Reply to the reviewers

We would like to thank the anonymous referees for their constructive comments which helped us to
improve the manuscript. We adress their individual comments below. In the following, referee’s
comments are given in bold, author’s responses in plain text. Suggested new text is quoted in italics.

Anonymous Referee #1
Overview:

Conil, et al., have submitted a manuscript for publication detailing continuous greenhouse gas (CO.,
CH,, CO) observations at the Observatoire Pérenne de I'Environnement (OPE) station, France. The focus
of the manuscript is on multi-analyser (and multi-height sampling system) performance over a 7-year
period and subsequent analysis of the resultant quality controlled timeseries. Diurnal cycles, seasonal
cycles and inter annular trends are calculated and commented upon in context of air mass back
trajectory analysis. The OPE station is an important component of the ICOS network providing high
quality data. Such data uses will include national and pan-national ‘top down’ GHG inventory emission
monitoring.

The novelty of this manuscript is that this is the first time that the OPE station instrument performance
has been explicitly evaluated along with a preliminary analysis of data. The OPE continuous greenhouse
gas observations are conducted under the auspices of the ICOS in situ measurement framework, hence
all measurements, performance metrics, auditing techniques and data selection/filtering at OPE must
meet ICOS standards. OPE data is centrally processed at the ICOS-ATC. As such, the authors defer to
published work by Hazan et al., AMT, 2016 to define OPE station data calibration and quality assurance
procedures, thus the manuscript is the standard combination of site and meteorological descriptions,
instrument performance and time series evaluation, but with a very minimal section on measurement
calibration and data selection filtering.

The manuscript content is in the scope of the AMT journal. This research will be a welcome addition
to already published ICOS network literature and long term in situ analyser performance. Unfortunately,
the manuscript is let down in multiple critical areas and | do not recommend publication until the
issues listed below are addressed; either fixed or with a sufficient logical rebuttal. The language and
structure of the manuscript can be improved. Scientific methods and assumptions need to be clarified.
I have concerns (or maybe just a lack of detail) about the methodology of combining multiple
instrument data into a single timeseries. There is incomplete analysis of datasets (lack of uncertainty
estimates). There needs to be more collaborative evidence from peer reviewed literature to support
conclusions deduced from analysis.

The authors would like to thank the anonymous referees #1 for her/his constructive general comments.
We worked on the structure as well as the language to improve the manuscript. We added some new
texts to present the merging time series procedure. We also introduced some additional references as
suggested. The details are presented below regarding each specific comments)

Regarding the lack of uncertainty estimates, we agree with the referee that it is an important matter.
However, a full assessment of time varying uncertainties remains a real challenge for our community,
which has not yet succeeded in proposing a robust and operational methodology. An ICOS working
group is dedicated to make progress on this issue, and the outcome of the discussions will be
presented in a future paper. For the present work we are convinced that the QA/QC metrics, as well as
the intercomparison experiments results provide valuable qualitative informations about the data
quality at OPE Consequently we consider that the full uncertainty estimate is beyond the scope of this

paper.

S1/ AMT English guidelines and house standards: A major draw-back of the submitted manuscript is
that | do not believe the grammar meets the standard required for publication in AMT. The authors are
referred to AMT guidelines: https://www.atmospheric-measurement-
techniques.net/for_authors/manuscript_preparation.html There are many instances of incorrect
grammar use, such is non-defined subjects (nouns), use of colloquialisms, non-defined acronyms along
with simple grammatical errors. All such instances need to be corrected. This is no reflection on the
quality of the science presented and doesn’t detract (only distracts and introduces ambiguity) from the
novelty and importance of the presented subject matter along with the effort the authors have already
put into the manuscript. As an example, the majority of the first 18 technical comments (see below)
are related to grammatical errors in the abstract and first section of the manuscript. For the remainder
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of the manuscript review correction of such grammatical errors will be left out (to speed up the review),
and only commented upon if scientific clarity is required.

We altered the manuscript so that acronyms are defined the first time they are used. For the correction
of the simple grammatical errors and colloquialisms, the paper was corrected by an english native
speaker.

S2/ The term “Afternoon mean residuals” is introduced in the abstract and section 2.2, but the term is
not defined until section 4.5. A more detailed description is required early in the manuscript, or a
reference to later sections (i.e. see section XX for the definition of ‘Afternoon mean residuals”).

We have now rephrased sentence in the abstract and on line 12 page 4 as follows:

The afternoon mean residuals (defined as the differences between midday observations and a smooth
fitted curve)

S3/ Page 4, Line9 (pg4, L9). The criteria used to define the six clusters needs to be included.

