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Abstract. The increasing hub height of wind turbines aims at optimizing the wind energy yield at one location
and offers the possibility to provide new areas for wind power, for example forests. Inhomogeneous environmen-
tal conditions of locations for wind turbines as well as the hub heights of more than 100 m cause challenges for
flow models and their potential for wind power assessment. This includes special features of the wind field like
low-level jets (LLJs), frequently observed local wind maxima in the nocturnal boundary layer. To characterize
the dependencies of LLJs, the micro-scale model HIRVAC2D (HIgh Resolution Vegetation Atmosphere Coupler
2D) is applied in the study.

The model HIRVAC2D is capable of modelling different vegetation types by explicitly considering the highly
resolved structure of varying plant parameters. Beyond that, the model enables the resolution of temporally
variable atmospheric circulation patterns during day- and night-time with typical thermal stratifications. In this
way, HIRVAC2D is suitable to capture the nocturnal LLJ development and its characteristics. Results of several
HIRVAC2D simulations are presented in order to deduce quantitatively the sensitivity of LLJs to vegetation
and model parameters as well as meteorological quantities. It is shown that the geostrophic wind speed is an
important criterion for the development of LLJs within a height range between 50 and 300 m. For a geostrophic
wind speed of 4 m s−1, a nocturnal LLJ occurs remarkably more frequent as for a wind speed of 10 m s−1. To
interpret and evaluate this result regarding possible wind power applications, a frequency distribution of the
geostrophic wind speed was calculated over 30 years exemplarily at two locations using the meso-scale model
COSMO in climate mode. Additionally, the type of land use has an impact on the height and intensity of LLJs.
For a grassland site, the nocturnal LLJ is noticeably more frequent in the considered height range, but with a
smaller wind speed and at a lower height above ground in comparison to deciduous or coniferous forests.

1 Introduction

The hub height of wind turbine rotors has increased in re-
cent years and has achieved heights of over 100 m above
ground surface for newly installed onshore wind turbines in
Germany (Deutsche WindGuard, 2017). This leads to an op-
timization of the yield due to increasing wind speed with
height. Additionally, new areas for wind energy become ac-
cessible, e.g. forest areas. To investigate, if the wind field
at hub heights is influenced by the characteristics of the
land use, suitable atmospheric boundary layer (ABL) mod-
els should be applied. Furthermore, it has to be ensured that
the typical daily and seasonal periodic interactions between

the airflow and other meteorological fields are realistically
modelled.

One phenomenon of the wind field at heights above 100 m
is the so-called low-level jet (LLJ). Nocturnal LLJs consid-
ered in this paper originate from an inertial oscillation, which
develops above a stably stratified layer (Stull, 1988). When
around sunset stable stratification develops during a cloud-
less night, the upper part of the former mixed layer becomes
decoupled from the surface. In this air layer, the daytime bal-
ance of forces is disturbed due to the absent influence of fric-
tion. Consequently, the Coriolis force induces a wind vec-
tor oscillation around the geostrophic wind, producing a fre-
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quently supergeostrophic wind speed during the night. The
resulting LLJ is characterized by a maximum in the wind
speed profile, which can be typically observed between 100
and 500 m above the ground surface (e.g., Baas et al., 2009).

The presence of LLJs has several impacts for wind en-
ergy production. High wind speeds associated with the jet are
favourable and lead to higher power generation (e.g., Storm
et al., 2009). Depending on the geographical region, LLJs
can be responsible for a large fraction of power generation.
Wilczak et al. (2014) reported for the Great Plains in the
United States that LLJs during nocturnal hours drive capacity
factors to over 60 %. At the same time, the enhanced vertical
wind shear and intermittent turbulence can negatively affect
wind turbines due to cyclical aerodynamic loads on the tur-
bine blades (e.g., Gutierrez et al., 2016).

