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Abstract. With increasing wind energy in the German energy grid, it is crucial to better understand how partic-
ular atmospheric phenomena can impact wind turbines and the surrounding atmospheric boundary layer. Deep
convection is one source of uncertainty for wind energy prediction, with the near-surface convective outflow
(i.e., cold pool) causing rapid kinematic and thermodynamic changes that are not adequately captured by oper-
ational weather models. Using 1 min meteorological mast and remote sensing vertical profile observations from
the WiValdi research wind park in northern Germany, we detect and characterize 120 convective cold-pool pas-
sages over a period of 4 years in terms of their temporal evolution and vertical structure. We particularly focus
on variations in wind-energy-relevant variables (wind speed and direction, turbulence strength, shear, veer, and
static stability) within the turbine rotor layer (34–150 m height) to isolate cold-pool impacts that are critical for
wind turbine operations. Near hub height (92 m) during the gust front passage, there are relatively increased
wind speeds of up to +4 m s−1 in addition to the background flow, a relative wind direction shift of up to +15°,
and increased turbulence strength for a median cold pool. Given hub-height wind speeds lying within the partial
load region of the power curve for the detected cases, there is an increase in estimated power of up to 50 %,
which lasts for 30 min. We find a “nose shape” in relative wind speeds and virtual potential temperature (θv) at
hub height during gust front passages, with larger wind direction changes closer to the surface. This manifests as
asymmetric fluctuations in positive shear, negative veer, and static stability across the rotor layer, with relative
variations below hub height at least twice as large compared with above hub height and temporarily opposite
signs for stability that have complex implications for turbine wakes. Doppler wind lidar profiles indicate that
kinematic changes associated with the gust front extend to a height of 700–800 m, providing an estimate for
cold-pool depth and highlighting that cold-pool impacts would typically extend beyond the height of current
onshore wind turbines. After the cold-pool gust front passage, there is gradually increasing static stability, with
a median decrease in near-surface θv of −2.7 K, a gradual decrease in hub-height turbulence strength, and faster
recovery of wind speed than wind direction.

1 Introduction

With the share of wind energy in the German power grid in-
creasing from 1.7 % in 2000 to 34 % over the first half of
2024 (BMWK, 2024; Fraunhofer ISE, 2024), the density of
wind turbines across Germany is increasing. This indicates
that smaller-scale phenomena can impact a greater number
of wind turbines and that the German energy sector is be-

coming more susceptible to shorter-duration power fluctua-
tions. The stability and balancing of the German electrical
grid operate on lead times down to 5 min, which increases
the utility of minute-scale wind power forecasting for en-
ergy trading and wind turbine control (Würth et al., 2019).
Despite the identified importance of short-term wind power
forecasting, there are continuing uncertainties in power fore-
casts. The median annual wind energy production still tends
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to be overpredicted globally, with uncertainties of∼ 6 % (Lee
and Fields, 2021). Over Germany, larger day-ahead power
forecast errors have been associated with various meteoro-
logical events, with a 1 %–3 % installed capacity day-ahead
forecast error in any given month indicating a wide range of
meteorological causes possibly affecting the forecasting er-
rors (Steiner et al., 2017). Meteorological impacts on power
production are therefore one noteworthy consideration for
limiting the power prediction uncertainty, with reductions
in wind speed (U ) uncertainty having an outsized improve-
ment on predicted power (P ) since P ∼ U3 (Lee and Fields,
2021). As such, improving our understanding of short-term
low-level wind speed variations associated with meteorologi-
cal events is crucial for reducing short-term wind power fore-
casting uncertainties.

Rapid changes in the wind profile over the lowest few
hundred meters of the atmospheric boundary layer (ABL)
on timescales ranging from a few minutes to a few hours
(e.g., wind ramps) are an important driver of variations in
wind power. Wind ramps can be produced by a range of
meteorological phenomena, including mid-latitude cyclones,
low-level jets, sea breezes, and deep convection, and there-
fore wind ramps can occur across a range of timescales and
spatial scales (Gallego-Castillo et al., 2015). Past work on
wind ramps over Europe has largely focused on turbine im-
pacts without providing a detailed verification of the mete-
orological cause of wind ramps (Vincent et al., 2011; Kelly
et al., 2021; Lochmann et al., 2023). When meteorological
causes of wind ramps have been identified, the focus was
on synoptic-scale weather phenomena (Valldecabres et al.,
2020) or specifically mid-latitude cyclones (Steiner et al.,
2017). Steiner et al. (2017) additionally found that 18 % of
analyzed wind ramps could be related to convective systems
or unresolved downward mixing, but this wind ramp cate-
gory was not investigated in detail, and deeper evaluation
would have been limited by the ∼ 7 km horizontal resolu-
tion of the numerical weather prediction (NWP) model used
in their study. Beyond this “convective system” wind ramp
category broadly outlined in Steiner et al. (2017), we are not
aware of additional work concerning wind power fluctuations
induced by convective wind ramps over Europe.

In this regard, quantification of short-term thunderstorm
impacts using wind-energy-relevant variables, specifically
related to thunderstorm near-surface outflow, has rarely been
performed. For example, Lombardo et al. (2014), Gunter and
Schroeder (2015), and Canepa et al. (2020) each analyzed
strong thunderstorm outflow events (i.e., downbursts) using
wind-energy-relevant variables with a limited sample size
(10 or fewer), but they did not investigate a larger sample
of cases or the broader range of thunderstorm outflow inten-
sities that can occur. Mature-stage deep convection produces
a precipitation-induced downdraft with descending cold air
that spreads outward once reaching the surface (Byers and
Braham, 1948). This “cold pool” has a low-level outflow
boundary at its periphery known as a gust front, which is

typically characterized by increased horizontal wind speeds,
a wind direction shift, and increased turbulence relative to
the background environment (Benjamin, 1968; Goff, 1976;
Wakimoto, 1982; Droegemeier and Wilhelmson, 1987). As
thunderstorm gust front winds tend to maximize within the
height range of the turbine rotor layer (Lombardo et al., 2014;
Gunter and Schroeder, 2015; Canepa et al., 2020) and thun-
derstorm ramp-up events typically occur on timescales from
1–5 min (Lombardo et al., 2014), gust fronts are simultane-
ously crucial for assessing short-term wind-turbine-related
impacts and are under-resolved by NWP models both spa-
tially and temporally. This limitation is potentially exacer-
bated by the fact that NWP models tend to underestimate
extreme winds due to mesoscale smoothing, with this effect
especially pronounced on the sub-hourly timescale (Larsén
et al., 2012). High-frequency kinematic observations encom-
passing the turbine rotor layer are thus a promising tool
for accurately characterizing rapid variations in wind power
caused by convective cold pools and their associated gust
fronts.

The gust front is not the only aspect of convective cold
pools relevant to wind energy applications. Near-surface
thermal stability changes in the ABL, such as those that occur
after a cold-pool gust front passage, also have notable impli-
cations for variations in wind turbine power generation. A
convective (stable) boundary layer is associated with higher
(lower) turbulence (Stull, 1988), which contributes to the
amount of turbulent mixing in the wind turbine wake region.
Decreased wind speed deficits (i.e., faster wake recovery
and shorter wake length) and greater turbulence downstream
of wind turbines occur in convective conditions compared
with a neutral boundary layer (Zhang et al., 2013; Iungo and
Porté-Agel, 2014; Abkar and Porté-Agel, 2014), generally
leading to decreased power deficits for wind farms depending
on turbine spacing (Hansen et al., 2012). In short, the ABL
stability affects the turbulence strength, which then influ-
ences how quickly the turbine wake recovers (Wildmann et
al., 2018) and whether the turbine wake impacts power gen-
eration of downstream turbines. With short-term increases
in turbulence accompanying the cold-pool gust front (e.g.,
Droegemeier and Wilhelmson, 1987; Lombardo et al., 2014;
Canepa et al., 2020) and short-term increases in near-surface
stability occurring within the cold-pool interior, passages of
convective cold pools over wind turbines provide a unique
opportunity to examine the complex interactions between
ABL stability regimes and wind power production.