The criteria used to select 6 clusters is based on the Total Spatial Variance computed by the HYSPLIT
clustering tool. It is a metric describing the sum of all the cluster spatial variances. For large number
of clusters it is quite low and it increases slowly as the clusters number decreases. At some point, the
Total Spatial Variance starts to increase significantly meaining that disparate clusters are combined
together. This number of clusters is selected as the optimal cluster number sorting similar trajectories.
We added the following sentence on page 5 line 2:

Based on the total spatial variance (TSV) metric, describing the sum of the within cluster variance, the
optimal number of clusters was six (lowest number with a small TSV). The TSV plot is shown on the
figure S1 in the supplementary material.

S4/ The section detailing the calibration strategy: pg 7, L5 to pg 8, L2 needs to be reorganised. The
section starts by explaining the cylinder measurements, then details the reference scale then back to
the routine operating sequence (including flushing). | suggest the routine operating sequence (sample
measurements, flushing, injections etc) be moved to the start, followed by the calibration (this will
logically allow how the calibration cycles fit into the overall measurement scheme ) then describe the
reference scale. Maybe include a table like Table 3 from Hazan, et al., AMT 2016 (H16) but specifically
for the OPE station operation.

We reorganised the section 2.3 following the reviewer #1 suggestion. A table S1 like Table 3 from
Hazan, et al. (2016) was included in the supplementary materials to describe the OPE routine
measurements sequence.

S5/ Concerning the performance and standard cylinders (pg 7 L10 to L15). As the manuscript reads,
the measurements made pre and post March 2016 are on difference scales for some species. Are
measurements all recalibrated onto the same scale (per species) later? The details are not clear if this
is done or not.

All the measurements were recalibrated on the same scale per species by the ATC. We added the
following sentence on p8 line 8:

All the measurements data presented here were recalibrated on those later scales.

S6/ The paragraph starting pg 8 L3 concerning the 14C0O2 measurements seems outside the scope of
this manuscript. Should it be removed along with the non-continuous GHG measurements listed in
Table 1? It seems the manuscript content is solely concerned with the description and data
interpretation of the continuous GHG analysers. The scope of the manuscript is stated on pg 2, L26:
“Describe the OPE station and measurement system. Present its performance...” | think the scope needs
to change to only include the continuous GHG systems, or the manuscript expanded to include
performance of all instruments...which could be a lot of work.

We agree with this comment. We removed the corresponding sentence about '*CO, measurements and
focus the scope in the introduction. We rephrased the last sentence of the introduction page 2 line 32 :

The main objectives of this paper are to describe the OPE monitoring station, the continuous GHG
measurements system, to present its performance and to draw some results from the first eight years
of continuous operations



S7/ Table 1 has columns of identical naming, i.e. period 1. | assume these are the start and stop dates
for each period? Column naming needs to be tidied up. Even if this was done, it is hard to understand.
Would the authors consider replacing the period columns with a time line graph, with each instrument
a separate bar? This way it would be easy to see dates and overlapping periods.

We included a time line graph as suggested by the reviewer and the table was moved to the
supplementary materials. The column names of the Table were modified to include the start and end
of each period.

S8/ Section 2.4 should be renamed ‘data processing’, (currently section 2.5). The first paragraph in
Section 2.5 needs to be put in this, along with the current section 2.4 as data processing should be
explained before combining any datasets. The second and third paragraphs in the current section 2.5
need to be moved to section 4.2 as it deals with analysis of a subsection of data. Current section 2.5
is now not needed.

We modifified the section 2.4 as suggested by the reviewer and removed the section 2.5, moving the
first paragraph to section 2.4 and some other parts to section 4.2.

Section 4.2 is now written as below :

Our aim in this paper is to draw the general behaviours of the major GHG at the station focusing on
relatively large scale. The station hourly time series exhibit strong variability from hourly to interannual
time scales. These variations may be related to meteorological and climate changes, and to sources
and sinks variations. We are mostly interested in the regional signatures at scales that can be
approached by the model inversion and assimilation framework. For this reason we want to isolate
from the time series and data aggregation the situations where the local influence is dominant and is
shadowing the regional signature. We then need to define the background signal on top of which the
regional scale signal is added.

Such local situations and background definitions may be extracted purely from time series analysis
procedures, or may be constrained on a physical basis. The main difficulty is to correctly define the
baseline signal of the measured time-series and to adequately flag local spikes. El Yazidi et al. (2018)
have assessed the efficiency and robustness of three statistical spikes detection methods for CO, and
CH, and have concluded that the two automatic SD and REBS methods could be used after a proper
parameters specification. We used the El Yazidi et al. (2018) method on the composite merged minute
time series to filter out « spike » situations. From this despiked minute dataset we built hourly means,
which were used to analyse the diurnal cycles. Focusing on data with regional footprints, we selected
only afternoon data with low hourly variability when the boundary layer is larger and the vertical mixing
is more efficient. We excluded data showing large variations by using the minute standard deviations.
Hourly data with minute standard deviations larger than three interquartile range computed month by
month were excluded from the afternoon mean, leading to a rejection of between 2.9 % and 4.2% of
the hourly means of the CO,, CH, and CO.