The phenomenon of LLJs has been investigated for many
years beginning with the work of Lettau (1954) and Black-
adar (1957), see the overview by Emeis (2014). Meanwhile,
LLJ climatologies based on measurements by meteorolog-
ical masts (e.g., Kottmeier et al., 1983), remote sensing de-
vices (e.g., Emeis, 2014) or a combination of both techniques
(e.g., Baas et al., 2009) are available. These observations
show similar properties of LLJs, however, a unique defini-
tion of LLJs does not exist (Gross, 2012). This is also the
reason for different frequencies of occurrence of a noctur-
nal LLJ, which is given by Kottmeier et al. (1983) as 10 %
and by Emeis (2014) as 20 % of all nights for northern Ger-
many. Independent from the absolute number of occurrence
it is evident, that the LLJ is a regular night-time feature (e.g.,
Lampert et al., 2016).

Besides measurements, modelling of the nocturnal bound-
ary layer including the development of LLJs for a realistic
situation and environment is still a challenge (Gross, 2012).
In practice, approximations like the logarithmic wind pro-
file are commonly adopted for an extrapolation of wind in-
formation to hub height. Especially during night-time with
stable stratification and a LLJ development, the logarithmic
law results in a significant underestimation of the wind speed
(Storm et al., 2009). Additionally it is important to note
that existing standards (e.g. by the International Electrical
Commission, IEC) for wind power industries cannot repre-
sent strong wind shear associated with LLJs (Kalverla et al.,
2019).

Information about LLJ characteristics at a specific location
is necessary to take into account this phenomenon for possi-
ble wind energy applications (Lampert et al., 2016). Essential
features of LLJs, e.g. altitude, duration, intensity, and wind
shear in comparison to the large-scale wind field, are de-
pendent on the meteorological boundary conditions, e.g. the
geostrophic wind speed. Due to the possible increase in yield,
but also the mechanical load on wind turbines, there is a
great need for temporally and spatially resolved atmospheric
model studies on LLJs (Storm et al., 2009). Nowadays, there
are several studies on LLJs applying meso- or micro-scale,
one- up to three-dimensional models of the atmosphere. Sanz

Rodrigo et al. (2017) developed a methodology for a bench-
mark test of ABL models for wind energy applications in-
cluding the case of nocturnal LLJs. Thereby, single-column
Reynolds-averaged Navier-Stokes (RANS) models were ap-
plied to simulate the wind field over horizontally homoge-
neous terrain. To incorporate heterogeneous conditions of the
surface, higher-dimensional models are needed. The poten-
tial of the three-dimensional Weather Research and Forecast-
ing (WRF) model in forecasting two nocturnal LLJ events
was investigated by Storm et al. (2009). WRF was used in
the meso-scale modelling version with horizontal grid spac-
ing of 4 km. All WRF configurations do have the capability to
capture some of the essential characteristics of observed LLJ
events (location and timing), but the model overestimates the
height and underestimates the wind speed of the jets. This
result is likely caused by the used boundary layer parameter-
ization, which is tuned to the meso-scale model resolution.
A vertical displacement of LLJs in meso-scale data was also
detected by Kalverla et al. (2019) using the ERA5 reanalysis
data for LLJs over North Sea. Adequate boundary layer pa-
rameterization schemes together with highly resolved micro-
scale models are needed to detect all LLJ characteristics with
high accuracy.

Additionally, the diversity of land uses in Central Europe
demands to investigate LLJ dependencies on the kind of land
use and vegetation parameters (e.g., plant area density and
vegetation height). This issue is also relevant for wind en-
ergy applications because wind farms in more heterogeneous
onshore areas are being developed to respond the increasing
demand for onshore wind power. When exploring such sites,
new challenges arise for modelling wind fields due to higher
turbulence levels and wind shear. Especially forest stands are
vertically distributed sources and sinks for the exchange of
momentum and heat between the vegetation elements and
the airflow. Nowadays, the wind energy community also ap-
plies forest flow models that use the spatially resolved plant
area density (PAD) derived from airborne laser scans (ALSs).
Ivanell et al. (2018) described results of a benchmark test of
several micro-scale models including a vegetation parame-
terization scheme using PAD measured by ALS. Such mod-
els could potentially replace simple standardized approxima-
tions for the extra- or interpolation of measured wind fields
at locations with forests and/or heterogeneous vegetation pa-
rameters. So far, the focus of model studies was on stationary
conditions with neutral stratification (Ivanell et al., 2018), i.e.
LLJ events were not yet considered.

