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Abstract. A maritime pine plantation in central Portugal that
has been continuously monitored using the eddy-covariance
technique for carbon fluxes since a wildfire in 2017 was sig-
nificantly affected by two storms during December 2019 that
resulted in a large-scale windthrow. This study analyses the
impacts of this windthrow on the aerodynamic characteristics
of zero-plane displacement and roughness length and, ulti-
mately, their implications for the turbulent fluxes. The tur-
bulent fluxes were only affected to a minor degree by the
windthrow, but the footprint area of the flux tower changed
markedly so that the target area of the measurements had to
be redetermined.

1 Introduction

Heterogeneous surfaces have an influence on turbulent en-
ergy and mass fluxes (Stoy et al., 2013). For example, in-
creased fluxes have been found at forest edges (Klaassen
et al., 2002). Large-eddy simulations have suggested that
fluxes are at their maximum at a distance of about 10 times
the canopy height from the forest edge (Kanani-Sühring and
Raasch, 2015; Dupont and Brunet, 2009). An increase in flux
could also be associated with an increase in stand hetero-
geneity (Foken et al., 2021). An intrinsic limitation of the
cited studies is that they cannot find a suitable measure of
heterogeneity that is correlated with turbulent fluxes.

Recent studies on the role of spatial heterogeneity in flux
measurements, as referenced above, either address its in-
fluence on the closure of the energy balance at the earth’s
surface (Mauder et al., 2020) or its relevance for footprints

(Göckede et al., 2008; Chu et al., 2021). The typical aero-
dynamic characteristics such as zero-plane displacement and
roughness length – which change following a windthrow –
have received little attention. The foundations for the use
of aerodynamic characteristics stem from aerodynamic stud-
ies in wind tunnels, whose findings were then adopted for
meteorology (Prandtl, 1932) and led to the introduction of
zero-plane displacement (Paeschke, 1937). These character-
istics were a significant research focus from the 1950s to
1980s, when fluxes were determined from wind and temper-
ature profiles measured at more than two heights and some-
times involving elaborate procedures (Nieuwstadt, 1978;
Marquardt, 1983). All relevant textbooks of today address the
basic principles underpinning aerodynamic characteristics
(Stull, 1988; Garratt, 1992; Arya, 2001; Foken, 2017). The
fundamental problem, however, is that zero-plane displace-
ment and roughness length can only be determined if both
profile and flux measurements are available. In the past, flux
measurements were typically missing so that fluxes were es-
timated using complicated approximation approaches (Kader
and Perepelkin, 1984). In recent times, by contrast, profile
measurements have been typically missing so that they are
replaced by reasoned inferences on profile characteristics. In
a strict sense, zero-plane displacement and roughness length
can only be assumed uniform across homogeneous surfaces.
Recent attempts have tried to incorporate stand structure into
empirical relationships for determining zero-plane displace-
ment and roughness length (Nakai et al., 2008; Raupach,
1994), especially by deriving stand structure from remote
sensing data, based on the paper by Thom (1971). Maurer
et al. (2015) carried out a large-eddy simulation to compare

Published by Copernicus Publications on behalf of the European Geosciences Union.



2236 B. R. F. Oliveira et al.: Changes of the aerodynamic characteristics of a flux site

various approaches to estimating aerodynamic characteris-
tics and confirmed a near-linear relationship between canopy
height and zero-plane displacement. Spatial heterogeneity
and canopy structure can be addressed relatively easily by
data processing, except if they change through time. Such
temporal changes then lead to erroneous flux calculations.
The present study wants to demonstrate this for an abrupt,
dramatic change in canopy structure due to a windthrow of
trees that had been killed by a wildfire some 2 years earlier.