With a particular focus on convective cold-pool impacts
within the turbine rotor layer, we investigate short-term kine-
matic and thermodynamic variations near two utility-scale
wind turbines within the WiValdi research wind farm1 in
northern Germany from 2020–2024. The flat terrain and vast

1More information can be found on the official WiValdi wind
park website (https://www.windenergy-researchfarm.com, last ac-
cess: 9 October 2025).
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array of in situ and remote sensing instrumentation available
at this research site provide a unique opportunity for isolat-
ing and characterizing convective cold-pool impacts relevant
for wind energy. We extend the WiValdi climatological work
of Wildmann et al. (2022) by highlighting thunderstorm-
related environmental effects, with this region of northern
Germany notably having a relatively high frequency of con-
vective cells (Wilhelm et al., 2023) and density of wind tur-
bines (Bouchard and Romanic, 2023). Given the 1–5 min
timescale of thunderstorm ramp-up events and the impor-
tance of minute-scale forecasting for the German wind power
sector, we utilize high-frequency (1 min) measurements from
meteorological mast, Doppler wind lidar velocity azimuth
display (VAD) scans (Wildmann et al., 2020), and microwave
radiometer instrumentation at WiValdi to analyze the near-
surface environmental changes associated with cold pools.
Radar composite datasets from the German Meteorological
Service (DWD) provide verification of the parent convec-
tive cells. Using summertime cold-pool studies focused on
the Netherlands (Kruse et al., 2022) and northern Germany
(Kirsch et al., 2021, 2024) as a foundation, we examine year-
round cold-pool events with particular emphasis on wind-
energy-relevant variables. The primary research questions
guiding this work are as follows:

– How much does the wind speed, wind direction, and
temperature change in the ABL during observed con-
vective cold-pool passages near the WiValdi wind tur-
bines?

– To what extent do wind-energy-relevant variables (wind
speed and direction, turbulence strength, wind shear,
wind veer, static stability) change throughout the tur-
bine rotor layer during these convective cold-pool pas-
sages?

– Is there a significant variation in estimated wind power
production at turbine hub height during these convective
cold-pool passages?

Section 2 outlines our observational datasets, instrumen-
tation, and cold-pool detection methodology. Sections 3 and
4 describe the temporal evolution and vertical structure of
cold-pool characteristics, respectively. Section 5 highlights
changes throughout the turbine rotor layer and estimates of
wind power increase during cold-pool passages. Section 6
contains a summary of our findings along with the conclu-
sions for this study.

2 Data and methodology

2.1 WiValdi instrumentation

The WiValdi research wind farm operated by the German
Aerospace Center (DLR) in Krummendeich, Germany, is lo-
cated in coastal flatlands near the mouth of the Elbe in the

North Sea (Fig. 1a). This large-scale research facility con-
tains two 4.2 MW Enercon E-115 wind turbines (Fig. 1b)
that have hub heights of 92 m and rotor diameters D of
116 m, are separated by approximately 500 m (i.e., 4.3 ro-
tor blade diameters= 4.3D), and are aligned along the pri-
mary west-southwesterly wind direction (Wildmann et al.,
2024). One 150 m meteorological mast located 2D in front
of the westernmost turbine (i.e., T1) provides inflow condi-
tions at multiple heights throughout the turbine rotor layer
(see Table 1). On this “inflow mast”, ultrasonic anemome-
ters (hereafter, sonic) lie at heights of 34, 62, 85, 120, and
149 m, while temperature and relative humidity sensors are
located at 34, 62, 85, 120, and 143 m. Barometers are only
located at 10 and 85 m, so pressure values at other heights
are obtained via the hypsometric equation starting at 10 m.
Using 1 min averaged measurements, the inflow meteoro-
logical mast observations, which are available starting from
14 November 2022, are used in this study to validate the re-
mote sensing vertical profiles and characterize the convective
cold-pool impacts within the rotor layer (i.e., 34–150 m). As
a measure for turbulence, the 1 min turbulent kinetic energy
(TKE) dissipation rate ε is calculated from the second-order
structure function according to Bodini et al. (2019) using the
85 m sonic anemometer observations that have a temporal
frequency of 20 Hz. We use this variable to characterize tur-
bulence strength since it can be calculated for short time pe-
riods and can thus provide information about rapid changes
during gust front passages.

Vertical profiles of wind speed and direction are provided
by a Leosphere WindCube 200S pulsed Doppler wind lidar
that was installed on 4 November 2020 approximately 400 m
to the east of the easternmost turbine (i.e., T2). This lidar
has a pulse length of 200 ns, a measurement range for radial
velocities between −30 and 30 m s−1, and a minimum ob-
serving line-of-sight distance of 100 m (2 times the minimum
range gate length). Radial velocity retrievals from a Doppler
wind lidar are more greatly attenuated by precipitation and
low cloud cover (e.g., fog).

This lidar has the capability to perform horizontal plan-
position indicator (PPI) scans, vertical range–height indica-
tor scans, and fixed-direction scans. A sub-category of PPIs
is conical scans at a constant elevation angle, known as
velocity–azimuth display (VAD) scans, which allow for de-
terminations of the horizontal wind components using the
so-called VAD technique. We perform VAD scans at two
different elevation angles: 35.3 and 75°. The 75° VAD scan
(VAD75) has a higher vertical range and a smaller horizontal
footprint, whereas the 35.3° scan (VAD35) can be used to de-
termine TKE (Kropfli, 1986; Wildmann et al., 2020). In both
cases, an averaged profile of the 3D wind vector is measured
horizontally across the cone at each range gate (i.e., every
height), with a complete scan lasting∼ 72 s. Each VAD scan-
ning pattern is run for 30 min every hour, with 25 scans per
elevation angle. Given a minimum measurement height of
57 and 96 m for the VAD35 and VAD75 scans, respectively,
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Figure 1. (a) Map of northern Germany centered on the location of the WiValdi wind farm. Blue diamonds indicate nearby major cities, while
dashed lines indicate country borders. (b) Detailed layout of WiValdi, indicating the locations of the wind turbines, meteorological masts,
MWR, lidar, and underlying simple terrain. The blue squares represent the location of both the lidar and the MWR, with the overlaid numbers
indicating their different positions in chronological order: November 2020–March 2022 (1), October 2022–May 2024 (2), and May 2024–
present (3). The black arrow indicates the primary west-southwesterly wind direction at WiValdi. Background map: © OpenStreetMap
contributors 2025. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

we obtain “hub-height” lidar winds at 100 m to have consis-
tent coverage during both scanning patterns. Lidar data are
linearly interpolated to 1 min temporal resolution throughout
the vertical profile to capture rapid wind variations associ-
ated with convective cold pools, but we limit interpolation
to within surrounding reliable measurements (signal-to-noise
ratio from 0 to −25) and do not interpolate across more than
one missing value.

Adjacent to the lidar, there is a passive HATPRO G5 mi-
crowave radiometer (MWR; Rose et al., 2005), manufac-
tured by Radiometer Physics GmbH, which was installed on
26 November 2020 and which provides vertical profiles of
temperature and humidity. We note that the lidar and MWR
were slightly moved within the wind park every couple of
years (Fig. 1b, blue squares) but were moved on the same
days, kept adjacent to each other, and remained east of the
T2 turbine by approximately the same distance. With an as-
sociated ground weather station for obtaining surface envi-
ronmental conditions, an MWR passively retrieves vertical
profiles through the use of multiple brightness temperature
measurements within the oxygen and water vapor absorp-
tion bands. Absolute calibration using liquid nitrogen is per-
formed about every half year, with a gain calibration using
the internal hot target being carried out every 30 min, and
noise calibration is automatically performed internally with
high frequency during normal operations.

