Reply to Review by A.Desai

We thank A.Desai for the constructive review and the helpful comments. We provide here explicit
responses to all comments and suggestions to improve the manuscript.

The different colors indicate: (grey:) Referee comment and (black:) author’s response.
Major comment 1:

“‘Many larger flux tower syntheses rely on previously report two or one tower error metrics for
estimating flux tower random error. The authors might want to compare their results with the earlier
two-tower or model-tower or single tower based approaches and update some of the constants (for
example the slope and offset) used in those. For example, | believe the Richardson paper includes an
equation (linear fit) of NEE to error magnitude. How do the slopes and offsets compare? It's possible
this is already there, and | missed it, in which case, emphasize it"

Maybe we misunderstand this point but: As it was outlined in Sect. 3.3. (now Sect.3.6), we did a
comparison of uncertainty estimated with our extended two tower approach and the uncertainty
estimate obtained with the classical two-tower approach (Hollinger u. a. 2004; Hollinger und
Richardson 2005; Richardson u. a. 2006). Tab.2 summarizes the results of this comparison. Fig. 2
shows the results of the classical two-tower application. As outlined in Sect. 4.3 (Il. 562-569):

“The NEE uncertainty o(8)..rs estimated for the grassland site Rollesbroich agree well with the NEE
uncertainty values for grassland sites by Richardson et al. (2006), and also the regression coefficients
(Fig. 2-3; Fig.5-6, Tab. A1) do not show large differences. This can be expected since Richardson et
al. (2006) applied their method for a very well-suited tower pair with low systematic differences, such
that the classical approach and our extended approach should approximately converge. However,
identical results are unlikely because even for two very similar neighboring sites some systematic
differences occur. In_addition, the random error is also expected to vary between sites (see e.q.
Mauder et al., 2013) which is in part related to instrumentation.”

Major comment 2:

“Similarly it might be interesting to estimate, given the criteria discovered here on maximum possible
distance that is reliable and role of filtering corrections and estimate what % of towers in the current
Fluxnet database could be amenable to such a paired tower analysis? A related interesting question,
is, can the slope/offsets derived here be directly applied to any tower (as is done in some model-data
assimilation work now)?”

Yes, it would be interesting to estimate this. However, it is not very trivial to answer this question. Our
manuscript is the first one to provide information on the distance dependence of error estimates with a
classical and an extended, more robust two-tower approach. But we conducted this study only for one
tower type (in terms of height and instrumentation) and mostly for one ecosystem type (grassland).
More research including different ecosystem types and larger distances is needed to give save
recommendations in this respect. Similarly, the applicability of any literature slopes/offsets to estimate
random uncertainty as a function of the flux magnitude depends on the accuracy requirements of the
user. To get the order of magnitude of the uncertainty right, it is surely helpful to study the increasing
body of literature presenting flux-uncertainty relations, derive from it the “uncertainty of the
uncertainty”, and apply a typical relation from this to own data with the “uncertainty of the uncertainty”
in mind. For more detailed studies, however, uncertainty estimation results obtained for different
towers and sites may be insufficient. As outlined in the conclusions (ll. 595- 603) uncertainty
estimation results may differ, e.g. due to different environmental conditions or a different setup of the
measurement devices.



Minor comments:

‘P 11945 Line 14 Systematic errors are considered to remain constant for set of environmental
conditions. This is confusing. u* is an environmental condition, right? Systematic error increases with
low u*. Maybe a little rewording is needed.”

Yes, we rephrased Il. 45-46: “Systematic errors are considered to remain constant for a longer time
period (> several hours).”

“P 11946 Line 21 | don’t think of instrumentation issues as "errors" but rather precision or sensitivity.
Random error from instrument noise is not an error in the instrument per se. A true instrument error
(bad calibration, bad laser) would lead to a systematic error.”

This was an unfortunate terminology we used here and this is now corrected and clarified in the
revised version of the manuscript. Our focus is on random measurement errors. Because referee #2
was also concerned about calling “flux footprint heterogeneity” an error we now reformulated this
sentence (II. 59-69):

“After a possible correction of the EC flux data for systematic errors a random error will remain which
can arise from different sources such as (a) the assumption of a constant footprint area within a
measurement interval and the negligence of flux footprint heterogeneity (e.qg. due to temporal
variability of wind direction, wind speed and atmospheric stability which cause temporal variations of
the footprint area); (b) turbulence sampling errors which are related to the fact that turbulence is a
highly stochastic process and especially the sampling or not sampling of larger eddies is associated
with considerable random fluctuations of fluxes, even if they are already averaged over a 30-minutes
period; and (c) instrumentation deficits that can e.g. cause random errors in the measured variables
(such as the CO2 mixing ratio and the vertical wind velocity) used to calculate the net CO2 flux,
(Aubinet et al., 2011, p. 179; Flanagan and Johnson, 2005)"

‘P 11946 Line 23 Some random errors can be corrected, given the list here. Flux footprint
heterogeneity can be corrected some by using estimates of land cover and debasing techniques (such
as Metzger et al., 2013). Also not sure how footprint error can actually be computed from the raw 10
Hz alone - i.e., the Mauder/Foken TK3 approach estimate of random error tells you mainly how
variable the covariance is with time. It's unclear how that would incorporate flux footprint error.”

See the response given to the question above.
“P 11955 Is SFD correction before or after u* filtering?”
Sfd-correction was done after applying the filtering for weather conditions (including u* filtering); this is

clarified now in the revised version (sect.3.2 and sect.3.4):

Il. 229-230:"The extended two-tower approach with sfd-correction and the previously applied weather-
filter”

Il. 330-301: “The weather-filter was applied before the (classical) uncertainty estimation and the sfd-
correction.”

“P 11959 Line 16 If noise and stochastic errors are truly a sigma and are independent, shouldn’t they
be added in quadrature? Though Mauder et al (2013) is published, some more details on what the
exact nature of each noise computation is might help in understanding the characteristics. Just a
sentence on each.”

Yes, random errors should be added in quadrature. We now recalculated the reference error by
adding in quadrature (Sect 3.6., Il. 364-369):

“Mauder et al. (2013) determine the instrumental noise based on signal autocorrelation. Following
Finkelstein and Sims (2001) the stochastic error is calculated as the statistical variance of the
covariance of the flux observations. Generally, c™%i5¢ was considerably lower than o$i9¢". The total




raw-data_based random error g.,, [umol m?s”'] was calculated by adding o™¢ and gStoch “in

quadrature” (0., = V/oﬁff,’fhz + gnoise®) according to Aubinet et al. (2011, p.176).”

The new calculations resulted in different mean reference values o, (Tab.2) as well as slightly
changed delta-values (Percentage difference of two-tower based uncertainty estimate and reference,
Ao,y Tab.2). The new calculations hardly changed the results because of the smallness of
instrumental noise.

“Table 2 - though it may make it messy, also a metric of the range of uncertainty estimates for each
method and distance should be included. Also discussion of difference between night and day would
help interpret other points made in the results (maybe a separate table or supplement?)”

Additional information on uncertainty was provided in Table A1 (supplementary information). Also
confidence intervals for the regression slope (distance and method dependent) were given. We prefer
not to add more information in Table 2. For differences between nighttime and daytime, see also our
response on the next point addressed by the reviewer.

“Figure 5 - it appears from here that the reliability of the approach in terms of distance is different for
night and day (when the slope changes significant occurs at different distances, as does the r"2). Is
that a correct interpretation? If so, some discussion may be needed on why the paired tower approach
works differently in day vs night.”

We are not sure if we understand this question correctly. First of all: positive fluxes are not only
nighttime fluxes, since wintertime data is included. We added some sentences in the discussion about
the different results for positive and negative fluxes now (Il. 508-515).”

“Moreover, during nighttime and/or winter (positive NEE), some conditions associated with lower EC
data quality such as low turbulence, strong stability, and liquid water in the gas analyzer path prevail
more often than in summer and/or daytime (negative NEE). The less severe cases of such conditions
are not always completely eliminated by the quality control. In time series of eddy-covariance fluxes
this typically shows up as implausible fluctuations of the flux during calm nights. This is reflected by
plots of NEE flux magnitude versus uncertainty (Fig.2-Fig.5) showing higher uncertainties for positive
compared to negative NEE data which agrees with previous findings (e.g. Richardson et al., 2006).”

The fact that in our study half-hours flagged as low quality data by an advanced procedure (Mauder et
al., 2013) were discarded, as well as our application of the sfd-correction, might explain why the
difference between positive and negative fluxes in our study is lower than in others (e.g. Richardson et
al., 2006).

Point-to-point reply to interactive referee comment by
anonymous referee #2

Thanks again for this helpful review and the constructive comments. A detailed reply to the three major
comments by anonymous referee #2 is already summarized in our interactive comment (AC C5500).
This point-to-point reply provides explicit responses to all comments and indicates how we improved
our manuscript.

The different colors indicate: (grey:) Referee comment and (black:) author’s response.
Major comments:

(1)“Relevance of the extended two-tower approach. The inherent problem of the presented research
(formulated provocatively) boils down to the question: Who will need this approach? The authors use
the random uncertainty assessment based on raw data processing (implemented by Mauder into the
TK3 software) as a reference to validate their results. Of course the statement is correct that access to
raw data is sometimes limited,and extra processing to retrieve random uncertainty from raw data
requires additional work. However, if one has the choice of either setting up an additional eddy system



and running it for a few months, or alternatively work on the raw data to get (more reliable?) random
uncertainty estimates, the latter still seems to be the more convenient choice. So why bother with an
extended two-tower approach? | see two pathways how to deal with this issue: Ideally, the authors can
clearly point out where their own approach goes beyond what alternative approaches provide, i.e.
where is the extra piece of information that cannot be obtained e.g. by analyzing the EC raw data? I'm
sure there are some assumptions and uncertainties associated with each of the alternative
approaches that can be used to highlight the benefit of this new method. In case it is not possible to
claim any advantages of the extended two-tower approach over the raw data analysis, the authors
need to clearly point out under what circumstances their approach might be applied: As | see it, this is
only when a) no raw data access (or processing) is possible, and b) there is a nearby site in the
chosen EC database that can be used as a reference site within the two-tower approach (i.e. similar
environmental conditions, acceptable horizontal separation distance). This, however, would
emphasize that there is only a very small niche for the presented approach.”