We then used the CCGCRV curve fitting program program from NOAA (Thoning et al., 1989) with the
standard parameters set (npoly=3, nharm=4) to compute the mean seasonal cycles and trends for the
three compounds. CCGCRV results were compared with similar analysis performed with the openair
package of R for the seasonal cycle and the trend using the Theilsen method. These seasonal cycle and
trend components of the time series are dominated by large-scale processes. In addition strong intra-
seasonal variabilities are observed that are related to local and regional scale factors. We then
computed the afternoon mean residuals from the seasonal cycle and trends using CCGCRV results.

S9/ For section 2.4, there is lot of broad qualitative reasoning for instrument issues. | recommend the
authors make more extensive use of H16 by referencing the types of QA/QC practise used and provide
a quantitative statistical summary of the OPE site, like that for OPE in table 6 of H16. On pg 10, L18 it
states, “Raw data is flagged using a set of parameters defined for the station and instrument”. This is
where a quantitative statistical summary for OPE specifically would be useful.

We added a table with the quantitative statistical summary of flagging and the following phrases on
pages 9:

For the Picarro G1301 #91, G2301 #379 and G2401 # 728 analysers, the internal flagging parameters
are the same as the ones shown on table 4 in Hazan et al. (201 6).

The list of descriptive flags available to the Pl for valid or invalid data is shown on the table 2 of Hazan
et al. (2016). The Table 2 presents the quantitative statistical summary of the status of the raw data



for the different instruments used at the OPE station. Details of the internal flagging associated with
the flags presented in the table below can be found in the table 6 of Hazan et al. (2016). Between 62%
and 72% of the raw data are valid while around 25% of the raw data are automatically refjected, 20%
being rejected because of stabilisation/flushing.

S10/ Table 2 is very complicated and hard to understand. The caption is not helpful. Possibly make a
bar plot, as in comment S7, or a table per species.

The table 2 was simplified and splitted by compound CO,/CH, and CO as suggested by the reviewer
#1

The caption was rephrased as

Order priority (main vs spare analysers) for the CO./CH, compounds with ICOS instrument identifiers
and associated period.

S11/ Combination of instrument time series. Please detail how priority is set, the instrument with the
best precision or ‘best’ QC/QA? Is there an ICOS procedure to follow for the combination of different
instrument timeseries at one location? | find figure 4 a very important piece of information in this
manuscript. The current figure does not relay much information. It effectively is central to the OPE total
timeseries, as such it would be very helpful to either change figure 4 to display statistics, such as box
whisker plots or include another table with the bias and spread of instrument overlap differences.
Something akin table 4 in Schibig, et al. (2015). In the final instrument combined time series are the
time periods of instrument overlap where there are large differences which instrument measurement
is kept? Or should such a disagreement exclude both measurements?

We added the following phrases on pages 9 and 10 to detail the priority setting :

From these individual time series, we built three combined time series for CO,, CH, and CO filling the
gaps when possible The objective is to provide users with continuous time series, combining valid
measurements in order to minimize the data gaps. Before the merging of the time series each
instrument is quality controlled individually, and only measurements which are validated by the
automatic data processing and the Pl are considered for the combined dataset. For each measurement
we indicate the reference of the measuring instrument (unique identifier in the ICOS database), which
gives the user the traceability of the analysers taken into account. To build these times series from
various analyser datasets we used the priority order given in Table 2 for CO, and CH, and Table 3 for
CO. The priority order is defined a-priori by the responsible of the station considering which analysers
are fully dedicated to the station for long term monitoring purposes. In general secondary instruments
are installed for shorter periods to perform specific additional experiments (like dry vs humid air
samples, line tests, flushing flow rate tests,etc). For example, 91 was the main instrument for CO, and
CH, followed by 379. While 91 was in maintenance, instruments 75 or 187 were used as spare
instruments. At the beginning of 379 operation, 91 was still the main instrument, to keep the
consistency of the time series as long as possible. When 91 operation stopped, 379 becomes the main
instrument. When 379 was in repair the instrument 187 was used as spare instrument again. For CO
the LGR analyser 80 was the main instrument followed by Picarro G2401 728. When the 80 was out of
order, we used either Picarro 187 or LGR 478 as spare instruments. In the case of the installation of
two instruments for long term measurements, then the priority order should take into consideration
the performance of each one. It is the responsibility of the station manager to change the priority list
in the ICOS database if needed.

