
1 

 

Eddy-covariance carbon fluxes of a heterogeneous forest: one tower - 

two heights 

Alisa Krasnova1,2, Dmitrii Krasnov1, Hans Peter Ernst Cordey1, Steffen M. Noe1 

1Institute of Forestry and Engineering, Estonian University of Life Sciences, Estonia 
2Institute of Science and Technology, University of Tartu, Estonia 5 

Correspondence to: Alisa Krasnova (alisa.krasnova@emu.ee) 

Abstract. Eddy-covariance (EC) is a widely used method for measuring ecosystem-scale fluxes of various gases. The sensor 

placement height is typically constrained by the canopy height and area of interest size. We studied the carbon dioxide fluxes 

over a hemiboreal mixed forest with two EC measurement systems located at 30 m and 70 m. The lower system NEE 

(NEE30) values were more positive (smaller sink or higher source) than the NEE of the higher one (NEE70), but this 10 

difference was prevalent in low light conditions and in May-November of all studied years. The nighttime and early morning 

difference (ΔNEE) increased with wind speed until ~2 m s-1 and friction velocity until ~0.35 m s-1 and linearly decreased 

after. ΔNEE was irregularly distributed over the wind direction sectors with high values overlapping the directions of South-

East and South-West guy wire tunnels. Moreover, the shape of the NEE30 seasonal cycle was closer to that of a clear-cut 

area, and the difference between the systems increased with air temperature. The forest under study varied between a weak 15 

net sink and a strong net source on the annual scale. Directional heterogeneity correction shifted the annual NEE towards 

more negative values, but neither removed the difference between the systems nor changed the shape of the seasonal cycle. 

More studies are needed to assess the impact of clearcutting on the carbon accumulation under the measurement point. 

1 Introduction 

Carbon dioxide concentrations in the atmosphere featured a positive trend over the last century, with an increasing growth 20 

rate over the previous decade (Friedlingstein et al., 2019). During the same period, the terrestrial sink removed 33.7% of 

anthropogenic carbon dioxide from the atmosphere, with a large share attributed to forest ecosystems (Keenan and Williams, 

2018). An increase in NEP and GPP of 1% annually has been recently reported based on the flux time series of 23 forests in 

Europe and the USA (Fernández-Martínez et al., 2017). Forests play an essential role in the climate systems, being a part of 

large-scale feedback between atmospheric and biospheric processes (Lappalainen et al., 2016). The capacity of forests to 25 

interact with aerosols and clouds via a carbon-driven feedback loop (Ezhova et al., 2018; Kulmala et al., 2014) puts them 

into focus for climate mitigation strategies and sustainable resource development. The variety of forest management 

practices, wood harvesting, and forests degradation due to the human impact add to the global CO2 budgets on the emission 

side (Friedlingstein et al., 2019; Noormets et al., 2015). 
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Hemiboreal mixed forests are located in a transitional zone between boreal and temperate ecosystems bearing the features of 30 

both (Ahti et al., 1968; European research agency, 2016). The mixture of different dominating tree species of varying age 

and the additional spatial variability introduced by forest management activities such as thinning and clearcutting form a 

highly heterogeneous forest landscape. Clear-cut harvesting leads to abrupt changes in canopy height and alters, therefore, 

the vertical shape and source/sink capacity of the forest.  

Over the last decades, the eddy-covariance method (EC) has been widely used to calculate CO2 fluxes on the ecosystem 35 

scale (Baldocchi, 2014). When placing an EC system, one has to consider different factors, including the area of interest size, 

canopy height, and landscape topography (Burba, 2013). The EC system has to be placed high enough to be in a well-mixed 

air layer above the ecosystem of interest and to avoid the effect of canopy roughness (Munger et al., 2012). If the 

measurement height is too close to the canopy flux values can be exposed to local effects introducing a location bias, a 

degree to which the certain measured fluxes differ from the aggregated ecosystem-scale flux (Rebmann et al., 2018; Schmid 40 

and Lloyd, 1999). On the other hand, if an EC system is placed too high over the canopy, the ecosystem of interest might be 

underrepresented in the footprint area of the tower in all the wind directions. 

To study the exchange of CO2 between a heterogeneous forest ecosystem and the atmosphere, the atmospheric tower of the 

SMEAR Estonia (Station for Measurement ecosystem atmosphere relations) (Noe et al., 2015) was equipped with two 

identical EC systems placed at 30 and 70 m height, 10 m and 50 m in average above the canopy respectively. According to 45 

Munger et al. (2012), the recommended measurement height over the forested ecosystems can be calculated as: 

ℎ𝑚 ≈ 𝑑 + 4(ℎ𝑐 − 𝑑) 

where hm - measurement height; hc - mean canopy height; d - zero plane displacement height (approximately equal to 0.67 of 

canopy height). Thus, the recommended EC measurement height for SMEAR Estonia would be 39.8 m. 

According to somewhat more relaxed pan-European research infrastructure ICOS (Integrated Carbon Observation System) 50 

requirements, the measurement height for forested or more structurally complex ecosystems is recommended to be between 

1.67hc and 2hc, resulting in 33.4 m – 40 m for our tower (Rebmann et al., 2018). The EC measurements done at the height of 

more than 2hc were previously used to estimate the carbon balance of an entire landscape over the agricultural area 

(Soegaard, 2003), mixed agricultural and forest landscape (Barcza et al., 2020; Haszpra et al., 2005), land-water mosaic 

(Sogachev and Dellwik, 2017), and boreal landscape (Chi et al., 2020, 2019). 55 

This study aimed to analyse the differences in CO2 fluxes measured with EC systems mounted on the same tower but at two 

different heights above the canopy over a heterogeneous mixed hemiboreal forest. We hypothesise that the EC system 

located closer to the canopy will detect local features while the higher positioned system will detect naturally integrated CO2 

flux. 
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2. Methods 60 

2.1 Site and instrumentation 

SMEAR Estonia was established in 2014 at the Järvselja Experimental Forestry Centre (58°16’N, 27°18’E) to measure the 

exchange of energy and matter in the atmosphere-biosphere system (Noe et al., 2015). The forest ecosystem at the study site 

is typical for the area and is represented by a mosaic of managed forested compartments dominated by Scots pine (Pinus 

sylvestris L.), Norway spruce (Picea abies (L.) Karst.), and birch species (Betula pendula Roth and Betula pubescens Ehrh.). 65 

Several clear-cut areas of various sizes and ages and non-managed old-growth forest areas are also located within the tower 

footprint (Fig. 2). In particular, during the tower installation in 2013/2014 three areas were deforested in the North, South-

East and South-West directions to accommodate the tower guy wires. The average height of the forest stand is 20 m; the 

stand age varies greatly and, in some cases, reaches up to 150 years for managed stands and older than 100 years in the case 

of the non-managed protected old-growth forest. The main soil type is Haplic Gleysol (eutric), with a thick humus horizon in 70 

wetter places. A more detailed site description can be found in Noe et al. (2015, 2011). 