To emphasize the relevance of our proposed extension of the two-tower approach we added in the
introduction (p.3, Il. 95-101):

“Moreover, a large amount of solid metadata about the setup of the EC measurement devices is
required (but often not provided at second hand) to obtain reliable raw-data based uncertainty
estimates adequately. Therefore a two-tower based approach has still a large group of users. In
particular with regard to pairs of nearby towers from local clusters which play an increasing role in the
monitoring strategies of e.q. ICOS and NEON, and have already been employed in case studies (e.g.
Ammann et al., 2007).”

(2) “Footprint filtering: The footprint filtering concept as presented in Section 3.6 is severely flawed!
Simply comparing the fractional composition of land use types in the footprints of two towers doesn’t
give you ANY information on whether or not these footprints overlap. It can be total coincidence that
these fractions are nearly identical, while the respective towers 'see’ completely different areas (and
are therefore statistically independent in the context of your study). And as you describe correctly in a
different section, even a homogeneous patch of land can host totally different environmental
conditions at the microscale that may affect the flux rates - the same is true for a footprint area that is
composed of two land use types, so you cannot claim that the towers 'see’ the same simply because
they have a similar land use composition in their footprints. You need to analyze what the actual
overlap of the footprint positions is, the land cover within doesn’t matter!”

We repeated the footprint analysis storing the footprint grid of each half-hour and tower, which
enabled us to directly compute the overlap for each half-hour. As a consequence, methodology Sect.
3.5 (formerly 3.6) strongly changed and the new resulting overlap percentages are mentioned in
section 4.3. Note that it was not our intention to suggest that converging land-use type contributions
mean overlap in general; rather, we argued that it is a good proxy in case of our particular
constellation of towers and mapped target areas. As a consequence, the change in overlap
percentages was only minor and did not change the discussion. However, we agree that the new
direct method adds reliability and avoids the risk of inappropriately transferring the old ad-hoc method
to other sites/studies. Therefore, this old indirect method is not mentioned any more in the revised
manuscript.

(3)"Sensitivity study on approach configuration The choice of the 12hr moving window to filter out
the systematic errors, as well as the 50% data coverage threshold for valid moving window averages,
need to be supplemented by sensitivity studies. Both of these settings seem rather subjective, so the
authors need to demonstrate how results might change with different settings, and why the chosen
ones are the best option.”

We now rerun the uncertainty analysis with different sizes of moving window sized and different
thresholds. This rerunning revealed an error in the script we did not notice before: instead of applying
the continuous data for calculating the running average, the table was filtered already at the beginning
for data where only both EC1 and EC2 data were available at a certain half-hourly time step. We
changed this now using the continuous data series for calculating the running average for the revised



manuscript. This change slightly affected the uncertainty estimation results of Tab.2 as well as the
regression plots for the sfd-corrected data (Fig.4, Fig.5, Fig.6). The rerunning of the uncertainty
estimation for different moving average periods and data coverage percentage showed that results did
not change considerably by the different setups (Tab.A3). However, as Tab. A2 shows the linear
regression coefficients changed, in particular for the 173 m and 20.5 km distance with shorter time
series. This was mainly due to the different amount of data left for the analysis. Because more NEE
data remained after the sfd-correction for the 6 hour averaging interval, correlation coefficients were
less uncertain for this averaging interval.

Tab. A2: R’ for NEE uncertainty determined with the extended two-tower approach (including sfd-
correction and weather-filter) as function of NEE,,,. magnitude and for 20.5km EC tower distance.
Results are given for different moving average time intervals (6 hr, 12 hr, 24hr) and data coverage
percentages (25%, 50%, 70%) for the calculation of the sfd-correction factor (Eq.2)

R*>_173 mdistance  6h 12h 24h

30% 0.81; 0.61; (1588) 0.8; 0.65; (1557) 0.67; 0.56; (1427)
50% 0.83; 0.48; (1245) 0.79; 0.37; (1046) - -; (106)

70% 0.74; 0.45; (797) 0.92; 0.39; (309) - - (0)

R 20.5 km distance  6h 12h 24h

30% 0.73; 0.84; (937) 0.92; 0.72; (904) 0.84; 0.82; (597)
50% 0.58; 0.85; (710) 0.7; 0.43; (463) - -1 (32)

70% 0.77; 0.78; (408) 0.66; 0.08; (148) - - (0)

black: for negative NEE; grey: for positive NEE; (): total number of half-hourly NEE data left after sfd-correction
and weather filter to build bins for NEE uncertainty versus NEE magnitude regressions.

We clarified in the text (Sect.3.3. Il. 289-301):

‘Only if both NEE data, NEE gc,-_for the permanent EC1 tower and NEEgc,. for the second tower,
were available at a particular half hourly time step and if both values were either positive or negative,
the respective data were included to calculate the correction term. The running averages were only
calculated if at least 50% of the data for NEE gci. and NEE g, remained for averaging in that particular
window. Due to the frequent occurrence of gaps in the data series the amount of available NEE.,,
values considerably decreased by applying stricter criteria like 70% or 90% data availability (Tab. A2).”

In the discussion we clarified (Il. 488-505):

“Results indicate that an overestimation of the two-tower based uncertainty caused by different land
surface properties in _the footprint area of both EC towers can be successfully filtered out by the
extended approach. It should be noted that a shorter moving average interval of the sfd-correction
term (e.g. 6 hours instead of the applied 12 hours window; Tab.A2), results in slightly lower uncertainty
estimates compared to the reference. This can be explained by a possible “over-correction” of the
NEE data related to a too short moving average interval for calculating the sfd-correction term. It
needs to be emphasized that the estimated mean NEE values of the moving average intervals are
associated with uncertainty. As mentioned, the moving average interval should be long enough to
exclude random differences of the simultaneously measured fluxes but short enough to limit the
impact of non-stationary conditions. However, the 12hr running mean NEE1 and NEE2 values (NEE,,)
as well as the respective means of NEE1 and NEE2 (NEE,; 4,) used to calculate NEE,,, (Eg.2) are
uncertain because they still contain the random error part which cannot be corrected or filtered out.
This uncertainty in the mean is expected to be higher for a shorter averaging interval such as 6 hours.
Therefore, completely correcting the difference in _mean NEE slightly overcorrects systematic
differences in NEE. In general results were not very sensitive to different moving average sizes of the
sfd-correction term and data coverage percentages defined for this interval (Tab.A3). “




Minor comments:

“p.11944ff: Introduction overall well structured, but much too long. The current version may be OK for
a thesis, but for a manuscript many of the 'excursions’ are much too detailed. | added a few specific
comments where paragraphs need to be shortened”

We shortened to introduction now accordingly

“p. 11945, 1st paragraph: no need to explain that many details of DA”

We agree, is removed now.

“p.11945, 11.8-11: there are many more reasons why a reliable uncertainty estimate of
EC data is needed ..”

We agree. In the revised manuscript we say (Il. 38-41): “In this regard reliable EC data with
appropriate uncertainty estimates are crucial for many application fields, such as the evaluation and
improvement of land surface models (e.g. Braswell et al., 2005; Hill et al., 2012; Kuppel et al., 2012).”

“p.11945f: The description of systematic errors is much too long! It is fully sufficient to mention a few
sources of systematic errors (e.g. not well developed turbulence, energy balance closure, etc), then
add the citations. No need to explain the details in an introduction when none of these effects are
investigated further within the presented study”

We agree, is changed in the revised version.

“p.11946, II.6ff: this entire paragraph can be deleted. Again, the manuscript doesn’t treat EBD, so it's
just another source of systematic errors.”

This paragraph is deleted in the revised manuscript.

“p.11946, 11.20-22: | don'’t really like to see the effect of changing footprint areas being called an error.
The changing field of view of an eddy system causes variability in the data, but the resulting effect is
not an error. The error would be to assume that the footprint area is stable, as is correctly being stated
here.”

We reformulated this now (ll. 59-69):

“After a possible correction of the EC flux data for systematic errors a random error will remain which
can arise from different sources such as (a) the assumption of a constant footprint area within a
measurement interval and the negligence of flux footprint heterogeneity (e.qg. due to temporal
variability of wind direction, wind speed and atmospheric stability which cause temporal variations of
the footprint area); (b) turbulence sampling errors which are related to the fact that turbulence is a
highly stochastic process and especially the sampling or not sampling of larger eddies is associated
with considerable random fluctuations of fluxes, even if they are already averaged over a 30-minutes
period; and (c) instrumentation deficits that can e.g. cause random errors in the measured variables
(such as the CO2 mixing ratio and the vertical wind velocity) used to calculate the net CO2 flux,
(Aubinet et al., 2011, p. 179; Flanagan and Johnson, 2005).”

“p.11947, I.15ff: again, this is too much detail. It will be sufficient to cite that alternative approaches
have been developed, which all have their own individual drawbacks.”

We don't’ think this is too much detail and a brief summary of existing methods for EC flux uncertainty
estimation is required at this point since this is the topic of the manuscript. So we kept it as it is.

“p.11949f: The section on the sites is pretty much comprehensive. The only info that is missing is the
data acquisition, i.e. what data acquisition devices (and frequency) were used?”

At the end of section 2 (I. 177) we added: “Details on the EC data acquisition are summarized in Sect.
3.2”




“p.11950f: Section 3.1 can be deleted. Anyone who wants to learn what eddy covariance is can check
out a textbook. The only relevant information in this paragraph is your chosen sign convention for
uptake and release, resp. (last sentences).”

We deleted this paragraph now and moved the most important information to the introduction (11.29-33,
IIl. 52-55).

“p. 11952, II.1ff: some of the given info as well as the use of citations are inconsistent. Correction of
spectral losses in the TK3 package is based on Moore (1986); footprint analyses are not part of the
quality flagging procedure; quality flagging is mainly based on tests for stationariy and integral
turbulence characteristics, as well as the horizontal orientation of the anemometer; the citation for the
quality flagging is Foken et al. (2004); the used flag ranges (e.g. 1-3 for high quality data) should be
given.”