Regarding the merging of the individual time series we did not filter out the data with large differences.
We did not find any significant time period (days) with systematic large differences. The persistent
presence of a bias between two instruments is used as an indication to perform checks on instruments
and air intake chains. For important differences, one of the instruments is generally disqualified based
on the tests performed. In the case of moderate differences, the objective is to use this information to
estimate uncertainties.

We added the following sentences on page 11 line 15:

No data filtering were applied regarding the differences and the overall biases are small (Table 53).
Large differences can be observed on short periods, especially when the atmospheric signal shows very
high variability. For such atmospheric conditions any difference in the time lag between air sampling
and measurement in the analyser cell has a significant influence. The persistent presence of a bias
between two instruments is used as an indication to perform checks on instruments and air intake



chains. For important differences, one of the instruments is generally disqualified based on the tests
performed. In the case of moderate differences, the objective is to use this information for estimating
uncertainties.

We added in the supplementary materials a table (S3) showing the statistics (minimum, 1st quartile,
median, 3rd quartile, maximum, mean, standard deviations and number of points) of the difference
between the afternoon (12:00-17:00 UTC) mean measurements of CO, and CH, of the different GHG
analysers operated at the same time at the OPE station at the 10m, 50m and 120m levels (figure 5
shows the 120m level plots)

S12/ There is no mention of the GAW-recommended compatibility limits (GAW, 2011) in section 3 (it
is mentioned in the travelling audit section, pg 16, L30). The authors may want to state the GAW
compatibility limits and how OPE CMR and LTR compare to these (such in the paragraph starting at pg
12, L15). Does ICOS have a precision and reproducibly limits that needs to be reached? If so this could
also be stated and OPE CMR and LTR statistics compare to this guideline instead of the GAW limits.

GAW: Report no. 194, 15th WMO/IAEA Meeting of Experts on Carbon Dioxide, Other Greenhouse Gases
and Related Tracers Measurement Techniques, Geneva, WMO/TD-No. 1553, 2011.

ICOS have specific precision and reproducibility limits as shown in the Atmospheric Station
specifications report (Laurent, 2017) as well as compatibility goals as WMO/GAW compatibility goals.

Component Guaranteed Precision! Repeatability?
Specification Range Std. dev. (1-6); Std. dev. (1-0);
1'/ 60" average raw data 10" average raw data
COz 350 - 500 ppm <50 ppb / 25 ppb < 50 ppb
CHs 1700 - 2900 ppb <1 ppb /0.5 ppb < 0.5 ppb
N20 300 - 400 ppb < 0.1 ppb / 0.05 ppb < 0.1 ppb
co 30-1000 ppb <2 ppb/1ppb <1ppb

Test conditions : dry air; room temperature : 20 °C + 2°C; room pressure: atmospheric pressure with a natural variation.

1 Measuring a gas cylinder (filled with dry natural air) over 25 hours: first hour rejected (stabilization time).

Z Measuring alternately a gas cylinder (filled with dry natural air) during 30 minutes and ambient air (not dried) during
270 minutes over 72 hours. Statistics based on the last 10 minute average data of each 30 minute cylinder gas injection
(first 20 minutes rejected as stabilization time).

Table 3 : Gas analyzer performance required by ICOS (as of November 2017)

We added a phrase regarding ICOS compatibility goal in the indroduction page 2 line 18

In the atmospheric monitoring network, ICOS targets the World Meteorological Organization (\WMO) /
Global Atmosphere Watch (GAW) compatibility goal WMO, 201 1) within its own network as well as with
other international networks.

We added the following phrases in the part 3 : Data Quality Assessment page 12 line 20

As ICOS targets the WMO/GAW compatibility goals within its atmospheric network, the analysers must
comply with the performance requirements specified in the Table 3 of the ICOS AS specifications report
(Laurent 2017). Precision limits of CO,, CH,and CO measurements are set to respectively 50 ppb, 1
ppb and 2ppb. Reproducibility limits of CO., CH, and CO measurements are set to respectively 50 ppb,
0.5 ppb and 1ppb.

S13/ CMR monthly means of the time series. Again, a very important part of the manuscript. CMR is
related to single instrument performance. Calculating and displaying the CMR of combined instruments
does not make sense and contradicts the definition of how the time series is constructed, in the sense
that data selection is based upon instrument priority, and exclusion of the lower priority instrument
data (pg 9, L2)? A combined CMR in Figure 5 (example 379:187) implies that the timeseries includes
all overlapping measurement data. Is this correct? Does ICOS allow this practise? If so, then CMR
calculation of a combined dataset should not be performed. | suggest that CMR should be calculated
for each individual instrument to be displayed in figure 5. This also applies to LTR statistics in figure
6.