Ecosystem CO2 flux was measured with two identical eddy-covariance systems (EC30 and EC70) installed in 2014 on a 130 

m atmospheric tower at 30 and 70 m height. The systems were mounted on 6 m long booms reaching 4 m away from the 

tower structure to the major wind direction. Both systems consist of a fast 3D sonic anemometer (uSonic Class A, Metek 

GmbH, Germany) and an enclosed gas-analyser (LI-7200, LI-COR Inc., NE, USA) measuring CO2 and H2O concentrations 75 

at a frequency of 10Hz. Additionally, 3D sonic anemometers of the same model were installed at 50, 90, and 110 m to assess 

the features of the wind profile. Here we present four years of measurements (2015-2018) covering a wide variety of weather 

conditions. Data from 2014 was discarded because the deployment of a piping system for profile measurements on the tower 

disturbed a significant portion of measurements.  

According to dominating tree species, three sample plots were chosen around the tower to estimate forest floor respiration 80 

(Fig. 2). The efflux of CO2 was measured with a transparent non-steady-state flow manual chamber. The 7L chamber was 

equipped with Vaisala GMP343 (Vaisala Oyj, Finland) infrared gas-analyser, Vaisala HM70 (Vaisala Oyj, Finland) 

humidity meter, and a small fan for mixing the air inside the chamber. Nine stainless steel collars with a basal area of 0.073 

m2 were installed per sample plot. Respiration measurements were done weekly during the snow-free period starting the year 

2016. Soil chamber enclosure time was 5 minutes, out of which 2 minutes were used for the flux calculation. The first 85 

minute of measurements was considered stabilisation time and not used in the analysis. 

Meteorological measurements (air temperature, relative humidity, rain detection) were provided by Vaisala Weather 

transmitter WXT520 systems (Vaisala Oyj, Finland). Total incoming solar radiation was measured using Delta-T SPN1 

sunshine pyranometer (Delta-T Devices Ltd., UK). Soil moisture and temperature were measured with ML3 sensors 

connected to Delta-T DLe2 data-logger (Delta-T Devices Ltd., UK). Soil sensors were placed at 10 cm depth, and 90 

measurements were done with 5 minutes frequency. 
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2.2 Data analysis 

Both EC30 and EC70 systems flux calculation followed precisely the same procedure. Half-hourly fluxes of CO2 were 

calculated as a covariance of vertical wind speed and CO2 concentration using software EddyUH developed by Helsinki 

university (Mammarella et al., 2016). Raw data processing included de-spiking (Vickers and Mahrt, 1997) and block 95 

averaging. Planar fit (Wilczak et al., 2001) was chosen for the rotation of the three wind components due to the complex 

structure of the heterogeneous forest. Time lag optimisation was performed using the covariance maximisation approach. 

Low- and high-frequency spectral corrections (Moncrieff et al., 2005, 1997) were applied. Further data analysis was 

performed using MATLAB (ver. 2016a-2018b, Mathworks Inc.), ReddyProcWeb online software (Wutzler et al., 2018) and 

Mathematica (ver. 11-12, Wolfram Inc.). A moving point test for the friction velocity (u*) threshold estimation (Papale et al., 100 

2006) was performed over the nighttime data (Rg<15 W m-2). The estimated u* threshold value of 0.43 ms-1 would result in 

the removal of 58% of all the nighttime fluxes of EC30 and 60% of all the EC70 nighttime fluxes. To avoid this massive loss 

of data, we decided to use a 0.3 ms-1 friction velocity threshold, as has been previously utilised for other northern forest 

ecosystems (Lindroth et al., 2020, 2018). Daytime values were not subjected to the same friction velocity filtering procedure 

due to the absence of obvious influence in the visual inspection. 105 

Following the micrometeorological sign convention, negative values of net ecosystem exchange (NEE) denote a flux from 

the atmosphere into the ecosystem, while positive values mean CO2 release. To study the differences in diurnal cycles and 

the influence of wind direction, quality controlled NEE of all four years was pooled together and split into four seasons 

according to plant physiological activity in the given climate rather than calendar seasons: November to February represent 

the dormancy period, March to April is the spring transitional period, May to August is considered as the active vegetation 110 

season, September to October is the autumn transitional period.  

The difference between the half-hourly fluxes of the two systems (ΔNEE) was calculated as ΔNEE=NEE30-NEE70.  The 

ΔNEE values above zero indicate that NEE30 is more positive than NEE70, while the negative ΔNEE denotes the opposite. 

To assess the influence of footprint heterogeneity on the fluxes, it is possible to split the data according to wind direction 

sectors. The issue arises as the data of a particular wind direction sector can be dominated by certain meteorological 115 

conditions or times of the day or season, overshadowing the footprint effect. To decrease this possibility, we pooled together 

May-September NEE (not gap-filled) and analysed light-response curve parameters (Michaelis-Menten equation, eq. 1) for 

daytime NEE and Lloyd & Taylor equation (eq. 2) reference respiration for the nighttime NEE for each 5-degree wind 

direction sector. The activation energy (E0) of the Lloyd & Taylor model was determined for the whole dataset to ensure the 

fit.  120 

NEE =
𝛼𝑅𝑔GPPmax

𝛼𝑅𝑔+GPPmax
+ ERday,           (1) 

where α (μmol C J-1) is light use efficiency (ecosystem quantum yield), Rg (Wm−2) is global radiation, GPPmax (μmol C m−2 

s−1) is the maximum GPP under given conditions, REday (μmol C m−2 s−1) is the daytime respiration. 
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ER = 𝑅refe
𝐸0(

1

Tref−𝑇0
)−(

1

𝑇−𝑇0
)
,          (2) 

where Rref (μmol C m−2 s−1) is the respiration at the reference temperature; E0 (kJ mol-1) is the activation energy; T (oC) is the 125 

measured air temperature. Tref was set to 15 °C, and T0 was kept constant at −46.02°C as in Lloyd and Taylor (1994). 

To calculate the sums at different time scales, gaps in the data were filled using marginal distribution sampling (MDS) 

(Reichstein et al., 2005) implemented in ReddyProcWeb. MDS method is a combination of look-up tables and average 

diurnal variation. The latter is applied when there are not enough measurements to compile a look-up table (a more detailed 

description of the gap-filling algorithm can be found in Wutzler et al., 2018). Look-up tables are based on the assumption 130 

that fluxes under a combination of similar meteorological parameters (solar radiation, air temperature, and vapour pressure 

deficit) and within a certain time window are similar, irrespective of the footprint part they originate from. While this 

approach is adequate for the homogeneous terrain, the input of the possible “hot spots” and irregularities in the footprint area 

can be over- or underestimated in the total budget. Moreover, the non-uniform distribution of wind directions can lead to an 

overrepresentation of some parts of the footprint area. If such a dominating wind direction sector coincides with flux “hot 135 

spots”, their combined influence will add up to the bias. Hadden and Grelle (2017) suggested a weighted correction that can 

be applied to measured NEE values to account for directional heterogeneity. We performed this correction, splitting the NEE 

data into four seasons (as described above), night and day values separately (Rg threshold 5 W m -2). Each period was further 

divided according to wind directions (8 sectors, 45°). For each NEE within the subset, the correction was performed as 

follows: 140 

NEEcorrected = NEEmeasured
𝑁total

8𝑁ws
          (3) 

where Ntotal is the total number of measurements and Nws is the number of measurements in the given wind sector. 

