
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Stability information derived from a floating lidar system using bulk Richardson
formulation

Hatfield, Daniel; Gottschall, Julia; Bay Hasager, Charlotte

Published in:
Floating Wind; Systems Design and Multi-Fidelity/Multi-Disciplinary Modelling; Future Wind; Smaller Wind
Turbines

Link to article, DOI:
10.1088/1742-6596/2265/4/042024

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Hatfield, D., Gottschall, J., & Bay Hasager, C. (2022). Stability information derived from a floating lidar system
using bulk Richardson formulation. In Floating Wind; Systems Design and Multi-Fidelity/Multi-Disciplinary
Modelling; Future Wind; Smaller Wind Turbines [042024] IOP Publishing. Journal of Physics: Conference Series
Vol. 2265 No. 4 https://doi.org/10.1088/1742-6596/2265/4/042024

https://doi.org/10.1088/1742-6596/2265/4/042024
https://orbit.dtu.dk/en/publications/915cec4a-e930-433b-8772-79e4b013d13c
https://doi.org/10.1088/1742-6596/2265/4/042024


Journal of Physics: Conference Series

PAPER • OPEN ACCESS

Stability information derived from a floating lidar
system using bulk Richardson formulation
To cite this article: Daniel Hatfield et al 2022 J. Phys.: Conf. Ser. 2265 042024

 

View the article online for updates and enhancements.

You may also like
HerMES: CANDIDATE HIGH-REDSHIFT
GALAXIES DISCOVERED WITH
HERSCHEL/SPIRE,
C. Darren Dowell, A. Conley, J. Glenn et
al.

-

From liquid structure to configurational
entropy: introducing structural covariance
Pierre Ronceray and Peter Harrowell

-

Rapid nanowelding of silver nanowires by
focused-light-scanning for high-
performance flexible transparent
electrodes
Xin Zhai, Peng Dong, Wenxian Wang et
al.

-

This content was downloaded from IP address 192.38.90.17 on 09/06/2022 at 10:34

https://doi.org/10.1088/1742-6596/2265/4/042024
/article/10.1088/0004-637X/780/1/75
/article/10.1088/0004-637X/780/1/75
/article/10.1088/0004-637X/780/1/75
/article/10.1088/1742-5468/2016/08/084002
/article/10.1088/1742-5468/2016/08/084002
/article/10.1088/1361-6528/ac2a83
/article/10.1088/1361-6528/ac2a83
/article/10.1088/1361-6528/ac2a83
/article/10.1088/1361-6528/ac2a83
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjst7AaL97l2gYM4qKlLs7QXz8B3RjWVrjZuRZPJxrKXsbE-1S41dS-gtlgkyzwPVqhhrPke-wtT7VIy3QYrpyyU8JnAjukgMYlWotCpex06gYRjs-2Aa7JkFzQ4FhWlNLbjndr_TaWP5vw5MWU_1sxeTePQ0n-RvVcS3fhTkgOxdoIXi6CReAtS_RiIZ5Q0O3fXdOBO7L0iaoSS_Lvc5q2QnNvY8BsqFNNnQEkrSyr33jkyS8U-lta7Ueal9dxDdbXUkiTOsgyCll_t41CAUy7spdfLoaNVNqlg&sig=Cg0ArKJSzH_uWUqzwDky&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/individual-membership%3Futm_source%3DIOP%26utm_medium%3D1640x440%26utm_campaign%3D2022Membership%23community


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

The Science of Making Torque from Wind (TORQUE 2022)
Journal of Physics: Conference Series 2265 (2022) 042024

IOP Publishing
doi:10.1088/1742-6596/2265/4/042024

1

Stability information derived from a floating lidar

system using bulk Richardson formulation

Daniel Hatfield1∗, Julia Gottschall2, Charlotte Bay Hasager1

1Department of Wind Energy, Technical University of Denmark, Frederiksborgvej 399, 4000
Roskilde, Denmark;
2Fraunhofer Institute for Wind Energy Systems IWES, Am Seedeich 44, 27572 Bremerhaven,
Germany

E-mail: dhat@dtu.dk

Abstract. In this contribution we introduce a Fraunhofer IWES floating lidar system (FLS)
equipped with an integrated pulsed lidar device, motion sensors, near-surface atmospheric
variable sensors (air temperature, relative humidity and air pressure) and a sea-surface
temperature sensor. All measures were compared and validated with the nearby offshore
meteorological mast FINO3 in the German North Sea. Atmospheric stability information was
derived using the bulk Richardson formulation from the FINO3 station at both 30-m and 100-m
as well as at the FLS at a 2-m height. The stability parameter was then extrapolated to the
higher heights from the FLS using the mean wind speed measured from the lidar. The FLS was
able to recreate the stability conditions calculated at the 30-m height but could not effectively
match that of the 100-m calculations. This is mainly attributed to the significant changes with
height of the atmospheric variables and their importance in the stability calculations.