The post-wildfire flux site in Vila de Rei, central Portugal
(Oliveira et al., 2021), offered an opportunity to study the
impacts of an abrupt change in aerodynamic characteristics
following a windthrow caused by two consecutive storms,
Elsa and Fabien, without an apparent concomitant change in
stand heterogeneity, virtually like a laboratory experiment.
Namely, the storms caused an extensive windthrow of the
– dead – burnt maritime pine trees between 19 and 21 De-
cember 2019, 28 months after the wildfire, while the tum-
bled trees remained on the ground afterwards (Fig. 1). Still,
the two storms did not throw over the – living – eucalypt
trees, i.e., neither the individual eucalypt trees along the pine
plantation nor those of the eucalypt plantations adjacent to
it. These individual eucalypt trees expectedly have an in-
fluence on the aerodynamic characteristics (Jegede and Fo-
ken, 1999). This prompted us to examine the changes in the
roughness length assuming a linear dependence of zero-plane
displacement on stand height before and after windthrow.
Furthermore, we decided to analyze if the changes in these
two aerodynamic characteristics also affected carbon diox-
ide fluxes. This question, however, is difficult to answer in
this particular case. Roughly 2 years after the wildfire, the
pine ecosystem was still in its initial phase of post-fire veg-
etation recovery so that an increase in CO2 uptake is to
be expected between the period before and the period af-
ter the windthrow, regardless of the aerodynamic changes.
Nevertheless, a change in zero-plane displacement can have
a significant impact on the Obukhov–Lettau stability parame-
ter (z−d)/L (z: measurement height, d: zero-plane displace-
ment,L: Obukhov length; Foken and Börngen, 2021), which,
in turn, is crucial to the correction and assessment of carbon
dioxide fluxes.

2 Materials and methods

2.1 Measurement site and measurements

The measurement area, instrumentation and data processing
were comprehensively described by Oliveira et al. (2021), so
only the details essential for this study are given below.

The study area is located 8 km to the southeast of the mu-
nicipality of Vila de Rei, 39◦37′ N, 08◦06′W, in a Mediter-
ranean climate zone. The wildfire affecting the area burned
1250 ha of woodlands. The measurement site included a
plateau of sedimentary sandstone deposits, located at an ele-

vation of 250 m a.s.l. and with slopes of up to 5◦ over an ex-
tension of roughly 10 ha. The crowns of the bulk of the burnt
maritime pine (Pinus pinaster Ait.) were fully consumed by
the fire, but their trunks of approximately 8 m height re-
mained standing. This canopy height and a zero-plane dis-
placement of 3.8 m were used in all calculations before the
windthrow in Oliveira et al. (2021). While the eucalypt plan-
tations were hardly affected by the windthrow, the maritime
pine area following the windthrow was a mixture of dead
pine trunks fallen on the soil surface or on the recovering veg-
etation with an estimated canopy height of 2–3 m. The veg-
etation mainly consisted of shrubs, locally intermixed with
2–3-year-old pine seedlings and a few individual resprout-
ing eucalypt treelets. The localized patches of burnt eucalypt
trees and stands had a canopy height of approximately 4 m.

In the relatively open part of the pine area, a 12 m high
slim tower was installed at the end of September 2017 and
equipped with an eddy-covariance system at 11.8 m, in-
cluding a CSAT3 sonic anemometer (Campbell Scientific
Inc.) and an LI-7500A gas analyzer (LI-COR Biosciences;
see Fig. 1). The fluxes of momentum, sensible heat, la-
tent heat and carbon dioxide were analyzed with the eddy-
covariance method (Aubinet et al., 2012). The data of the
eddy-covariance system were calculated with the Campbell
Scientific Inc. EasyFlux DL software for a quick inspection
in the field, while all further calculations were done with
the software package TK3 (Mauder and Foken, 2015). The
processing of the turbulence data is described in full detail
in an extensive supplement (https://doi.org/10.5194/bg-18-
285-2021-supplement) in Oliveira et al. (2021). Special note
should be made of the use of the double rotation (Kaimal
and Finnigan, 1994) and that no gap filling was applied.
The analysis of the aerodynamic characteristics was done for
two 9-month periods from 22 December 2018 to 30 Septem-
ber 2019 and from 22 December 2019 to 30 September 2020,
only using data from neutral stratification conditions (6846
and 5864 half-hourly data sets for the 2018–2019 and 2019–
2020 periods, respectively). By contrast, the analysis of the
CO2 flux measurements was limited to the periods from May
to August in 2019 and in 2020, involving 5832 and 5759
half-hourly data sets, respectively. Only the 2020 data set
was used for assessing the influence of different aerodynamic
characteristics on CO2 fluxes because the vegetation cover
was markedly different in the 2 years.

