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I. Introduction 

Exchange processes between biosphere and atmosphere play an important role in the research fields of 
meteorology, plant physiology and hydrology. Regarding climate change and global warming, as caused 
especially by CO2 (Bernstein et al. 2008), a better understanding of the interactions between biosphere and 
atmosphere is needed. One method for measuring fluxes into and out of an ecosystem is the eddy covari-
ance (EC). It is also supposed to be the most accurate method for this purpose (Burba 2013). However, 
there are still a lot of uncertainties associated with many measurement methods, especially if it comes to 
the water vapor flux between ecosystems and the atmosphere. This motivated us to do a comparison of 
methods. 

We collected data during the field work exercise “Biosphere Atmosphere Exchange”, which is part of the 
M. Sc. syllabus “Landscape Ecology” at the University of Münster, Germany. Turbulent fluxes of CO2, H2O 
and sensible heat were measured using the EC method. As a complement, both meteorological and envi-
ronmental data were collected. Furthermore, we used data to model the evapotranspiration rate using the 
Penman-Monteith approach. The measurements took place from May 13th until June 8th 2020. We further 
analysed the data sets towards a deeper understanding of the underlying exchange processes between 
biosphere and atmosphere. 

I.I. Measurement site 

The research site is a grassland which is located in vicinity to the Steinfurter Strasse, 3.5 km northwest 
from the city centre of Münster, Germany. The area under study is bordered by a woody strip in the north, 
a farm house in the east, another grassland in the south, agricultural cropland in the west, and has a size of 
140 m x 60 m. During the period of data collection, the grassland was mowed once, on May 29th. Data rec-
orded after the mowing was discarded from further analysis. 

I.II. Workflow 

Concentrations of CO2 and H2O were measured with a LI-7200 gas analyser (LI-COR, Inc., USA). A three-
dimensional sonic anemometer R3-50 (Gill Instruments, Lymington, Hampshire, UK) was used to deter-
mine the three-dimensional wind vector as well as the sonic temperature. Measurements were performed 
with 10 Hz data acquisition frequency. We calculated atmospheric turbulent fluxes with the EC technique 
using the EddyPro software code, version 7.06 (LI-COR, Inc., USA). Footprint analysis was performed with 
the model calculation after Kljun et al. (2001), using the data of the wind vector. For this purpose, the soft-
ware TOVI (Li-Cor 2020) was used. 

Furthermore, we determined the Leaf Area Index (LAI) by various methods. The different approaches for 
the determination were two remote sensing approaches and four types of field measurements (for details 
Ch. III). 

In addition, the potential and current evapotranspiration was calculated using the Penman and Penman-
Monteith equations, respectively. Here, the LAI was used as an input variable.  

Data handling and evaluation including the creation of diagrams and the calculation of statistics were per-
formed with the R software code (The R Foundation for Statistical Computing 2018) and its script editor 
RStudio. 
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II. Footprint 

II.I. Data periods and footprint 

Two 48-hours periods of continuous westerly winds (wind directions between NW and SW) were selected 
for further analysis: Period 1 from May 16th, 05:00 hrs to May 18th, 05:00 hrs and period 2 reaching from 
May 23rd, 05:00 hrs to May 25th, 05:00 hrs, respectively (Fig. 1). All times are given in Central European 
Time (CET), which is Universal Time Coordinated (UTC) + 1 hour. 

 

Fig.	1:	Wind	direction	during	the	experimental	phase.	Period	1	and	period	2	exhibit	westerly	winds	(between	NW	and	SW)	through‐
out	and	were	selected	for	further	analysis	

We determined the flux footprints for these periods. A footprint can be defined as ‘field of view’ (Schmid 
2002) as it shows the surface area represented by the eddy covariance data (Finnigan 2004). It is the grass-
land within the footprint that exhibits the biosphere/atmosphere flux that is eventually measured by the 
EC setup. 
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II.II. Methods 

Flux data of bad quality (flag 2) was sorted out using the quality-flagging model of Mauder and Foken 
(2011). Additionally, flux data of CO2 on May 18th at 00:30 hrs was rejected due to an unusually and prompt 
high value. This data point had passed the software’s quality flagging routine (flag 1), although it is virtually 
impossible that this peak (factor 26 higher than the preceding and the next data points, respectively, while 
all other fluxes exhibited no outliers) is valid. The data cleaning resulted in a loss of 47 data points in period 
1 and 24 data points in period 2, leaving flux data coverages of over 80 % and 88 %, respectively. 

 

II.III. Results and discussion 

For both periods, the high-contribution source area of the footprint is located inside our grassland (green 
shade) with the highest contribution originating at a distance of about 6 m from the tower (Fig. 2 and Fig. 
3). Still, a small amount of data points oversteps the boundary of our grassland, reaching into the adjacent 
area in the south (period 1 and 2) and in the north (period 1).  

 

Fig.	2:	Footprint	representing	field	of	view	during	period	1	(shades	representing	areas	of	uniform	surface	characteristics;	Satellite	
Imagery:	Mapbox)	
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Fig.	3:	Footprint	representing	field	of	view	during	period	2	(shades	representing	areas	of	uniform	surface	characteristics;	Satellite	
Imagery:	Mapbox)	

Our EC setup was installed at 2 m above ground. Although we had mainly low wind speeds during the 
measurement period, our footprints (high-contribution source areas) were confined to a rather small re-
gion around the tower. The footprint thus covers only a small part of the grassland under study. At the 
same wind speeds, a higher setup would cover a larger footprint area so that the flux data would better 
represent the characteristics of the entire grassland. At higher wind speeds, the footprints would have been 
even smaller. We therefore propose to use a higher setup (e.g., 3.5 m above ground) for future measure-
ment setups at the same location.  