Paragraph is modified now accordingly (Sect.3.1, 11.196-211):

“The EC raw data were measured with a frequency of 20 Hz and fluxes were calculated for intervals of
30 minutes. The complete processing of the data was performed with the TK3.1 software (Bayreuth,
Department of Micrometeorology, Germany; Mauder and Foken, 2011), using the standardized
strategy for EC data calculation and quality assurance presented in detail by Mauder et al., 2013. The
strategy includes established EC conversions and corrections such as e.qg. correction of spectral loss
(Moore, 1986) and correction for density fluctuations (Webb et al., 1980). It includes tests on high
frequency data (site specific plausibility limits, statistical spike detection) as well as on processed half
hourly fluxes such as stationarity and integral turbulence tests (Foken and Wichura, 1996). The tests
on half hourly fluxes are the basis for a standardized quality flagging according to Foken et al. (2004)
that classifies flux measurements as high (0), moderate (1) or low (2) quality data. For this analysis
only flux measurements assigned to 0 or 1 were used, while low quality data were treated as missing
values. Besides quality flags TK3.1 also provides footprint estimates (Kormann and Meixner, 2001)
and uncertainty estimates that were used for interpreting and analyzing flux data. To avoid introduction
of additional uncertainty no gap filling of flux time series was performed.”

“p.11952ff: it's a bit confusing to read about weather filter and sfd-approach in this section (3.3) before
these techniques are actually introduced. Would be nice if this could be improved. Otherwise OK.”

We considered to move the overview of the for correction schemes/techniques from beginning of
Sect.3.2 (before Sect.3.3) to the beginning of Sect.3.6. However, this is unfavorable because we need
to mention “sft-correction” and “weather-filter” a few times in Sect.3.2 Therefore we prefer not to
change this order.

“p.11952, 1.20: you mention earlier this distance is _34km ..”
Yes, 34 km is right, we corrected this misspelling now.

“p. 119586, II.6ff: please add more details how this 12hr window was chosen. It also needs to be shown
how the selection of this window influences the test performance! Separating between short-term
variability and long-term trends is crucial for this approach!”

See reply to major comment 3 in interactive comment (AC C5500) and in this document.

“p.11957, Il.1ff: the 50% threshold is indeed quite low. Has a sensitivity study been performed how
stricter thresholds influence the performance? If not, this should be added.”

See reply to major comment 3 in interactive comment (AC C5500) and in this document.
“p.11957f: Section 3.5 can be reduced to the statement filter for similar weather conditions followed

Richardson et al. (2006)!

We kept the explanation in this section in order to provide additional information about our specific
application but shortened the explanation of the filter as suggested by the reviewer.

“p.11962, I1.14ff: there’s no need to write down all the numbers per case study, since these are given
in the table. Reduce this section to the range of values, and point out some outstanding examples!”



We agree, is changed now.

“p.11963, II.1ff: 'nearly identical’ is a bit exaggerated here. There’s still considerable scatter in this
comparison, and particularly for the far distances not all systematic bias effects seem to have been
removed”

We agree, this is reformulated in the revised version (“agree best with” instead of “nearly identical to”),
Il. 450-454: “The uncertainty estimates o(8)..; determined with the extended two-tower approach
agree best with the independent reference values acov for the EC tower distances 95m and 173 m,
suggesting that those distances were most suitable for the application of the extended two-tower

approach.”

“p.11964f, I1.17ff: this whole section does not really belong into the discussion part, since it repeats the
statements from introduction and methods that many factors can be responsible for small-scale
ecosystem heterogeneity, and thus affect surface atmosphere exchange fluxes. All this should have
been covered through your sfd correction.”

We moved this part to Section 2 now and refer to it in the discussion (481-484): “As outlined in section
2, land surface properties related to management (e.q. nutrient availably due to fertilization), soil
properties (bulk density, skeleton fraction), soil carbon-nitrogen pools, soil moisture and sail
temperature are heterogeneously distributed at the Rollesbroich site.”

p.11965, I.22ff: this finding basically indicates that your current setup for the sdf correction does not
fully cover all systematic differences in the flux measurements. Maybe you'll need a different
configuration (e.g. averaging time) for larger distances? Or you are missing some influence factors
when ecosystems show significant differences in their structure/properties?

Right. We changed the formulation in the revised manuscript and added some discussion on this
(which also relates to the next comment), Sect.4.3, Il. 523-532:

“However, after applying the sfd-correction and the weather-filtering, the mean uncertainty estimate
was still higher than the raw-data based reference value (Tab.2), suggesting that for these large EC
tower distances the sfd-correction and the weather-filter do not fully capture systematic flux differences
and uncertainty is still overestimated by the extended two-tower approach. This can have different
reasons. We assume the major reason is that the weather-filter is supposed to capture all measured
flux differences that can be attributed to different weather conditions at both EC towers which cannot
be captured with the sfd-correction. Applying stricter thresholds could increase the efficiency of the
weather filter but in our case the reduced dataset was too small to allow further analysis.”

“p.11965, 1.29: why counterintuitive? Do you really assume that the absolute distance is more
important then the differences in ecosystem structure”

We would expect that differences increase as function of distance (related to meteorological conditions
for example), but indeed ecosystem structure plays an important role. The sites which are 34km
separated have different land use types (winter wheat instead of grassland) whereas the sites which
are 20.5km separated have similar land use types. Therefore we found it counterintuitive. However,
given the many factors which influence uncertainty estimates, we decided to delete “which is
counterintuitive” now in order to avoid confusion.

“p.11968, 11.9-11: | don’t think that your results database warrants the statement ’typically
overestimated’. You would need more case studies to validate this. The only thing you found out so far
is that in your tests, comparisons across distances of 20-30km resulted in an overestimation of
random errors.”

This is true, we now wrote “probably” instead of “typically” (Il. 591-594): “We therefore conclude that if
no second EC tower is available at a closer distance (but available further away), a rough, probably
overestimated NEE uncertainty estimate can be acquired with the extended two-tower approach even
although environmental conditions at the two sites are not identical.”




Additional changes in manuscript:

Il. 22-25: Abstract reformulated.

Il. 41-45 is reformulated: “When using the term ‘uncertainty’, we here focus on the random error
following the definition in Dragoni et al. (2007). It differs from the systematic error in that it is
unpredictable and impossible to correct (but can be quantified). Uncertainty doesn’t accumulate
linearly but “averages out” and can be characterized by probability distribution functions (Richardson
etal, 2012).”

Il. 104-127: This paragraph was located at the beginning of Sect. 3.3 (Correction for systematic flux
differences) before. Now think it fits better in the introduction.

273-276: Sentences changed slightly after moving previous paragraph to line 104-127
Il. 369-371: reformulated

| 481ff: “The effect of within site heterogeneity of land surface properties on the spatial and temporal
variability in measured NEE and how it contributes to the uncertainty in annual NEE measurements is
e.g. shown in Oren et al. (2006).” deleted due to repetition.

Il. 522-523: reformulated: “Ao.,, was reduced by 85.7% for the 20.5km distance and 79.3% for the
34km if both sfd-correction and weather filter were used.”

Il. 610-611: reformulated: “Applying very strict thresholds can lead to a too small dataset, especially if
the measurement periods are short.”

Tab.2: Values in table changed slightly due to continuous time series used now and new summing up
of ocv (Sect.3.6) as suggested by referee 1 (A.Desai)

Fig1: Targets removed due to new footprint analysis (not based on target areas any more).
Fig.4 — Fig.6: Figures changed slightly due to continuous time series used now.

Prev. Fig.6 is Fig.4 now to maintain chronological order.
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Uncertainty analysis of eddy covariance CO, flux
measurements for different EC tower distances using an

extended two-tower approach

H. Post', H.J. Hendricks Franssen', A.Graf', M. Schmidt', H. Vereecken'

[1] {Agrosphere (IBG-3), Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany}

Abstract

The use of eddy covariance CO, flux measurements in data assimilation and other
applications requires an estimate of the random uncertainty. In previous studies, the
(classical) two-tower approach has yielded robust uncertainty estimates, but care must be
taken to meet the often competing requirements of statistical independence (non-overlapping
footprints) and ecosystem homogeneity when choosing an appropriate tower distance. The
role of the tower distance was investigated with help of a roving station separated between 8
m and 34 km from a permanent EC grassland station. Random uncertainty was estimated for

five separation distances with the classical two-tower approach and an extended-twe-tewer

approach which removed systematic differences of CO, fluxes measured at two EC towers.
This analysis was made for a dataset where (i) only similar weather conditions at the two sites
were included, and (ii) an unfiltered one. The extended approach, applied to weather-filtered
data for separation distances of 95 m and 173 m gave uncertainty estimates in best
correspondence with thean independent reference method. The introduced correction for

systematic flux differences considerably reduced the overestimation of the two-tower based

uncertainty of net CO, flux measurements e-g-and decreased the sensitivity of results to tower
distance. We therefore conclude that corrections for systematic flux differences (e.g. caused
by different environmental conditions at both EC towers—ttis-eoncluded-thatthe-extension-of
) can help to apply the two-tower approach ean—help-to—reeeive more reliable—uneertainty
random-error-arefiltered-outsite pairs with less ideal conditions.
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1 Introduction