In the merged minute/hourly time series there are no overlapping data but rather one mixing ratio
from one individual analyser for every hour/minute. CMR and LTR are calculated in the ICOS database



for each instrument individually. There is no averaging of uncertainites for multiple instruments
performed in the ICOS database. As we show monthly mean results, for some months, several
instruments were used and we averaged the individual results. Indeed the meaning of those mixed
values are questionable. We have left those values in the figure, where they are clearly labelled with
multiple idientifiers, and we have added a warning in the legend.

The merging of individual instruments makes it difficult to display the CMR results for CO on one single
plot as Picarro and LGR have very different intrinsic properties. The CO figure has been added in the
supplementary material (figure S2).

S14/ Pg 12, L3, “The time series of CO’s CMR o are not shown as the intrinsic properties of the Picarro
and Los Gatos Research analysers are very different making it difficult to compare on a same plot.”.
The performance of the instruments is central to this manuscript; thus, I think it is very important to
also present the CO CMRs. CO LTRs are displayed in figure 6. The CO CMRs for the Picarro and Los
Gatos can be displayed on separate plots.

The time series of CO’s CMR are now shown in the supplementary material (figure S2)

We changed the phrase by
The time series of CO’s CMR are shown in the supplementary materials (figure S2). The intrinsic
properties of the Picarro and Los Gatos Research analysers are very different making it difficult to
compare on a same plot .

S15/ Table 4. In both Picarro’s (187 and 728), LTR is significantly less than CMR. There is no mention
of this, or interpretation, as in principle LTR (reproducibility) should be greater than CMR
(repeatability). Could the author please comment on this. Pg 15, L11 discusses the Los Gatos
instruments but neglects to mention which species they are talking about.

In fact CMR, as defined in the paper, is closed to the 'precision’ value as indicated in analyser datasheet.
It is calculated as the standard deviation of the raw data (one point every 1 to 3 sec.) over one minute
intervals. LTR indeed is the reproducibility calculated as the standard deviation of target gas injections
(averages over several minutes) over 5 days intervals.It is especially true that CMR is larger than LTR
for the CO measurements of the G2401 analyser. It means that the raw data display relatively high
variabilities, but when averaged over several minutes they are quite stable on few days time scale
(meaning the instrument is not very sensitive to temperature/pressure variabilities).

We added the following sentences to the manuscript page14 line 17:

The Picarro 187 and 728 CO LTR are significantly lower than their CO CMR. This means that their raw
data have large high frequency variabilities but when averaged over several minutes these instruments
are quite stable (they are not very sensitive to atmospheric or pressure changes).

Regarding the Los Gatos instruments, the manuscript was modified as below (page 16) :
While Los Gatos Research instruments show lower CO LTR they have stronger temperature sensitivities
generating high short-term variability in conditions where the temperature is not well controlled

S16/ Pg 13, L14: “These two types of analysers have very different internal properties making it difficult
to show direct comparison.”. | disagree with this comment. CMR and LTR can be directly compared and
are defined to be independent of instrument internal properties. This is the idea behind using such
statistics. Table 4 indicates that instruments 80 and 478 have better CMR and LTR than instruments
187 and 728.

We agree with the reviewer #1 that CMR and LTR can be compared directly. We changed the phrase
by :

These two types of analysers have very different internal properties as shown on table 5. The CO CMR
results reflect such large difference (shown on figure S2), the CO CMR from Los Gatos Research
instruments being much lower than the CO CMR from Picarro.

S17/ Table 2 shows that the combined times series of CO includes measurements from all four
instrument timeseries. This means that the CMR and LTR of the timeseries will have step functions.
This should be mentioned in the manuscript (indirectly alluded to at pg 15, L8), preferably referencing
H16 (as to how uncertainty estimates are delivered in the end user database).

We agree with the reviewer #1 that combining different instrument results in steps in the CMR and LTR
and in the overall uncertainties

We added the following phrase (line 14 page 10)



Merging the individual timeseries in such a way implies that the merged time series show steps in their
uncertainties as individual analysers have different performance (see part 3 Data Quality Assesment
for details about the steps in the repeatability performance).

S18/ Pg 15, L25 to pg 16, L11. Just a comment: The audit shows differences. Was there a change in
OPE operation due to the audit results?

The audit shows difference but we were not able to address properly such differences. It was thus quite
difficult to change our sampling and measurement strategy without any guess on what to improve.
What we learnt from the audit was that we needed a simpler sampling system to use as a spare sampling
system and to check for sampling system artefacts.