2.2 Aerodynamic characteristics

The starting point for the analysis of the aerodynamic con-
ditions was the logarithmic wind profile. In order to exclude
influences due to the stability of the stratification, the analysis
was limited to neutral cases (−0.05≤ z/L≤ 0.1). The pro-
file equation contains the measured quantities wind speed u
and friction velocity u∗ and the two unknowns of zero-plane
displacement d and roughness length z0 (Arya, 2001; Foken,
2017; Stull, 1988):

Biogeosciences, 19, 2235–2243, 2022 https://doi.org/10.5194/bg-19-2235-2022

https://doi.org/10.5194/bg-18-285-2021-supplement
https://doi.org/10.5194/bg-18-285-2021-supplement


B. R. F. Oliveira et al.: Changes of the aerodynamic characteristics of a flux site 2237

Figure 1. A 12 m slim tower with an eddy-covariance system at
the burnt Pinus pinaster plantation (a: photograph by Jan J. Keizer,
22 September 2017) and the plantation after the windthrow (b: pho-
tograph by Jan J. Keizer, 20 June 2020).

u(z− d)

u∗
=

1
κ

ln
z− d

z0
, (1)

where the von Kármán constant is κ = 0.40. If wind speeds
are measured at different heights, both unknowns can be de-
termined iteratively. In the present case, however, measure-
ments were only available at 11.8 m height, so one of the
two parameters must be estimated. It is common in such
cases to estimate the zero-plane displacement, in particular,
as being equal to 2/3 of the stand height (d = 0.666zc), as
is implemented in calculation programs for eddy-covariance
measurements. In reality, however, this multiplication fac-
tor varies in the range from 0.5 to 0.8, depending on stand
structure and, hence, on plant development over the course
of a year (Maurer et al., 2015) as well as wind speed
(Marunitsch, 1971). Often the value attributed to this fac-
tor depends strongly on the experience of the observer.
Oliveira et al. (2021) used zc = 7.6 m as canopy height, d =
3.8 m= 0.5zc as zero-plane displacement and z0 = 0.4 m as
roughness length for the period before the windthrow. This
determination was made because of the sparse canopy with
charred trunks without leaves. For the investigations after the
windthrow, a canopy height of zc = 2.7 m and a zero-plane
displacement of d = 1.8 m= 0.666zc were assumed. This re-
lationship between canopy height and zero-plane displace-
ment corresponds to the classical approach from hydrody-
namics. The application of this approach is comprehensively
described in Foken (2017, Sect. 3.1.1 and 3.1.2). More re-
cent canopy-structure-dependent approaches (Nakai et al.,
2008; Raupach, 1994) lack input parameters for the highly
disturbed surface.

The roughness length and the dimensionless wind pro-
file u(z−d)

u∗
are typically used as measures of the roughness of

surface and the friction on the surface. In addition, it is use-
ful to determine the so-called integral turbulence characteris-
tic from the standard deviation of the vertical wind velocity
and friction velocity σw/u∗, which has a value of about 1.25

in the neutral case (Foken, 2017; Garratt, 1992) and of 1.1
for measurements close above the canopy (Finnigan et al.,
2009). It can, however, attain higher values under the influ-
ence of high roughness (Foken and Leclerc, 2004).

Roughness length can be determined by two methods that
are nearly independent. The first method is through Eq. (1)
for a given z− d:

z0 =
z− d

eκ u(z−d)/u∗
. (2)

The second method is based on the following relation
(Panofsky, 1984), with σw/u∗ = 1.25:

σw

u(z− d)
=

1.25κ

ln
(
z−d
z0

) . (3)

From Eq. (3), roughness length is then follows as

z0 =
z− d

e
1.25 κ

[σw/u(z−d)]
. (4)

2.3 Influence of the changes in aerodynamic
characteristics on carbon dioxide fluxes

All relevant software packages for the calculation of the
carbon dioxide fluxes use, besides measurement height,
canopy height and zero-plane displacement as input pa-
rameters. These parameters are mainly needed to deter-
mine the Obukhov–Lettau stability parameter (z−d)

L
, with the

Obukhov length of

L=−
u3
∗

κ ·
g
T
·
QH
ρ cp

, (5)

where gravitational acceleration is g, temperature is T , sen-
sible heat flux isQH, air density is ρ and the specific heat for
constant pressure is cp.