The net ecosystem exchange of CO, between the land surface and the atmosphere (NEE) can

be determined with the eddy covariance (EC) method. NEE is positive if the amount of CO,

released to the atmosphere via respiration is higher than the amount of CO, assimilated

during photosynthesis. In contrast, negative NEE values denote a higher CO, uptake and a net

flux from the atmosphere into the ecosystem. During night-time, NEE is mainly a function of

respiration and therefore positive fluxes predominate, whereas during (summer) daytime

negative NEE values predominate because more CO, is assimilated than respired. Eddy

covariance {E€&)CO, flux measurements ef-the-CO,—flux-are commonly used to analyze the
interactions between terrestrial ecosystems and the atmosphere—Fhis which is crucial for the

understanding of climate-ecosystem feedbacks-as—wel-as. In this regard reliable EC data with

appropriate uncertainty estimates are crucial for antmprevedrepresentation-ofvegetation-and

fluxes-are-used-to-evaluate-and-te-improvemany application fields, such as the evaluation and
improvement of land surface models—Beeause—both-model-predictions—and—measurements
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When using the term ‘uncertainty’, we here focus on the random error following the

definition in Dragoni et al. (2007)-we-denete—uneertaintyas—the random—error-which-differs

to-remain-constantfor-a-givenset-of environmental-eonditions-. It differs from the systematic

error in that it is unpredictable and impossible to correct (but can be quantified). Uncertainty

doesn’t accumulate linearly but “averages out” and can be characterized by probability

distribution functions (Richardson et al., 2012). Systematic errors are considered to remain

constant for a longer time period (> several hours). Ideally they can be corrected, but in case

of EC measurements this is still limited by either our understanding of various error sources
or insufficient background data. Systematic errors arise not only from instrumental
calibration and data processing deficits, but also from unmet underlying assumptions about
the meteorological conditions (Richardson et al., 2012). As-deseribed-in-—see—3-1-aA main
assumption is—e-g- that turbulence is always well developed in the lowest atmospheric

boundary layer and responsible for the mass transport while horizontal divergence of flow

and advection are assumed to be negligible (Baldocchi, 2001). Moreover, the EC method is

based on_the mass conservation principle, which requires the assumption of steady state

conditions of the meteorological variables (Baldocchi, 2003). —tr—ease—ef—CO,—fluxes;

nighttimeln case of CO, fluxes, night-time respiration is often underestimated due to low

wind velocities conditions and a temperature inversion which hinders the upward carbon

dioxide transport (Baldocchi, 2001). Hence, nighttimenight-time data are commonly rejected
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for further analysis (Barr et al., 2000). Besides—thesumof measured-energyHuxes{latent
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2005 Helinger-et-al52004)-After a possible correction of the EC flux data for systematic

errors a random error will remain which can arise from different sources such as (a) the

assumption of a constant footprint area within a measurement interval and the negligence of

flux footprint heterogeneity (e.g. due to temporal variability of wind direction, wind speed

and atmospheric stability which cause temporal variations of the footprint area); (b)

turbulence sampling errors which are related to the fact that turbulence is a highly stochastic

process and especially the sampling or not sampling of larger eddies is associated with

considerable random fluctuations of fluxes, even if they are already averaged over a 30-

minutes period; and (c) instrumentation deficits that can e.g. cause random errors in the
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measured variables (such as the CO, mixing ratio and the vertical wind velocity) used to

calculate the net CO, flux (Aubinet et al., 2011, p. 179: Flanagan and Johnson, 2005).

Within the past decade, several approaches have been proposed to quantify the uncertainty of

eddy covariance CO, flux measurements. With the “two-tower” or “paired tower” approach

simultaneous flux measurements of two EC towers are analyzed (Hollinger et al., 2004;

Hollinger and Richardson, 2005). For the uncertainty quantification with the two-tower

approach, it is necessary that environmental conditions for both towers are nearly identical

Hoelinger-and Richardson, 2005 Holingeret-al;—2004)-(Hollinger et al., 2004; Hollinger

and Richardson, 2005). However, most eddy covariance sites do not have a nearby second

EC tower to provide nearly identical environmental conditions. Therefore, Richardson et al.
(2006) introduced the “one-tower” or “24-h differencing” method which is based on the two-
tower approach. The main difference is that the uncertainty estimate is based on differences
between fluxes measured on subsequent days if environmental conditions were similar on
both days. Because most often environmental conditions are not the same on two subsequent
days (Liu et al., 2006), the applicability of this method suffers from a lack of data and the
random error is overestimated (Dragoni et al., 2007). The model residual approach (Dragoni
et al., 2007; Hollinger and Richardson, 2005; Richardson et al., 2008) calculates CO, fluxes
with a simple model and compares calculated values with measured values. The model
residual is attributed to the random measurement error. The method is based on the
assumption that the model error is negligible, which is however a very questionable

assumption. Fhe—instramentalAlternatively, if the high-frequency raw-data of an EC tower

are available, uncertainty eontributing—te—the—total-random—error-can be estimated with—the

randem-shuffle-methoddirectly from their statistical properties (Billesbach, 2011). Finkelstein

and Sims (2001) introduced an operational quantification of the instrumental noise and the
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stochastic error by calculating the auto- and cross-covariances of the measured fluxes. This

method was implemented into a standard EC data processing scheme by Mauder et al. (2013).

approachis—stil-of sreat potentiak The advantage is that a second tower or the utilization of

additional tools such as a simple model to estimate the EC measurement uncertainty is no

longer required. However, many data users do not have access to the raw-data but to

processed EC data only. Moreover, a large amount of solid metadata about the setup of the

EC measurement devices is required (but often not provided at second hand) to obtain

reliable raw-data based uncertainty estimates adequately. Therefore a two-tower based

approach has still a large group of users. In particular with regard to pairs of nearby towers

from local clusters which play an increasing role in the monitoring strategies of e.g. ICOS

and NEON, and have already been employed in case studies (e.g. Ammann et al., 2007).

Important advantages of the two-tower approach are (1) its simplicity and user friendliness,
(2) its usability for relatively short non gap-filled time series of several months, and (3) the

independence of a model.

The classical two-tower approach (Hollinger et al., 2004; Hollinger and Richardson, 2005;

Richardson et al., 2006) is based on the assumption that environmental conditions for both

EC towers are identical and flux footprints should not overlap to guarantee statistical

independence. Hollinger and Richardson (2005) use threshold values for three variables
6
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(photosynthetically active photon flux density PPFD, temperature & wind speed) to
determine whether environmental conditions are equivalent. Independent of this definition,

our understanding of “environmental conditions” includes both weather conditions and land

surface properties such as soil properties (texture, density, moisture, etc.), plant

characteristics (types, height, density, rooting depth, etc.), nutrient availability and fauna

(rabbits, earthworms, microorganisms, etc.), which are irregularly distributed and affect

respiration and/or photosynthesis. Strictly speaking, if footprints do not overlap 100%, the

assumption of identical environmental conditions is already not fulfilled. When applying a

two-tower based approach it is important to assure that systematic differences of the

measured fluxes, which are partly caused by within site or among site heterogeneity, are not

attributed to the random error estimate of the measured NEE. Our assumption that even

within a site with apparently one uniformly distributed vegetation type (and for very short EC

tower distances) land surface heterogeneity can cause significant spatial and temporal

variability in measured NEE is e.g. supported by Oren et al. (2006). They found that the

spatial variability of ecosystem activity (plants and decomposers) and LAI within a uniform

pine plantation contributes to about half of the uncertainty in annual eddy covariance NEE

measurements while the other half is attributed to micrometeorological and statistical

sampling errors. This elucidates the relevance of considering systematic flux differences

caused by within site ecosystem heterogeneity when calculating a two-tower based

uncertainty estimate.

Given the fact that site specific, adequate uncertainty estimates for eddy covariance data are
very important but still often neglected due to a lack of resources, we are aiming to advance
the two-tower approach so that it can also be applied if environmental conditions at both eddy

covariance towers are not very similar.
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The main objectives of this study were (1) to analyze the effect of the EC tower distance on
the two-tower based CO, flux measurement uncertainty estimate and (2) to extend the two-

tower approach with a simple correction term that eorreets—forremoves systematic differences

in CO, fluxes measured at the two sites. This extension follows the idea of the extended two-
tower approach for the uncertainty estimation of energy fluxes presented in Kessomkiat et al.
(2013). The correction step is important for providing a more reliable random error estimate.
In correspondence with these objectives we analyzed the following questions: What is an
appropriate EC tower distance to get a reliable two-tower based uncertainty estimate? Can the
random error be quantified in reasonable manner with the extended two-tower approach, even
though environmental conditions at both EC towers are clearly not identical? The total
random error estimated with the raw-data based method (Mauder et al., 2013) was used as a

reference to evaluate our extended two-tower approach based results.

2 Test sites and EC Tower setup

The Rollesbroich test site is an extensively used grassland site, located in the Eifel region of
western Germany (Fig.1). The mean temperature in Rollesbroich is ~ 7.7°C and the mean
precipitation is ~ 1033mm per year (Korres et al., 2010). Predominating soil types at the site
are Cambisols with a high clay and silt content (Arbeitsgruppe BKS50, 2001). The grass
species grown in Rollesbroich are mainly ryegrass, particularly perennial ryegrass (lolium
perenne), and smooth meadow grass (poa pratensis) (Korres et al., 2010). A permanent eddy
covariance tower (EC1) is installed at the Rollesbroich site since May 2011 at a fixed
position—(Fab-1).. The measurement height of the sonic anemometer (CSAT3, Campbell
Scientific, Logan, UT, U.S.A.) and the open-path gas analyzer (Li7500, Li-Cor, Lincoln, NE,

U.S.A)) is 2.6 m above ground. The canopy height-in-the-twe-target-areas-of ECI{(Fig) was

measured every 1-2 weeks and varied between 0.03 m and 0.88 m during the measurement

8
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period. A second EC tower, the roving station (EC2), has been installed at four different
distances (8 m, 95 m, 173 m and 20.5 km) from EC1 for time periods ranging between 3 and
7.5 months (Tab.1). The EC2 location “Kall-Sistig” 20.5 km north-east of Rollesbroich is
another grassland site with similar environmental conditions as Rollesbroich. The vegetation
in Kall-Sistig is extensively managed C3 grass, the same as for Rollesbroich. However, the
average plant height measured between Aug. 14™ and Oct. 30™ 2012 was lower (~ 0.15 m)
than the respective average for Rollesbroich (~ 0.2 m), which is also true for the plant height
measured in May and June 2012 (Kall-Sistig: ~ 0.22 m; Rollesbroich: ~ 0.29 m). As in
Rollesbroich, clayey-silty Cambisols are most widespread (Arbeitsgruppe BK50, 2001). The
mean temperature for the entire measurement interval in Kall-Sistig (Tab.1) measured at the
EC station is 11.4 °C and the soil moisture 32% compared to 11.0 °C and 35% in
Rollesbroich (same time interval for averaging). Additionally a third EC tower was located in
Merzenhausen in ~ 34 km distance to EC1 (Fig.1). Merzenhausen (MH) is an agricultural
site, where winter wheat was grown during the measurement period. Both the land use
conditions and the average weather conditions differ from those in Rollesbroich and Kall-
Sistig. The climate at the lowland site Merzenhausen is comparable to the one in Selhausen in
+3-Jamat a distance teof 13 km from Merzenhausen, where the mean precipitation is ~ 690
mm/a and the yearly mean temperature ~9.8°C (Korres et al., 2010). The soils are mainly
Luvisols with some patches of Kolluvisols (Arbeitsgruppe BK50, 2001). The measurement
devices of EC2 and EC3 are the same as the EC1 devices and were installed ##-2.6 m above
ground as well. Both, the sonic anemometers and the open-path gas analyzers have been

calibrated every 1-3 months thoroughly and consistently. Details on the EC data acquisition

are summarized in Sect. 3.1.
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Rollesbroich is part of the TERENO network (Zacharias et al., 2011). Information and

additional data were collected showing that land surface properties are spatially

heterogeneous distributed at the Rollesbroich site: (1) Single fields at the Rollesbroich site

are managed by different farmers. Information the land owners provided, as well as periodic

camera shots and grass height measurements around the EC towers indicated that the timing

of fertilization and grass cutting as well as the amount of manure applied varied between the

single fields during the measurement period; (2) Soil type distribution as displayed in the
German soil map shows heterogeneity (Arbeitsgruppe BK50, 2001); (3) Soil carbon and

nitrogen pools [g/kg] as well as bulk density [g/cm’] and content of rock fragments [%]

measured from April-May 2011 in three soils horizons at 94 locations across the Rollesbroich

site are spatially highly variable (H. Schiedung 2013, personal communication); (4) Durin

the eddy covariance measurement period, soil moisture and soil temperature data were

collected in 10 min. resolution at three depths (5 cm, 20 cm and 50 cm ) and 84 points by the
wireless sensor network (“SoilNet”; Bogena et al., 2009), calibrated for the Rollesbroich site

Qu et al., (2013). SoilNet data shows that soil moisture is heterogeneously distributed within

the Rollesbroich site (Qu et al., 2014, submitted).