The HATPRO G5 MWR can perform zenith and
boundary-layer scans to obtain temperature profiles, while
humidity profiles are determined only from the zenith scans.
Zenith scans point directly upwards and retrieve measure-
ments up to 10 km altitude, with a general decrease in spatial

resolution with increasing height (especially above 2 km).
Boundary-layer scans are performed at 10 different eleva-
tion angles ranging from 4–90° up to 1.2 km altitude towards
the south (185° azimuth), which can more accurately capture
vertical gradients in temperature and humidity than zenith
scans. The MWR at WiValdi performs a boundary-layer scan
lasting about 100 s every 10 min. Otherwise, the instrument
measures at zenith (90° elevation) to obtain 1 min temper-
ature and humidity. To better capture rapid environmental
variations associated with convective cold-pool passages, we
use the 1 min zenith vertical profile data for this study.

2.2 Cold-pool detection algorithm

Following guidance from recent European cold-pool stud-
ies (Kirsch et al., 2021; Kruse et al., 2022; Kirsch et al.,
2024), we identify convective cold pools at WiValdi using
1 min time series data. High-frequency observations on the
minute-scale are crucial for capturing the rapid environmen-
tal changes associated with cold pools, while near-surface
observations ensure identification of the cold-pool thermody-
namical signal, which is the strongest near the surface (e.g.,
Barnes and Garstang, 1982; Kirsch et al., 2021). Using 2 m in
situ measurements from the ground weather station attached
to the MWR across 4 years (26 November 2020–30 Novem-
ber 2024), we detect cold-pool passages throughout the year
using the following procedure:

– We smooth the 2 m virtual potential temperature (θv)
time series using 11 min rolling averages, following
Kruse et al. (2022), which extends the methodology of
de Szoeke et al. (2017). This smoothing reduces the ef-
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Table 1. Summary of WiValdi instrumentation, measurement heights, and time periods used in this study. Measurement temporal resolu-
tion reflects the native output frequency of each instrument, while 1 min averaged data are used throughout our analyses unless otherwise
indicated.

Measurement system Instrument type Measured
variable

Measurement
height (m)

Measurement time
period

Measurement
temporal
resolution

Wind turbines Enercon E-115 Power
generation

92 m (hub height) 23 May–
30 November 2024

100 Hz

Inflow meteorological
mast

Ultrasonic
anemometer (i.e.,
sonic)

Wind speed 85 m 19 October 2022–
30 November 2024

20 Hz

34, 62, 120,
149 m

1 April 2023–
30 June 2024

10 Hz

Wind direction 85 m 19 October 2022–
30 November 2024

20 Hz

34, 62, 120,
149 m

1 April 2023–
30 June 2024

10 Hz

Hygro-
thermometer

Temperature 85 m 19 October 2022–
30 November 2024

20 Hz

34, 62, 120,
143 m

1 April 2023–
30 June 2024

10 Hz

Relative
humidity

85 m 19 October 2022–
30 November 2024

20 Hz

34, 62, 120,
143 m

1 April 2023–
30 June 2024

10 Hz

Barometer Pressure 85 m 19 October 2022–
30 November 2024

20 Hz

10 m 1 April 2023–
30 June 2024

10 Hz

Rain gauge Rainfall 8 m 19 October 2022–
30 November 2024

1 min

Doppler wind lidar
(i.e., lidar)

WindCube 200S
(Leosphere)

Wind speed 100–1000 m
(25 m increments)

4 November 2020–
30 November 2024

72 s

Wind direction 100–1000 m
(25 m increments)

Microwave radiometer
(i.e., MWR; adjacent to
lidar)

HATPRO G5
(radiometer
physics)

Temperature 0, 10, 25, 50, 75,
100 m

26 November 2020–
30 November 2024

1 min

Relative 0, 10, 25, 50, 75, 1 min
humidity 100 m
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Table 1. Continued.

Measurement system Instrument type Measured
variable

Measurement
height (m)

Measurement time
period

Measurement
temporal
resolution

Ground weather station
(attached to MWR)

Ultrasonic
anemometer (i.e.,
sonic)

Wind speed 2 m 26 November 2020–
30 November 2024

10 s

Wind direction 2 m 10 s

Thermometer Temperature 2 m 10 s

Hygrometer Relative
humidity

2 m 10 s

Barometer Pressure 2 m 10 s

Rain gauge Rainfall 2 m 10 s

fect that random θv fluctuations could have on misiden-
tifying the starting time of a cold-pool passage, while θv
rather than temperature is used to account for pressure
and moisture variations.

– We isolate time periods of continuous 2 m θv decreases
to further minimize misidentification caused by random
θv fluctuations and which follows from the observed
cold-pool horizontal structure, where temperature de-
creases approximately linearly from the edge to the cen-
ter (Kirsch et al., 2024).

– We identify the time step when the smoothed 2 m θv
continuously decreases by at least 0.5 K as “T0”, fol-
lowing Kirsch et al. (2021).

– Continuous-θv-decrease time periods include at least
one time step of measurable rainfall exceeding
1 mm h−1 and a positive wind speed anomaly relative to
the daily mean wind speed within ±10 min of T0. This
rainfall threshold is used to remove instances of very
weak convection or possible rainfall measurement er-
ror, while the wind speed anomaly is inspired by Kruse
et al. (2022) and verifies a more significant cold-pool
gust front strength compared with the background flow
conditions (given our interest in quantifying cold-pool
impacts on wind turbines).

– There is no rainfall from T0− 30 to T0− 10 min to re-
duce environmental contamination by recent or nearby
convection and to reduce false positive cases that could
actually be related to cold fronts with along-frontal pre-
cipitation.

– θv continuously decreases by at least 1.5 K. This θv
threshold is chosen to match the temperature decrease
threshold of Kruse et al. (2022), with their study in
the Netherlands being similarly situated in coastal flat-
lands. We have increased the threshold to −1.5 K from

−2 K used in Kirsch et al. (2021) due to WiValdi’s
coastal location and greater environmental moisture,
which would likely reduce the amount of evaporative
cooling.

– A θv drop of at least 1.5 K occurs within 30 min of T0.
This θv gradient threshold ensures a more robust cold-
pool passage while minimizing occurrences of more
gradual cooling associated with phenomena outside the
scope of this study (i.e., sea breezes and diurnal cy-
cle). The 30 min time constraint is similar to that of past
work (20 min for Kirsch et al., 2021, and Kruse et al.,
2022). For context, changing this time constraint to 20
or 60 min would decrease or increase detected cases by
one-third, respectively.

– Finally, we prescribe that θv must increase after reach-
ing its minimum value and that this increase occurs
within 60 min of T0. This aligns with known cold-pool
horizontal structure (Kirsch et al., 2024) and further re-
duces false positives associated with cold frontal pas-
sages. The inclusion of this criterion only removes a few
cases from our dataset, but visual inspection reveals that
these removed cases resemble cold fronts (not shown).

Cold-pool events are included in our dataset if they meet
the above criteria. As we require rainfall to be detected at
WiValdi for a cold pool to be counted, we exclude cold-
pool cases where the parent convective cell’s rainfall misses
WiValdi but the cold-pool periphery crosses over the wind
park. We conservatively define the “pre-cold-pool environ-
ment” as the environmental conditions present at T0−30 min,
with findings by Kirsch et al. (2021) and Kruse et al. (2022)
indicating that near-surface environmental conditions do not
significantly change until at least T0− 15 min. The 1 min
averaged environmental conditions at T0− 30 min from the
MWR, lidar, and mast data provide a proxy for the back-
ground environment prior to each of the detected cold-pool
passages.
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2.3 Convective cell tracking

While weather station and meteorological mast observations
can and have been used to identify convective cold pools
(e.g., Kirsch et al., 2021; Hoeller et al., 2024), additional
radar measurements can be useful to (1) confirm the pres-
ence of a parent convective cell linked to the ground-based
cold pool (Kruse et al., 2022) and (2) provide comparison
between radar-derived convection characteristics and near-
surface cold-pool characteristics. Therefore, to supplement
the WiValdi observational network, we track convective cells
associated with the detected cold-pool cases using DWD
radar composite datasets.