When analysing a footprint with TOVI, there is the option to use data from a so-called “quality flagging 
region”. This region flags data that may be excluded from further analysis because the respective data qual-
ity is not sufficient or because the respective areas are not of interest for the actual study (e.g., different 
surface characteristics such as water bodies). We decided to not cut out data from those flagged areas be-
cause these two areas represent a wood strip (red shade in Figs. 2 and 3) and another grassland (yellow 
shade) that would likely provide flux data similar to the grassland.  
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III. Leaf Area Index 

The leaf area index (LAI) is defined as the projected area of live green leaves per unit of ground surface 
(Fang et al. 2013)It is an important variable in the context of plant physiology as well as land surface at-
mosphere interactions, especially energy, water, and carbon fluxes (Burrows et al. 2002). The LAI is de-
fined by the following formula: 

𝑬𝒒.𝟏:      𝑳𝑨𝑰 ൌ
𝒑𝒓𝒐𝒋𝒆𝒄𝒕𝒆𝒅 𝒍𝒆𝒂𝒇 𝒂𝒓𝒆𝒂 ሾ𝒎𝟐ሿ

𝒈𝒓𝒐𝒖𝒏𝒅 𝒂𝒓𝒆𝒂 ሾ𝒎𝟐ሿ
	

The LAI is a proxy for the photosynthetically active surface (Eugster 2010). 

III.I. Remote Sensing 

We employed both satellite data and drone data to derive the LAI using two different ways to calculate the 
LAI: 

𝑬𝒒.𝟐:      𝑵𝑫𝑽𝑰 ൌ
𝑵𝑰𝑹 െ 𝒓𝒆𝒅
𝑵𝑰𝑹 ൅ 𝒓𝒆𝒅

	

𝑬𝒒.𝟑:      𝑳𝑨𝑰𝑪𝑨𝑳𝑪𝟏 ൌ 𝟎.𝟏𝟐𝟖
𝑵𝑫𝑽𝑰
𝟎.𝟑𝟏𝟏	

𝑬𝒒.𝟒:      𝑳𝑨𝑰𝑪𝑨𝑳𝑪𝟐  ൌ 𝟓.𝟒𝟎𝟓 ∗
𝒓𝒆𝒅𝒆𝒅𝒈𝒆𝟏 െ 𝒓𝒆𝒅𝒆𝒅𝒈𝒆𝟐
𝒓𝒆𝒅𝒆𝒅𝒈𝒆𝟏 ൅ 𝒓𝒆𝒅𝒆𝒅𝒈𝒆𝟐

െ 𝟎.𝟏𝟏𝟒	

	

The formula of LAICALC1 was proposed by (Fan et al. 2009). It was used in Mongolia and employs only the 
normalized difference vegetation index (NDVI), with is a commonly used index. 

The LAICALC2 formula was created by (Pasqualotto et al. 2019) specially for the Sentinel 2 satellite (Sentinel 
2). The respective validation was made in Italy and the formula requires the specific Sentinel 2 two red-
edge vegetation bands. 
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III.I.I Satellite 

The resolution of the Sentinel 2 satellite is 10 m x 10 m (Band 1 - 4) and 20 m x 20 m (Band 5 - 8), respec-
tively. The cloud-free images are from May 19th. The satellite images were cropped to the footprint shape 
(Fig. 4). 

 

Tab.	1:	Sentinel	2	Band	settings 

Band	No	 Function	 Central	Wavelength	[nm]	
Resolution	
[m]	

4 red 665 10 

5 Vegetation red-edge I 705 20 

8 Near infrared (NIR) 842 10 

8a Vegetation red-edge II 865 20 

Based on the two formulas we arrive at these LAIs: 

𝑬𝒒.𝟓:     𝑳𝑨𝑰𝑹𝑺𝟏  ൌ 𝟎.𝟏𝟐𝟖ሺ
𝑩𝟖ି𝑩𝟒
𝑩𝟖ା𝑩𝟒/𝟎.𝟑𝟏𝟏ሻ	

𝑬𝒒.𝟔:      𝑳𝑨𝑰𝑹𝑺𝟐  ൌ 𝟓.𝟒𝟎𝟓 ∗
𝑩𝟖𝒂 െ 𝑩𝟓
𝑩𝟖𝒂 ൅ 𝑩𝟓

െ 𝟎.𝟏𝟏𝟒	

	

 

Fig.	4:	LAI	as	analysed	from	the	satellite	data.	The	green	line	represents	the	study	area	and	the	black	line	represents	the	area	we	
chose	for	the	drone	flight.	Both	LAIs	are	displayed,	LAIRS1	(left)	and	LAIRS2	(right)	
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III.I.II Drone 

The Wingstra drone with a Micasense camera has a resolution of 0.1 m x 0.1 m. The orthomosaic photo was 
processed with the Agisoft Metashape Professional software (Fig. 5). 

 

Tab.	2:	Band	settings	Micasense	camera 

Band
No.	 Function	 Central	Wavelength	[nm]	 Resolution	[m]	

3 red 668 0.1 

4 Near infrared (NIR) 842 0.1 

5 Vegetation red-edge 717 0.1 

 

Due to the missing second vegetation red-edge band, we used the bands with the nearest wavelengths for 
LAIUAV2: 

𝑬𝒒.𝟕:      𝑳𝑨𝑰𝑼𝑨𝑽𝟏  ൌ 𝟎.𝟏𝟐𝟖ሺ
𝑩𝟒ି𝑩𝟑
𝑩𝟒ା𝑩𝟑/𝟎.𝟑𝟏𝟏ሻ	

𝑬𝒒.𝟖:      𝑳𝑨𝑰𝑼𝑨𝑽𝟐  ൌ 𝟓.𝟒𝟎𝟓 ∗
𝑩𝟒 െ 𝑩𝟓
𝑩𝟒 ൅ 𝑩𝟓

െ 𝟎.𝟏𝟏𝟒	

 

Fig.	5:	LAI	as	analysed	from	the	drone	data.	The	green	line	represents	the	study	area	and	the	black	line	represents	the	area	of	the	
drone	data.	Both	LAIs	are	displayed,	LAIUAV1	(left),	LAIUAV2	(right)	

	