The Obukhov–Lettau stability parameter, in turn, is cru-
cial for the (i) spectral correction in the high-frequency
spectrum (Garratt et al., 2020; Moore, 1986), (ii) stability-
dependent turbulence characteristics in quality control (Fo-
ken and Wichura, 1996) and (iii) determination of the
footprint (Leclerc and Foken, 2014). Therefore, this study
also addresses the implications of the windthrow-induced
changes in aerodynamics for these three aspects.

The model spectra for frequency correction (e.g., Kaimal
et al., 1972) are stability dependent (i), and the integral char-
acteristics used for data quality analysis (if not limited to
the neutral case as in Eq. 3) are also stability dependent (ii);
e.g., according to Panofsky et al. (1977),

σw

u∗
= 1.3

(
1− 2

z− d

L

)1/3

. (6)

To determine the source area of CO2 flux measurements,
footprint models (iii) are used, and the input parameters are
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Figure 2. Median wind speed from the 12 wind direction sectors
for the periods of May to August 2019 and 2020.

mainly wind speed, roughness length and stability. In the
present case, the widely used model according to Kormann
and Meixner (2001) was applied.

Further explanations of the corresponding equations and
models shall be omitted, since they are described compre-
hensively in the literature (Foken et al., 2012; Mauder et
al., 2021). Furthermore, supplementary information was pro-
vided in the prior publication (Oliveira et al., 2021).

3 Results

3.1 Aerodynamic characteristics

A climatology of the wind field would require a minimum of
10 years of data, even if a period of 30 years is the standard.
In other words, changes in the wind field before and after
the windthrow could simply reflect the inter-annual variation.
Nevertheless, it was striking that the median wind speed was
higher after than before the windthrow in 8 of the 12 wind
sectors (Fig. 2), suggesting that the windthrow provoked a
generalized decrease in zero-plane displacement.

According to Table 1, the ratio u(z−d)
u∗

before and after the
windthrow changed roughly from 5–6 to 8–9, corresponding
to an increase of about 60 %. In the northeastern sector, the
change was smaller, but the ratio was already comparatively
high before the windthrow. Assuming a value for z−d of 8 m
before and 10 m after the windthrow, the effective measuring
heights were 8 and 10 m, respectively.

The roughness length showed a decrease after the
windthrow (Table 2). Especially after the windthrow, the
roughness lengths agreed relatively well between the two
methods. Generally, the roughness length was greatest in the
southeastern sector.

The ratio σw/u∗ showed the expected values (Table 3).
The values were slightly lower before than after the
windthrow, in line with the smaller distance between mea-
surement height and the top of the canopy. The northeast-

Figure 3. UAS-based (unmanned aerial system) ortho-photomap
with the most disturbed wind sectors. Image from 23 February 2021
by Bruna R. F. Oliveira.

ern and the western–northwestern sectors revealed compara-
tively large roughnesses both before and after the windthrow.
The wind sectors highlighted in Tables 1–3 are illustrated in
Fig. 3.

3.2 Influence on carbon dioxide fluxes

Carbon dioxide fluxes were evaluated for the months of May
to August 2019 and 2020 to investigate the impacts of the
windthrow-induced changes in the stability parameter. This
was done without gap filling. Of course, the comparison be-
tween before- and after-windthrow fluxes is not straightfor-
ward because of the differences in weather conditions as well
as in post-fire ecosystem recovery between the two periods.
Therefore, the spectral correction and data quality analysis
were only done for the 2020 data set, assuming two different
zero-plane displacements.

Examination of the ratio σw/u∗ showed minor and not rel-
evant differences for z− d = 8 m before the windthrow and
z− d = 10 m after the windthrow. The median differed by
only 0.4 % and, hence, did not affect the quality flagging.
Also, the difference with and without spectral correction was
reduced, even if slightly over 1 %.

A similar result was obtained for the CO2 and net ecosys-
tem exchange (NEE) fluxes. As shown in Fig. 4, the dif-
ferences in NEE fluxes with and without stratification-
dependent spectral correction was about 1 % for the two dif-
ferent effective measurement heights of 8 and 10 m. The me-
dian values of the spectrally corrected fluxes differed less
than 0.5 % between both measurement heights. Furthermore,
the scatter around these median values was reduced.