We utilize the radar reflectivity (WN) composite dataset
from DWD, which has 1 km× 1 km horizontal resolution and
5 min temporal resolution over Germany. This dataset is de-
rived from 5 min terrain-following scans of the German C-
band radar network with a range resolution of 1 km and az-
imuth resolution of 1° (Wapler, 2021; Wilhelm et al., 2023).
We then employ the Tracking and Analysis of Thunderstorms
(TATHU) toolset (Uba et al., 2022; Sena et al., 2024) to
systematically detect and track convective systems within
the WN dataset. With TATHU, convective elements, or ob-
jects, are identified using a chosen threshold from a given
2D field from which a corresponding bounded polygon is
drawn. Given the polygon boundary at each time step and
a user-provided polygon overlap area percentage, identified
convective elements can be linked in time, including whether
storms undergo splitting or merging during their life cycle.
Convective element characteristics (weighted centroid posi-
tion, shape, size) are provided at each time step, and statisti-
cal quantities of the given 2D field related to each convective
element can be obtained.

For this study, we define a convective cell as a contiguous
area of at least 15 km2 with a minimum radar reflectivity of
19 dBZ, with a 10 % polygon overlap criterion used to con-
nect convection snapshots in time. While the size threshold
is identical to the DWD detection and nowcasting tool KON-
RAD, the reflectivity threshold of 19 dBZ is much lower than
the 46 dBZ chosen by recent studies (Wapler, 2021; Wilhelm
et al., 2023). Goudenhoofdt and Delobbe (2013) proposed
a minimum 40 dBZ threshold to identify convective precipi-
tation over Belgium, suggesting that lower thresholds could
lead to a higher potential for storms to be classified as split-
ting or merging due to closer proximity to nearby convection.
However, to ensure identification of a precipitating convec-
tive cell close in time to the observed cold pool (which is
detected without any convection-type rainfall classification),
as well as to more fully capture a convective cell’s life cycle
from early development to late decay, we employ this lower
19 dBZ reflectivity threshold for cell tracking.

3 Temporal evolution of cold-pool characteristics

3.1 Near surface

Using the detection criterion outlined in Sect. 2.2, we iden-
tify 120 convective cold pools impacting WiValdi from
26 November 2020–30 November 2024. Table 2 highlights
the non-uniform distribution of cold-pool events throughout
the year, with generally more cases in the warmer months
of May through October. However, the lower availability
of 1 min ground station observations in warmer months in-
dicates a likely under-count of cold-pool passages in total.
The greater pre-event surface saturation deficit (qsat−q) dur-
ing May–October indicates a likelihood for greater evap-
orative cooling of rainfall during warmer months, though
WiValdi generally has a lower saturation deficit during sum-
mer months than the 4.7 g kg−1 median saturation deficit
found by Kirsch et al. (2021) during summer months far-
ther inland near Hamburg. With the near-surface tempera-
ture perturbation previously found to have a relatively strong
inverse relationship with pre-event saturation deficit (Kirsch
et al., 2021), we expected that the reduced saturation deficit
at WiValdi would lead to weaker cold pools on average (in
terms of surface temperature decrease) than those observed
near Hamburg. Although this is somewhat borne out by the
decreases in θv (relative to T0− 30) for the warmest months
of July and August, we do not find a strong relationship be-
tween saturation deficit and cold-pool temperature decreases
for other months. Various factors could influence this finding
of a weak relationship, including the lower variability of en-
vironmental conditions at WiValdi due to its coastal location,
the convection types associated with the cold pools identified
by our detection algorithm, the cold-pool region sampled at
WiValdi (e.g., the coldest part may not have passed over the
site), and the lower data availability for the ground weather
station during summer months.

Similar to the monthly θv variations, the median of the
maximum rain rates during cold-pool events tends to be
larger in warmer months, indicating that more intense con-
vective precipitation occurs in warmer months, as would be
expected. However, higher maximum rain rate does not uni-
formly correlate with a stronger cold pool (except perhaps for
July), in agreement with the weak relationship (r =−0.38)
found by Kirsch et al. (2021). Past work over Germany has
noted that accumulated rainfall, rather than maximum rain
rate, has a stronger influence on the observed near-surface
temperature drop (Kirsch et al., 2024). Beyond the thermody-
namic monthly climatology, we generally find higher back-
ground wind speeds in winter months, notably December
and January, in agreement with long-term wind climatolo-
gies over Europe (e.g., Molina et al., 2021). Given this wind
pattern and the positive daily wind anomaly criterion that we
use in our detection methodology, it is not unexpected that
the maximum near-surface wind speeds associated with the
cold-pool gust fronts tend to be larger during colder months.
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Table 2. Monthly climatology of detected cold-pool cases; 1 min ground station data availability; 2 m median pre-event environmental
conditions (30 min before detected cold-pool passage; e.g., T0− 30) in terms of θv (°C), saturation deficit (qsat− q, g kg−1), and total
wind speed (m s−1); and 2 m median environmental changes during cold-pool events (relative to T0− 30) in terms of minimum θv (°C),
maximum rainfall rate (mm h−1), and maximum total wind speed (m s−1). The pre-event environment provides a proxy for the background
environment. Gray shading indicates the warm season at WiValdi, as shown by θv.

Nevertheless, there are still notable increases in 2 m wind
speeds during warmer months of the order of 1–1.5 m s−1.

As with the monthly variability of pre-event environments
and cold-pool events, there is a variety of parent convective
cells associated with the detected cold pools across all sea-
sons, which are represented by the radar reflectivity snap-
shots in Fig. 2 from the nearest radar times to their respec-
tive T0 times. To better contextualize the monthly climatolo-
gies and these convection snapshots, we provide a brief case
study for a cold pool that was detected on 15 June 2024 at
08:54 UTC that is at the stronger end of the range of detected
cold-pool events. This cold pool occurred on a convectively
active day and was associated with a mesoscale convective
system in northern Germany (Fig. 2c). Stratiform rainfall
preceded the cold-pool passage, and additional cold pools
were detected at WiValdi later that morning (not shown).
As the gust front approached, there was an increase in wind
speeds from 7 to 14 m s−1 (Fig. 3a) alongside a wind direc-
tion shift from 195 to 235° (Fig. 3b) over the course of a few
minutes. A significant increase in TKE dissipation rate ε (see
Sect. 3.2) from T0− 30 min to T0 highlights the greater tur-
bulence strength associated with this gust front passage rela-
tive to the background flow (Fig. 3c). Immediately after the
gust front, there was a relative drop in θv of almost 3 K at the
surface and 2.5 K at hub height over the course of 10–15 min,
alongside intense rainfall up to 18 mm h−1, which lasted until
T0+25 min (Fig. 3d). Wind speeds quickly subsided with the
near-surface stabilization, while wind direction and ε more
gradually shifted back towards their pre-event values. Af-
ter 1 h, the kinematic and thermodynamic near-surface at-
mosphere remained altered from the pre-event environment,

though changes beyond about T0+ 30 min were likely also
impacted by subsequent convection occurring on this day.

To gain an understanding of how the bulk near-surface
atmospheric conditions change during the cold-pool pas-
sages, we next examine median time series from the 2 m
ground weather station observations (Fig. 4) for T0− 30 min
to T0+60 min. The median wind speed increases (dark blue)
and the wind direction shifts more westerly (light blue) start-
ing around T0− 15 min, with a more rapid increase in wind
speed after T0−5 min. This closely follows the temporal evo-
lution of wind speed observed by Kirsch et al. (2021), with a
relative increase of 1–1.5 m s−1 by T0+5 min being similar to
their 2 m relative increase of 1.5 m s−1. The median surface
wind direction shifts towards westerly by up to 40° during
the detected events. With T0− 30 min being a proxy for the
pre-event environment, we find a median relative decrease in
θv of 2.7 K (red) during the cold-pool passages that occurs
in the span of ∼ 20 min, starting at T0− 5 min and reaching
a minimum around T0+ 15 to T0+ 20 min. As in Kirsch et
al. (2021), the θv drop onset slightly precedes T0 by a few
minutes due to our chosen detection thresholds. Shortly af-
ter this onset, measurable rainfall is observed, which peaks
near 2 mm h−1 and lasts∼ 20 min. With a surface wind speed
increase, wind direction shift, θv decrease, and measurable
rainfall, the quintessential convective cold-pool characteris-
tics are observed at WiValdi.