III.I.III Results and Discussion 

The results of the LAIs differ significantly (Tab. 3). Only LAIRS2 is plausible in comparison with literature 
data. The values of the drone data and the LAICALC2 for the sentinel 2 data are very low. The LAICALC2 was 
made for a different vegetation type, so it’ s use may be restricted to semi-arid regions. For the LAIUAV2, we 
used the nearest wavelength band, so the LAICALC2 is probably only useful with the exact wavelength of the 
two vegetation red-edge bands of the sentinel 2 satellites. The LAIRS2 of the footprint area and the drone 
area do not vary significantly. That indicates a homogeneous vegetation on the grassland. 
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Tab.	3:	Mean	LAIs	and	the	standard	deviation	(SD)	of	the	drone	and	satellite	data	for	the	footprint	area	and	drone	area,	respectively.	
NAN	means	not	available	number 

Index	 Footprint	area	mean	 Footprint	area	SD	 Drone	area	mean	 Drone	area	SD	

LAIRS1 1.34 0.17 1.27 0.14 

LAIRS2 3.02 0.20 3.00 0.11 

LAIUAV1 NAN NAN 0.41 0.26 

LAIUAV2 NAN NAN -0.20 0.28 

 

III.II. Field Measurements 

III.II.I. Direct harvesting technique 

One of the methods to quantify the LAI is the direct harvesting technique, which determines the projected 
leaf area of a given vegetation sample. This is done graphically by calculating the number of coloured pixels 
of a photograph indicated by the leaves of vegetation compared to a known area (Jurik et al. 1985). 

For this purpose, we determined a spot in the grassland, which seemed representative for the measure-
ment area. Within an area of 20 cm x 20 cm the entire vegetation was collected. Subsequently, the vegeta-
tion was dried off and glued on white paper. In the following, a high-resolution digital photograph was 
taken (Fig. 6). The number of coloured pixels of the photograph were calculated using ArcGIS, Version 10.4 
(ESRI Inc., Redlands, CA, USA). These were divided by the total amount of pixels (see Eq. 9). 

 

Fig.	6:	Photograph	which	was	used	for	the	direct	harvesting	technique	to	determine	LAI	
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𝑬𝒒.𝟗:      𝑳𝑨𝑰 ൌ

𝒄𝒐𝒍𝒐𝒖𝒓𝒆𝒅 ሺ𝒑𝒊𝒙𝒆𝒍ሻ
𝒕𝒐𝒕𝒂𝒍𝒂𝒎𝒐𝒖𝒏𝒕 ሺ𝒑𝒊𝒙𝒆𝒍ሻ ∗ 𝒂𝒓𝒆𝒂𝒑𝒂𝒑𝒆𝒓 ሾ𝒎𝟐ሿ

𝒂𝒓𝒆𝒂𝒇𝒊𝒆𝒍𝒅 ሾ𝒎𝟐ሿ
 

 

The result was multiplicated with the known size of white paper (see Eq. 10). 

 

𝑬𝒒.𝟏𝟎:      𝑺𝒊𝒛𝒆 𝒐𝒇 𝑷𝒂𝒑𝒆𝒓 ൌ  𝟎.𝟏𝟓𝟔𝟑 ሾ𝒎𝟐ሿ ∗ 𝟏.𝟖𝟓𝟖𝟓 ሾ𝒎𝟐ሿ ൌ 𝟎.𝟐𝟗𝟎𝟓 ሾ𝒎𝟐ሿ	

The procedure was repeated after exclusion of the inflorescences from the optical analysis (LAIDHT). Again, 
the number of coloured pixels were divided by the total amount of pixels (see Eq. 11). 

 

𝑬𝒒.𝟏𝟏:      𝑳𝑨𝑰 ൌ

𝟕𝟓𝟕.𝟒𝟓𝟐
𝟖.𝟑𝟎𝟖.𝟒𝟑𝟗 ∗ 𝟏.𝟖𝟓𝟖𝟓 ሾ𝒎𝟐ሿ

𝟎.𝟎𝟒 ሾ𝒎𝟐ሿ
ൌ 𝟒.𝟐𝟒	

A potential source of error lies in the fact that some leaves were not glued perfectly flat onto the white 
paper. In addition, there was a little amount of shade, which influenced the number of coloured pixels. The 
analysis of the photograph was difficult since it was not taken from an exact vertical angle. Note that we 
decided to remove the inflorescences which had a massive impact on the result. This result is more likely 
to be correct in comparison to literature data (Eugster 2010). 

III.III. Field Measurements via Instruments 

On June 7th, the LAI was determined with three different methods. Ten individual measuring points were 
selected. The measuring points were selected in order to best represent all types of vegetation that are 
present within the measuring field. Locations featuring different vegetation heights were probed. In Fig. 7, 
the three different measuring instruments are shown. 

 

Fig.	7:	Photographs	of	the	three	methods	to	measure	the	LAI	with	field	instrumentation:	A)	SunScan	S11,	B)	LAI‐2200C,	C)	Pyra‐
nometer	(type	CMP3)	
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III.III.I. SunScan S11 

The Plant Canopy Analyzer SunScan S11 (Delta-T Devices, Burwell, England) probe consists of 64 photo-
synthetically active radiation (PAR) sensors embedded in a 1 m long probe. Whenever a reading is taken, 
all PAR sensors are scanned. The measurements are sent to a control unit. To obtain the LAI, the probe 
takes a reading above the vegetation as a reference value. Another reading is taken while the probe is 
pushed as deep under the vegetation as possible. Using the SunScan S11, an average LAIS11 of 3.56 േ 0.35 
was determined. 

III.III.II. LI‐COR 2200C 

The Plant Canopy Analyzer LAI-2200C (LI-COR Biosciences GmbH, Bad Homburg, Germany) works without 
additional data or processing and provides instant values on its display. The PCA measures the diffuse ra-
diation to determine the LAI. This means that it measures transmission once under the vegetation and once 
above the vegetation as a reference value. The reversal of the gap requires images taken at several zenith 
angles. To achieve this in a single process, LAI meters from LI-COR are equipped with a fisheye lens. The 
sensor consists of five concentric silicon rings for light detection of the respective five concentric celestial 
sectors (Danner et al. 2015). For the measurements with the LAI-2200C, the LAILIC provided an average 
value of 3.54 േ 0.35. 