1. Introduction
The increasing average size of offshore wind turbines leads a larger portion of the rotor plane
spanning higher heights of the marine atmospheric boundary layer. Intimate knowledge of the
wind profile, i.e. the change of wind with height, is thus necessary to estimate future energy
yields, perform risk assessments or optimize design layouts. For deep water areas (> 60m)
with no a priori existing platforms, traditional means of wind profile measurements such as
meteorological masts (met masts henceforth) are no longer economically viable and nearly
impossible to install. The less expensive alternative that measures the same desired quantities
is to use floating lidar systems (FLS). However, these come with their own challenges – e.g.,
sea-induced motion affecting wind speed and direction as well as needing robust, autonomous
operations in remote, potentially harsh conditions [5].

Atmospheric stability information is necessary in characterizing meteorological conditions
as well as having a strong dependence in calculating energy extraction from offshore wind
farms. It is both difficult and expensive to obtain accurate atmospheric stability offshore, where
validations of the typically used numerical weather prediction (NWP) models are of high interest.
These models can produce data for long periods of time, used both for weather predictions and
wind resource assessment as well as wind profile studies and short-term power forecasting [12].

One major difference in FLS measurements offshore compared to a met mast is the lack of
ability to measure turbulent fluxes directly (i.e. with sonic anemometer measurements), and
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therefore derive the atmospheric stability information. On land, wind profiles can be studied by
normalizing the wind speed with the friction velocity in the surface-layer, whereas offshore, this
depends on the roughness length, stability information and wind speed (see [1], [7], [11]).

Given the absence of high-frequency sonic measurements, bulk formulations such as those
described in [6] can be used to derive the turbulent fluxes offshore. Having the bulk estimates
of the momentum, heat and humidity fluxes, the Obukhov length L can be estimated based on
the bulk Richardson number Rib defined as:

Rib = −gz∆θv
θvu2

(1)

for stable and unstable conditions the stability parameter is respectively:

ζ =
z

L
= C1Rib (2)

ζ =
z

L
=

C1Rib
1− C2Rib

(3)

Here C1 = 10, C2 = 5 (from [6]), ∆θν is the difference in the virtual potential temperature
from the reference height z to the sea surface, g is the force due to gravity and u is the wind
component in the mean wind direction.

The purpose of this study is to explore the viability of FLS as an effective means of replacing
met masts offshore through means of atmospheric variable validation through direct compar-
isons of atmospheric stratification calculations. This will be done by validating the near-surface
atmospheric measurements with that of the German FINO3 met mast [9] and then directly
comparing the calculated stability parameter at multiple heights.

The experiment setup and descriptions of the sensors use is presented in Section 2. Afterwards
in Section 3, the dataset and time period will be introduced as well as the validation results
of the sensor data from the FLS with that of FINO3. This will lead to Section 4 showing the
results of the stability calculations and extrapolation to multiple heights using the data solely
of the FLS itself. Finally, a conclusion and outlook is outlined in Section 5.

2. Experimental setup
The FLS (demonstrated in Figure 1) developed at Fraunhofer IWES [4] is an integrated system
comprising of the following components:

• a vertically profiling Doppler lidar device of the type Windcube v2 by the manufacturer
Leosphere which is the primary measurement sensor, capturing the wind velocity up to 12
height levels above the instrument from 43-m to 249-m from the sea-surface (the lidar is
placed on the buoy at a 3-m height above the sea-surface);

• Vaisala WXT536 weather station collecting atmospheric data including air temperature, air
pressure, relative humidity and precipitation as well as low level wind speed and direction.

• Seabird SBE 56 water temperature sensor at a depth of 2-m

• Airmar 150WX WeatherStation Instrument for high-resolution motion information, GPS
and atmospheric data.

The buoy was placed at a distance of 1.37-km from FINO3 as shown in Figure 2 where
it recorded continuously from 6 June 2021 to 5 September 2021. All data was collected and
synchronized on a measurement computer.

The Windcube v2 measures at four azimuthal positions along a cone with a half-opening angle
of 28◦ followed by a vertical beam at a resolution of 0.7s per line of sight [3]. The wind velocity
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Figure (1) Placement of the atmospheric sensors on the FLS - © Fraunhofer IWES.