More pronounced implications were expected with respect
to the size of the source area. Therefore, the target area of
burnt pine woodland with down wood of charred trunks was
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Table 1. The median of the ratio u(z−d)
u∗

before (z− d = 8 m) and after (z− d = 10 m) the windthrow for a nearly 9-month period (22 De-
cember 2018 to 30 September 2019 and 22 December 2019 to 30 September 2020). For an explanation of the sectors in bold, see the
text.

Wind direction 0–30 30–60 60–90 90–120 120–150 150–180 180–210 210–240 240–270 270–300 300–330 330–360

Before windthrow 5.25 6.69 7.38 5.97 5.15 5.26 6.48 5.77 5.79 6.98 6.26 5.51
After windthrow 8.47 8.74 9.52 7.64 6.60 8.27 9.19 9.16 8.71 10.13 8.51 8.03

Table 2. The median roughness lengths z0 in meters before (z− d = 8 m) and after (z− d = 10 m) the windthrow for the nearly 9-month
periods, computed following Eqs. (2) and (4). For an explanation of the sectors in bold and italics, see the text.

Wind direction 0–30 30–60 60–90 90–120 120–150 150–180 180–210 210–240 240–270 270–300 300–330 330–360

Before windthrow
Eq. (2) 0.98 0.55 0.42 0.73 1.02 0.98 0.60 0.80 0.79 0.49 0.65 0.88
Eq. (4) 0.89 0.73 0.38 0.59 0.86 0.81 0.48 0.55 0.65 0.50 0.61 0.79

After windthrow
Eq. (2) 0.34 0.30 0.22 0.47 0.71 0.37 0.25 0.26 0.31 0.17 0.33 0.40
Eq. (4) 0.27 0.40 0.26 0.36 0.57 0.41 0.23 0.22 0.28 0.22 0.34 0.34

Table 3. The median ratio σw/u∗ before (z− d = 8 m) and after (z− d = 10 m) the windthrow for the nearly 9-month periods. For an
explanation of the sectors in bold and values, see the text.

Wind direction 0–30 30–60 60–90 90–120 120–150 150–180 180–210 210–240 240–270 270–300 300–330 330–360

Before windthrow 1.20 1.39 1.21 1.15 1.15 1.15 1.15 1.07 1.15 1.26 1.22 1.19
After windthrow 1.17 1.36 1.31 1.15 1.15 1.30 1.22 1.21 1.22 1.33 1.26 1.19

Figure 4. Comparison of the net ecosystem exchange (NEE) with
and without spectral correction for z− d = 8 m (Moore T for used
vs. F for not used) and z− d = 10 m (Moore T vs. F) and with
spectral correction for both effective measuring heights (Moore T,
z−d = 8 m vs. 10 m) for the data set from May to September 2020.

calculated with the footprint model (Kormann and Meixner,
2001), analogous to Oliveira et al. (2021). For the 2020 pe-
riod, this was done for both values of z−d = 8 and z−d = 10
and the assigned roughness lengths of z0 = 0.7 m and z0 =

0.3 m before and after the windthrow, respectively (Fig. 5).
For comparison, Fig. 5 also shows the results for the 2019 pe-
riod using z− d = 8 m and z0 = 0.4 m (Oliveira et al., 2021)

as well as z0 = 0.7 m (this study). The differences between
the results obtained using z−d = 8 m and z0 = 0.7 m for both
periods were mainly due to the differences in wind regimes
during the 2019 and 2020 periods, as shown in Fig. 2. The
differences between the results obtained for the 2020 period
using the different aerodynamic parameter values of before
and after the windthrow were relevant. The footprint was
substantially larger for the post- than pre-windthrow param-
eter values, while the number of cases with the target area in
the footprint was clearly smaller. Calculating the 2019 data
with different z0 values showed no substantial differences in
the footprint.

The enlargement of the footprint can be prevented by re-
ducing the measuring height. To simulate this case, Fig. 5
shows the footprint for a measurement height of 9.8 m with
a reduction in the wind speed by 10 % (z− d = 8 m, z0 =

0.3 m). The change in measurement height leads to an almost
identical distribution of the footprint as before the windthrow
in 2019.