After the cold-pool gust front passage, which is strongly
indicated by the rapid wind speed increase and θv drop onset
at T0−5 min, the near-surface wind speed gradually weakens
to below the pre-event value, and the near-surface wind di-
rection gradually shifts back towards∼ 230° as the cold-pool
interior and parent convective cell pass by. The near-surface
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Figure 2. Snapshots of convection situations over northern Germany centered on WiValdi, showing the radar reflectivity (dBZ, colors) for
four parent convective cells that represent the convection variability associated with the detected cold-pool cases. Black contours denote
polygon outlines for tracked cells. Bolded polygon outlines reflect when a tracked cell overlaps with WiValdi (a, c, d).

Figure 3. Case study on 15 June 2024 for T0= 08:54 UTC. (a) Wind speed (m s−1; dark blue), (b) wind direction (°; light blue), (c) TKE
dissipation rate ε (m2 s−3; orange), and (d) 1θv (K; red) and rainfall (mm h−1; green). Solid colored lines indicate 100 m lidar (a–b), 85 m
sonic (c), and 2 m ground station (d) data. The solid brown line in (c) is the 11 min rolling mean ε. Dashed colored lines indicate 85 m
sonic (a–b) and 85 m mast (c) observations. Lidar data with a signal-to-noise ratio below −25 and above 0 dB have been excluded from (a)
and (b).
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Figure 4. Median near-surface characteristics of the detected cold-pool cases, as measured by the 2 m ground station attached to the MWR
relative to T0 (dashed gray line), in terms of 1θv from T0− 30 min (K; red), wind speed (m s−1; dark blue), wind direction (°; light blue),
and rainfall (mm h−1; green). Detected cold-pool sample size is given in the upper-left corner.

θv similarly recovers towards its pre-event state, though no-
tably remains 1 K colder by T0+60 min than at T0−30. This
may suggest that cold pools still propagate past WiValdi even
1 h after the leading gust front or, at minimum, that there is
a lasting effect from the observed cold pools on the near-
surface environment of at least 1 h. Kruse et al. (2022) noted
that temperature recovery typically occurred only after 2 h
for their cases in the Netherlands. So, while the kinematic
changes accompanying the gust front are rapid (5–10 min)
and would thus likely have an impact on turbine structural
loads, the thermodynamic environment changes more grad-
ually, with longer-lasting implications for turbine wakes and
power generation.

3.2 Hub height

Moving above the surface to turbine hub height, we want to
quantify how much the kinematic and thermodynamic envi-
ronment changes from the pre-event state. For wind speed
and direction (Fig. 5a–b), we perform comparisons between
100 m lidar winds and an 85 m sonic on the inflow meteoro-
logical mast (west of T1), noting a decreased sample size of
detected cold-pool events from those observed by the ground
station (Fig. 4). Both measurement systems similarly find a
relative wind speed increase of 4 m s−1 on top of the back-
ground flow that peaks around T0+ 5 min (Fig. 5a), with re-
covery to the pre-event wind speed typically by T0+ 20 min.
The 10th and 90th percentiles show a similar spread of wind
speed changes, indicating that the 1 min lidar scans are able
to reasonably capture both the median and the range of ob-
served cold-pool-associated hub-height wind speed varia-
tions. Of note, the timing of the gust front and recovery to the
background flow, as captured by the sonic, tend to slightly
precede those of the lidar by a couple of minutes, which
can largely be explained by the ∼ 1 km instrument separa-
tion (with the more westward sonic likely being impacted by
cold-pool passages before the lidar in most instances). Wind

direction comparisons show similar agreement between the
lidar and sonic (Fig. 5b). There is a peak wind direction
change of +15° between T0 and T0+ 10 min, which then
gradually decreases, though the median relative wind direc-
tion change for both instruments does not recover to its pre-
event value even after 1 h. Though there is a sample size dif-
ference between the sonic and lidar, the relative magnitude
and spread of kinematic variations during cold-pool passages
at WiValdi are remarkably consistent between the in situ and
remote sensing observations.

As past cold-pool studies have noted an increase in turbu-
lence associated with the gust front (Droegemeier and Wil-
helmson, 1987; Lombardo et al., 2014; Canepa et al., 2020)
and since turbulence strength correlates with stability regime
and impacts turbine structural stress (e.g., Abkar and Porté-
Agel, 2014; Englberger and Doernbrack, 2018), assessing
short-term variations in turbulence is relevant for both con-
vective cold pools and wind energy applications. The TKE
dissipation rate ε is a metric for quantifying the turbulence
strength and is estimated herein every 1 min using high-
frequency (20 Hz) observations from the 85 m sonic on the
inflow mast. Following Bodini et al. (2019), the theoretical
turbulence model of Kolmogorov (Kolmogorov, 1941) is fit
to the second-order structure function calculated from the
sonic data using a range of time lags τ between 0.15 and
1.05 s. Data inspection confirms that the sonic measurements
within this time interval closely follow the Kolmogorov slope
(k =−5/3) and hence lie within the inertial subrange of the
turbulence energy spectrum. During the detected cold-pool
passages, there is a relative increase in median ε from the
pre-event environment up to 10−2 around T0, indicating an
increase in turbulence strength associated with the cold-pool
gust front (Fig. 5c). As turbulence tends to be greater during
daytime hours and summertime months (Bodini et al., 2019),
which is also when most thunderstorms and thus convective
cold-pools would occur, the positive change in ε during the
gust front would be in addition to this greater background
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Figure 5. Hub-height variations relative to the pre-event environment (T0− 30 min) and relative to T0 (dashed gray line) for (a) wind speed
(m s−1; dark blue), (b) wind direction (°; light blue), (c) TKE dissipation rate ε (m2 s−3; orange), and (d) θv (K; red). Solid colored lines
indicate 100 m lidar (a–b), (c) 85 m sonic ε, and (d) 85 m MWR, while dashed colored lines in (a–b, d) indicate 85 m in situ inflow mast
observations. The solid brown line in (c) is the 11 min rolling mean ε; otherwise the darker solid and dashed colored lines indicate median
values. Shading and thinner dashed colored lines indicate the 10th–90th percentile spread. Detected cold-pool sample sizes are given in the
upper-right corner for each instrument.

turbulence pattern. After T0, there is a decrease in ε, coincid-
ing with the subsidence in wind speeds (Fig. 5a) and cooling
of the near-surface atmosphere (Fig. 5d).

In contrast to the kinematic variations (Fig. 5a–b), the hub-
height thermodynamic variations have noticeable disagree-
ments in terms of θv between 1 min inflow mast instrumen-
tation and 1 min MWR zenith retrievals at 85 m (Fig. 5d).
While the median and 10th–90th percentile spread of rela-
tive θv changes follow a similar trend until the θv drop onset,
a sizable proportion of MWR profiles remains warmer than
the pre-event environment after T0, in contrast to the in situ
observations. The 85 m MWR measurements are able to cap-
ture the first minutes of cooling after the gust front passage,
but then the median values from the mast and MWR devi-
ate from each other starting around T0+5 min after a relative
cooling to −0.5 K. The median mast observations indicate
additional cooling to nearly −2 K by T0+ 20 min, while the
MWR profiles remain largely constant. This decrease in me-
dian mast θv at 85 m (Fig. 5d) shows a slightly weaker sig-
nal than near the surface (Fig. 4), which is consistent with
previous studies (e.g., Kirsch et al., 2021). As surface rain-
fall rates also typically increase within this time period from
T0+ 5 to T0+ 20 min (Fig. 4), it is likely that raindrops on
the MWR radome interfere to some extent with the zenith re-