The present study attempts to fill this gap by applying a
state-of-the-art micro-scale model that is able to describe the
development of the atmospheric boundary layer including the
nocturnal LLJ with high spatio-temporal resolution over sur-
faces with different kinds of land use. This investigation is
part of the project “Quantitative wind climatology for wind
energy applications at heights above 100 m” (QuWind100).
The main objective of QuWind100 is to derive a wind clima-
tology for altitudes between 100 and 200 m above ground as
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ready for use database for current and future wind power ap-
plications in Germany. A long-term wind climatology is typ-
ically determined from a combination of measurements and
meso-scale model simulations with horizontal resolution of
a few kilometres. The transition from meso- to microscale to
provide the needed wind field data at a location is the main
challenge for the next generation of wind assessment tools
(Sanz Rodrigo et al., 2017). This background motivates the
project QuWind100 to build up a model chain with a three-
dimensional regional climate model and a two-dimensional
boundary layer model. A special feature of the ABL model
is the high vertical resolution and transient simulation of the
influence of realistic vegetation stands on the wind field in-
cluding the development of LLJs. Sensitivity analyses of the
ABL model help to determine, which are the most important
drivers of the model that affect the LLJ occurrence, jet speed,
and jet height.

The organization of the paper is as follows: Sect. 2 pro-
vides an overview of the micro- and meso-scale numerical
models applied in this study and the simulated database.
In Sect. 3.1, exemplary results of the sensitivity study of
the micro-scale model regarding influences on the noctur-
nal LLJ characteristics are presented. Section 3.2 addresses
the main influence on the occurrence of nocturnal LLJs, the
geostrophic wind speed. The climatological frequency dis-
tribution of geostrophic wind speed is shown by means of
examples at two locations in Germany. Concluding remarks
and an outlook to future investigations are given in Sect. 4.

2 Numerical models and data base

To quantify several influences on the properties of LLJs,
numerical simulations were performed using the two-
dimensional (2-D) model version of HIRVAC (HIgh Resolu-
tion Vegetation Atmosphere Coupler; Mix et al., 1994; Zie-
mann, 1998). This performance-optimized boundary-layer
model is particularly suitable for sensitivity studies, which
allow the separate analysis of temporal and spatial effects
on the wind field, i.a. at altitudes above 100 m, under con-
ditions of a “virtual” laboratory. The main three sub-models
of HIRVAC2D describe the atmosphere, the vegetation, and
the soil. Special features of HIRVAC2D are the high verti-
cal resolution (about 60 model layers up to a height of 30 m
above ground surface to highly resolve the vegetation) and
the transient simulation of wind fields within and above re-
alistic vegetation stands (Queck et al., 2015). In comparison
to Queck et al. (2015) a non-stationary model version was
applied for this study. The basis system of equation includes
the Reynolds-averaged equations for motion, heat exchange,
and turbulent kinetic energy, which are numerically solved.
The RANS model considers the effect of Coriolis force that
induces the inertial oscillation of the wind vector resulting in
the development of nocturnal LLJ. To include the effects of
vegetation elements, additional terms in the prognostic equa-

tions are used to simulate the exchange between the ABL and
the vegetation at every model level. In this way, daily courses
of wind vector can be simulated and analyzed in their sea-
sonal variability depending on the vegetation properties. This
enables to quantify the effect of different types of surfaces on
the development of LLJs in space and time.

The one-dimensional version of HIRVAC was already ap-
plied for sites with different land uses and compared with
several other models and observational data (Fischer et al.,
2008; Falge et al., 2005). Recently, HIRVAC2D was tested
at the micro-meteorological site Tharandt forest, where PAD
data with a resolution of 1 m3 are provided by ALS (Queck
et al., 2015). Previous comparisons between model and ob-
servational data were focused on the near-surface vertical
air layer depending on the data of measuring towers up to
a height of 42 m above ground. So far, a model evaluation
for the simulated data at the height of wind turbines is miss-
ing. Meanwhile, wind speed data are provided by continuous
measurements of a SODAR over two months in 2016 and
temporary ascends of a captive balloon at the Tharandt forest
site. Nocturnal low-level jet events were also observed dur-
ing this special observational period. It is planned to compare
adjusted HIRVAC2D simulations with these measurement re-
sults in near future.