III.III.III. Pyranometer 

The following determination of the LAI is following the approach of (Eugster 2010). The light absorption 
in a stock can be described with the following exponential model (see Eq. 12) that describes the intensity 
of the radiation over the vegetation at a certain distance: 

𝑬𝒒.𝟏𝟐:      𝑰 ൌ 𝑰𝟎 ∗ 𝒆𝜿∗𝑳𝑨𝑰	

	

Values of I was recorded by a pyranometer, type CNR4 (Kipp & Zonen, Delft, The Netherlands), installed 
1.5 m above ground. The value I0 describes the intensity of radiation within the vegetation. For this pur-
pose, another pyranometer, type CMP3 (Kipp & Zonen, Delft, The Netherlands), was placed in the vegeta-
tion. 

The parameter κ describes a coefficient, which depends on the basic orientation of the leaves in the vege-
tation. Following Eugster (2010), a value between 0.5 and 0.7 was assumed for a mixed stock with many 
grasses, but different species and growth heights. 

Using the pyranometer approach with a coefficient κ of 0.5, an average LAIP05 of 0.92 was calculated. Dif-
ferent LAIs using different coefficients κ calculated with the pyranometer approach are listed in Tab. 4. 

Tab.	4:	Calculated	LAI‐Values	with	different	extinction	coefficients 

Name	
Extinction	 coefficient	
κ	

LAI‐
Value	

LAIP05 0.5 0.92 

LAIP06 0.6 0.77 

LAIP07 0.7 0.66 
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III.III.IV. Discussion 

We compared different methods to determine the LAI of our grassland under investigation. For smaller 
areas, methods like the direct harvesting technique are most suitable. The LAI of areas bigger than 
20 m x 20 m should be measured with remote sensing, whenever possible with data from the Sentinel 2 
satellite which has a resolution of 10 m x 10 m. 

The direct harvesting technique is probably the most accurate method because it is a direct method leading 
to highly accurate data. However, it is also very time-consuming and therefore only suitable for small areas. 
Whenever a large area under study exhibits a heterogenous vegetation cover (e.g., through varying soil 
conditions, humidity, land use), several plots need to be harvested for direct LAI measurement and the data 
needs to be upscaled. This is not only time-consuming, but also introduces considerable uncertainty. 

LAI data taken with either the SunScan S11 or the LI-COR 2200C are also very accurate and close to the 
reference value (Eugster 2010). Those methods are less time-consuming than the direct harvesting method 
and they can represent bigger areas with much less effort. We think of these approaches to be best suitable 
for the in	situ determination of LAI in future projects. 

The LAI detected with the Pyranometer shows a lower value (LAIP05 = 0.92) as compared to the methods 
discussed above (LAIDHT, LAIS11, LAILIC). It remains unclear so far what the potential causes of the disagree-
ment are. We recommend for future investigations on this topic to install several pyranometers into the 
understory of the vegetation in order to monitor the LAI continuously over the entire measuring period. 

Mostly, the LAIs as determined with various methods are quite similar to each other. The LAIDHT is some-
what above the LAIS11 and LAILIC, which can likely be explained by the fact that these two methods are using 
mean values. The spot that was selected in the grassland for the direct harvesting technique may have had 
more vegetation and thus a higher LAI than the mean of the spots that were sampled by the SunScan S11 
or the LI-COR 2200C. Indeed, some single readings of these two instruments were rather high (close to 
LAIDHT), while the mean of the randomly selected samples was lower. Higher values (close to LAIDHT) were 
noted during those measurements. 

Note that the vegetation is not distributed homogeneous across the entire grassland. Patches close to the 
tower used to have a higher vegetation than other patches further away. Our efforts to determine the LAI 
with remote sensing data from a drone were not successful. The best possible estimation that we can give 
is that the LAI-Value is between 3.5 and 4.2 because this is the range given by the best working methods 
(LAIDHT, LAIS11, LAILIC). 

	

Tab	5:	Mean	and	standard	deviation	of	the	different	LAI	methods.	Sentinel	2	data	with	calculation	by	Fan	et.	al.	(2019) 

Method	 Mean	(footprint	area)	 Standard	deviation	

LAIRS2 3.0 0.20 

LAIDHT 4.2 NA 

LAIS11 3.6 0.35 

LAILIC 3.5 0.35 

LAIP05 0.9 0.10 
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IV. Evaporation ‐ Transpiration 

We used the standardised equations of Penman (Eq. 13) and Penman-Monteith (Eq. 14) to quantify evap-
otranspiration (ET), the sum of evaporation and transpiration of plants. In addition, we utilized the differ-
ent LAIs which we measured to quantify ET via different calculations. 

IV.I. Comparison of Methods 

The equations utilised to determine ET consist of common, as well as different coefficients, which are dis-
played in Tab. 6, Tab. 7 and Tab. 8.  

IV.I.II Penman and Penman‐Monteith 

The purpose of the Penman equation (Penman 1963) is to determine the potential (maximum possible) 
evapotranspiration (PET):	

𝑬𝒒.𝟏𝟑:      𝑷𝑬𝑻 ൌ 𝟎.𝟎𝟖𝟔 ∗
𝜹

𝜹 ൅ 𝜸
∗
𝑸𝒔 െ 𝑩
𝑳

൅
𝜸

𝜸 ൅ 𝜹
∗ 𝒇ሺ𝑼ሻ ∗

𝒆∗ െ 𝒆
𝑳

 

	

Tab.	6:	Variables	used	in	the	Penman‐Equation	 

Formula Symbol Explanation Unit Source 

Δ Slope of the vapour pressure 
temperature relationship 

[hPa K-1] Calculated from measure-
ments 

ƴ  Psychrometric constant [hPa K-1] Constant (= 0.667) 

Qs Net radiation [W m-1] Calculated from measure-
ments 

B Soil heat flux [W m-1] Measurement 

f(U) Transfer coefficient for water 
vapour 

- Calculated from measure-
ments 

e* Saturation water vapour pres-
sure 

[hPa] Calculated from measure-
ments 

e Current water vapour pressure [hPa] Calculated from measure-
ments 

L Evaporation energy of water [MJ kg-1] Constant (= 2.5) 
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In contrast, the Penman-Monteith equation (Allen et al. 1998) yields an approximation of the net evapo-
transpiration (ET) or current evapotranspiration: 