trievals for the measured frequencies in the microwave spec-
trum, particularly those in the water vapor absorption band.
Foth et al. (2024) note that MWR retrieval algorithms gen-
erally decrease in accuracy for greater rainfall rates, with the
zenith elevation angle having the largest positive brightness
temperature biases (> 3 K) across most measured frequen-
cies compared with lower elevation angles. Additionally, as
the thermodynamic vertical gradient between the surface and
turbine hub height also increases between T0 and T0+20 min
(see Fig. 7) and since MWR zenith scans are less capable of
capturing large vertical gradients, the MWR is expected to
have less accuracy during the time period of greatest cool-
ing, even if rainfall did not occur. Both measurement sys-
tems show some recovery towards the pre-event state after
T0+20 min, though the MWR observations for most detected
cold-pool cases tend to have a persistent warm bias through
T0+ 60 min. Overall, the meteorological mast shows good
agreement with the temporal evolution of θv given by the
ground station (Fig. 4), while the MWR profile measure-
ments tend to underestimate the observed cooling within the
cold-pool interior. As such, we exclude the MWR profiles
from our subsequent analyses.
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Figure 6. Mean vertical profiles over the given time periods rela-
tive to the pre-event environment (T0− 30 min) for (a) wind speed
(m s−1; dark blue) and (b) wind direction (◦; light blue). Dots cor-
respond to the median 2 m ground station observations averaged
over the given time periods. Solid colored lines indicate the me-
dian conditions, while shading indicates the 10th–90th percentile
spread. Horizontal dashed black lines indicate the turbine bottom
(34 m), hub (92 m), and top (150 m). Detected cold-pool sample size
is given in the upper-left corner.

4 Vertical structure of cold-pool characteristics

As the wind speeds induced by cold pools often maximize
above the surface within the height range of onshore wind
turbines, we isolate the vertical structure associated with the
peak gust front strength, as shown in Figs. 4 and 5, us-
ing vertical profiles up to 1 km height averaged from T0 to
T0+ 5 min. Vertical profiles of relative wind speed from the
lidar (Fig. 6a) highlight the increased winds associated with
the cold-pool gust front, with the largest relative increases
occurring just above 100 m. The median wind speed shows
a relative increase from the pre-cold-pool environment up to
about 800 m height, which provides a rough estimate for the
median gust front depth at WiValdi. The relative wind direc-
tion profiles indicate a maximum shift of +15° (e.g., more
westerly on average) also around 100–150 m height (Fig. 6b),
with lower heights still typically exceeding+10°. As the me-
dian relative wind direction vertical profile shows a positive
wind direction shift up to 700 m height, this provides addi-
tional support for an approximate cold-pool gust front depth
of between 700–800 m. Notably, Kirsch et al. (2021) found
an estimated median cold-pool depth of 750 m near Hamburg
using perturbation pressure extrapolation of mast data, which
closely aligns with the zero-crossing height of the kinematic
relative vertical profiles using the lidar at WiValdi.

Focusing on the height region of the WiValdi turbines, we
want to obtain a more detailed understanding of the verti-
cal profile variations associated with the detected convec-
tive cold pools. There is a more limited sample size when
all inflow mast instrumentation heights are available (Ta-
ble 1), but the mast provides sufficient context for com-
paring with the remote sensing vertical profiles. A typical
gust front peaks in strength around the turbine hub height at

+3 m s−1 (Fig. 7a), exhibiting a nose shape within the tur-
bine rotor layer (34–150 m; dashed black lines), as has been
observed by past work on convective winds (Lombardo et
al., 2014; Gunter and Schroeder, 2015; Canepa et al., 2020),
with the vast majority of WiValdi cases showing increased
wind speeds compared with the background flow. Indeed,
both Kirsch et al. (2021) and Kruse et al. (2022) similarly
observe positive wind speed perturbations associated with
cold-pool gust fronts maximizing around 100 m. While it ap-
pears that some gust fronts at WiValdi do not cause an in-
crease in wind speed, this is actually a result of kinematic
variations between T0− 30 and T0 (see 10th percentile in
Fig. 5a), which complicates the quantification of localized
relative wind speed changes during the short time period of
the gust front passage. Nevertheless, there is good agreement
in the vertical shape and spread of wind speed above hub
height for the mast and lidar, further validating the remotely
sensed wind speeds. Notably, the mast data capture a greater
wind speed change with height over the lower half of the
rotor layer than over the upper half. For the relative wind
direction (Fig. 7b), a peak of +15° occurs close to the sur-
face, in contrast to the wind speed peak that occurs near hub
height. The lidar relative wind direction changes between
about 100–150 m are roughly comparable to the mast obser-
vations between these heights, qualitatively indicating that
the lidar captures the maximum wind direction changes ac-
companying the gust front reasonably well. While there is a
slightly greater wind direction change over the lower half of
the rotor layer, similar to the wind speed, the difference from
the upper half is not quite as significant. The “nose” in θv
(Fig. 7c), with a smaller relative change at hub height com-
pared to above and below, corresponds to the nose-like shape
found in the wind speeds. Kirsch et al. (2021) find a simi-
lar “nose” in θe at 110 m using mast observations at specific
heights near Hamburg; however, this thermodynamic feature
is not observed by Kruse et al. (2022) for cold pools over
the Netherlands. We speculate that a θv “nose” could perhaps
be a manifestation of increased mixing in the gust front nose
with the warmer background air ahead of the advancing cold
pool, but we can not definitively identify the cause of this
thermodynamic “nose” feature, and so we leave this deter-
mination to future work.

By the time of maximum cold-pool cooling (T0+ 15 to
T0+ 20 min), the wind speeds have largely relaxed back to-
wards the pre-event flow below hub height, though they re-
main increased by 1 m s−1 at the turbine top (Fig. 7d). The
wind direction adjustment is comparatively more subtle, with
some reduction in direction shift (Fig. 7e) but still being 5–
10° more westerly on average from T0− 30 min through-
out the rotor layer, indicating that the wind direction typi-
cally takes longer to recover than the wind speed after cold-
pool gust front passages. Since the gust front time period
(Fig. 7c), the relative θv shows greater cooling at all mast
heights (Fig. 7f), being the greatest near the surface at −2
to −2.5 K, in agreement with the known vertical structure
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Figure 7. Mean vertical profiles within the turbine rotor layer over the given time periods for (a, d) wind speed (m s−1; dark blue), (b,
e) wind direction (°; light blue), and (c, f) θv (K; red) changes relative to T0− 30 min using inflow mast (solid) and lidar (a–b, d–e; dashed)
measurements. Horizontal dashed black lines indicate the turbine bottom (34 m), hub (92 m), and top (150 m). In situ ground station mea-
surements are shown as dots at 2 m. Median values are shown in bold and thicker dashed colored lines, with the 10th and 90th percentiles
shown in shading and smaller dotted colored lines. Detected cold-pool sample sizes per instrument are given in the upper-right corner.

of the cold-pool thermodynamical signal (e.g., Barnes and
Garstang, 1982; Kirsch et al., 2021). The 1 min ground sta-
tion observations seem to adequately capture the short-term
environmental variations associated with the cold pools, with
the possible exception of the initial near-surface θv drop
(Fig. 7c), which is due to the inflow mast being impacted by
the cold pool before the ground weather station (Fig. 1b). The
observed rotor-layer cooling suggests stabilization through-
out the profile within the cold-pool interior, which is explic-
itly quantified in the following section.