More than 1000 simulations were performed using differ-
ent types of land use and canopy parameters, e.g. different
vertical profiles of PAD describing the distribution of vege-
tation elements (Fig. 1). Furthermore, meteorological condi-
tions were changed (especially the geostrophic wind speed
from 2 m s−1 up to 20 m s−1) as well as the kind of turbu-
lence closure. In Sect. 3.1, a selection of HIRVAC2D results
regarding the influence of land use and vegetation parameters
on LLJ properties are shown: We investigated 409 numerical
simulations especially with different vegetation parameters
for vg = 4 m s−1 and 469 simulations for vg = 10 m s−1 for
the same kind of turbulence closure in the model. Only suc-
cessful and completed simulation runs were analysed. Ta-
ble 1 provides an overview to the variability of important
model parameters. To solve the system of basic equations
in HIRVAC2D (Queck et al., 2015), a 1.5-order turbulence
closure (Mix et al., 1994; Ziemann, 1998) was applied us-
ing the prognostic equation of turbulent kinetic energy and
an adequate mixing length approach to derive the turbulent
diffusion.

To transfer the results of the boundary layer model to spe-
cific sites in Germany, the regional climate model COSMO-
CLM (CCLM; Rockel et al., 2008) was used, which is the
climate version of the three-dimensional, non-hydrostatic
mesoscale weather forecast model of the Germany’s National
Meteorological Service (Deutscher Wetterdienst). In the con-
text of wind field studies, CCLM was already applied for
highly resolved climatological investigations of the wind ve-
locity in Germany (Walter et al., 2006). For the current study,
statistically analyzed CCLM simulations of the wind field at
a height of 850 hPa, i.e. the geostrophic wind velocity at the
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Table 1. Summary of important model parameters for HIRVAC2D sensitivity study.

Vegetation parameters Values/Range of values

Type of land use with typical PAD profiles Grassland, Coniferous forest, Deciduous forest

Vertical integral of PAD= plant area index (PAI) Grassland: 1, 2, 3
Coniferous forest: 3.5, 9.4
Deciduous forest: 3, 4, 4.6, 5.2, 5.4, 6

Vegetation height Grassland: 0.1, 0.2, 0.3 m
Coniferous forest: 24, 37 m
Deciduous forest: 5, 7.5, 10, 15, 28, 31 m

Covered fraction of ground surface (coverage factor) Grassland: 0.1, 0.5, 0.7, 0.9
Coniferous forest: 0.5, 0.7, 0.9
Deciduous forest: 0.5, 0.7, 0.9

Drag coefficient Mostly 0.2, for a few tests: 0.1, 0.3

Meteorological and radiation quantities/parameters

Geostrophic wind speed 4, 10 m s−1

Day of the year (including adjusted initial temperature at 170 for all vegetation parameters; 10, 30, 50, 70, 90, 110,
ground surface and soil temperature as well as incoming 130, 150, 190, 210 for 1 type of grassland and coniferous
solar radiation) forest, 2 types of deciduous forest

Figure 1. Exemplary vertical profiles of plant area density used for
model simulations with HIRVAC2D.

top of the ABL, for the land territory of Germany with a hor-
izontal resolution of 2.8 km× 2.8 km are used.

A special feature of the numerical simulations is that
changing conditions in present and future time are included
for climate (forcing: reanalysis data from ERAinterim and
scenario RCP 8.5 from EURO-CORDEX, resp.) and addi-
tionally for land use (data set from Hoymann and Goetzke,
2014). Model calculations are performed for two climate pe-
riods (history and evaluation run: 1981–2010, future run:
2021–2050). The comparative simulations for present time
enable a consistent assessment of inherent model bias, which
is considered for the analysis of future changes of wind field

due to potentially anthropogenic activities. Thus, the numer-
ical climate projections deliver a reliable basis for the esti-
mation of future wind potential as well as the possible oc-
currence of LLJs depending on the frequency distribution of
geostrophic wind speed. In Sect. 3.2, a selection of CCLM
results for the present time scale is introduced for two grid
points to demonstrate the influence of location properties on
wind speed frequency distribution and wind rose.