To test the sensitivity of the correction, we additionally estimated the correction multipliers for the angular width of 24°, 30°, 

36°, 60° and 90° wind sectors and performed gap-filling for every option. 

The Kruskal-Wallis test with Bonferroni adjustment was performed to assess the statistical significance of the differences 145 

between the two systems and the influence of the wind sector size choice in directional heterogeneity correction.  The impact 

of the correction was tested using Wilcoxon signed-rank test before and after the gap-filling.  

To get the estimates of gross primary production (GPP) and ecosystem respiration (ER), flux partitioning was performed in 

the ReddyProcWeb tool. The daytime data-based approach (Lasslop et al., 2010) was chosen over the more widely used 

nighttime data-based one to obtain the ER estimated independently from the nighttime measurements. 150 

The footprint area was estimated with the Kljun 2D footprint model using the FFPonline tool (Kljun et al., 2015). Friction 

velocity filtered data were similarly split into seasons as in other analyses; all four years were pooled together.  

The forest floor respiration was calculated from the rate of CO2 concentration change in the chamber using the following 

equation: 

𝐹 =
∆𝐶

∆𝑡
ℎ             (4) 155 
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where C denotes the concentration in ppm, t – is time in hours, h =V/A denotes the effective chamber height, V and A denote 

chamber volume and cross-sectional area, respectively.  

3. Results 

3.1 Meteorological conditions 

 160 

Fig. 1 Monthly means of air temperature (A), soil temperature (B), global radiation (C), montly sums of rain (D), means of vapour 

pressure deficit (E) and soil moisture (F) during the 2015-2018. 

Table 1. Annual means ± standard deviations of meteorological parameters during the study years. Rain values are given as yearly 

sums. 

https://doi.org/10.5194/egusphere-2022-384
Preprint. Discussion started: 9 June 2022
c© Author(s) 2022. CC BY 4.0 License.



7 

 

 
Tair, °C Rg daytime, W m-2 VPD, hPa Rain, mm SWC, % Tsoil, °C 

2015 7.4 ± 7.6 195.6 ± 201.4 2.9 ± 3.8 295 - - 

2016 6.1 ± 9.7 207.9 ± 215.4 2.9 ± 3.9 437 - - 

2017 5.4 ± 8.0 199.5 ± 208.3 2.6 ± 3.4 467 48.8 ± 33.1 5.0 ± 6.2 

2018 6.3 ± 10.3 228.4 ± 228.6 3.5 ± 5.1 258 36.7 ±29.0 4.2 ± 7.0 

The meteorological conditions of the four studied years are summarised in Fig. 1 and Table 1. Overall, 2015 had a mild 165 

winter and higher air temperatures in the late summer with decreased amounts of rain, leading to the highest average annual 

mean temperature of the studied years. The year 2016 can be nominated as “the average year” in our ensemble. The year 

2017 was characterised by the coldest growing season with the lowest temperatures from April to September. Exceptionally 

high amounts of rain in July-September 2017 resulted in an elevation in soil water content that persisted throughout the 

autumn. The vapour pressure deficit (VPD) was significantly lower in 2017, even during warmer periods if compared to 170 

other years. In 2018, the heatwave over Europe resulted in a very dry July and the second-highest annual average 

temperature. The global radiation (Rg) peaked in May 2016-2018, but in 2015 the highest solar radiation was measured in 

June. That matches the long-term climatic data of Estonia 

(http://www.ilmateenistus.ee/kliima/kliimanormid/pilvisus/?lang=en), where the lowest amount of cloud cover is during 

May, which is among the three months with the most sunshine hours per month.  175 

3.2 Footprint area and wind field pattern 

 

Fig. 2.  Flux footprint climatology of EC30 (left panel) and EC70 (right panel) estimated using FFPonline tool (Kljun et al., 2015). 

The seasons’ data were pooled over the four studied years (2015-2018). Contour lines represent the area where the cumulated flux 
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footprint function reaches 90%; colours denote different periods. The coloured rounds (SP1, SP2, SP3) mark the location of 180 
sample plots for forest floor respiration measurements. Map source: X-GIS. Estonian Land Board. All rights reserved. 

The footprint area was 0.58±0.04 km2 for EC30 and 25.97±3.57 km2 for EC70 (Fig. 2). There are slight differences in the 

shape of the footprint areas in different seasons throughout the year, especially in the North-West and eastern directions. The 

majority of the EC30 footprint area is covered with coniferous forests (dark green in Fig. 2, left panel); several clear-cuts of 

different ages are present. Within the much larger EC70 footprint area, a mosaic of coniferous (dark green) and deciduous 185 

(brown) species dominates the forested compartments. Additionally, clear-cuts, roads and three small villages: Agali (19 

residents) to the North-West, Järvselja (35 residents) to the South-East, and Liispõllu (11 residents) to the South West from 

the tower (population numbers are from 2017), are also within the footprint adding to the spatial heterogeneity of the area.  

 

 190 

Fig. 3. Horizontal wind profile measured on five heights at the atmospheric mast in Järvselja. Data are half-hourly medians and 

cover the time from January 2015 until December 2018. The x and y-axis on the contour plots are the wind speed in m s-1 and the 

darker colour denotes a higher density in the wind direction and allows visualising the major wind directions for each sensor 

height. The Box-Whisker chart in the lower panel shows the median wind speed profile over the mast.  

The median vertical wind speed measured at different heights of the tower followed the expected logarithmic profile (Fig. 3). 195 

Wind directions for lower heights follow the pattern reported by Jaagus and Kull (2011), where western and south-western 
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wind directions prevail. However, a wind field is turned to some degrees counter clockwise the higher the measurement is 

located, and the easterly wind directions strengthen from 70 m and higher. The shape of the wind density field at 30m height 

has a weak similarity with a triangular pattern, especially during the vegetation period (Fig. 4).  At 70 m height, this 

triangular pattern is almost diminished, and a circular pattern prevails on the levels above.  200 

 

 

Fig. 4. Comparison of the local horizontal wind field pattern on 30 m and 70 m for different seasonal time intervals. Please note 

that axis scaling was chosen to allow the best visible comparison between 30 and 70 m and the ranges are different. 