3 Data and Methods




267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

svertiealnetthiedensityFof €O, 4—5*]—&&95&—%6&1&9%&&95}914&%%?%&6&&
- , pixing ratio-c fmmolm
— _& . £ . + Eq'_o

11



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

3.2.3.1. EC data processing

The EC raw data were measured with a frequency of 20— Hz and fluxes were

ealentatedprocessed for flux intervals of 30 minutes. The complete processing of the data was

performed with the TK3.1 software (Bayreuth, Department of Micrometeorology, Germany;

Mauder-and-Feken;2011H);Mauder and Foken, 2011). using the standardized strategy for EC
data calculation and quality assurance presented in detail by Mauder et al., 2013. The strategy
includes established EC conversions and corrections such as e.g. correction of spectral loss
(Moore, 1986) and correction for density fluctuations (Webb et al., 1980). It includes tests on
high frequency data (site specific plausibility limits, statistical spike detection) as well as on
processed half hourly fluxes such as stationarity and integral turbulence tests;—feeotprint

analysis (Foken and Wichura, 1996). The tests on half hourly fluxes are the basis for a

standardized quality flagging according to Foken et al. (2004) that classifies flux

measurements as high (0), moderate (1) or low (2) quality data. For this analysis only flux

measurements assigned to 0 or 1 were used, while low quality data were treated as missing

values. Besides quality flags TK3.1 also provides footprint estimates (Kormann and Meixner,

2001) and uncertainty estimates forfinalfluxes—Alltestslead to—astandardized—quality

12
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apdmedemie—qualic —dainihal were used—hiletov—qualic—daie—oreeenad e s ine

valwes: for interpreting and analyzing flux data. To avoid introduction of additional

uncertainty no gap filling of flux time series was performed.

3-3-3.2. Uncertainty estimation based on the two-tower approach

The two-tower approach (Hollinger et al.. 2004: Hollinger and Richardson, 2005;HelHinger

et—al—2004; Richardson et al., 2006) defines the random error of NEE eddy covariance
measurements as the standard deviation o(8) of the difference between the CO, fluxes
[umol m™s™'] simultaneously measured at two different EC towers (NEE;, NEE,):

O'(NEEI—NEEZ) Eq. 31+
V2

o(6) =

Based on Eq.31 we calculated the two-tower based uncertainty estimates using the NEE, data
measured at the permanent EC tower in Rollesbroich (EC1) and the NEFE, data of a second
tower which was either the rewingroving station (EC2) or — in case of the 3234 km EC tower

distance — another permanent EC tower (EC3, Tab.1).

For comparison, the measurement uncertainty 6(§) was calculated separately for each EC

tower distance (Tab.1) and independently for each of the following schemes:

1. The classical two-tower approach (Hollinger et al., 2004: Hollinger and Richardson

2005:; Richardson et al., 2006).

13
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2. The classical two-tower approach including a filter for similar weather-filter

przersbeasplod e —henetualwpessiaine —ostmnten—peeeadeee— conditions &4
weatherftersummarized-inseetion(Sect. 3.54).

3. The extended two-tower approach with an added correction for systematic flux
differences (sfd-correction; seetienSect. 3.43), without weather-filter.

4. The extended two-tower approach with_sfd-correction and the previously applied

weather-filter.

The uncertainty estimate of the two-tower approach is obtained by dividing the NEE data
series into several groups (“bins”) according to the flux magnitude and then using Eq. 21 to
calculate the standard deviation o(8) for each group (Richardson et al., 2006). Finally, a
linear regression function between the flux magnitude and the standard deviation can be
derived. The linear correlation of the uncertainty and the flux magnitude can be explained by
the fact that the flux magnitude is a main driving factor for the random error and can explain
about 63% of the variance in the CO; flux error as shown in a case study by Richardson et al.
(2006). Accordingly, we calculated the standard deviation 6(8) [umol m™ s™'] based on 12
groups of the CO, flux magnitude; six groups for positive and six groups for negative fluxes.
Fixed class limits for the flux magnitude would have led to a different number of samples in

each group. Separatelyforpesitive-andnegative AEE valuesthe-dataNow class limits were

sorted—and—divided—into—6set such that all groups with positive NEE values had an equal

amount of half hourly data, the same holds for all groups with negative NEE values. For each

single group the standard deviation 6(8) was calculated using the single half-hourly flux
differences of NEE, and NEE,. The corresponding mean NEE magnitude for each group
member was determined by averaging all half-hourly means of NEE, and NEE, in the

respective group. Then, the linear regression equation was derived separately for negative and

14
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positive NEE values using the 6 calculated standard deviations 6(8) and the 6 mean NEE
values. This procedure was carried out for each dataset of the five EC tower distances and
again for each of the four uncertainty estimation methedsschemes so that altogether 20x2
linear regression equations were derived. The significance of the correlation between the
NEE magnitudes and the standard deviations 6(§) was tested with the p- value determined
with the Student’s t-test based on Pearson's product moment correlation coefficient r.
Moreover, the 95% confidence intervals of the slope and the intercept for each liner
regression equation were determined. The linear regression equations were calculated
imposing as constraint an intercept >= 0, because a negative standard deviation is not
possible. With those linear regression equations, the uncertainty for the individual half-hourly
NEE measurement values of the permanent EC tower in Rollesbroich (EC1) were estimated
using the individual half-hourly NEE, values [umol m? s™'] as input (x) to calculate the

corresponding uncertainty 6(&) [pmol m? s™'] (y).

The described calculation of the individual NEE uncertainty values was done for all half
hourly NEE data, including those data points that were discarded by the weather filter
(Sect.3.4) and/or the sfd-correction: (Sect.3.3). Hence, for each of the four two-tower based
uncertainty estimation schemes the same amount of individual NEE uncertainty values was

generated.

{Fab-2)—These mean uncertainty estimates were used to evaluate the effect of the EC tower

distance as well as the sfd-correction {see-3-4)-and the weather-filter {see3-5)-on the two-
tower based uncertainty estimation. Even though Hollinger et al. (2004) and Richardson and

Hollinger (2005) already pointed out that the two-tower approach assumes similar

15
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environmental conditions and non-overlapping footprints, we applied the classical approach
for all EC tower distances, even if these basic assumptions were not fulfilled, to allow for a
comparison of the results before and after the usage of the weather-filter and the sfd-

correction (extended two-tower approach).

3.4.3.3. Correction for systematic flux differences (sfd-correction)
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land—surface—properties other factors such as instrumental calibration errors can cause

systematic flux differences between two towers. Because these flux differences are not

inherent to the actual random error of the measured NEE at one EC tower station they lead to

an overestimation of the two-tower approach based uncertainty. Therefore, we extended the

classical two-tower approach with a simple correction step for systematic flux differences
(sfd-correction). The reason why systematic flux differences can statistically be separated
quite easily from random differences of the EC flux measurements is their fundamentally
different behavior in time: random differences fluctuate highly in time whereas systematic
differences tend to be constant over time or shewslow—variations:vary slowly. The sfd-

correction introduced is similar to the second correction step in Kessomkiat et al. (2013,

Equation 6 therein), but adapted to the measured NEE instead of latent and sensible heat

17
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#megAn averaging time interval of 12 hours was used to calculate the

running mean for the sfd-correction. For each moving average interval, the mean NEE|,, of

one EC tower (separately for EC1 and EC2) [umol m™ s™'] and the mean CO, flux averaged
over both EC towers NEE)t 12, [umol m> s‘l] were calculated to define the sfd-correction

term which was used to calculate the corrected NEE,,, [imol m> s'l]:

[T —

NEE ppy = - NEE

NEErz NEE,n Eq. 42

NEE is the single half-hourly, processed NEE value [pmol m™ s™'] of one EC tower. Only if
both NEE data, NEE gc).- for the permanent EC1 tower and NEE gc,. for the second tower,
were available at a particular half hourly time step and if both values were either positive or
negative, the respective data were included to calculate the sfd-eerreetion—term-correction

term. The running averages were only calculated if at least 50% of the data for NEE gci._and

NEE gc> remained for averaging in that particular window. Due to the frequent occurrence of

gaps in the data series the amount of available NEE,.,,. values considerably decreased by

applying stricter criteria like 70% or 90% data availability (Tab. A2). We assume a 12 hour

averaging period to be long enough to exclude most of the random error part but short enough

to consider daily changes of systematic flux differences. For a six hour interval for instance

the uncertainty of the mean NEE is usually higher. For larger window sizes (24 or 48 hours)

further analysis was hampered by too many data gaps, i.e. the 50% criterion was hardly ever

fulfilled and not enough averages remained to allow for the two-tower based uncertainty

estimation (Tab. A2). The correction was done separately for positive and negative fluxes,

due to the different sources, properties and magnitudes of the CO; flux measurements and

18
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different errors for daytime (negative) and nighttimenight-time (positive) fluxes (e.g.