3 Results of numerical simulations

3.1 Influences on properties of low-level jets

Nocturnal LLJs frequently develop when the near-surface
turbulence decreases based on a stabilization of the air layer
due to radiative cooling of the underlying surface (Emeis,
2014). The capability of HIRVAC2D to simulate such noc-
turnal LLJs is exemplarily shown in Fig. 2 for a relatively
small geostrophic wind speed (vg) of 4 m s−1.

The maximum wind speed of the LLJ in Fig. 2 of about
5.2 m s−1 (i.e., 1.3 · vg) develops about 6–7 h after sunset.
Typical measured wind speed maxima between 4 and 9 m s−1

were located at a similar height of about 200 m for a flat
grassland site (Braunschweig Airport, Lampert et al., 2016).
This height range for LLJs is expected to be shifted to higher
altitudes in the future due to global (and regional) warming
(Gross, 2012). The simulated LLJ (Fig. 4) results in an ap-
prox. 60 % higher wind speed in comparison to that one cal-
culated by the logarithmic wind profile. Consequently, the
wind power is increased by a factor of approx. four. This sim-
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Figure 2. Daily course of wind speed profiles simulated by HIRVAC2D for a cloudless summer day (19 June) over a homogeneous grassland
site for vg = 4 m s−1.

ple example underlines the relevance of realistic wind field
modelling for wind energy applications.

Hodographs (u- and v-component of horizontal wind vec-
tor) in Fig. 3 show the development of the LLJ event over
a grassland site (Fig. 2) in time and height. The oscillating
wind vector can be followed in its temporal rotation, which
is maximum for the height of 200 m (jet maximum in the
morning hours). The maximum wind speed considering the
same height level is reached at first for the lowest height at
100 m and latest for 200 m (Fig. 3a). The vertical wind shear
is maximum during the morning hours at 07:00 LT (Local
Time) which can be detected from Fig. 3b.

The properties of LLJs, like maximum wind speed and
height of the jet core, depend on the kind of land use and
the vegetation parameters. Figure 4 shows the comparison
between the wind profiles over a grassland and a forest site.
Above the ground-based inversion, which developed during
a cloudless night, the typical wind speed maximum appears
at 04:00 LT at a height of approx. 150 m for grassland and
nearly at the doubled height for the forest site. Thus, the hub
height of wind turbines within forests should be significantly
increased in comparison to grassland sites to obtain compa-
rable energy yields.

A LLJ was identified for a test case when the following
conditions were met: difference between maximum vhmax
and minimum vhmin (above the height of vhmax) wind
speed ≥ 0.5 m s−1 and vhmax / vhmin ≥ 1.05. In 19 % (3 %)
of the simulated test cases, a LLJ was detected for the
smaller (higher) value of vg = 4 m s−1 (vg = 10 m s−1), i.e.
the smaller (higher) pressure gradient, within the considered
height range. Obviously, the formation of LLJs is suppressed
by higher synoptic forcing. Emeis (2014) already stated this
feature and found that most LLJs, measured by SODAR over

two years, form for vg<14 m s−1. To assess the absolute
number of detected LLJs it has to be noticed, that several LLJ
definitions can be found in the literature (e.g., Gross, 2012;
Lampert et al., 2016; Kalverla et al., 2019).

Figure 5 summarizes exemplary results of the numerous
simulations for one value of vg (4 m s−1). Most LLJ events
occur for grassland in comparison to a site with a higher de-
gree of surface roughness, i.e. forest. The minimal number of
LLJs within the shown height range was simulated using the
PAD profile for a coniferous forest, characterized by a max-
imum plant area index PAI (vertical integral of PAD) and
vegetation height. The dotted blue lines in Fig. 4 highlight
the expected range of the maximum wind speed, which in-
creases with increasing height due to the influence of LLJs
over forests. If a LLJ forms above a forest area, then a higher
maximum wind speed (1.25–1.4 ·vg) can be expected at one
height in comparison to grassland (1.1–1.25 ·vg). In the con-
text of rising hub heights of wind turbines, this result can be
useful for the planning of onshore wind energy development.

In addition to the displayed analysis within a height range
between 50 and 300 m and the two vg-values of 4 and
10 m s−1, the sensitivity study provided results for the oc-
currence of low-level jets over the full range of geostrophic
wind speeds. These results are summarized as follows:

– LLJ events occur mostly for clear nighttime situa-
tions over grassland sites, especially for 4 m s−1

≤ vg ≤

12 m s−1. The ratio between maximum wind speed to vg

increases with decreasing vg.