Horizontal wind field patterns of EC30 and EC70 varied over the season (Fig. 4). During the dormancy period (November-205 

February), southern winds prevailed. In spring (March-April), the EC30 wind field was similar to the dormancy period, 

while EC70 featured a distinctive bidirectional pattern. South-East wind direction dominated during vegetation season and 

autumn months for EC30, while a high share of north-east winds was additionally present at EC70.  
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3.2 Half-hourly fluxes and diurnal cycles comparison 

 210 

Fig. 5. Measured (not gap-filled) half-hourly averaged NEE values from 30m (NEE30) and 70m (NEE70) EC systems. Blue circles 

correspond to nighttime (Rg<5 W m-2), and red circles are daytime values. The solid line is 1:1 line, the dashed line is a linear fit 

for the daytime values, and the dotted line is a linear fit for the nighttime values.  

The relation between fluxes measured from the two heights is shown in Fig. 5. All four studied years have a similar pattern 

on a half-hourly scale, with negative daytime fluxes being closer to the 1:1 line and positive nighttime (and some of the 215 

daytime) NEE30 being consistently higher than NEE70. The slopes of the daytime measured NEE are below 1 and for 

nighttime NEE measurements below 0.5. The slopes of daytime NEE were similar in 2015 and 2016 (0.71 and 0.72, 

respectively) and slightly smaller but similar in 2017 and 2018 (0.64 and 0.63, respectively). For nighttime measurements, 

the slope in 2017 was the lowest (0.29), while similar slopes were obtained in the other three years of the study (0.35-0.38). 
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Fig. 6. Median diurnal cycle of NEE from EC30 (solid lines) and EC70 (dashed lines) in different seasons of four studied years 

(panels a1-a4) and corresponding diurnal cycles of median differences between the NEE (∆NEE = NEE30-NEE70) of two systems 

in different years (panels b1-b4). Asterisks on the panels b1-b4 stand for significant difference (Bonferroni corrected p<0.05) 

between the NEE30 and NEE70 within the given year and season according to Kruskal-Wallis sign-rank test. Colour denotes the 

year and corresponds to the colour of the line. Median diurnal cycles of solar radiation and air temperature (panels c1-c4 and d1-225 
d4). The difference of scales for different panels is kept to see the difference between the years.  

Diurnal variations of both NEE30 and NEE70 followed the same pattern, with negative values (carbon sequestration) in the 

presence of solar radiation and positive values (carbon release) during the nighttime (Fig. 6). Comparing the two systems, we 

found that NEE30 was consistently higher at low solar radiation while the daytime difference was close to zero or slightly 

negative. This difference observed in all the studied years was most pronounced in May-August and slightly weaker in 230 

autumn (September – October). The median difference (and interquartile range) between the measured NEE values at 30 min 

intervals was 0.37 (-0.25 to 1.05), 0.14 (-1.05 to 1.08), 0.80 (-1.76 to 3.88), 0.85 (-0.90 to 3.26) μmol m−2 s−1 for the four 

periods, respectively. The difference was significant (p<0.0001) during the dormancy period and autumn transitional period 

in all the years. In spring, it was significant only in 2015 and in the vegetation period for all the years except 2017.    

 235 

Fig. 7. Bin-averaged half-hourly ∆NEE (NEE30-NEE70) against friction velocity (A, E), wind speed (B, F), radiation (C) and air 

temperature (D) in summer (May-August) and autumn (September-October) months (A-D) and at different radiation levels (E-F). 

The data from 2015-2018 were pooled together. The markers are the averages of 0.05 m s-1 for the friction velocity (A, E), 0.2 m s-1 

for the wind speed (B, F), 10 W m-2 for the radiation (C), 1 oC for the air temperature (D). The error bars denote the standard 

errors of the bin averages.  240 
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We assessed the influence of wind speed, friction velocity (u*), air temperature and radiation on the difference between the 

measured half-hourly NEE (∆NEE=NEE30-NEE70) in May-August and September-October, all four years pooled together 

(Fig. 7a-d). ΔNEE is above zero in the cases when NEE30 is more positive than NEE70, while ΔNEE below zero marks the 

opposite. ∆NEE was the highest at u* 0.4 m s-1 and was steadily declining with the increase of the friction velocity values 

(Fig. 7a). ∆NEE was increasing with the wind speed until around 2 ms-1 and steadily decreased after it (Fig. 7b). The 245 

difference between the two systems decreased with the increase of radiation until Rg~200 W m-2 with no further effect at 

higher radiation values (Fig. 7c). ∆NEE was primarily positive until the radiation reached around 130 W m-2. In May-

August, the difference between the two systems increased with air temperature values higher than 5 °C. (Fig. 7d).    

Additionally, we studied the influence of wind speed and friction velocity on May-October ∆NEE above and below the 

estimated radiation threshold of 130 W m-2 (Fig. 7e-f). ∆NEE was increasing until a distinctive peak of around u* 0.35 m s-1 250 

in the low light conditions, and u* 0.55 m s-1 for the higher radiation values. After passing the peak value, the difference 

steadily decreased with the increase of u*. Similar pattern was observed for wind speed with the peaks at 2 m s-1 and 1.4 m s-

1 for lower and higher light conditions, respectively. At the Rg>130 W m-2 the increase of wind speed after 1.4 m s-1 had no 

influence on the ∆NEE and the difference between the systems was close to zero. It has to be noted that the low friction 

velocity (<0.3 m s-1) nighttime (Rg<15 W m-2) values were removed from both NEE30 and NEE70 in the course of the u* 255 

filtering.  

In the absence of sufficient light, nighttime NEE represents ecosystem respiration (ER). If the difference between the two 

systems is caused by higher ER values coming from the EC30 footprint area, then the same difference should also be 

observed during the daytime. Flux partitioning was performed utilising the daytime method (Lasslop et al., 2010), thus 

minimising the impact of already observed nighttime differences on the daytime ER estimates.  260 

Indeed, we found ER30 to be higher than ER70 for both nighttime (measured) and daytime (modelled) periods (Fig. 8). The 

difference was most evident in the summer and autumn months. While ER70 was higher than ER30 in the dormancy period 

and March-April of 2016, the difference between the daily sums was not significant (Table A1). No significant difference 

was also observed for March-Apr 2017. 

 265 
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Fig. 8. Median diurnal cycle of ecosystem respiration calculated by daytime data-based method. Solid lines are ER30 and dashed 

lines are ER70.  

3.4 Seasonal cycle 

 

Fig. 9. Seasonal dynamics of the net ecosystem exchange (a, the circles represent daily sums, and the lines are 10 days running 270 
averages. Asterisks mark the months with significant differences); the daily difference between NEE30 and NEE70 (∆NEE = 

NEE30-NEE70, b) and the difference between GPP and ER (c, 10-days running averages) calculated from the 2 systems data 

(∆GPP = GPP30-GPP70; ∆ER = ER30-ER70).  