𝑬𝒒.𝟏𝟒:      𝑬𝑻 ൌ
𝜹 ∗ ሺ𝑸𝒔 െ 𝑩ሻ ൅ 𝝆 ∗ 𝒄𝒑 ∗

𝒆∗ െ 𝒆
𝒓𝒂

𝑳 ∗ ሺ𝜹 ൅ 𝜸 ∗ ሺ𝟏 ൅
𝒓𝒔
𝒓𝒂
ሻ

	

Tab.	7:	Variables	used	in	the	Penman‐Monteith‐Equation 

Formula Symbol Explanation Unit Source 

Δ Slope of the vapour pressure 
temperature relationship 

[hPa K-1] Calculated from measure-
ments 

ƴ  Psychrometric constant [hPa K-1] Constant (= 0.667) 

Qs Net radiation [W m-2] Calculated from measure-
ments 

B Soil heat flux [W m-2] Measurement 

L Evaporation energy of water [J kg-1] Constant (= 2500000) 

e* Saturation water vapour pres-
sure 

[hPa] Calculated from measure-
ments 

e Current water vapour pressure [hPa] Calculated from measure-
ments 

ρ Mean air density at constant 
pressure 

[kg m-3] Constant (= 1.2041) 

cp Specific heat of the air [MJ kg-1 K-1] Constant (= 1005) 

ra Aerodynamic resistance [s m-1] Calculated from measure-
ments 

rs (Bulk) Surface resistance [s m-1] Calculated from measure-
ments 

 In order to calculate the aerodynamic resistance ra (Eq. 15) we used the following formula (Allen et 
al. 1998): 

𝑬𝒒.𝟏𝟓:      𝒓𝒂 ൌ
ሺ𝐥𝐨𝐠ሺ

ሺ𝒛𝒘 െ 𝒅ሻ
𝒛𝒐𝒘

ሻ  ∗  𝐥𝐨𝐠ሺ
ሺ𝒛𝒉 െ 𝒅ሻ
𝒛𝒐𝒉

ሻሻ

𝑲𝟐  ∗  𝑼
 



 

14 
 

For the calculation of the (bulk) surface resistance rs we used this formula (Allen et al. 1998):  

𝑬𝒒.𝟏𝟔:      𝒓𝒔 ൌ
𝒓𝒍
𝑳𝑨𝑰

 

 

Tab.	8:	Variables	used	to	calculate	the	aerodynamic	resistance	ra	and	the	(bulk)	surface	resistance	rs 

Formula Symbol Explanation Unit Source 

zw Height of wind measurements  [m] Measurement (= 1.95) 

zow Zero plane displacement 
height 

[m] Calculated (= 0.123*d) 

zh Height of temperature and hu-
midity measurements 

[m] Measurement (= 1.95) 

zoh Roughness length governing 
transfer of heat and vapour 

[m] Calculated (= 0.1* zow) 

d Vegetation height [m] Measurement 
K Von Karman's constant - Constant (= 0.4) 
U Wind speed at height of wind 

measurement (zW) 
[m s-1] Measurements 

rl Stomatal resistance [s m-1] Constant (= 100) 
LAI Leaf Area Index (for each de-

tection method) 
- Calculated from Measure-

ments 
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IV.I.II.I Results and Discussion 

As shown in Eq. 16, the LAI is an important coefficient within the Penman-Monteith equation. The following 
LAIs were used in this equation to calculate ET: (i) LAIDHT, (ii) LAIS11, (iii) LAILIC, (iv) LAIRS2, and (v) LAIP05. 
The values for ET were named after the corresponding method to determine the LAI (e.g. ETDHT). Another 
result for ET was processed directly by the EddyPro software (ETEddyPro). The comparison of all methods 
used is displayed in Tab. 9, which also includes the results for the Penman equation (ETPenman). Note that 
ETPenman displays the PET. 

We compared the results of half-hourly ET and PET for period 1 (Fig. 8) and of period 2 (Fig. 9). The data 
for Penman-Monteith is the result of ETS11.  

 

Fig. 8: Comparison of the results of the Penman and the Penman-Monteith approaches for period 1 

On May 16th at 13:00 hrs the maximum PET was found 0.33 mm (30 min)-1 within period 1 (Fig. 8). The 
minimum PET was -0.01 mm (30 min)-1 on May 17th at 04:30 hrs. In comparison, the maximum ET was 
0.31 mm (30 min)-1 on May 16th 13:00 hrs, while the lowest ET of -0.02 mm (30 min)-1 was found on May 
17th 21:30 hrs. 
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Fig.	9:		Comparison	of	the	results	of	the	Penman	and	the	Penman‐Monteith	approaches	for	period	2	

The maximum PET within investigation period two was 0.31 mm (30 min)-1 on May 23rd 15:00 hrs, while 
the minimum of -0.01 mm (30 min)-1 was found on May 24th 00:30 hrs. The maximum ET was on May 23rd 
at 15:00 hrs exhibiting 0.29 mm (30 min)-1 (Fig. 9). The minimum was found on May 24th at 01:00 hrs with 
-0.01 mm (30 min)-1. 

The maxima occurred between 13:00 hrs and 15:00 hrs. Negative water vapour fluxes occurred at night 
(see Ch. IV.III. – Dew, below).  

Compared to the other days, ET and PET are lowest on May 24th. The low values for ET and PET coincide 
with a rain event and a cloudy sky on that day. The significantly reduced solar radiation led to an overall 
lower evapotranspiration on that day.  

In period 1, we noticed only small differences between the results for ET and PET. In period two, the results 
for PET clearly exceeded the results for ET. The PET is expected to be higher than ET since the equation 
describes the maximum ET possible. Results for ET calculated with the Penman-Monteith equation can yet 
exceed PET. This phenomenon mainly occurs under water saturated conditions. In the Penman equation 
soil water is not considered. In the Penman-Monteith equation, soil water is implicated through rs, since 
the parameter is related to soil moisture and stomatal conductance of different vegetation types 
(Verhoef/Egea 2014; Westerhoff 2015) 
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IV.I.II Comparison of LAI detection methods within the Penman‐Monteith equation 

In order to compare the ET of different vegetations with each other, the Food and Agriculture Organization 
of the United Nations (FAO) developed a formula to determine the ET of a reference surface. The reference 
surface is a grassland with 12 cm height and includes defined terms for ra and rs (Eq. 17). The equation can 
be adjusted to the local vegetation, which makes the ET comparable throughout different climate zones 
and vegetation types (Allen et al. 1998). The equation was used to determine the ET of the reference sur-
face (ETREF). In comparison, the vegetation height of the study site was at 36 cm. 