S19/ Figure 7, A box whisker plot would convey the target tank statistics a lot clearer with a box
whisker plot per tank, per instrument. The cucumber tanks can be left as individual points.

A box plot would certainly convey the target tank statistics clearly. But the point of this plot is not only
to show the statistics but also to show the time behaviour of the bias of the different analysers
/sampling system for the three compound. It is important to make sure that there is no major trends,
shifts, peaks or steps. It is an important contribution in the overall uncertainty assessment. We thus
would like to keep the plot as it is in the initial version. For example, there are periods with large
spread of CO bias associated with the temperature sensitivity of the Los Gatos Research analysers. A
box plot would not show such period.

S20/ Pg 18, L7. “A trend may be present”. Yes, this is interesting, firstly | thought there was a clear
trend, but on reflection there could be a step change at each tank. If the time series is a combination
of multiple instrument datasets, then could this be the cause of a possible step change? Would the
authors like to comment on possibilities of a continual trend or a series of step changes?

Due to the high number of instruments there is a relatively high consumption of gases at the OPE
station and the lifetime of a target gas is typically limited to 6 months. Figure 8 seems to show an
increase of the CO, concentration measured at the station relatively to the assigned values by the
central laboratory. This signal may be due either to a drift in the calibration scale used at OPE, or to
step changes in the assigned values of the successive target gases. In order to verify the stability of
the calibration scales at longer time scale, ICOS specifications require the use a long-term target gas
only after each calibration. The lifetime of this tank is much longer (fifteen to twenty years depending
on the instruments number and calibration strategy.

We modified figure 8 to include the long term target results. The long term target CO, biases also show
a slight positive trend (on the order of 0.02 ppm) since 2014 after a step change. Consequently we
attribute the signal on figure 8 to the convolution of step changes and possible long term trend. The
step changes may be due to cylinders changes. The CO,biases interannual trend remains unexplained,
but all cylinders (calibration and target gases) will be re-evaluated by the ICOS calibration center before
the end of their use on site.

We modified the text with the following sentences:

A slight trend may be present in the LTT CO, biases between 2014 and 2018. The STT results may
show a trend as well but step changes are also present. We attribute the CO, biases signal to the
convolution of step changes and interannual trend. The step changes may be due to cylinders changes.
This possible CO;trend shown by the LTT (on the order of +0.02 ppm) remains unexplained at this
stage. The reevaluation of the CO, concentrations of calibration tanks at ICOS central facility could
show a drift in their values, which would lead to a correction of the time series.

S21/ Section 4. Results. The first paragraph in this section mentions that general characteristics will
be investigated, then diurnal cycles. There also is a need to state that seasonal cycles and long-term
trend analysis will also be analysed and commented upon.

We changed the last part of section 4 by

We will first show the general characteristics of the time series. We will then analyse and show the
diurnal cycles computed from the despiked hourly data. We will select only stable situations with low
fast variability to get a focus on the regional scale and compute afternoon stable means for CO,, CH,,
CO at the three sampling levels. The seasonal cycles and long-term trend analysis will then be analysed
and presented.



S22/ Section 4.1: General characteristics. Most of this section is about vertical concentration gradients
thus should this section be called vertical concentration gradients (or something similar). If this title
change is made then ‘general characteristics’ details can be moved to the appropriate section: diurnal,
seasonal or long-term trend. There is also no commentary of the OPE vertical gradients in relation to
other tall tower measurements in the same region (or Europe as a whole). Is the drawdown seen at OPE
like other measurements? Is it anomalous? This section could use a few more references to
contemporary literature to put OPE measurements in context.

We agree that some parts of this section are about vertical gradients. We moved these parts to the
section 4.2 which was renamed diurnal cycles and vertical gradients. The text in section 4.1 and 4.2
was modified to include references to other European tall tower measurements:

S23/ Figure 9: there are no uncertainty, or spread, bars on these plots. Such uncertainty or spread is
critical in such plots and must be displayed.

We added the spread (+ and - 1standard deviations) for each compound and each level on figure 9

524/ Figure 9: The caption states that the data is normalised to the 120 metre inlet height
measurements. Why is this done? | cannot see the reason why. Wouldn’t it be better to display the
actual non-normalised data? Maybe | am misinterpreting.

We agree that this could be misleading. The diurnal cycle is now presented on figure 9 as actual data
(not normalized)

S25/ Figure 9. Are the mean diurnal cycles deseasonalised and detrended? If so (or not) then it should
be stated.

The diurnal cycles were not detrended or deseasonalized. We added the following phrase:

Despiked hourly data (not detrended nor deseasonalized) were used to compute the mean diurnal
cycles.

S26/ Section 4.1 There is no mention of any diurnal cycle in wind direction or speed. Are night time
inversions seen? Is the diurnal cycle in CO2, CH4 and CO affected by such inversions or windy nights?