NEE measured by both systems demonstrated a distinctive seasonal pattern, with an ecosystem being the source of CO2 

during the dormancy periods (Fig. 9a). The switch from the net carbon source status to the net carbon sink happened at 275 

approximately the same time for both systems in March. During the winter and until the second part of March, NEE30 and 

NEE70 were similar; ∆NEE had small positive and negative values (Fig. 9b). Starting from the second part of March and 

until the second part of July, NEE30 was more positive than NEE70 except for some separate days. However, no significant 

difference was found for either of the months. From the second part of July until the middle of September, NEE30 was 

consistently higher in all the days and on average above zero (carbon source). Some days in the beginning of autumn 280 
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exhibited lower NEE30, while after the first half of November, it was higher almost consistently until the end of the calendar 

year. The difference between the daily fluxes of the two systems was significant only in separate summer and autumn 

months: July-September and November-December in 2015, August-October in 2016, August-September and November-

January in 2017, July-September and November-December in 2018 (Table A1). 

While both GPP30 and ER30 were higher than GPP70 and ER70, respectively, during the vegetation periods of all the years 285 

(Fig. 9c), the difference in ER was higher, thus explaining why NEE30 was more positive than NEE70 (Fig. 9a-b). Yearly 

average ∆GPP varied between 0.93 ± 1.38 g C m-2 day-1 in 2015 and 1.57 ± 1.89 g C m-2 day-1 in 2017. The minimum ∆ER 

was in 2016 (1.83 ± 2.75 g C m-2 day-1) and the maximum in 2018 (2.30 ± 2.49 g C m-2 day-1) 

 

Fig. 10. Seasonal dynamics of ecosystem (ER30 and ER70) and forest floor (Rs) respiration. Ecosystem respiration is represented 290 
by daily medians of daytime fluxes for the dates corresponding to manual soil respiration measurements. Forest floor respiration 

is daily medians of all the measurements done within the given day (3 sample plots pooled together). Shaded areas represent upper 

and lower quartiles.  

The seasonal dynamics of forest floor respiration (Rs) was similar to both systems’ daytime ER modelled for the same day 

(Fig. 10), although ER70 followed the pattern more closely. On average daily medians of ER30 and ER70 were higher than 295 

Rs for 6.11±3.71 and 1.88±1.26 𝜇mol m-2 s-1 respectively. Rs share was 0.30 and 0.57 of ER30 and ER70, respectively. 

3.5 The differences by wind direction 

The highest difference between the two systems was observed in the darker periods (Rg<130 W m-2) of May-October of all 

the studied years (Fig. 7c). As both footprints are highly heterogeneous, we tested if this difference was similar over different 

wind directions. Wind sectors 100° - 130° and 200° - 240° demonstrated much higher ∆NEE than all other wind directions 300 

(Fig. 11a). The same wind sectors contain tower guy wires (solid black lines in Fig. 11). While this heterogeneity could 

result from a temperature and radiation difference between the periods dominated by a certain wind direction, that is not the 

case as air temperature and radiation for the same periods were relatively equally distributed (Fig. 11b & c).  
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 305 

Fig. 11. ∆NEE (a, NEE30 - NEE70, µmol m-2 s-1), air temperature (b, °C) and global radiation (c, W m-2) of different wind 

directions (degrees from North), averages of 5° bins. The data from 2015-2018 and solar radiation lower than 130 W m-2. Black 

lines denote tower guy wires tunnels position. The two periods marked by different colours and shaded areas represent standard 

errors.  
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 310 

Fig. 12. Parameters of Michaelis-Menten (a-c) and Lloyd & Taylor (d) equations obtained from the fitting to 5-degree of wind 

direction bins of measured NEE (NEEday vs Rg for Michaelis-Menten and NEEnight vs Tair for Lloyd & Taylor) in May-October of 

2015-2018. Only statistically significant (p<0.05) values. Shaded areas represent standard errors. Black lines denote tower guy 

wire tunnels.  

A similar pattern was observed for the parameters of Michaelis-Menten and Lloyd & Taylor models (Fig. 12). Light use 315 

efficiency (Fig. 12a) was similar for the two systems in the 345° - 28° wind sector, while for all the others, EC30 had higher 

values. GPP at saturating light (Fig. 12b) had mostly similar values between the two systems across all the wind directions.  

Nighttime ER at 10 °C (Fig. 12d) had a pattern that was similar to the differences in ∆NEE (Fig. 11a), further confirming that 

it was not caused by the temperature differences. The 294°-9° wind sector demonstrated similar values for both systems. Due 

to the better mixing, daytime respiration (Fig. 12c) was more evenly distributed over the wind directions, with ER30 being 320 

constantly higher than ER70.  
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3.6 Directional heterogeneity correction 

Directional heterogeneity correction resulted in the decrease of cumulative NEE30 values for 229 g C m-2 over the four 

years. The effect was similar for NEE70 with the shift of 115 g C m-2 towards more negative values. The correction has 

neither affected the shape of the seasonal cycle nor the differences between the systems (Figure A1. Monthly sums (A) and 325 

cumulative NEE (B) before (solid lines) and after (dashed lines) the directional heterogeneity correction (Hadden and Grelle, 

2017).Fig. A1). For most of the months for both systems, directional heterogeneity correction resulted in the shift of NEE 

towards more negative values. The average difference was 9.13 ± 7.89 and 4.77 ± 3.25 g C m -2 month-1 for NEE30 and 

NEE70, respectively. The differences were significant (p<0.0001) for both systems before and after the gap-filling. The 

results of the correction sensitivity analysis can be found in Fig. A3 and Table A2. No significant difference between the 330 

NEE corrected using different wind sector sizes was found neither before nor after the gap-filling (p=0.9). The majority of 

correction multipliers were smaller than 1 for all the six wind direction sector sizes and both systems (Fig. A2), indicating 

that the correction reduced the flux values in all the cases. As a result, annual NEE shifted towards more negative values 

(weaker source or stronger sink) for all the years/wind sector size choices with single exceptions. The wind sector size had a 

significant influence only in 2018 when the annual sums were decreasing with the increase in wind sector size for both 335 

systems (EC30: slope = -0.54356; R2=0.821; p=0.00812; EC70: slope= -0.64817; R2=0.789; p= 0.0113).  

3.7 Annual budgets 

 

Fig. 13. Yearly sums of net ecosystem exchange (NEE), gross primary production (GPP) and ecosystem respiration (ER) from two 

eddy-covariance systems (EC30 and EC70). NEE was corrected for directional heterogeneity and gap-filled using the MDS 340 
technique. ER and GPP were calculated using the daytime flux partitioning approach and measured NEE values that were not 

corrected for directional heterogeneity.   
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During the four studied years, the ecosystem within the EC30 footprint area was a net source of CO2 with an average of 

359±65 g C m-2 y-1 (Fig. 13). The ecosystem respiration was very stable (1659±6 g C m-2 y-1, mean±SE). The differences in 

NEE were caused by the changes in GPP (-1542±69 g C m-2 y-1). The lowest net carbon release occurred in 2017 (216 g C m-345 

2 y-1) due to the highest GPP (-1719 g C m-2 y-1) over the study period. The reduction of GPP in the hot summer of 2018 (-

1387 g C m-2 y-1) led to the highest NEE (528 g C m-2 y-1). 