 

𝑬𝒒.𝟏𝟕:      𝑬𝑻𝒂𝒄𝒕 ൌ
𝜹 ∗ ሺ𝑸𝒔 െ 𝑩ሻ ൅ 𝝆 ∗ 𝒄𝒑 ∗

𝒆∗ െ 𝒆
𝟐𝟎𝟖/𝑼

𝑳 ∗ ሺ𝜹 ൅ 𝜸 ∗ ሺ𝟏 ൅ 𝟕𝟎
𝟐𝟎𝟖/𝑼ሻ

	

Fig. 10 compares ET rates in period 2 (23rd May). The results were calculated for the half-hourly ET values 
for ETDHT, ETS11, ETRS2 and ETREF. Since the LAIS11 and LAILIC differ by only 0.1 (Tab. 5), ETLIC was excluded 
from the graphic. The results for ETLIC are almost identical to those of ETS11. 

Fig. 10: ET as calculated with the Penman-Monteith equation using different methods (period 2) 



 

18 
 

The maximum ET was estimated for ETDHT with 4.22 mm d-1 (Tab. 9). The lowest ET was estimated for ETREF 

with 3.22 mm d-1. The outcome suggests that the results of Eq. 14 are strongly influenced by the LAI coeffi-
cient. 

 

IV.II. Sum of Evapotranspiration per Day 

Daily summed up ET values were calculated with different LAI (Tab. 9). The sums contain 24 hours of data 
from 05:00 hrs on the starting days (May 16th and 23rd, respectively) to 05:00 hrs on the ending days (May 
18th and 25th, respectively).  

The daily sums of ET vary moderately between the methods. While ETEddyPro yields maximum daily sums of 
4.53 mm d-1, the minimum daily sum of ET was calculated to be 1.11 mm d-1 using the Pyranometer ap-
proach. 

In general, the values for the Pyranometer approach are on average the lowest (mean = 2.40 mm d-1) in 
comparison to the other methods while EddyPro results in the highest on average values (mean	= 3.45 mm 
d-1). 

Tab.	9:	Daily	Sums	of	evapotranspiration	for	the	two	time	periods	in	[mm	d‐1]	

date ETEddyPro ETPenman ETDHT ETLIC ETS11 ETREF ETP05 ETRS2 

16.05. 3.84 3.65 3.68 3.62 3.62 2.99 2.68 3.54 

17.05. 4.29 3.71 3.84 3.59 3.59 3.08 2.84 3.53 

23.05. 4.53 3.98 4.22 4.12 4.13 3.22 2.89 4.02 

24.05. 1.15 1.70 1.77 1.73 1.73 1.34 1.21 1.69 

An effort for standardisation by the American Society of Civil Engineers (ASCE) was made to find a refer-
ence value for global comparison. A study in accordance to those efforts by Itenfisu et al. (2003) quantifies 
ET rates calculated by the Penman-Monteith method on experimental grassland plots in the magnitudes of 
2.78 to 8.54 mm d-1 (mean = 5.66 mm d-1). They further state that on average the Penman method yields 
PET rates 7.2 % higher than the Penman-Monteith method. 

Daily sums of ET of our study calculated using all approaches are generally lower than the mean of the 
interval of ET rates found by Itenfisu et al. (2003). The ratio of PET calculated with the Penman approach 
to the values of ET via the Penman-Monteith approach lies at 23 % and is significantly higher than the value 
described by Itenfisu et al. (2003).  

We conclude that ET rates were much lower during our periods of investigation compared to other studies. 
As mentioned in Chapter I, the wind speeds during our measurement period were unusually low. There is 
a direct dependency of evapotranspiration to a consistent air flux (Allen et al. 1998). Note that the Penman 
and Penman-Monteith equations include the wind speed in their calculations. Overall, this could cause re-
duced water vapour fluxes even over water-saturated grassland as we had around our measurement site.  
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IV.III. Dew 

Negative ET indicates the formation of dew. Fall of dew means that no water evaporates near the ground 
but condenses in the area of the footprint. This phenomenon was observed over both periods at night be-
tween 22:00 hrs and 06:00 hrs. Fall of dew was indicated by all methods applied for calculating ET. 

The formation of dew during the night of May 16th to May 17th (period 1) is shown in Fig. 11, regarding 
ETEddyPro, ETS11 and ETPenman. The result suggests that dew was formed at the study site.  

Fig. 11: Negative ET event of May 16th, 20:00 hrs until May 17th, 08:00 hrs (period 1) calculated with different methods. The black 
line marks zero, which indicated the transition between evapotranspiration and the formation of dew 

The highest result for dew was reached by ETPenman which is almost equal to ETS11 (Tab. 10). The result for 
ETEddyPro was the lowest. We noted that ETEddyPro reached the highest values for positive ET and the lowest 
values for negative ET.  

Tab.	10:	Sums	of	negative	ET	between	22:00	hrs	(May	16th)	and	06:00	hrs	(May	17th)	in	[mm] 

date ETS11 ETPenman ETEddyPro 

17.05.2020 -0.132 -0.133 -0.039 
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V.  Wind statistics and friction velocity  

The wind has an influence on the footprint area as well as on the flux measurements (Ch. II). In this chapter, 
wind speed and friction velocity during the measuring period are analysed and set into context regarding 
Ch. IV. 

V.I. Distribution of wind speeds 

Fig. 12 shows the distribution of the measured wind speeds for the whole measuring period. The histogram 
is based on 710 data points of 30 min means and has a median of 1.02 m s-1 (red vertical line). The density 
distribution is not symmetric as the frequency of measured wind speed phases out at higher wind speeds. 