– The vegetation characteristics have an important influ-
ence for the occurrence of LLJs. Besides the height of
the vegetation, the density is the significant factor. The
smaller the coverage factor, the higher the probability
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Figure 3. Hodographs (wind components u and v of the horizontal wind vector) simulated by HIRVAC2D for a cloudless summer day
(19 June) at several times (a) between 01:00 and 10:00 LT (Local Time) and at several heights (b) over a homogeneous grassland site for
vg = 4 m s−1.

Figure 4. Vertical profiles of wind speed (blue) and air temperature
(red) above a grassland (solid line) and a deciduous forest site (dot-
dashed line, PAD profile see Fig. 1) at 04:00 LT, cloudless summer
day (19 June), vg = 4 m s−1.

of LLJ events and the higher is the maximum jet speed,
respectively. Smaller values of vg enhance the devel-
opment of LLJs over forest stands. For the coniferous
forest with highest density (coverage factor 0.9, 37 m
vegetation height, PAI= 9.4) LLJs are formed up to
geostrophic wind speeds of 6 m s−1 in comparison to
several kinds of deciduous forests where LLJs occur for
vg ≤ 8 m s−1. Further vegetation parameters, like the
drag coefficient, have a lower but also a detectable in-
fluence. As an example, a LLJ was detected for a 15 m

Figure 5. Height and maximum wind speed of nocturnal LLJ
events dependent on type of vegetation: grassland (black), decid-
uous (green) and coniferous (red) forest, for vg = 4 m s−1. Dotted
blue lines mark the range of LLJ wind speed values.

high deciduous forest using a drag coefficient of 0.1 and
0.2, but not for 0.3.

– The influence of changing seasons (solar radiation and
initial temperature) was investigated for vg = 4 m s−1

because LLJs occur for the most types of forests (for
coniferous forests at least for heights above 300 m).
LLJs over deciduous forests have the maximal intensity
in winter and spring time up to beginning of summer.
Over coniferous forest stands, LLJs can be found with
maximal intensity in summer. The same result occurs
for grassland, but additionally the intensity has a maxi-
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Figure 6. Wind climatology (geostrophic wind speed at 850 hPa, 00:00 UTC) over 30 years (1981–2010) simulated by CCLM at two grid
points: Friedland (picture above, co-ordinates: 52◦06′17′′ N, 14◦15′47′′ E, eastern Germany) and Philippsburg (picture below, co-ordinates:
49◦14′02′′ N, 8◦27′45′′ E, southwestern Germany); (a, c): frequency distribution, (b, d): wind rose for 12 sectors (wind direction: 0= north,
90= east, 180= south, 270=west, colors: wind speed in m s−1, circles: relative frequency in %).

mum in winter. Thereby, the initial temperature has the
most important influence on the intensity of the LLJs.
This clear dependency vanishes for higher geostrophic
wind speeds (vg = 10 m s−1).

3.2 Examples of frequency distribution of geostrophic
wind speed in Germany

It was shown that the geostrophic wind speed is an important
criterion for the development and the properties of LLJs. To
assess the frequency of appropriate geostrophic wind speed
conditions for the development of LLJs in Germany, statis-
tically analysed COSMO-CLM simulations of wind veloc-
ity at 850 hPa were used for present and future time. A fre-
quency distribution of vg over 30 years is exemplarily shown
for two locations and for the period 1981–2010 (Fig. 6). The
chosen locations are potentially suitable for wind energy ap-
plications regarding requirements of nature conservation and
distance to settlements. Figure 6 illustrates the influences of
topography, regional and local circulation pattern and the fre-

quency of weather conditions for the resulting distribution of
wind speed and direction.

Westerly wind directions characterize the location in east-
ern Germany (Friedland) and additionally southeast direc-
tions especially during the winter season. The wind rose is
typical for the west wind zone of North German Plain in the
transition region between oceanic and continental climate of
Western and Eastern Europe, respectively.