Goulden et al., 1996; Oren et al., 2006; Wilson et al., 2002). AEE,,..~was-ealeulated-onbyifat

The final sfd-corrected NEE!,,, values for EC1 and NEE2.,, values for EC2 should not be
understood as corrected NEE flux data. They were used only to enhance the two-tower based
uncertainty estimation in a way that systematic flux differences which cause an
overestimation of the uncertainty are filtered out. Moreover, systematic flux differences at
two EC towers are not to be confused with systematic errors, which are independent of the

uncertainty estimation method and optimally corrected before the random error is estimated.

3.5.3.4. Filter for weather conditions

For larger distances of two EC towers, such as the 20.5 km and 34 km distance in this study,
different weather conditions can cause differences of the measured fluxes in addition to the
different land surface properties. Some weather variables (e.g. temperature) are following a
clear diurnal and annual course and differences in e.g. temperature at two EC towers are
therefore relatively constant. This is expected to cause rather systematic differences in the
measured NEE which can be captured with the sfd-correction. However, other variables such
as wind speed or incoming short wave radiation are spatially and temporally much more
variable, for example related to single wind gusts or cloud movement. Differences in the
measured fluxes at two EC towers caused by those spatial-temporally highly variable weather

variables cannot be captured well with the sfd-correction term due to this “random character”.

19

[Formatted: Font: Italic




469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

However, a weather filter can account for this because it compares the differences in weather

variables at each single time step. Henee—we—additionally—applied—a—weather filter to

were-also-used-inre-g- Therefore a filter for similar weather conditions was applied in addition

to the sfd-correction following Hill et al. (2012) and Richardson et al. (2006)-as-indicatorsfor

introdueed to only include half hourly NEE data, if the weather conditions at the second EC

tower are similar to those at the permanent EC1 tower location in Rollesbroich. Following the
definition in Richardson et al. (2006), similar weather conditions were assuimed-to-be-present
ifthe-defined by a temperature difference was-< 3°C; thewind speed difference #-wind-speed

< 1 m/s and the-difference in PPFD < 75 umol m™ s'. The weather-filter was applied for-each

half-hourly—time—step—for—bethbefore the (classical) uncertainty estimation and the sfd-

corrected—dataset—as—well-as—for-the non-corrected-AEE—datacorrection. As shown e.g. in
Tsubo and Walker (2005), the incoming short wave radiation (or solar irradiance SI) and the
photosynthetically active radiation (PAR) are linearly correlated. Accordingly SI and PPFD
measured at the EC1 station in Rollesbroich were also linearly correlated. Because direct
PPFD measurements were not available for all measurement periods, we derived a linear
regression equation on the basis of all SI and PPFD data for the permanent EC tower station
(EC1). Using this equation, missing PPFD values were estimated if only SI but no PPFD data

were available at a certain time step.
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3.6:3.5. Footprint analysis

The footprint analysis was applied to quantify the percentage footprint overlap of the two EC-
stations during the measurement periods. This information was not used to filter the data but
to allow for a better understanding of the mean uncertainty estimates for the different

scenarios. -Using the analytical model of Kormann and Meixner (2001) implemented in the

TK3.1 software -eucosial 20— beeumplaii > copres copuibuion wone quaniiled

(defined-bytarget+and-target 2)—(Mauder and Foken, 2011), a grid of estimated source

weights (resolution 2 m, extension 1 km by 1 km) was computed for each half-hour and

station position. The overlap between the footprints of two simultaneously measuring towers

was then quantified as:

N M
002(6) = Y ) min(i (Y, 0, fo06,y, ) rus
x=1y=1
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The indices 1 and 2 indicate the tower and ¢ the time (in our case, half-hour). N and M are the

number of pixels in east-west and north-south direction, x and y the respective running

indices. The minimum function min() includes the source weight / computed for the

respective tower, X and vy location, and half-hour. O is 1 if both source weight grids are

identical, and 0 in case of no overlap. During stable conditions, the footprint area of a tower

increases and can result in considerable source weight contributions from outside the

modeling domain. Assuming that two footprints which overlap highly in the modeling

domain likely continue to overlap outside the modeling domain, O as defined above might be

low-biased in such cases. We therefore additionally considered a normalized version

O/min(XXf;, £¥f;) as an upper limit estimate of the overlap. The overlap for the additional

sites Kall and Merzenhausen more than 20 km away was assumed zero.

3.7.3.6. Comparison measures

To compare and evaluate the two-tower based uncertainty estimates, we calculated random
error estimates based on Mauder et al. (2013) as a reference. This reference method is
independent of the two-tower based approach, because data of only one EC tower are used to
quantify the random error of the measured fluxes and raw data instead of the processed fluxes
are used. The raw-data based random error estimates — the instrumental noise 675 and the
stochastic error o$59°" — were calculated independently. Generally,—the—instrumentnoise

waﬁmekm4s4}Mauder et al. (2013) determine the instrumental noise based on signal

autocorrelation. Following Finkelstein and Sims (2001) the stochastic error is calculated as

the statistical variance of the covariance of the flux observations. Generally, o7o;°¢ was
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considerably lower than 65t9°", The total raw-data based random error 6,,, [umol m™s"]

. ; . 2 2
was calculated by adding 6701¢ and 655" “in quadrature” (0., = \/ oSLoch” 4 gnoise

according to Aubinet et al. (2011, p.176). The mean reference o.,,, used for the evaluation of

the two-tower based random error estimates was calculated by averaging the single raw-data

based-MEEuneertainty-half-hourly o.,, values measured-atfor the permanent EC1 tower in

Rollesbroich. In order to be consistent with the two-tower based calculations, exactly the
same half hourly time steps of the EC1 data series used for the two-tower based uncertainty
estimation were used to calculate the corresponding mean reference values ooy, As indicator
for the performance of the two-tower based uncertainty estimation schemes applied for the

five different EC tower distances, the relative difference A ooy [%] of a two-tower based

uncertainty value [pmol m? 5] and the reference value oey [pmol m? 5] was calculated:

() —o Egq.
Aoy [9%] = 20 = %eor , 109 54

JCOV

Then, A o, values were compared for the different EC tower separation distances and two-

tower based uncertainty estimation schemes-euthined-in-seetion3-3-. The performance of the
two-tower based uncertainty estimation was considered better if 6.o,[%] was smaller.closer to

Z€ro.
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4 Results

4.1. Classical two-tower based random error estimates

Fig.2 and Fig.3 show the linear regressions of the random error o(d) (also referred to as
“standard error” or “uncertainty”’) as function of the NEE magnitude determined
withaccording to the classical two-tower approach {witheutsfd-correction)-for the different
EC tower distances without weather-filter (Fig.2) and with weather-filter (Fig.3). The dashed
linear regression lines denote that the linear correlation between o(3) and NEE is weak (p >
0.1), which is in particular true for the positive NEE values measured atfor 173 m and 20.5
km EC tower distances as well as for the negative NEE values atfor 20.5 km and 34 km
distance. The 95% confidence intervals of the respective slopes and the intercepts are
summarized in the Appendix (Tab.Al). Uncertainty estimation with the classical two-tower
approach is critical for those larger distances because measured flux differences caused by
different environmental conditions at both EC towers can superimpose the random error
signal which e.g. originates from instrumental or turbulence sampling errors. This weakens
the correlation of the random error and the flux magnitude. This is not surprising since
Hollinger et al. (2004) and Richardson and Hollinger (2005) already pointed out that similar
environmental conditions are a basic assumption of the two-tower approach. —Therefore,
statements of how the weather filter affects the mean uncertainty estimate o(d) for those large

distances need to be treated with caution.

The weather-filtering only increased the correlation between the flux magnitude and the
random error o(5) for positive fluxes for separation distances of 173 m and 20 km whereas in
most cases the linear correlation was weakened, mainly due to a decreased number of

samples in each averaging group of the NEE flux magnitude. Therefore, testing stricter
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weather-filter criteria (e.g. wind speed < 0.5 m/s, PPFD < 50 pmol m™ s™', Temp < 2 °C),
which caused a decline of samples in each group from e.g. n > 1000 to 24 or less, resulted in

an-even-weakercorrelation-of the flux-magnitude-and-the randem-errer-e(o):little meaningful

results.

As illustrated in Tab.2, the mean NEE uncertainty estimate based on the classical two-tower
approach increased as a function of EC tower distance. However, without applying the
weather-filter, the mean uncertainty ¢(3) was nearly identical for the two largest distances
(20.5 km and 34 km), although e.g. the land cover and management in Merzenhausen (EC3

tower at 34 km separation) were different tefrom the Rollesbroich site. As a result of the

weather-filtering, the mean uncertainty estimate—deereasedwas less overestimated for the

distances 173m (by1+0-8%)-and 20.5 km—(by13-6%).. However, for the 95 m and 34 km

distance, the meanoverestimation of the uncertainty estimate increased by the weather-

filtering by—up-to15%—(95-m(Tab.2). This implies that for the classical two-tower approach
(without sfd-correction) weather-filtering did not clearly reduce the overestimation of the
uncertainty for largest EC tower distances (20.5 km and 34 km) where weather-filtering is

expected to be particularly relevant. -

Comparing the mean uncertainty estimates determined—withof the classical two-tower

approach witheut—weatherfilter (6(8)}and—with—weatherfilter (6(8)p—with the reference

random error estimates G, —Fab-2), indicates that e(6)-and—e(8)both with and without

weather filter the uncertainties were overestimated (Tab.2), for each-ofthefiveall EC tower

differences. This could be expected for the large distances, because basic assumptions for the
application of the classical two-tower approach are violated for these large distances. But

results illustrate that even for short EC tower distances NEE uncertainty estimated with the
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classical two-tower approach results-in-an-everestimation-of the NEEuneertainty-compared

teis larger than the raw-data based appreachestimates (Tab.2).

4.2. Extended two-tower approach

The scatter plots in Fig.64 illustrate the effect the sfd-correction (Eq.42) had on the difference
of the NEE data simultaneously measured at both EC towers (NEE gc)- and NEE gc;.). The
sfd-correction reduced the bias and scattering, because systematic differences of the
measured fluxes, e.g. induced by different environmental conditions, were removed. As
expected, the effect of the sfd-correction was considerably higher for the larger EC tower
distances because environmental conditions are also expected to differ more if the distance of
two locations is larger. For the 8 m EC tower distance for instance, the effect of the sfd-
correction is very minor because footprints are often nearly overlapping. However, for the EC
tower distances >= 173 m, the bias and scattering of NEE gci. and NEE gc,. was considerably

reduced by the sfd-correction.

