (values
of —10.8 K observed during FESSTVaL). While the median
wind perturbations also match those found in observa-
tions (around 4.4 m - s71), the model suggests that extreme
wind perturbations exceeding 10m - s~ and large shear
exponent values are possible, highlighting the potential
for significant stress on wind turbines during cold-pool
events. Depending on the strength of the background flow,
how close that is to the turbine rated wind speed, and
the amplitude of the wind gust, there can be significant
increases in wind-power output and turbine loading (Kelly
etal., 2021). The vertical structure of the wind field and, in
particular, the structure of vertical shear in these extreme
cases warrants further investigation.

The temporal evolution of isolated convective cells
is comparable in WRF and in DWD observations, with
variables in WRF and observations often following a
parabolic evolution in time. The evolution of cell size is
downward-facing parabolic, with the largest size occur-
ring halfway through the life cycle, a result found in both
observations and WRF. These results corroborate a recent

Royal Meteorological Society

study using a nowcasting tool from DWD. While rain
rate and mean reflectivity also have a downward-facing
parabolic evolution with time, WRF intensifies cells
too quickly compared with observations and rains too
intensely throughout the life cycle. Cell shape, however, is
remarkably consistent across simulation and observations
for life cycles, with essentially no change found through
life cycles for either shorter- or longer-lived cells.

The life-cycle analysis was extended to include
wind-energy relevant model output. Life cycles of variables
such as minimum 2-m 6, differences, mean rotor-layer
stability, maximum rotor-layer shear exponent, maxi-
mum wind speed, and estimated power output all show
a parabolic evolution with time. There is an increasing
atmospheric stabilization over the lifetime of the cell,
which would impact the strength and duration of tur-
bulent wakes. Stronger and longer-lasting turbine wakes
produced within a cold pool would potentially impact
downwind turbines in wind farms. Stabilization is highly
correlated with an increase in wind shear and reduced
turbulence, which causes changes in turbine loads
throughout the wind farm (Wharton and Lundquist, 2011;
Sathe et al., 2013). Saturation deficit decreases over the life-
time of the cell, with falling rain progressively evaporating
and moistening the sub-cloud layer.

A calculation of electrical power output is offered
based on the crude estimate where the wind field is applied
to a simplified power curve. A lifetime power estimate for
mean and maximum power at 100 m is produced, which
provides guidance as to how much increased power out-
put would be expected when a cold pool traverses a wind
turbine at any particular point in its life cycle. Power out-
put increases dramatically for the generic turbine design
described here when comparing the effects of the mean
flow alone with those of the maximum wind perturbation,
with power output increasing by 35%-60% for longer-lived
cells and 33%-50% for shorter-lived cells. Power output
peaks mid-life-cycle for longer-lived cells, or at about
three-quarters of the life cycle for shorter-lived cells. The
results also suggest that newly developed cells, which are
the hardest to nowcast due to the stochastic nature of con-
vective cell formation, produce the smallest increase in
power output.

In reality, turbines at a fixed location would experi-
ence increases in winds and power output due to cold-pool
passages over a roughly 20-30 minute period, where the
ramp up from background flow to maximum wind takes
between 5 and 10 minutes and the winds stay close to
maximum for roughly 5 minutes (not shown). While these
events are relatively short-lived, and occur only between
24 and 44 times per summer season, they are nonethe-
less important to understand in the context of minute-scale
wind-power forecasting for energy trading, as the German
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electrical grid operates on lead times down to 5 minutes
(Wiirth et al., 2019). Additionally, since the median size
of an observed cold-pool-producing cell is 225.65 km?, the
associated cold-pool gust front would likely impact mul-
tiple turbines or potentially whole wind parks during its
lifetime.

While the simulation results presented here in terms
of cold pools appear broadly reasonable, it is important to
emphasize that we are unable to validate cold-pool char-
acteristics and associated wind-power output across the
entire model domain, as we do for the parent convec-
tive cells. Given the limitations of observational coverage,
particularly in areas away from surface-based instrumen-
tation, we take care not to overstate the implications of
our findings, especially in relation to wind-energy impacts.
Validation against observational datasets is essential, espe-
cially considering known biases in WRF simulations. This
step is critical for assessing the robustness of the modelled
cold pools and their relevance for operational wind-energy
applications. A companion study, aimed at quantifying the
effects of observed cold-pool passages over a wind park,
is currently in preparation, and in future work we plan
to validate the wind-energy relevant model output with
a ground-based observational network located at a wind
park in northern Germany, where a meteorological mast
has been erected and can offer insights into the vertical
structure of the wind and vertical shear in cold pools up
to a height of 150 m. The numerical model used here not
only can be evaluated close to the ground, but also can be
used to fill gaps in observations and offer a more complete
understanding of the three-dimensional structure of cold
pools impacting a wind park. To do that, a more robust
method to detect and connect cold pools to their parent
cells should also be defined.

A limitation of the current work is that, for the life
cycles presented herein, the focus is purely on discrete
or isolated convective elements that do not interact with
neighbouring cells, or have not previously undergone a
split or merge event. This decision would remove from
the analysis, for example, larger mesoscale systems like
squall lines, which are often related to intense cold pools.
Supercells, while relatively uncommon, are the most dan-
gerous form of convective cell, and would also not likely
be included in the current analysis, as by definition a
supercell forms from the splitting of an original cell
into two oppositely propagating components (Rotunno &
Klemp, 1985). Future work should also attempt to classify
the effects of these potentially important phenomena in
relation to wind-energy applications.
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ENDNOTE

! The density potential temperature 6, is a type of potential tempera-
ture that accounts for the effect of water loading and is particularly
useful in anelastic models to describe buoyancy.
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