The ecosystem in the footprint area of EC70 changed from being a weak net carbon sink in 2015 and 2016 to a moderate net 

sink in 2017 and a net source in 2018 with an average of -50±58 g C m-2 y-1 over the four years (Fig. 13). ER was 910±32 g 

C m-2 y-1, and GPP was -1084±84 g C m-2 y-1. Out of the four years, the highest carbon sequestration occurred in 2017 (-170 g 350 

C m-2 y-1) due to the lowest ER (907 g C m-2 y-1 ). In 2018 NEE70 was positive (104 g C m-2 y-1), and both GPP and ER had 

the smallest values over the studied period (-892 and 828 g C m-2 y-1, respectively). 

4. Discussion 

4.1 Sensors location 

Eddy-covariance (EC) method relies on the assumption that the study area is flat and homogeneous (Baldocchi, 2008). The 355 

latter is rarely found in managed forest ecosystems (Chen et al., 2012; Sogachev et al., 2004). One strategy in EC system 

placement is to maximise the spatial representativeness of the ecosystem of interest in the flux tower footprint area (Chen et 

al., 2012; Munger et al., 2012). Measurement height is an essential factor in achieving this representativeness. Ideally, the 

measurement system is located in the inertial sublayer of the atmospheric boundary layer, where the fluxes are assumed 

constant with height. At the same time, the ecosystem of interest should cover the majority of the footprint area. Having 360 

placed two EC systems on the tower at 30 m and 70 m height, we covered both criteria. The upper system EC70 is located in 

the inertial sublayer but contains a wider variety within the footprint (Fig. 4) and can be categorised as a landscape tower 

system (Chi et al., 2019; Haszpra et al., 2005). The lower system EC30 is located within the roughness sublayer, where the 

canopy structure, disturbances, and eventual source-sink differences play a more prominent role. On the other hand, the 

EC30 footprint is more homogeneous and has a clearly defined structure of clear-cuts and forested areas.  365 

4.2 Differences in diurnal and seasonal cycles 

The fluxes measured with both systems changed within a similar range on a half-hourly scale, with noticeable high peaks 

from EC30 happening at low light conditions (Fig. 5). Nevertheless, the shapes of the median diurnal cycles (Fig. 6) were 

similar for both heights, with maximum uptake around noon, as was already observed for other similar ecosystems (Chi et 

al., 2019; Noe et al., 2011). The differences between the median diurnal cycles were most prominent during the vegetation 370 

period and the autumn months consistently for all studied years. Over the year, the difference between the two systems 

remained small but significant in the dormancy period and was absent in spring (Fig. 9, Table A1). The most pronounced 
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difference was observed during May to August and autumn months (September – October), with EC30 demonstrating more 

positive fluxes than EC70. ΔNEE was the highest at u* 0.4 m s-1 and decreased with the further increase of friction velocity. 

At the time of the study and manuscript preparation, we found no published data on eddy-covariance CO2 fluxes measured 375 

from the same tower at two different heights above the canopy. However, Cho et al. (2013) reported a height-dependent 

difference in water vapour flux when comparing data from 30 and 100 m EC systems mounted on a tall tower located in a 

mixed vegetation cover (70% forests, 30% agricultural fields) in north-western Thailand. Lindroth et al. (2010) found a 

sensible heat flux divergence between the 35 and 70m height measurements but no difference in latent heat flux over a 

mature coniferous forest in central Sweden. 380 

4.3 Differences in the annual balance and comparison to other similar ecosystems 

According to the annual balance, the ecosystem under the EC30 was a strong net source of CO2 during all four studied years, 

while EC70 was switching between a weak net sink and a weak source (Fig. 13, Table 2). The Liispõllu site (SMEAR 

Estonia substation) that was the focus of our previous studies (Krasnova et al., 2019; Noe et al., 2011) is a birch and spruce 

mixed forest located within the EC70 footprint area. In the year 2015, it was a strong net sink of CO2. In the same year, 385 

GPP70 was slightly smaller (-1166 gC m-2 y-1) while ER70 was much higher (921 gC m-2 y-1). The carbon balance of a six-

year-old Scots pine stand located 8 km from SMEAR Estonia was analysed by Uri et al. (2019). While this particular study 

site was not within reach of EC70, similar young forest stands can also be found closer to the tower. Both NEE30 and 

NEE70 in the corresponding year (2016) were positive, with values higher and lower than the young pine stand (371 and 

4  gC m-2 y-1 respectively). Both GPP30 and ER30 for that year were much higher (-1557 and 1653  gC m-2 y-1 respectively), 390 

while the GPP70 was closer to the young pine stand (-1131 gC m-2 y-1 ) and ER70 was smaller (984 gC m-2 y-1) 

Table 2. The annual budgets of the ecosystem under study and other similar ones. The NEE values in brackets are calculated after 

the directional heterogeneity correction with 45o wind sectors size. 

Site Measurement 

height, m 

Year(s) NEE,  

g C m-2 y-1 

GPP, 

g C m-2 

y-1 

ER, 

g C m-2 

y-1 

Reference 

SMEAR Estonia 

atmospheric tower: 

Scots pine, Norway 

spruce, Birch sp.  

58°16’N 

30 2015 – 

2018 

416 ± 124 

(359 ± 

130)* 

-1542  

± 138 

1659  

± 11  

This study 

70 -21 ± 120 

(-46 ± 

120)* 

-1083 

±128 

910  

± 64 

SMEAR Estonia 

Liispõllu site: 

24 2015 −586 ± 45 -1243 626 (Krasnova et 

al., 2019) 
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Norway spruce and 

Birch sp.  

58°16’N 

Young (6 y.o) Scots 

pine forest, Estonia 

58°17′N 

4.35 2016 119 ± 36 -987 1106 (Uri et al., 

2019) 

Norunda: 

Scots pine, Norway 

spruce Sweden 

60°05′N  

33.5 2007 – 

2008 

412 -1658 2070 (Lindroth et al., 

2018) 

2015 – 

2018 

364 ± 73 -1330 

± 108 

1576 

± 122 

(Mölder et al., 

2020) 
 

Norway spruce 

plantation in 

Denmark 56.07°N 

38 2009 – 

2014 

−691 ± 

143 

−1744  

± 132 

1053  

± 50 

(Jensen et al., 

2017) 
 

Hyytiälä: 

Scots pine forest 

61°50′N 

33 2015 – 

2018 

-284 ± 28 -1167 ± 

41 

941 ± 

71 

(Mammarella 

and ICOS 

Ecosystem 

Thematic 

Centre, 2020) 
 

Boreal landscape in 

Sweden 

64°15′N 

70 03/2016 - 

02/2017 

-132 ± 8 -824 ± 

18 

692 ± 

21 

(Chi et al., 

2019) 
 