We agree that there is most probably a link between synoptic situations and GHG mole fractions
variations (as the last part of the paper suggests). Night time inversions are seen during particular
synoptic situations associated with specific wind and trace gases variations. As the paper do not
particurlaly focus on these aspects, we did not detail such meteorology-GHG relations.

S28/ Section 4.2 should be renamed to something other than the generic title of “data selection and
time series analysis”, as the section is predominantly concerned with well mixed boundary layer
conditions. Data selection is a too generic term. The section should state that data is filtered to
represent a well-mixed boundary layer, also state that this filtered data is to be used in seasonal and
trend analysis.

We changed the section 4.3 title to Regional scale signal extraction
S29/ The ‘openair package’ and the ‘theilsen method’ need referencing.
The following references were added:

Sen, P.K.: Estimates of the regression coefficient based on Kendall's tau, Journal of the American
Statistical Association, 63 (324): 1379-1389, doi:10.2307/2285891, 1968.

Thoning, K.W., P.P. Tans, and W.D. Komhyr, Atmospheric carbon dioxide at Mauna Loa Observatory, 2.
Analysis of the NOAA/GMCC data, 1974 1985., J. Geophys. Res. ,94, 8549 8565,1989

530/ In the CCGCRV algorithm please specify how was the npoly and nharm variables are set, l.e. using
a geophysical basis or iterative attempts to get the best fit?

We used the standard parameters (npoly=3, nharm=4) as our application is quite standard, analysis of
afternoon data for 8 years. Pickers and Manning (2015) as well as the man page of CCGCRV
recommand the use of these defaults parameters for trend fit with a quadratic function and a four-
term harmonic function for the seasonal cycle (in case of seasonal asymetry). The CCGCRV algorithm
computes the long terme trend and the seasonal cycle first. Then it filters the residuals to get short



and long term components of the residuals. These were used in the present work and we used the
unfiltered residuals.

Pickers, P. A. and Manning, A. C.: Investigating bias in the application of curve fitting programs to
atmospheric time series, Atmos. Meas. Tech., 8, 1469-1489, https://doi.org/10.5194/amt-8-1469-
2015, 2015.

S31/ Pg 21, L22. Comparison of CCGCRV residuals with REBS. The sentence on this line states a
comparison was made, but no mention of any results of this ‘qualitative’ comparison. If the comparison
was important then results should be mentioned, else maybe leave out the REBs comparison.

We removed this comparison to keep the paper clearer and simpler

S32/ Figure 10. Like Fig 9 comments, no ‘spread’ (1-sigma?) bars for each month. These need to be
included. The caption should also state if the seasonal cycles are detrended or not.

The CCGCRYV fitting algorithm does provide uncertainties of the parameters (amplitude and phase of
each harmonic functions) but does not assess the overall seasonal cycle uncertainties. As the time
series are only 7.5 years long, it is also difficult to compute quantiles for each month or day of the
year. We are thus not able to show such spread for the seasonal cycle.

The CCGCRYV tool fits a function which approximates the annual cycle and the long term growth in the
data. Long term trend estimation are thus deseasonalized and seasonal cycle are detrended. We
changed the caption of figure 10 to state it clearly.

S$33/As in section 4.1, section 4.3 does not mention the seasonal cycle in context of any prior studies.
Is the OPE station seasonal cycles anomalous or what is expected. The authors need to put their results
into such context.

The text in section 4.4 was modified to include references to other European tall tower measurements
as well as ecosystem flux measurements

S34/ Pg 23, L18: “We analysed the residuals from the trend...”. Residuals from which measurement
height? Could the specific height be stated, or all three? (I'm sure it’s 120m but should be explicitly
stated).

We changed the phrase to
« We analysed thel20m level residuals from the trend ... »

S35/ Table 6. Uncertainty estimates are needed for all calculated trends parameters. Unlike previous
sections, the OPE trends are compared to other sites. W. But no mention of the comparisons in respect
to OPE or other station trend uncertainties. Please rectify.

The 95% confidence interval were added for each compound and method in the table 7
536/ Figure 11. What is OPE level 3? | gather the 120m height? Maybe remove references to level 3?
OPE level 3 is the 120m inlet. We removed the reference to level 3 in the figure 11.

S37/ Pg 25, L23. “We presented the GHG measurement system as well as the quality control
performed”. Quality control (QC) for OPE was not presented. The QC method used was referenced to
H16 and a qualitative description of filtering parameters and issues where given. Explicit OPE filtering
diagnostics were not displayed. As stated in S9, the authors already have such statistics available
through the ATC processing and should be easily incorporated into the paper.