Figure (2) Location of the FLS in regard to the FINO3 met mast.

vector is reconstructed, then a motion corrected using the simplified algorithm from Fraunhofer
IWES incorporating the buoy motion data (see [15] for more detail), is applied where the wind
vector is 10-min averaged.

3. Processed dataset
Sea-surface temperature (SST) measurements have only recently been preform on FLS so the
measured time period will define the period of interest for this study. The 30 min SST
measurements from the FLS alongside the associated SST measured at FINO3 is shown in
Fig. 3. There are small deviations from these two sensors even at a distance of 1.37-km with an
RMSE of 0.18 K.

The FLS atmospheric measurements were validated against FINO3 at both the FLS height
and extrapolated to the heights of FINO3 which can be found in Table 1 and 2 respectively. All
coefficients of determination were above 0.9 and within the expected uncertainty range of each
instrument with the exception of the relative humidity. The relative humidity had a consistent
RMSE of around 7% during the entire measurement period with a lower recorded value than
that of the 30-m equivalent measurement where it is expected to record a higher value than at
the 30-m height. This may be due to a flaw in the recording device or due to the close proximity
to the ocean surface.
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Figure (3) Time series of the FLS SST with that of FINO3 SST.

The air temperature was extrapolated to FINO3 height of 29-m. Assuming a polytropic
atmosphere we can suppose a temperature gradient as:

∂T

∂h
= −γ′ (4)

with γ′ = 0.098◦Cm−1 from [13]. The pressure change with height applies the same
assumptions with:

p = p0 exp(−
mg

RT
h) (5)

where m = 0.02896 kgmol−1 being the mass of air, g = 9.81ms−2 the gravitational
acceleration, T is the corresponding 2m floating lidar air temperature measurement and R =
8.3143 Jmol−1K−1 is the universal gas constant. To extrapolate the wind speed measurements
the logarithmic wind profile was used following [2]:

u(z) =
u∗
κ

ln

(
z

z0
−Ψm(z/L)

)
(6)

where u∗ is the frictional velocity, z0 is the roughness length, κ is the von Karman constant
(κ = 0.4) and Ψm(z/L) is the stability correction function introduced by [10] and [8]. z0 can be
parameterized using the model of Charnock [1]:

z0 = αc
u2∗
g

(7)

where αc = 0.0144 is the Charnock parameter. Note that the timescale for the wind speed
extrapolation is 30 minutes instead of 10, this is limited to the SST measurements used in the
calculation for the stability correction.

Extrapolating the near atmospheric variables to FINO3 heights reduces all of the errors but
does not improve the correlations (Table 2).
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Table (1) 10 minute FLS validation statistics (RMSE, correlation) with FINO3 at different
heights

FLS height [m] FINO3 height [m] R2 RMSE N Timescale [min]

SST [◦C] 0 0 0.97 0.18 3023 30
Air temperature [◦C] 2 29 0.90 0.64 3537 10
Air pressure [hPa] 2 23 0.99 3.32 3537 10
Relative humidity [%] 2 29 0.94 7.01 3537 10
Wind speed [m/s] 2 31 0.95 1.96 3537 10

Table (2) Extrapolated FLS validation statistics (RMSE, correlation) with FINO3

FLS height [m] FINO3 height [m] R2 RMSE N Timescale [min]

Air temperature [◦C] 29 29 0.90 0.51 3537 10
Air pressure [hPa] 23 23 0.99 0.83 3537 10
Wind speed [m/s] 31 31 0.95 1.09 1111 30

4. Results
The stability parameter was calculated at the FLS height of 2-m as well as at FINO3 at both
30-m and 100-m. This was done through the bulk Richardson approach in Eq. 1 where a
more detailed calculation can be found in [14] and [2]. The entire time series of all heights is
shown in Fig. 4a. Here, we see that the for the month of July, the atmospheric conditions
are on average unstable with periods of neutral stratification during the mid-daytime. The
stability parameter itself increases with height showing more unstable conditions at 100-m than
2-m. This is mainly attributed to the method of calculation, z has a greater effect on the
bulk Richardson number than the other quantities included. For example, the wind speed only
becomes significant at the higher heights in neutral conditions where we will typically see a
greater difference in heights of the wind profile. The temperature difference between the sea-
surface and the air plays a large role in determining the atmospheric stratification, however the
air temperature height difference is not as significant. This means that the virtual potential
temperatures calculated at the FLS and FINO3 are relatively the same and do not have much of
an impact on the bulk Richardson number calculation, while showing the same transitions from
night to daytime in terms of atmospheric stratification. This also applies to other near-surface
atmospheric quantities (i.e. air pressure and relative humidity), even with the significant error
in the FLS relative humidity measurements, using the FINO3 equivalent values to calculate Rib
had little to no change.