A comparison of Fig.2 and Fig.45 illustrates how the sfd-correction affected the linear
regression of the NEE standard error as function of NEE flux magnitude: The sfd-correction
considerably #mprevedenhanced the correlation of NEE,,, and the standard error 6(d), for

the EC tower distances 20.5 km and 34 km from R*>= 0.15 to R* >= 0.79 {with p—<=

0-05)43.

Applying the sfd-correction (without weather-filter) reduced the mean uncertainty value by

36-741.6% to 56.9% for the 8-m-distance; 43-4%forthe- 95-m-distance; 48-7% for-the 17 3-m;
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indieatesindicate that the correction for systematic flux differences considerably improved the

two-tower based uncertainty estimate:-As—Fab—2-shews; for the distances >8 m (Tab.2): The

difference A o,y of-the—independent—uncertainty—estimates—6(8)con—and—6.0—Was notably

smaller (<=49:6(< 56.8%) for all distances except the 8 m distance compared to A 6oy

between—6..—and—the—uneertainty—estimate—e(8)—determined with the classical two-tower

approach (==249-1(< 274.7%). The most considerable improvement was achieved for the 95
m EC tower distance (A-6..,.—101-4% before-and—2.6% after sfd-correction)-and the 173 m
distance{A-6..,=8F 7% before-and 7% after sfd-eorrection). Additional application of the
weather-filter (Fig.56) on the sfd-corrected NEE,,, data reduced the mean uncertainty
estimate 6(8)eor by it the 20 S om0 oo divinnes s b £ 00 Loe e 2 s
distance-and-improved-the uncertainty estimates by 3323.3% and 17% compared-to—A 6oy
witheut-the-weatherfilterapphed2.9% for the 20.5 km and the 34 km EC tower distance and

reduced A 6oy by 57.7% and 7.7%. The effect of the weather-filter on the uncertainty

estimates of the shorter EC tower distances was very minor (Tab.2). As—shewn—in—+tab2;

theThe uncertainty estimates 6(8)corr determined with the extended two-tower approach are

nearly—identiealteagree best with the independent reference values .., for the EC tower

distances 95m and 173 m, suggesting that those distances were most suitable for the

application of the extended two-tower approach. The NEEuneertainty-6(0)cqy sestimatedfor
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4.3.Discussion

The results show that the two-tower based uncertainty estimates (both classical and extended
two-tower approach) were smallest for the 8 m distance. This can be explained with the
results of the footprint analysis: While the average percentage footprint overlap is 26-4%13%

(normalized 19%) for the 95 m EC tower distance and only 6:9%4% (7%) for the 173m EC

tower distance, it is 6+2%68% (80%) for the 8 m EC tower distance. The merefrequent
everlappingstronger overlap of the 8§ m distance footprint areas is associated with a more
frequent sampling of the same eddies. As a consequence, part of the random error was not
captured with the two-tower approach. If EC towers are located very close to each other (< 10
m) and the footprint overlap approaches 100%, only instrumental errors and stochasticity
related to sampling of small eddies will be captured with the two-tower based uncertainty
estimate. Because the EC measurements are statistically not independent if the footprints are

overlapping, the classical EC tower method is not expected to give reliable uncertainty

estimates for very short EC tower distances (Hollingerand Richardson; 2005 Hollingeret-al;

sti-higherthantheraw-data—basedreference—~valae(Hollinger et al., 2004; Hollinger and

Richardson, 2005). However, without applying the sfd-correction, the mean uncertainty

estimate o(6) was higher than the raw-data based reference value ., which includes both the

instrumental noise 07%'*¢and the stochastic error o$59". The raw-data based instrumental
: noise ; 2 1 S 2, -1/ noise stoch

roise-Opgy - itself was only 0.04 umol m™s™ of 0.6964 pmol m™s ~ (eaes+o62.2)-for the

dataset of the 8 m EC tower distance. The mean uncertainty value derived with the

elassiealextended two-tower approach o(0)... for the same dataset was Q#é—ptmel—m_z&ﬂmé

thuslower than o(8) but still considerably higher than 672:5¢, suggesting that even at 8 m EC

tower distance instrumentation errors were only a minor part of the two-tower based
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uncertainty estimate. FThis—is—in—ecorrespondence—with—the—result—that—the sfd-corrected

For the larger separation distances 95 m or 173 m;—feetprints—were— with notably less
everlapping—andfootprint overlap turbulence sampling errors are almost fully accounted for
by a two-tower approach. (It should be noted that forest stations, with a typically larger
aerodynamic measurement height and footprint size, will require larger separation
distances-)-). However, different land surface properties and management are more likely for

the larger separation distances and can cause systematic flux differences that should not be

attributed to the random error estimate. The-effeet-ofwithinsite-heterogeneityefland surface

footprintanalysis)-As outlined in section 2, land surface properties related to management

(e.g. nutrient availably due to fertilization), soil properties (bulk density, skeleton fraction),

soil carbon-nitrogen pools, soil moisture and soil temperature are heterogeneously distributed

at the Rollesbroich site. The effectéusins
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the—site (Qu—et—al; 2014 —inprep-y—The-affeet of soil moisture, soil temperature and soil

properties on CO, fluxes (respiration mainly) is well known (e.g. Herbst et al., 2009;
Flanagan and Johnson, 2005; Xu et al., 2004; Lloyd and Taylor, 1994; Orchard and Cook,
1983) as well as the role of grassland management (e.g. Allard et al., 2007). Results indicate

that an overestimation of the two-tower based uncertainty caused by different land surface

properties in the footprint area of both EC towers can be successfully filtered out by the

extended approach. It should be noted that a shorter moving average interval of the sfd-

correction term (e.g. 6 hours instead of the applied 12 hours window; Tab.A2), results in

slightly lower uncertainty estimates compared to the reference. This can be explained by a

possible “over-correction” of the NEE data related to a too short moving average interval for

calculating the sfd-correction term. It needs to be emphasized that the estimated mean NEE

values of the moving average intervals are associated with uncertainty. As mentioned, the

moving average interval should be long enough to exclude random differences of the

simultaneously measured fluxes but short enough to limit the impact of non-stationary

conditions. However, the 12hr running mean NEEI and NEE?2 values (NEE,,) as well as the

respective means of NEEI and NEE2 (NEE,r 1,) used to calculate NEE,. (Eq.2) are

uncertain because they still contain the random error part which cannot be corrected or

filtered out. This uncertainty in the mean is expected to be higher for a shorter averaging

interval such as 6 hours. Therefore, completely correcting the difference in mean NEE

slightly overcorrects systematic differences in NEE. —Jt—is—expeeted—that—systematie
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phetesynthesis—which—also—agrees—with—thefindings—inIn general results were not very

sensitive to different moving average sizes of the sfd-correction term and data coverage

percentages defined for this interval (Tab.A3).

It is expected that systematic differences in measured NEE caused by spatially variable land

surface properties are stronger during the night than during the day since they affect

respiration more directly than photosynthesis (see e.g. Oren et al., 2006)—Hewever;since-our

Moreover, during night-time and/or winter (positive NEE), some conditions associated with

lower EC data quality such as low turbulence, strong stability, and liquid water in the gas

analyzer path prevail more often than in summer and/or daytime (negative NEE). The less

severe cases of such conditions are not always completely eliminated by the quality control.

In time series of eddy-covariance fluxes this typically shows up as implausible fluctuations of

the flux during calm nights. This is reflected by plots of NEE flux magnitude versus

uncertainty (Fig.2-3; Fig.5-6) showing higher uncertainties for positive compared to negative

NEE data which agrees with previous findings (e.g. Richardson et al., 2006).

At very large EC tower distances (20.5 km, 34 km) footprints were not overlapping and the
environmental conditions were considerably different; in particular for the EC tower setup
Rollesbroich/Merzenhausen with different land use (grassland/crop) and climate conditions

{seetion—2).. For those distances, the relative difference A o, between -the-reference—value
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ocov and o(d) (classical two-tower approach) was much larger than fertherelative-differenee
A ooy between ogoy and o(8)cors (extended two-tower approach). Fhe-uneertaintyestimate
improved A 6., was reduced by 8685.7% for the 20.5km distance and 8279.3% for the 34km

if both sfd-correction and weather filter were used. However, after applying the sfd-

correction and the weather-filtering, the mean uncertainty estimate was still higher than the

raw-data based reference value (Tab.2), suggesting that for these large EC tower distances the

sfd-correction and the weather-filter do not fully capture systematic flux differences and

uncertainty is still overestimated by the extended two-tower approach. This can have

different reasons. We assume the major reason is that the weather-filter is supposed to

capture all measured flux differences that can be attributed to different weather conditions at

both EC towers which cannot be captured with the sfd-correction. Applying stricter

thresholds could increase the efficiency of the weather filter but in our case the reduced

dataset was too small to allow further analysis. In general, the weather-filter did not improve
the uncertainty estimates as much as the sfd-correction. However, this does not imply that
differences in weather conditions are negligible when applying the extended two-tower

approach for larger EC tower distances. In fact the systematic part of measured EC flux

differences between both towers caused by (steady, systematic) among-site differences in

weather conditions were already partly captured with the sfd-correction. for—thetargeEC

173-m-distanee-In_contrast, such systematic differences were difficult to capture with the

weather-filter because much lower thresholds would have been required.
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The absolute corrected and weather-filtered uncertainty value 6(8)corrs [mol m? s'] was
slightly lower for the 34 km EC tower distance than for the 20.5 km EC tower distance
(Tab.2),—which-is—counterintuitive:). The raw-data based reference—valie ¢y [tmol m? s
however was also smaller for the 34 km dataset than for the 20.5 km dataset which can be
related to the different lengths and timing (i.e., different seasons) of the measurement periods
for each of the five EC tower distances: The roving station was moved from one distance to
another within the entire measurement period of ~ 27 months. During this entire time period
of data collection, the length and timing of the single measurement periods varied for the five
EC tower separation distances (Tab.1). This is not optimal because the random error is
directly related to the flux magnitude and the flux magnitude itself is directly related to the
timing of the measurements. Because in spring and summer flux magnitudes are higher, the
random error is generally higher as well (Richardson et al., 2006). To reduce this effect, we
captured spring/summer as well as autumn/winter months in each measurement period
Fab1)-. However, the timing of the measurements and the amount of data available were not
the same for the five EC datasets. In particular the permanent EC tower in Merzenhausen
(EC3—in34-tandistaneeto—ECH was measuring considerably longer (> 2 years) than the
roving station did for the other four EC tower distances. Therefore, differences of the mean
uncertainty estimates for the five measurement periods were partly independent of the EC
tower distance. This effect gets obvious when looking at the mean uncertainties Gy
estimated with the reference method, which should be independent of the distance but were
also found to be different for each dataset of the five EC tower distances. Against this
background, statements about how EC tower distances affect the two-tower based uncertainty

estimate need to be treated with caution.
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corrected—or—filtered—out—The NEE uncertainty o(8)cors estimated for the grassland site