5 Wind turbine rotor layer

Now that we have examined how the temporal evolution and
vertical structure of the background kinematic and thermo-
dynamic environment are affected by convective cold pools
at WiValdi, we next investigate variations in more derived
quantities that affect power output and structural loads across
the rotor layer associated with cold-pool passages using in-
flow mast observations. As indicated by the wind speed nose

near hub height around T0 to T0+ 5 min (Fig. 7a), there is
increased lower-rotor-layer shear from the pre-event envi-
ronment of 1.5 m s−1 (over a depth of 51 m) associated with
the gust front alongside comparatively negligible changes in
upper-rotor-layer shear (Fig. 8a). Therefore, the total-rotor-
layer shear changes (over a depth of 115 m) induced by the
cold-pool gust front are almost exclusively encapsulated by
shear changes below hub height. Upper-rotor-layer shear in-
creases more thereafter, peaking at 1 m s−1 (over a depth of
64 m) about 30 min after the gust front. The total-rotor-layer
shear remains increased by at least 1 m s−1 even 1 h after
T0, indicating that relative increases in shear-induced loads
on the turbines would likely persist well after the cold-pool
leading edge. Similar to wind shear, the wind veer shifts the
greatest around the time period of the gust front (Fig. 8b),
noting that the relative wind veer is negative during WiValdi
cold-pool passages owing to greater wind direction changes
closer to the surface (Fig. 7b). Veer across the lower part
of the turbine rotor peaks at −6° around T0, with the total-
rotor-layer veer reaching −8° and the upper-layer veer peak-
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ing a few minutes later at −4°. Overall, the largest change
in rotor-layer veer is associated with the cold-pool leading
edge, but a median shift in rotor-layer veer of −4° remains
even after 1 h. Given the “nose” in relative θv around turbine
hub height (Fig. 7c), there is a relative increase in static sta-
bility of 14 K km−1 over the lower rotor layer and relative
decrease in stability (greater instability) of 7 K km−1 over
the upper rotor layer (143–85 m), associated with the cold-
pool gust front (Fig. 8c). This asymmetric change in stability
across the entire rotor layer continues until T0+ 15 min, but
it is unclear how the turbine wake would behave in this com-
plex stability regime environment. Over the course of a thun-
derstorm passage, there is a general trend towards increas-
ing stability compared with the pre-event environment as the
near-surface cooling persists, remaining 7 K km−1 more sta-
ble (0.8 K across the turbine rotor) after 1 h. This longer-
term stabilization throughout the rotor layer would tend to
lengthen turbine wakes in the streamwise direction (Abkar
and Porté-Agel, 2014), increasing the potential for down-
stream turbines to experience velocity deficits, decreased tur-
bulence, and less power production.

Beyond shear and veer variations, we also seek to quantify
the change in power generation that would be expected for
a standalone turbine impacted by a cold pool. This has been
modeled using a simple piecewise wind speed–power rela-
tionship (Wildmann et al., 2022), wherein the cut-in, rated,
and cut-out hub-height wind speeds are provided alongside
the maximum turbine power output to obtain the “estimated”
power generation. Estimated power is taken to linearly in-
crease between the cut-in and rated wind speeds (i.e., partial
load range), and we do not consider impacts from turbine op-
erational adjustments (e.g., pitching, yawing) on the power
output. For the 4.2 MW WiValdi wind turbines, we have
2.5 m s−1 cut-in, 13.1 m s−1 rated, and 25 m s−1 cut-out wind
speeds. With the 100 m lidar wind speeds being used as the
hub-height wind input for this power estimate calculation, it
is important to first determine where the background winds
lie on the power curve to understand how much the subse-
quent cold-pool wind speed perturbations may cause fluc-
tuations in power generation. The 100 m pre-event environ-
ment typically has wind speeds of 9 m s−1, with the 10–90th
percentiles ranging from 4–15 m s−1 (Fig. 9a). Therefore,
background hub-height winds are generally above the cut-
in wind speed and within the partial load part of the power
curve, indicating that most detected cold-pool gust fronts
would likely cause an increase in power output. When con-
sidering the climatological wind speeds at WiValdi (dashed
lines, Fig. 9a), the pre-event flow is already elevated, sug-
gesting that convective conditions before the cold-pool time
periods are already associated with a potential for greater-
than-average power output. Lidar median wind speeds rise
by 4 m s−1 in addition to the background flow during gust
front passages (Fig. 5a), reaching the rated wind speed, and
gust front amplitudes range from 3–6 m s−1. As noted by
Kelly et al. (2021), wind ramps starting below the rated wind

speed and ending above the rated wind speed significantly
contribute towards increased turbine structural loads, which
closely aligns with the typical WiValdi cold pool. Using the
above-mentioned power estimation and 100 m winds, we es-
timate a median increase in power output up to 50 % around
T0 to T0+ 5 min associated with the gust front (Fig. 9b). Es-
timated power increases can exceed 100 % (for cases starting
from weak background flow), and power generation remains
larger than the pre-event environment for about 30 min. We
have a limited sample size of observed power output dur-
ing the detected cold pools, but power observations from the
westernmost WiValdi turbine (T1; Fig. 1b) during warmer
months in 2024 broadly agree with having a significant peak
associated with the gust front and increased power last-
ing about 30 min. After the gust front maximum, there is
some indication of a relative reduction in observed wind
power compared with the pre-event state, likely stemming
from a relative decrease in hub-height wind speeds alongside
the near-surface atmosphere stabilization. As the observed
power changes are complicated by continued turbine testing
during the available time period and since this turbine was
not always allowed to produce up to the rated power output,
a larger observed power climatology in the future is needed to
more reliably contextualize the estimated power generation.
Nevertheless, we determine that noteworthy wind power in-
creases would be expected for T1 due to the majority of cold-
pool gust fronts in the vicinity of WiValdi.

6 Summary and conclusions

With the increasing amount of wind energy in Germany
and remaining uncertainties regarding wind power predic-
tion, it is crucial to better understand how particular atmo-
spheric phenomena can impact wind turbines. Past litera-
ture has identified deep convection as one such phenomenon
linked to wind power prediction errors (Steiner et al., 2017),
with the associated convective outflow (i.e., cold pool) caus-
ing rapid changes in boundary-layer winds that are notori-
ously difficult for conventional forecasting models to char-
acterize with sufficient spatial and temporal accuracy. To
this end, we quantify the impact of convective cold-pool
passages on short-term environmental variations near two
utility-scale onshore wind turbines in northern Germany at
DLR’s WiValdi research wind park. We make extensive use
of 1 min meteorological mast and remote sensing vertical
profiles (Doppler wind lidar, MWR) in order to reliably cap-
ture the minute-scale ramp-up of thunderstorm winds (Lom-
bardo et al., 2014) and associated thermodynamic fluctua-
tions. Cold-pool events are identified from ground weather
station data using thresholds for a continuous decrease in
near-surface virtual potential temperature (θv), a positive
daily wind anomaly, and measurable rainfall following the
methodologies of Kirsch et al. (2021) and Kruse et al. (2022).
Of note, we define “T0” as a proxy for the start of the cold-
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Figure 8. Median changes in inflow mast (a) wind shear (m s−1), (b) wind veer (°), and (c) static stability 1θv/1z (K km−1) relative to the
pre-event environment (T0− 30 min) over the lower layer (85–34 m; darker lines), upper layer (149–85 m, a–b, 143–85 m, c; lighter lines),
and full rotor layer (149–34 m; dashed). Sample sizes are given in the upper-left corner.

Figure 9. Time series relative to T0 for (a) 100 m lidar wind speed (m s−1; dark blue) and (b) power output change relative to T0−30 min (%;
pink). Solid lines indicate (a) median wind speeds around cold-pool time periods and (b) median estimated power change. Thicker dashed
lines indicate (a) 100 m climatological median wind speed and (b) observed median power change for the T1 turbine, with shading in (a, b)
and thinner dashed lines in (a) indicating the 10–90th percentile spreads. Sample sizes are given in the upper-right corner.

pool passage, similar to Kirsch et al. (2021), though the
actual cold-pool leading edge would precede this time by
a few minutes due to the chosen threshold criterion. With
the 120 detected cold-pool cases across 4 years (Novem-
ber 2020–November 2024), we primarily focus on kinematic
and thermodynamic changes within the turbine rotor layer
(34–150 m) associated with the cold-pool leading edge (i.e.,
gust front) and the subsequent thermal stabilization within
the cold-pool interior.