 

Fig.	12:	Distribution	of	wind	speeds	(whole	measuring	period)	and	a	fitted	Weibull	distribution	(k=2,	λ=2)	

Various types of distributions may be used to approximate wind speed statistics. One of the commonly 
used models is the Weibull distribution. It can be fitted with the shape parameter k and the scale parameter 
λ or C. The effects of different shape parameters on the Weibull distribution are shown in Fig. 13. 
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Fig.	13:	Weibull	distributions	with	different	shape	parameters	(0.5,	1.5,	2)	

Those parameters can be fitted with numerical methods (Guenoukpati et al. 2020). It is, for example, help-
ful to assess a location’s potential for the use of wind energy. Despite deviations of our wind speed statistics 
from the adjusted Weibull model (Fig. 12), we assess the Weibull distribution with a shape parameter k = 2 
and a scale parameter λ = 1 to be a good fit for the wind speed distribution at our site. Presumably, a larger 
data set covering a larger variety of weather conditions would lead to an even better agreement between 
the measured and modelled wind speed statistics. 
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V.II. Comparison of wind speed and friction velocity 

Fig. 14 shows the wind speed and friction velocity over a period of six days. Both wind speed and friction 
velocity show pronounced daily variations. They increase in the mornings reach their maxima in the early 
afternoons and have their minima in the early mornings. This pattern occurs on every single day of the 
experimental period. 

 

Fig.	14:	Wind	speed	(y‐axis	1)	and	calculated	friction	velocities	(y‐axis	2)	on	the	measuring	site	from	the	13th	to	the	18th	of	May	2020	

The observed pattern is apparently caused by thermal turbulence occurring during the hot summer days 
of our campaign. The respective turbulence elements grow during the day and contain updrafts and 
downdrafts of air parcels. One of the consequences are compensating horizontal winds, which increase 
during the days. During the nights, after the solar radiation as a driver for turbulence dropped to zero, the 
turbulence elements and thus the horizontal winds decrease drastically (Deutscher Wetterdienst 2018). 
Along with the horizontal wind speed, the friction velocity shows synchronous increases and decreases. 
This is due to the fact that higher wind speeds lead to a higher shear stress. Our measurements took place 
near the ground at 2 m height. That makes friction velocities highly dependent on the surface’s roughness. 
Both factors, the surface’s roughness and the wind speed therefore affect the friction velocity (Camuffo 
2014). 
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Fig. 15 shows a generalized linear model of wind speed and friction velocity for the whole measuring pe-
riod from May 18th to May 28th. The linear regression is described by Eq.18, the coefficient of determination 
is 0.78, which shows a good fit of the linear model. 

𝑬𝒒.𝟏𝟖:      𝒖∗ ൌ 𝑼 ∗ 𝟎.𝟏𝟑𝟓 ൅ 𝟎.𝟎𝟑𝟏 

Fig. 15: Scatter plot and generalized linear model (GLM) of wind speed and friction velocity 

Basically, the friction velocity can be predicted from the measured wind speed by using equation 18. The 
linear model’s slope (0.135) can also be an estimator of the surface’s roughness length. Values closer to 1 
refer to a higher, while values closer to 0 refer to lower roughness length, respectively more accurate val-
ues can be calculated with Eq. 19 (Foken 2006). The roughness length (z0) is defined by the measuring 
height, the mean wind speed, the friction velocity and the Karmann constant (ka). Inserting our calculated 
values shows the following results: 

𝑬𝒒.𝟏𝟗:      𝒛𝟎 ൌ 𝒛 ∗ 𝒆ି𝑼∗ 
𝒌𝒂
𝒖∗ ൌ  𝟐 ሾ𝒎ሿ ∗ 𝒆ି𝟏.𝟎𝟏𝟔∗ 

𝟎.𝟒
𝟎.𝟏𝟑𝟓 ൌ 𝟎.𝟎𝟗𝟖𝟓𝒊ሾ𝒎ሿ   

The calculated roughness length of 0.0985 m is based on the median of the wind speeds. Thus, the calcu-
lated value is not able to express the changes of the vegetation height during the measuring period. It just 
gives a rough understanding of the surface properties. 



 

24 
 

As data points are not distributed evenly, the statistical power for a prediction of u* decreases for wind 
speeds over 2 m s-1. This is a common phenomenon of wind speed statistics because the distribution of 
wind speeds does not follow a normal distribution (Fig. 12). 

V.III. Impact of the roughness length on ET 

The approach to determine z0 in this chapter differs from the approach in Ch. IV to determine zow while 
both values describe the roughness length. In order to estimate the impact of the roughness length on ET, 
both values were used in the Penman-Monteith equation (Eq. 14). The value for z0 was 0.0985 m, while the 
value for zow was 0.029 m. The data was equivalent to the calculation of ETS11, while the values for the 
roughness length were replaced as described. In addition the roughness length for heat transfer zoh was 
recalculated for both values according to the equation for zoh in Ch. IV (Tab. 8). The result is displayed in 
Fig. 16. 

Fig. 16: Comparison of the ET using the values of z0w  and z0 as mentioned in Ch. IV and Ch. V, respectively. The result is calculated 
for ETS11 

The result shows a higher ET for the calculation with z0. 
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VI. CO2 flux 

Plants absorb CO2 in their photosynthetic process. The photosynthesis mostly depends on the solar radia-
tion and so does the vegetation-related CO2 flux (Baumberger et al. 2019). Also, CO2 is emitted by bacteria 
in the soil respiration a process, which is not related to solar radiation.  During nights the plants stop the 
uptake of CO2. So, the soil respiration dominates the CO2 flux.  This leads to a positive CO2 flux at night, 
which means that CO2 is mostly moved from the surface into the atmosphere. During daytime, the flux is 
negative, which means that the photosynthetic process is dominant, and the biosphere absorbs more CO2 
by respiration of plants than soil respiration emits. 