03/2017 - 

02/2018 

−57 ± 9 −785 ± 

20 

728 ± 

23 

Mixed vegetation 

landscape in Hungary 

46°57′N 

82 1997 – 

2004 

-35 ± 59 -1096 ± 

180 

1074 ± 

109 

(Haszpra et al., 

2005) 
 

Several long-term studies of CO2 flux from similar forests in Sweden also reported annual net source values. A Norway 

spruce forest in northern Sweden (64°07′N) had a positive annual sum of NEE in 2010-2013 with a range similar to NEE30 395 

of our study (Hadden and Grelle, 2016). In another research by the same authors (Hadden and Grelle, 2017), the unmanaged 

primary boreo-nemoral forest dominated by Scots pine and Norway spruce (59°54′N) was a net source of CO2 with the 

release of 25 mg CO2 ha-1 (68.2 g C m-2) per 10 years (2004-2014). Another hemiboreal mixed forest of Scots pine and 

Norway spruce in central Sweden (ICOS station Norunda, 60°05′N) was also a net source of CO2 during all the 10 years of 

measurements (2007-2016) (Lindroth et al., 2018). The average NEE of the two years before the thinning is similar to 400 

NEE30 in the current study. ER of the Norunda forest was higher, while GPP was in the same range. The average values for 
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the same years as in the current study are slightly lower (Mölder et al., 2020) but fit within the standard deviation range of 

our reported values. 

However, Jensen et al. (2017) reported high yearly sequestration for the Norway spruce plantation in Denmark (56.07°N) 

with an average of -691 ± 143 g C m-2 y-1 over the six years (2009-2014). The average GPP was similar to the current study 405 

(-1744 ± 132 g C m-2 y-1), the difference comes from ER that was much lower (1053 ± 50 g C m-2 y-1). A Scots pine forest in 

Finland (ICOS station Hyytiälä, 61°50′N) was a net sink during all years of a long-term measurement period of 1996-2018 

(Mammarella and ICOS Ecosystem Thematic Centre, 2020).  Over the same years as the current study, the average NEE was 

-284 ± 28 g C m-2 y-1. For the same period, the average GPP was 1167 ± 41 gC m-2 y-1 and ER was 941 ± 71 g C m-2 y-1 that 

is much closer to the values obtained from the EC70, than EC30 in our study. 410 

Chi et al. (2019) estimated the carbon fluxes from the height of 70 m over a managed boreal landscape in northern Sweden 

(64°15′N). They reported a stronger net sink of -87 ± 6 g C m−2 yr−1 (the average of March 1, 2016, to February 28, 2018), 

with forests being the origin of 87% of flux measurements. Haszpra et al. (2005) analysed fluxes measured from an 82 m 

height over a landscape in Hungary with only 30% of forest and woodland (60% arable land and 10% other types). They also 

noted that NEE estimated from the tall tower could be shifted toward more positive values due to the anthropogenic activity 415 

in such a large footprint area. 

4.4 The influence of clear-cut areas 

The observed difference between the two heights nighttime fluxes of the second part of the year was irregularly distributed 

over the wind direction sectors, pointing to the potential existence of CO2 hotspots that were “captured” by EC30 but “mixed 

away” by the height of EC70 (Fig. 11, 12). While the distribution of air temperature over the wind direction sectors for the 420 

same periods did not match that of the NEE difference (Fig. 11), the overall difference during low light periods in May-

August was increasing with the rise of air temperature. Rebmann et al. (2010) also reported high positive nighttime carbon 

fluxes coming from a certain wind direction in a complex forest site in Germany. The increased respiration values were 

observed at u*>0.4 m s-1. The authors suggest that the drainage was causing the upwind transport of enriched air from the 

valley. Similarly, Cook et al. (2004) observed high ER values in an upland deciduous forest in the US. The “venting 425 

anomalies” were observed for nighttime and early morning fluxes coming from certain wind directions. The possible causes 

included cold-air drainage into low-lying areas or local respiration “hot spots”. The latter was further confirmed by the 

increase of anomaly magnitude with rising soil temperature and the decrease of magnitude when soil moisture exceeded 0.35 

m3 m-3.  

The EC30 footprint features higher proportions of deforested areas (clear-cuts), thus making it a potentially weaker net 430 

carbon sink or a stronger net carbon source. The difference in ecosystem respiration was found for both, nighttime and 

daytime values (Fig. 8), with similar seasonality as observed for ΔNEE (Fig. 9b). The possible clear-cuts’ influence on our 

measurements is further confirmed by the NEE30 seasonal dynamics (Fig. 9a) being much closer by its shape to the seasonal 

dynamics of clear-cut areas NEE (Grant et al., 2010; Mamkin et al., 2019; Uri et al., 2019) than that of forests (Chi et al., 
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2019; Jensen et al., 2017; Krasnova et al., 2019). Moreover, the yearly cycle of forest floor respiration measured in the forest 435 

stands around the tower featured less similarities to ER30, compared to ER70 (Fig. 10). Nevertheless, the average Rs/ER for 

our measurement period was 0.30 for ER30 and 0.57 for ER70, which falls within the 0.3-0.8 range previously reported for 

various ecosystems (Barba et al., 2018; Davidson and Janssens, 2006). 

The observed wind field irregularities (Fig. 3,4) could contribute to differences between the fluxes measured from the two 

heights. If the overrepresentation of wind directions coming from the CO2 hotspots was one of the reasons, directional 440 

heterogeneity correction would diminish them. However, while shifting both NEE30 and NEE70 towards more negative 

values, the correction altered neither the difference between them nor the specific clearcut-like shape of the NEE30 seasonal 

cycle (Fig. A1). Clear-cuts act as net carbon sources for years after the disturbance due to the direct removal of vegetation, 

soil disturbance and the increase in heterotrophic respiration (Grant et al., 2010; Kolari et al., 2004; Noormets et al., 2015, 

2012). In the low mixing conditions typical for the night-time periods, the carbon-enriched air may accumulate under the 445 

measurement point. The following increase in wind speed and friction velocity would cause the transport of this air through 

the open guy wire tunnels, subsequently resulting in high flux values. Such values would not be eliminated during the 

filtering, as the mixing during the corresponding half-hours is sufficient. 

5. Conclusions 

In a comparison of the CO2 fluxes measured with eddy-covariance systems mounted at two different heights we demonstrate 450 

the importance of landscape heterogeneity in the carbon flux budgets. In case of SMEAR Estonia, carbon-enriched air 

originated from clear-cut areas was not fully mixed and transported up in the following hours predominantly through the guy 

wire tunnels. These local heterogeneities were detected by the system located 10 m above the canopy and strongly affected 

the yearly accumulated budget. More detailed research of possible decoupling as well as soil respiration measurements at 

clear-cuts within the tower footprint are needed to confirm this conclusion.  455 

The higher located system (more than 3 times the canopy height) demonstrated a more balanced yearly budget with the 

numbers closer to the expected values for the forested ecosystem. Due to better mixing and natural integration, it was 

oblivious to the local disturbances in the footprint, thus confirming our hypothesis.  