A typical WiValdi convective cold pool follows the
quintessential sequence of environmental changes: surface
wind speeds increase, and the wind direction shifts for a few
minutes before a drop in near-surface θv, which is then fol-
lowed by rainfall 5–10 min later that peaks near 2 mm h−1.
Of greater importance for wind energy is the fact that the
median wind speeds increase relatively by up to 4 m s−1 just
above 100 m height compared with the pre-event flow (taken
as T0−30 min) during the time period from T0 to T0+5 min,
with a relative increase in wind speeds for about 30 min. The
hub-height wind direction shifts more westerly on average

than the background flow by +15°, with full recovery to the
background wind direction not reached even after 1 h. Turbu-
lence strength, which we quantify using the dissipation rate
of turbulent kinetic energy calculated from high-frequency
ultrasonic anemometer measurements, similarly shows a rel-
ative increase around the gust front time period. After the
kinematic variations associated with the passage of the cold-
pool gust front, the near-surface atmosphere cools for 20 min
until reaching a minimum relative θv decrease of −2.7 K
from its maximum value, with a relative decrease of −0.5
to −1 K still remaining after 1 h. We determine that the gust
front ramp-up starts from T0−5 to T0 min and peaks from T0
to T0+5 min, while the minimum θv (i.e., maximum cooling),
which would be approximately the cold-pool center (Kirsch
et al., 2024), is reached by T0+15 to T0+20 min. This yields
a time from the cold-pool leading edge to the cold-pool cen-
ter of the order of 20–25 min. The peak wind speed and max-
imum cooling time periods are used for subsequent analyses
to isolate the largest environmental changes associated with
the cold-pool passages.
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Using available vertical profiles from a Doppler wind li-
dar for 106 of the 120 cases, we estimate a median cold-pool
depth of 700–800 m, over which relative kinematic changes
induced by the cold-pool gust front are detectable. This is
in good agreement with a median cold-pool depth of 750 m
found by Kirsch et al. (2021) using pressure perturbation ex-
trapolation of meteorological mast data and highlights that a
typical cold-pool depth would exceed the height of current
onshore wind turbines. As this lidar can not provide consis-
tent temporal coverage below 100 m height due to the scan-
ning pattern, we leverage in situ instrumentation on an in-
flow meteorological mast to provide greater vertical cover-
age within the turbine rotor layer, though with a more limited
sample size. We find a “nose shape” in increased wind speeds
near hub height during the gust front passages, in line with
past observational work focused on convective winds (Lom-
bardo et al., 2014; Gunter and Schroeder, 2015; Canepa et al.,
2020), which is associated with a smaller relative decrease in
θv at hub height compared to above and below hub height.
The relative wind direction and θv changes maximize near
the surface, though a shift in direction of+5 to 15° during the
gust front and cooling of 1.5–2 K from T0+15 to T0+20 min
are still observed on average throughout the rotor layer. In
terms of the bulk cold-pool characteristics (strength, tem-
poral evolution, vertical structure) related to kinematic and
thermodynamic variations, we are in broad agreement with
other European cold-pool studies (Kirsch et al., 2021; Kruse
et al., 2022). However, the “nose” in θv near hub height is
one cold-pool feature also found by Kirsch et al. (2021) that
is not observed by Kruse et al. (2022). As such, additional
observational work is needed to determine if this aspect of
the cold-pool vertical structure is commonly found, since its
impact on wind turbine wakes in terms of static stability is
crucial for assessing the net impact of convective cold pools
on wind power production across entire wind farms.

We extend beyond typical cold-pool analyses by investi-
gating fluctuations in shear, veer, and static stability, which
are important for wind power prediction and are more com-
monly studied in the wind energy community. The environ-
mental variations as the gust front impacts WiValdi produce
rapid increases in relative wind shear of 1.5 m s−1 and neg-
ative relative wind veer of 8° over the entire turbine rotor
layer, with an increase in static stability of a few K km−1.
However, these changes are not uniform across the turbine
but are rather asymmetric. The relative changes below tur-
bine hub height noticeably exceed those above hub height:
upper-rotor-layer shear is negligible, with the relative wind
veer and stability magnitudes being twice as large below hub
height compared to above hub height. Also, while there is
an increase in stability below hub height, there is a tem-
porary decrease in stability above hub height. With these
vertical asymmetries, we would expect temporarily oppo-
site fluctuations in static stability along with differential tur-
bine structural loads across the rotor plane during cold-pool
gust front passages. Gradually increasing stabilization over

the following hour across the whole rotor layer would have
longer-lasting implications for turbine wake lengths, which
can significantly affect downstream power output depend-
ing on wind farm configurations. Similarly, as wind direc-
tion shifts back toward the pre-event flow more slowly than
wind speed, there would be longer-lasting effects on turbine
yawing and structural loading from rotor-layer veer.

As the pre-event winds typically lie above the cut-in
wind speed (2.5 m s−1) and below the rated wind speed
(13.1 m s−1), we expected that cold pools would produce
some wind power variations. To better quantify the poten-
tial power changes, we use the 100 m lidar wind speeds, a
linear wind speed–power relationship within the partial load
region of the power curve, and the operational settings of
the WiValdi turbines. We estimate a median relative power
increase of up to 50 % associated with the cold-pool gust
front for the first WiValdi turbine impacted by the cold pools
(e.g., T1), with a positive change in estimated power last-
ing 30 min. Although with just a handful of available power
cases, the observed power variations qualitatively support a
gust front peak and increased power occurring over approx-
imately 0.5 h. The median estimated percentage change in
power due to the detected cold-pool cases is noteworthy;
however, the real-world significance of such a power change
depends upon a number of factors beyond the scope of this
study, including how many turbines are affected, whether the
cold pool occurs during a power transition period (e.g., early
evening), and whether cold pools affect entire wind parks. As
such, the determination of the net impact of cold pools on ob-
served wind power changes is left for future work. Greater in-
vestigation relating observed cold-pool characteristics to par-
ent convective cell characteristics is needed to reduce wind
power forecasting uncertainties related to deep convection.

Throughout our analyses, we highlight the remarkable ca-
pabilities of a vertically scanning Doppler wind lidar to cap-
ture both the temporal evolution and the vertical structure
of short-term wind speed and direction changes associated
with convective cold pools in terms of both the median and
the 10th–90th percentile spread. Conversely, we note an un-
derestimation of the hub-height θv variations by the 1 min
MWR zenith scans, particularly during periods of rainfall.
Future studies should investigate whether rainfall corrections
and/or different 1 min MWR scanning patterns could remedy
this limitation during convective cold-pool passages. While
we have a sufficient sample size of detected cold pools from
the meteorological mast observations to support our con-
clusions regarding the kinematic and thermodynamic varia-
tions at WiValdi, additional mast measurements up to heights
of 100–200 m over a larger number of locations would be
beneficial for capturing the vertical structure of cold pools
within the turbine rotor layer. A greater density of operational
weather stations, in combination with more meteorological
masts, would allow for more accurate quantification of cold-
pool sizes and thus how many wind turbines a given cold pool
could impact. Given that our cold-pool observations are from
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an onshore wind park, we take care not to generalize our find-
ings to offshore wind farms. Future work should be mind-
ful when applying the cold-pool impacts described herein to
offshore platforms or farther inland locations as the satura-
tion deficit will likely cause differences in cold-pool strength
and vertical structure compared with those we observe at our
coastal location.

As this study deals with the intersection of convective cold
pools and wind energy, we would like to suggest some possi-
ble additions to analysis done within each respective com-
munity from our understanding of past literature included
in this work. Cold-pool studies should also quantify turbu-
lence variables, shear, veer, and static stability (where pos-
sible) when the vertical structure of cold pools is analyzed
since these quantities are very beneficial for the wind energy
community and wind energy applications. Conversely, wind
ramp research should focus on both kinematic and thermo-
dynamic changes occurring alongside wind ramps, as wind
ramps linked to meteorological phenomena are often also as-
sociated with thermal variations and since both aspects are
important for assessing turbine structural loads, turbine wake
characteristics, and wind power generation.
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