Given that the main contributor to the magnitude of the stability parameter is the height z,
ζ was calculated using the FLS measurement but with a z = 30m which is shown in Fig. 4b.
The stability conditions at the FINO3 height are nearly reproduced with simply increasing the
height of calculation. The FLS, however, consistently overestimates the value at FINO3, which
is attributed to the lower wind speed measured on the FLS at 2-m. Here is where we run into
the first issue.

The 2-m wind speed measured from the FLS is a surface wind which is going to be variable
due to the sea state while also have a lower recorded value than that of the FINO3 measurement
at 30-m in the surface layer. In this case we have to use the associated lidar wind speed
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(a) The time series of the calculated stability parameter
from the FLS at 2-m and FINO3 at 30 and 100-m

(b) The time series of the calculated stability parameter
of the FINO3 at 30-m with the FLS using z = 30m.

(c) The time series of the calculated stability parameter
of the FINO3 at 30-m with the FLS using z = 30m as
well as the lidar mean wind speed at a height of 43-m

(d) The time series of the calculated stability parameter
of the FINO3 at 100-m with the FLS using z = 100m as
well as the lidar mean wind speed at a height of 100-m

Figure (4)

measurement which, unfortunately for the 30-m case, the lowest associated lidar measurement
happens to be at 43-m. This is shown in Fig. 4c and here there is a much better reconstruction of
the FINO3 stability parameter with much less scatter except at the large spikes in very unstable
conditions. Using the lidar 43-m wind speed measurement reduces the RMSE of the two sources
from over 5 dimensionless ζ units down below 2.

Implementing this same method for the higher FINO3 measurement height of 100-m using
the 100-m lidar measurement and z = 100m in Fig. 4d, we see a much greater scatter than in
the 30-m height case. This is mainly due to the differences in the atmospheric quantities (air
pressure, relative humidity and air temperature) with height. There is a significant difference to
the quantities measured at 2-m compared to 100-m and thus they more sensitive in the stability
calculations. To be more precise, the air-sea temperature difference is larger, leading to a higher
Rib and thus a higher degree of very unstable conditions.

The extrapolated 30-m from a FLS is very promising from a meteorological standpoint due
to the offshore flexibility while also being at a wind industry relevant height. One suggestion to
improve this would be to use another FLS in conjunction except perhaps with a continuous-wave
lidar. Using a continuous-wave system would allow for lower wind speed measurements heights
which is useful both as a means of stability extrapolation while also being more relevant with,
for example, satellite wind retrievals. Also, having a secondary FLS would circumvent the need
for met mast observations and/or validations with being able to validate/compare the sensor
measurements with one another.
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5. Conclusion
This study presents atmospheric stability calculations from a self-contained FLS with near-
surface atmospheric variable sensors, an SST sensor and a Windcube v2 pulsed lidar system.
The measurement campaign took place in the German Bight 1.37-km from the German FINO3
met mast. The obtained dataset was described in detail and was validated against met mast
measurements both from extrapolated and measured heights. All data measured in the time
period was within the manufacture’s standard deviation with the exception of the relative
humidity sensor.

Stability information was calculated through the bulk Richardson formulation at the FLS
as well as from FINO3 at 30-m and 100-m. Due to the summer months of measurement, the
values were on average unstable with an increasing degree of instability with height. In order
to directly compare these calculations, the height was simply changed in the initial calculations.
At a height of 30-m the bulk Richardson number calculated from the FLS over-predicted that
of the calculations at FINO3 mainly due to the wind speed measured on the FLS at 2-m will
consistently be lower than that at a height of 30-m. Instead, the closest lidar height of 43-m
was used which significantly improved the reconstruction. The same was applied to the 100-m
FINO3 calculation with a much larger difference in the comparison. This can be attributed to
the large height difference in the measured atmospheric quantities, while playing a larger role
in the stability calculations.

Overall, the FLS recreated the stability information at lower heights but struggled to do so
at higher ones. A pair of FLSs with both a pulsed and continuous-wave lidar a could help to
improve this dataset especially in deep sea locations. Having a continuous-wave lidar would
provide lower wind speed measurements for comparisons with satellite retrieved wind speeds
and having a pair of near-surface atmospheric sensors could be used to validate one another.
The next step is to use this stability information to reconstruct the lidar wind profiles from the
FLS at wind industry relevant heights.
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