4 Discussion

4.1 Aerodynamic characteristics

Before the windthrow, the wind profile was lifted up by the
displacement height. After the windthrow, the roughness of
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Figure 5. Percentage of the target area (burnt maritime pine wood-
land) classes in the footprint area of the eddy-covariance mea-
surements from May to August 2019 (before windthrow) using
z−d = 8 m and z0 = 0.4 m (following Oliveira et al., 2021) as well
as using z− d = 8 m and z0 = 0.7 m (this study) and from May to
August 2020 using z−d = 8 m (z0 = 0.7 m) and z−d = 10 m (z0 =
0.3 m). Furthermore, the fictive footprint for a measurement height
of 9.8 m with a reduction in the wind speed by 10 % (z− d = 8 m,
z0 = 0.3 m) is shown.

the pine stands was determined by the vegetation that had
recovered after the fire (mainly consisting of shrubs, locally
intermixed with 2–3-year-old pine seedlings) and the dead
pine trunks that had fallen on top of this vegetation or on
the soil surface. The two determination methods produced
consistent results. Worth stressing is that the two methods
(Eqs. 2 and 4) are not completely independent because they
can be transformed into each other.

The 120–150◦ sector had a comparatively high rough-
ness both before and after the windthrow. This was probably
due to the greater slope angle or the influence of the tower.
By contrast, the 30–60 and 270–300◦ sectors were affected
by additional mechanical turbulence, as was also found by
Oliveira et al. (2021) for the first post-fire year. This is illus-
trated in Fig. 6, using Eq. (1), and shows the dimensionless
wind profile as a function of z− d for different roughness
lengths. Also the median values for the 30◦ sectors were in-
cluded in the plot. Because of the physical correlation be-
tween all quantities, the plot cannot be used to determine the
zero-plane displacement (as referred earlier), but it does in-
dicate the sectors where the assumed parameter values seem
appropriate.

The ratio σw/u∗ was largely constant at neutral stratifi-
cation and only revealed a small stability dependence. This
parameter can be used to detect obstacles at larger distances
(Foken and Leclerc, 2004) or near the anemometer, for exam-
ple. Even single standing trees can generate noticeable me-
chanical turbulence (Jegede and Foken, 1999). In the 60–90◦

sector, the mechanical turbulence was probably due to eu-
calypt trees, whose crowns were quickly re-established after
the wildfire by resprouting. The increased values in the 270–

Figure 6. Normalized wind profile dependent on the displacement
height given as z−d (z= 11.8 m) and the roughness length z0. Me-
dian values for wind sectors are plotted for z− d = 8 m (before the
wind break) and z− d = 10 m (after the wind break).

330◦ sector can only be explained by slope parallel flow (see
Fig. 1 of Oliveira et al., 2021).

Evaluation of both dimensionless parameters, together
with an assessment of terrain and post-fire vegetation recov-
ery, suggested that the assumptions in Oliveira et al. (2021)
of z− d = 8 m and z0 = 0.4 m were adequate for most wind
sectors for the post-fire and pre-windthrow period. However,
a value for z0 = 0.7 m would have been more appropriate for
the calculation of the footprint. Likewise, the assumptions
of z− d = 10 m and z0 = 0.3 m were appropriate for most
wind sectors for the post-windthrow period. These assump-
tions, however, were less appropriate for three sectors high-
lighted in Table 3, most notably after the windthrow, where
no increase in the wind speed (Fig. 2) could be detected. The
greater variability in roughness after the windthrow can be
explained by the higher wind speeds which, in turn, were
due to the increase in effective measurement height resulting
from the larger distance to the canopy height.

Before the windthrow, a very low roughness height of
z0 = 0.4 m= 0.05zc was assumed because of the very wind-
permeable nature of the maritime stands which, in turn, re-
flected the fact that the fire had consumed the complete
crowns of the bulk of the pine trees. This very low rough-
ness height could not be confirmed by either the calcula-
tions using Eqs. (2) and (4) or Fig. 6. The obtained value of
z0 = 0.7 m agreed with the simple relationship of z0 = 0.1zc
(Foken, 2017; Monteith and Unsworth, 2013) but not that of
z0 = 0.2zc (Kaimal and Finnigan, 1994). The same applied,
mutatis mutandis, after the windthrow. By contrast, the as-
sumed values for the ratio d/zc of 0.5 before the windthrow
and 0.666 after the windthrow were confirmed by the obser-
vations. These findings further confirmed a linear relation-
ship between d and zc, in line what was found using ap-
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proaches that explicitly consider parameters describing stand
structure (Maurer et al., 2015).