In comparison to that, the location in southwestern Ger-
many (Philippsburg) in the Upper Rhine Plain is character-
ized by its special topography and the southwest-to-northeast
orientation of the Rhine Valley. The canalization of south-
west winds is followed by a high frequency of this wind di-
rection together with higher wind speeds for this sector. Ad-
ditionally, the frequent southwest weather conditions lead to
a mild climate with relatively high mean temperature values.

Most frequent wind speed values occur for Philippsburg
(33 %) between 4 and 8 m s−1 and for Friedland (31 %) be-
tween 6 and 10 m s−1 that means within a range of suitable
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vg values for developing of LLJs regarding the HIRVAC2D
sensitivity study.

4 Conclusions and outlook

To quantitatively describe the dependencies of wind phenom-
ena at hub heights of modern wind turbines, the meso-scale
model CCLM and the micro-scale model HIRVAC2D were
applied.

The properties of nocturnal low-level jets (LLJs), fre-
quently observed local wind maxima in the stably strati-
fied boundary layer, were studied using the ABL model
HIRVAC2D. An important meteorological factor is the
geostrophic wind speed at the top of the boundary layer, i.e.
the synoptic forcing. In general, the smaller the geostrophic
wind speed (here: vg = 4 m s−1 in comparison to vg =

10 m s−1), the higher is the probability for the development
of LLJs. Simulation results from the regional climate model
CCLM were applied to estimate suitable conditions for the
formation of nocturnal LLJs in Germany. The frequency dis-
tribution of geostrophic wind speed at two exemplary loca-
tions shows frequently adequate wind conditions that can ini-
tiate the development of LLJs during cloudless night-time
hours regarding the results of the HIRVAC2D sensitivity
study.

An additional factor for occurrence, height and wind speed
is the kind of land use. Most LLJ events occur for grass-
land in comparison to a forested site. For a geostrophic wind
speed of 10 m s−1, there is no nocturnal LLJ event for any
kind of forests within the studied height range (50–300 m).
Applying vg = 4 m s−1, the minimal number of LLJs was
simulated for a coniferous forest, characterized by a maxi-
mum plant area index and vegetation height. If a LLJ forms
above a forest, then a higher maximum wind speed (1.25–
1.4 ·vg) can be expected at one height in comparison to grass-
land (1.1–1.25 · vg).

As a next step to transfer model results to practical appli-
cations for wind energy there is a need for adjusted validation
of the model results to quantify the accuracy of the model at
representing the real world, i.e. measurement results. There
is actually no model evaluation of HIRVAC2D with observa-
tional data for heights above 50 m. A special observational
period took place in 2016 at the micro-meteorological test
site Tharandt forest using a SODAR and a captive balloon. A
first comparison between selected measurement data and ad-
justed model simulations will be prepared for a publication
soon.

It would be desirable to include LLJ events in standardized
models for wake and load simulations. The presented model
HIRVAC2D could be used, after a model comparison with
wind measurements at heights above 50 m, to parameterize
realistic inflow fields for wind farm simulations. Since the
presence of different land use types turns out to have a re-
markable effect on the occurrence and properties of LLJs, it

would be also interesting to investigate the influence of het-
erogeneous vegetation (change of forests and grasslands) on
LLJs with future HIRVAC2D simulations. The largest impli-
cations of LLJ modelling are seen for wind resource assess-
ments. Additionally, applications for short-term wind energy
predictions could be possible, e.g. for downscaling of meso-
scale output of numerical weather prediction models.

Furthermore, the presented model chain of HIRVAC2D
and CCLM is applied to generate a high-resolution wind cli-
matology for Germany within the project QuWind100. Basis
of the project is a comprehensive modelling of the wind field
depending on the season and daytime as well as the land use
with high horizontal resolution (100 m) for Germany. The in-
clusion of the projection of future changes in land use per-
mits the quantification of future wind potentials by 2050. In-
fluences of LLJs in time and space are inherent part of the
raster-based wind database, which will be published in the
near future.

Data availability. Data are available upon request by the cor-
responding author at present. The data sets will be freely
available after finishing all analyses within the QuWind100
project. Please follow the updates on the project web sites
for access information: https://tu-dresden.de/bu/umwelt/hydro/ihm/
meteorologie/forschung/forschungsprojekte/quwind100/index (last
access: 25 May 2019).
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