Rollesbroich agree well with the NEE uncertainty values for grassland sites by Richardson et

al. (2006), and also the regression coefficients (Fig. 2-3; Fig.5-6, Tab. A1) do not show large

differences. This can be expected since Richardson et al. (2006) applied their method for a

very well-suited tower pair with low systematic differences. such that the classical approach

and our extended approach should approximately converge. However, identical results are

unlikely because even for two very similar neighboring sites some systematic differences

occur. In addition, the random error is expected to vary between sites (see e.g. Mauder et al.,

2013) which is in part related to instrumentation.Fhaere
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5 Conclusions

When estimating the uncertainty of eddy covariance net CO, flux (NEE) measurements with
a two-tower based approach it is important to consider that the basic assumptions of identical
environmental conditions (including weather conditions and land surface properties) on the
one hand and non-overlapping footprints on the other hand are contradicting and impossible
to fulfill. If the two EC towers are located in a distance large enough to ensure non
overlapping footprints, different environmental conditions at both EC towers can cause
systematic differences of the simultaneously measured fluxes that should not be included in
the uncertainty estimate. This study for the grassland site Rollesbroich in Germany showed
that the extended two-tower approach which includes a correction for systematic flux
differences (sfd-correction) can be used to derive more reliable (less overestimated)
uncertainty estimates compared to the classical two-tower approach. An advantage of this
extended two-tower approach is its simplicity and the fact that there is no need to quantify the
differences in environmental conditions (which is usually not possible due to a lack of data).
Comparing the uncertainty estimates for five different EC tower distances showed that the
mean uncertainty estimated with our extended two-tower approach for the 95 m and 173 m
distances were nearly identical to the random error estimated with the raw-data based
reference method. This suggests that these distances were most appropriate for the
application of the extended two-tower approach in this study. Also for the largest EC tower
distances (20.5 km, 34 km) the sfd-correction significantly improved the correlations of the
flux magnitude and the random error and significantly reduced the difference to the

independent, raw data based reference value. We therefore conclude that if no second EC
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tower is available at a closer distance (but available further away), a rough, typieallyprobably
overestimated NEE uncertainty estimate can be acquired with the extended two-tower

approach-even although environmental conditions at the two sites are not identical.

A statement about the transferability of our experiment to other sites and EC tower distances
requires further experiments. However, we assume transferability is given if both EC towers
are located at sites of the same vegetation type (e.g. C3-grasses, C4-crops, deciduous forest,
coniferous forest, etc.). Flux differences caused by a different phenology can be very hard to
separate from the random error estimate, even though they are expected to be mainly
systematic and could therefore be partly captured with the sfd-correction. Moreover, the EC
raw data should be processed in the same way (as done here) and the measurement devices
should be identical and installed at about the same measurement height. Important is also that
the instruments are calibrated thoroughly and consistently. Because this was true for the three
EC towers included in this study-(Fab-+See2);, we conclude that systematic flux differences
that are corrected for with the sfd-correction arise mainly from different environmental

conditions whereas calibration errors are assumed to have a very minor effect. H-these

Different weather conditions at both EC tower sites are a main drawback for twe-tower

approach—applications-_of the two-tower approach. While systematic differences of the

weather conditions are expected to be captured by the sfd-correction, less systematic weather
fluctuations e.g. related to cloud movement, are difficult to be filtered of the two-tower based
uncertainty estimate. Applying very strict thresholds is-geed-in-theery-but-can in-practice-lead
to a reduetion—ofthe—data—in—a—waythatafterwards—it-often—cannot-beappledforfurther
statistical—analysis—Fhis—is—in—partienlarproblematietoo_small dataset, especially if the
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measurement periods are short;-as-in-thisstuey. If EC raw data is available, we recommend to

use an uncertainty estimation scheme like the one presented in Mauder et al. (2013).
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EC1/EC3 (34 km) | 0.205 0.132 0.279 | 0.029 -0.278 0.337

*Mygwers Mypper- loWer and upper 95% confidence interval for slope m «

*blowers Duppers lower and upper 95% confidence interval for intersect b
a(d), 6(d);: uncertainty estimated with classical two-tower approach without & with weather filter (f)

I(8)corrs 0(8)corr £ UNCertainty estimated with extended two-tower approach

Tab. A2: R’ for NEE uncertainty determined with the extended two-tower approach (including sfd-
correction _and_ weather-filter) as function of NEE.,., magnitude and for 20.5km_EC tower
distance. Results are given for different moving average time intervals (6 hr, 12 hr, 24hr) and data
coverage percentages (25%, 50%, 70%) for the calculation of the sfd-correction factor (Eq.2)

6h 12h 24h
30% 0.73:0.84: (937) 0.92:0.72: (904) 0.84: 0.82: (597)
50% 0.58:0.85: (710) 0.7:0.43: (463) - -1 (32)
70 % 0.77.0.78: (408) 0.66; 0.08; (148) - -:(0)

black: for negative NEE: grey: for positive NEE; (): total number of half-hourly NEE left after sfd-correction
and weather filter to build bins for NEE uncertainty versus NEE magnitude regressions (Fig.5 for 12h & 50 %)

Tab. A3: Relative difference [%] of mean uncertainty 6(9)...,_estimated with the extended two
tower approach and the reference o.,, for EC tower distances > 8m

Diff A6y, (6h) Ac,y, (12h Ay, (24h)
30% -0.8:39.3 4.8:55.5 10.9: 59.9
50% -9.3:32.5 -1.5:412 -

70% -10.5:24.3 -5.2:102 -

black: mean Ac,., for 95m and 173m distance ; grey: mean AG,,,_for 20.5 km and 34 km distance
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Table Captions

Tab. 1. Measurement periods and locations of the permanent EC towers in Rollesbroich
(EC1) and Merzenhausen (EC3) and the roving station (EC2)

Tab. 2. Mean NEE uncertainty [pumol m? s for five EC tower distances estimated with the
classical two-tower approach, with and without including a weather-filter (c(3), o(8)¢
). and with the extended two-tower approach (sfd-correction), also with and without
including a weather-filter (6(8)corr, 6(8)cor,r ). The table also provides the random error
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Geov [tmol m™ s™'] estimated with the raw-data based reference method (Mauder et al.
2013).

Figure Captions

Fig. 1. Eddy covariance (EC) tower locations in the Rur-Catchment (center) including the
Rollesbroich test site (left), with the target areas defined for the footprint analysis

Fig. 2. NEE uncertainty (d) determined with the classical two-tower approach as function of
the NEE flux magnitude for the EC tower distances 8m (a), 95m (b) , 173m (c),
20.5km (d) and 34km (e). (Dashed line: linear correlation not significant (p>0.1))

Fig. 3. NEE uncertainty (0) determined with the classical two-tower approach as function of
the NEE flux magnitude including the application of the weather-filter for the EC
tower distances 8m (a), 95m (b) , 173m (¢), 20.5km (d) and 34km (e). (Dashed line:
linear correlation not significant (p>0.1))

Fig. 4. Scatter of the NEE measured at EC1 (NEE.gc;.) and NEE measured at a second tower
EC2/EC3 (NEE.gc;.) for the uncorrected NEE (left) and the sfd-corrected NEE o
(right) for the EC tower distances 8m (a), 95m (b) ., 173m (¢), 20.5km (d) and 34km

©)

Fig. 5. NEE uncertainty 6(8)cor determined with the extended two-tower approach as
function of sfd-corrected NEE,,; magnitude (Eq.32) for the EC tower distances 8m
(a), 95m (b) , 173m (c), 20.5km (d) and 34km (e) (Dashed line: linear correlation not
significant (p>0.1))

Fig. 56. NEE uncertainty o(8)cor determined with the extended two-tower approach as
function of sfd-corrected NEE,, magnitude (Eq.22) including application of the
weather-filter for the EC tower distances 8m (a), 95m (b) , 173m (c), 20.5km (d) and
34km (e) (Dashed line: linear correlation not significant (p>0.1))
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Tab. 1. Measurement periods and locations of the permanent EC towers in Rollesbroich (EC1) and
Merzenhausen (EC3) and the roving station (EC2)

. . Distance . alt.
Coordinates Sitename to EC1 Measurement period (m)
EC1 | 50.6219142N/6.3041256 E Rollesbroich - 13.05.2011 - 15.07.2013 514.7
50.6219012 N/ 6.3040107 E . 29.07.2011 - 06.10.2011
506219012 N /6.3040107E ~ Rollesbroich — 8m 05.032013— 15052013 148
50.6217990 N/ 6.3027962 E Rollesbroich 95m 07.10.2011 — 15.05.2012 516.3
EC2 50.6210472 N/ 6.3042120 E 01.07.2013 - 15.07.2013 517.3
50.6217290 N/ 6.3016925 E Rollesbroich 173m 24.05.2012 — 14.08.2012 517.1
.. 14.08.2012 - 01.11.2012
50.5027500 N/ 6.5254170 E Kall-Sistig 20.5 km 15.05.2013 — 01.07.2013 498.0
EC3 | 50.9297879 N/ 6.2969924 E Merzenhausen 34 km 10.05.2011-16.07.2013 933

Tab. 2. Mean NEE uncertainty [umol m™ s'] for five EC tower distances estimated with the
classical two-tower approach, with and without including a weather-filter (6(9), 6(d);). and with
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1120 (@), 95m (b) , 173m (c), 20.5km (d) and 34km (e). (Dashed line: regression slope not significantly
1121 different from zero (p>0.1))
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