4.2 Influence on carbon dioxide fluxes

The investigations carried out clearly showed that due to the
different values of the effective measurement height z−d be-
fore and after the wind break in the determination of the
Obukhov–Lettau stability parameter; no influence on the
quality flags and the measurement of the net ecosystem ex-
change could be detected that would have even come close
to the typical error range.

By contrast, however, the footprint area increased
markedly due to the change in roughness and possibly also
wind speed. The difference would probably not have been
as large if a slightly better value of z0 = 0.7 m had been as-
sumed before the windthrow. The increase in footprint area
also implied a decrease in the target areas in the footprint.
In case target areas differ markedly from non-target areas in
terms of carbon dioxide fluxes, the change in aerodynamic
conditions would substantially affect flux measurements. At
the present study site, this is probably not the case, as the
non-target areas mainly differ from the target areas by their
greater slope angles and not the burnt forest. A reduction in
the footprint through a reduction in the measurement height
is usually not possible with long-term measurement pro-
grams with a permanently installed mast because reduction
in the measurement height will then typically produce flow
distortion problems due to the mast. Hydraulic lifted masts
are hardly ever used in such programs (Kolle et al., 2021).

5 Conclusions

The windthrow at the end of 2019 had a significant impact on
the aerodynamics of the study area. The present analysis ad-
dressed dimensionless turbulence characteristics and focused
on the parameters of roughness length and zero-plane dis-
placement. Since both parameters are not independent, either
the zero-plane displacement or the roughness length must
be specified a priori. For the first post-fire year, Oliveira et
al. (2021) selected d = 3.8 m= 0.5zc (z−d = 8 m), justified
by the open character of the burnt pine stand due to the com-
plete consumption of most pine crowns by the wildfire. The
authors’ assumption of z0 = 0.4 m, however, should be re-
vised to z0 = 0.7 m. A not very precise choice of roughness
length did not have a marked effect on the footprint, as the
2019 calculations showed.

The initial assumption of this study of z− d = 10 m and
a roughness length of z0 = 0.3 m for the post-windthrow pe-
riod continues to seem reasonable as well. This implied that
the windthrow drastically changed aerodynamic site condi-
tions. The increase in σw/u∗ provided a clear indication that
the distance between measurement height and canopy height
had increased significantly after the windthrow.

The present study confirmed the disturbances in specific
wind sectors signalled by Oliveira et al. (2021). The distur-
bances in the northeastern and northwestern sectors could
be assigned to terrain characteristics. According to Fig. 6,
a change in zero-plane displacement in this sector would not
result in an improvement. If coordinate rotation is performed
by means of double rotation (Kaimal and Finnigan, 1994),
the problem is hardly relevant for the measurements; how-
ever, if the authors would have done it by means of planar-fit
rotation (Wilczak et al., 2001), the disturbed sector would
have to be rotated separately.

The change in aerodynamic conditions due to the
windthrow did not have marked impacts on the calculation of
the carbon dioxide fluxes, but it did substantially increase the
footprint area. In the present case, this increase in footprint
area implied the inclusion of sloping terrain but with essen-
tially the same pre- and post-fire vegetation cover as the rela-
tively flat target area so that the implications are expected to
be minor. The present windthrow occurred at a relative early
stage of post-fire ecosystem recovery so that a direct compar-
ison of pre- and post-windthrow carbon dioxide fluxes was
considered unwarranted.

Based on the investigation carried out, we generally rec-
ommend determining the effective measurement height and
the roughness length as precisely as possible when aerody-
namic conditions change in order to be able to determine
changes in the footprint area. Since areas outside the target
area may have an influence on the fluxes, the quality assess-
ment of the measurement area must be carried out again, tak-
ing the footprint into account (Foken et al., 2012; Mauder
et al., 2021). Alternatively, the measurement height could be
adjusted so that the footprint remains almost identical.

Code and data availability. The program for the cal-
culation of the eddy-covariance data is available at
https://doi.org/10.5281/zenodo.20349 (Mauder and Foken, 2015).
The daily CO2 flux data are available in Oliveira et al. (2020,
https://doi.org/10.1594/PANGAEA.921281); other data are
available on request from the first author (bruna.oliveira@ua.pt).
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