Our work confirms that long-term ecosystem-scale measurements need to consider the footprint heterogeneity (Aubinet et 

al., 2002; Finnigan, 2004; Vesala et al., 2008, 2004). In addition to the variability in forest age, hight and tree species 460 

composition, station installation and ongoing wood harvesting introduce additional disturbance to the forest integrity. A 

sensor placement height in a managed heterogeneous forest ecosystem must be chosen in accordance with the features of the 

landscape and the aim of the study. The eddy-covariance system located at the lowest possible distance from the canopy 

detects the footprint irregularities and allows to assess their influence on the CO2 fluxes. In order to obtain a more integrated 

carbon signal of the heterogeneous forest stand, we recommend to place the eddy-covariance system at a higher point to 465 

allow for natural mixing and less biased annual estimates. 
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Appendix 

 

Figure A1. Monthly sums (A) and cumulative NEE (B) before (solid lines) and after (dashed lines) the directional heterogeneity 

correction (Hadden and Grelle, 2017). 655 
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Figure A2. The probability density function of directional heterogeneity correction multipliers calculated for different sizes of 

wind direction vectors for NEE30 (left panel) and NEE70 (right panel). 

 660 

 

Figure A3. Annual sums of NEE from EC30 (A) and EC70 (B). Dashed lines represent annual sums without the directional 

heterogeneity correction. Filled markers represent annual NEE if 45o wind sectors were chosen following the original method 

(Hadden and Grelle, 2017) 
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 665 

Table A1. Bonferroni adjusted p-values of Kruskal-Wallis test performed on daily sums of NEE, ER and GPP from EC30 and 

EC70 systems, each month separately. Statistically significant differences (p<0.05) are marked in bold. 

Year Month p (NEE) p (GPP) p (ER) 

2015 1 >0.1 0.04617 >0.1 

2015 2 >0.1 >0.1 >0.1 

2015 3 >0.1 >0.1 >0.1 

2015 4 >0.1 >0.1 0.0793 

2015 5 >0.1 3.254e-05 2.099e-07 

2015 6 9.266e-05  3.254e-05 2.099e-07 

2015 7 2.573e-07  0.0001681 1.194e-07 

2015 8 1.724e-05  0.07199 9.694e-07 

2015 9 4.531e-06  0.0003123 2.803e-08 

2015 10 >0.1 0.04391 0.01312 

2015 11 0.0005797 >0.1 0.04003 

2015 12 0.001526 0.09154 3.103e-05 

2016 1 >0.1 0.00996 >0.1 

2016 2 >0.1 0.003186 2.161e-05 

2016 3 >0.1 5.984e-06 3.915e-07 

2016 4 >0.1 0.002957 >0.1 

2016 5 >0.1 0.001191 1.486e-05 

2016 6 >0.1 0.0003348 4.255e-07 

2016 7 >0.1 0.001191 3.207e-08 

2016 8 4.393e-06 0.00018 1.846e-09 

2016 9 0.00113 0.01324 0.0003845 

2016 10 0.0002696 >0.1 >0.1 

2016 11 >0.1 >0.1 >0.1 

2016 12 >0.1 >0.1 >0.1 

2017 1 >0.1 >0.1 >0.1 

2017 2 >0.1 >0.1 >0.1 

2017 3 >0.1 >0.1 >0.1 

2017 4 >0.1 >0.1 >0.1 
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2017 5 >0.1 >0.1 >0.1 

2017 6 >0.1 1.187e-05 2.057e-09 

2017 7 >0.1 4.747e-06 9.442e-10 

2017 8 1.574e-06 0.0007658 3.045e-07 

2017 9 4.255e-07 0.0002359 3.898e-07 

2017 10 >0.1 0.01242 >0.1 

2017 11 0.0009904 0.04945 0.01402 

2017 12 1.847e-06 7.857e-05 4.747e-06 

2018 1 0.04391 >0.1 >0.1 

2018 2 >0.1 0.0008448 >0.1 

2018 3 >0.1 6.462e-06 0.007525 

2018 4 >0.1 >0.1 >0.1 

2018 5 >0.1 0.005342 0.006718 

2018 6 >0.1 2.395e-05 5.512e-09 

2018 7 0.002638 4.064e-06 1.145e-09 

2018 8 6.439e-07 9.038e-05 5.929e-07 

2018 9 1.303e-06 0.0001907 2.099e-07 

2018 10 >0.1 0.001623 1.379e-05 

2018 11 0.0006203 >0.1 0.0001776 

2018 12 4.573e-08 >0.1 2.683e-08 

 

Table A2. The influence of a wind sector size in the directional heterogeneity correction on the annual NEE in gC m-2 y-1.   

 
24o 30o 36o 45o 60o 90o Avg 

EC30 
 

2015 -87.6  

(18%) 

-84.9  

(18%) 

-84.5  

(18%) 

-106.6 

(22%) 

-85.6 

(18%) 

-67.4 

(20%) 

-91.1 

(19%) 

2016 -37.7 

(10%) 

-36.9 

(10%) 

-25.4 

(7%) 

-48.7 

(13%) 

-19.1 

(5%) 

-45.3 

(12%) 

-35.6 

(9%) 

2017 -44.8 -48.7 -44.6 -52.3 -47.1 -55.9 -48.9 
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(17%) (18%) (17%) (19%) (17%) (21%) (18%) 

2018 -0.6 

(<1%) 

+0.2 

(<1%) 

+4.0 

(<1%) 

-21.9 

(4%) 

-14.9 

(3%) 

-41.2 

(8%) 

-12.4 

(3%) 

Avg -42.7 (10%) -42.6 

(10%) 

-37.6 

(9%) 

-57.4 

(14%) 

-41.7 

(10%) 

-60.0 

(14%) 

 

EC70 
 

2015 -19.4 

(31%) 

-24.1 

(39%) 

-15.3 

(25%) 

-30.15 

(48%) 

-16.6 

(27%) 

-13.6 

(22%) 

-19.8 

(32%) 

2016* -36.4 

(-) 

-28.7 

(-) 

-41.5 

(-) 

-41.4 

(-) 

-22.9 

(-) 

-47.5 

(-) 

-36.4 

(-) 

2017 -1.6 

(1%) 

-6.2 

(4%) 

+3.9 

(3%) 

-13.6 

(9%) 

-15.5 

(10%) 

-15.9 

(10%) 

-8.1 

(5%) 

2018 +4.5 

(4%) 

-1.0 

(<1%) 

+7.0 

(5%) 

-14.5 

(11%) 

-15.2 

(12%) 

-30.3 

(23%) 

-8.2 

(6%) 

Avg -13.2 

(64%) 

-15.0 

(73%) 

-11.5 

(56%) 

-24.9 

(121%) 

-17.6 

(85%) 

-26.8 

(130%) 

 

* the correction changed the sign of NEE from positive to negative, so no percent change is reported  670 
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