VI.I. Quality management and Calculations 

To guarantee high-quality results, steps have been taken to ensure quality assurance. After flux calculations 
with EddyPro, data assigned with values “-9999”, which means “not enough data for flux computations “, 
were removed from the data set. The quality-flagging model of (Mauder/Foken 2004) was used to reject 
data with bad quality (flag 2). Data points that were flagged “1” or “0” were kept for further analysis. Flux 
data categorized as intermediate quality, which are still useable for general analysis e.g. annual budgets, 
are flagged “1” and flux data with high quality are flagged “0”. One single spike with a value of 25 μmol 
CO2 m-2 s-1 on May 18th was detected as an outlier and therefore manually excluded from further analysis. 
As another filter criterion u* was determined, which is a good measure of turbulence characteristics. Flux 
data that was calculated at atmospheric conditions with u* < 0.1 m s-1 were marked within time series 
diagrams (Fig. 16 and 17). Conditions with u* < 0.1 m s-1 typically occur during nights when turbulence is 
weak. Due to the methodological constraints of the eddy covariance method, such data must be interpreted 
with caution. 
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VI.II. Results 

Carbon dioxide fluxes for period 1 are shown in Fig. 16. The largest positive flux in that period reaches 8.1 
μmol CO2 m-2 s-1. The largest negative fluxes were -16.1 μmol CO2 m-2 s-1 on May 16th and -16.5 μmol CO2 
m-2 s-1 on May 17th. 

Fig. 16: CO2 flux from 16th to 18th of May 2020 during period 1 (blue). Flux data under conditions of u* < 0.1 m s-1 (grey) 

For period 2 (Fig. 17) the largest positive flux reaches 7.6 μmol CO2 m-2 s-1 on May 24th and the largest 
negative flux -15.5 μmol CO2 m-2 s-1 on May 23rd. Fewer negative values for the CO2 flux on May 24th are 
noticeable. The minimum was -12 μmol CO2 m-2 s-1. Also, rain was detected on May 24th between 15:00 hrs 
and 19:00 hrs (Fig. 18). During this time, the negative flux (-9.7 μmol CO2 m-2 s-1) was smaller in comparison 
to the largest negative flux periods mentioned before. At the same time, the air temperature and incoming 
solar radiation were lower compared to the previous day (Fig. 18). During a rain event, the activities of 
plants such as photosynthesis are limited due to less incoming solar radiation. As a result, they absorb less 
CO2. (Rannik et al. 2002) also showed that on a cloudy day photosynthetically active radiation limits the 
CO2 flux the most, because it controls the mechanism of photosynthesis. 
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Fig. 17: CO2 flux from 23rd to 25th of May 2020 during period 2 (blue). Flux data under conditions of u* < 0.1 m s-1 (grey) 
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Fig. 18: Incoming solar radiation, temperature and rain from 23rd to 25th of May 
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VII. Conclusion and further outlook 

During the field work exercise “Biosphere Atmosphere Exchange” we calculated the turbulent fluxes of CO2, 
H2O, and sensible heat of a grassland using the EC method. Furthermore, we modelled the ET rates using 
the Penman-Monteith equation. A central question of our study was, to what extent the LAI coefficient as 
part of the Penman-Monteith equation influences the calculated ET rate. Therefore, the LAI was deter-
mined by various methods. 

For both measuring periods, the high-contribution source area of the footprint was located within about 
six metres distance to the tower. We conclude that the measurement height of the EC setup of two metres 
was suitable. However, taking into account the overall size of the research site, for future applications the 
sensors could be placed higher above the ground to increase the size of the footprint, at least for similar 
synoptic conditions. A larger footprint would make the flux data more representative of the whole grass-
land under study. 

In the two measuring periods, the CO2 fluxes (half-hour averages) ranged from 8.1 μmol CO2 m-2 s-1 to -16.5 
μmol CO2 m-2 s-1. The comparison of the measured CO2 fluxes with the corresponding meteorological data 
confirmed that the photosynthetic activity of plants was mainly driven by the amount of incident solar 
radiation.  

Our data also confirms that u* highly depends on wind speed. On the one hand, if wind speed and u* are 
known from measurements with an ultrasonic anemometer, the dependence of u* of the wind speed can 
be described with a generalized linear model. Its coefficient of determination is 0.78. On the other hand, 
the roughness length of the sites surrounding surface can be estimated from the ultrasonic anemometer 
data. 

We compared a total of six different methods to define the LAI of the grassland under investigation. Our 
results show that the methods differ strongly in their accuracy and spatial representativeness.  

Possible sources of error when determining the LAI directly in the field encountered within this study were 
random errors such as the reading inaccuracy and the heterogeneity of the vegetation. The four methods 
for determining the LAI with specific instrumentation (LAI-meters) are well suited for areas smaller than 
400 m2. The two sensors SunScan S11 and Licor-2200-C yielded the best and most reliable results. The 
averaged LAI values of the two instruments are 3.56 and 3.54. For larger areas we recommend the remote 
sensing methods, especially Sentinel 2, to determine the LAI. Our efforts to determine the LAI with remote 
sensing data captured by a drone were not successful. 

A comparison of PET and ET results showed that ET can exceed PET during water-saturated soil conditions. 
The Penman-Monteith equation, uses the LAI as an important coefficient. A comparison of the ET rates 
calculated with the different methods for determining the LAI was meant to clarify the influence of the LAI 
on the result of the Penman-Monteith equation. Our results indicate that the ET rates are moderately in-
fluenced by the LAI. The difference in ET on May 23rd differs by 68 % between the results based on LAIDHT 
and LAIP05. Different approaches to determine roughness length also showed an influence on the results 
for ET. 

On May 23rd the overall highest ET was at 4.52 mm d-1, while on May 24th, the overall lowest ET was at 1.11 
mm d-1.  

Furthermore, the phenomenon of dew formation was observed during the nights between 22:00 hrs and 
06:00 hrs. All methods for calculating ET indicated dew formation in the form of negative ET. 
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An important finding from the project is that the quality of the data also determines the significance of the 
results. Furthermore, when carrying out, evaluating, and comparing different methods for determining rel-
evant measured variables, it is crucial to identify potential sources of error and keep them as low as possi-
ble. Without a sufficient description of the uncertainty, measured and modelled values of LAI, ET, and PET 
should always be treated and interpreted with caution. 
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