Quality control statistics were included as suggested by the reviewer.

538/ Section 5 Conclusion: GAW andyor ICOS compatibility limits should be mentioned and referenced
when discussing OPE CMR and LTR, travelling standard and target tank results.

We added the following phrases in the conclusion (page 29, line 17)

The audits results as well as the routine quality control metrics such as CMR, LTR and biases, and
cucumbers intercomparisons showed that the OPE station reached the compatibility goals defined by
the WMO for the three compounds, CO,, CH,, and CO for most of the time between 2011 and 2018
(WMO, 2011). The station set-up and its standard operating procedures are also fully compliant with
the ICOS specifications (Laurent et al.,. 2017).



Anonymous Referee #2
General comments:

The authors presented 8 years of station data, from the Observatoire Perenne de I’Environnement
(OPE), which is situated on the eastern edge of the Paris Basin in NE France. As such, this regional
station represents continental rural background measurements to the ICOS network and contributes
valuable data to link the existing oceanic and urban observation sites. With this study the authors also
successfully showed how to interpolate and analyse composite merged data sets, obtained from
various sampling analysers in order to comply with stringent ICOS data quality objectives. The paper
as a whole is well written and presented and met the objectives set out in the introduction.

The authors would like to thank the anonymous referees #2 for her/his positive general comments.

We changed the manuscript in order to make the improvements suggested. A point-by-point response
is included below.

Specific comments :

S1/ Page 10, line10: Prior to this, the authors described differences (in afternoon) between instruments
at the same intake height:: this was then followed by a remark that “Schibig et al: : ;” found some
similar large deviations at their site. Perhaps a better explanation is needed here? Or a table listing the
authors’ observations in context with other literature reported differences? As it currently reads - it
just seemed a bit out of context to me.

This part was modified to include the following sentences

No data filtering were applied regarding the differences and the overall biases are small (Table S3).
Large differences can be observed on short periods, especially when the atmospheric signal shows very
high variability. For such atmospheric conditions any difference in the time lag between air sampling
and measurement in the analyser cell has a significant influence. The persistent presence of a bias
between two instruments is used as an indication to perform checks on instruments and air intake
chains. For important differences, one of the instruments is generally disqualified based on the tests
performed. In the case of moderate differences, the objective is to use this information for estimating
uncertainties.

In a similar approach, Schibig et al. (2015) reported results from the comparison between COZ2
measurements from two continuous analysers run in parallel at the Jungfraufjoch GAW station in
Switzerland. The hourly means of the two analysers showed a general good agreement, with mean
differences on the order of 0.04 ppm (with a standard deviation of 0.40ppm). However significant
deviations of several ppm were also found.

S2/ Page 12, Lines 15-20: Please put this info in a table format - it makes the intercomparison of the
different parameters much easier to read and compare.

A table was included in the supplementary materials (table S4)

S3/ Pagel7, Figure7: improve y-axis font (make larger); CO bias graph - improve scale to say 2
nmol.mol-1 intervals to show WMO compatibility;

The scale of the plots on figure 8 were improved as suggested by the reviewer.

S4/ Page 23, Lines6-8: | understand the point being made by the authors (i.e. a comparison of observed
growth rate at OPE against other nearby sites: : :) but perhaps a better explanation is required when
this is compared to Zugspitze? (the Zugspitze growth rate comparison is based on a 1981- 2016
determination: : :) and Cabauw on a 2005 -2009 value for that matter. My question being - Can one
draw any useful comparison across such large timescale differences?

We agree with the point made by the reviewer. Such comparison are not quantitative but gives an
overview of the published trends recorded at the nearby stations. To make it clear in the paper we
added the following sentence:

Such comparisons are only qualitative and must be used with caution, as the time period considered
are different. However, they suggest that the atmospheric CO, growth may speed up in the European
mid-latitudes



Technical corrections/ comments:

Most of these corrections are as a result of the authors not being English first language speakers and
are minor language issues: : :

Page 1, line28: rephrase sentence: : :"Remote and mountain atmospheric measurements: : :”

Page 5, line7: rather use singular for (1) “measurement” and not “measurements”; (2) “ambient air
sample” and not “samples”

Page 5, line9: replace “station’s “ with “stations”; : : replace “on” with “in”
Page 6, line8: replace “went first” with either “first went” or “was subjected to: : :”
Page 6, line10: replace “informations” with “information”

Page8, line16: replace “lightnings” with “lightning”

Page 8, line 19: fan, : : :.) add “etc.” {et cetera}

Page 9, line9: remove double space after “; : :efficiency)”

Page 10, line4: use plural “sources”

Pagell, line29: use singular “measurement”

Pagel6, Linel10: use singular “measurement”

Page18, Linel: replace “to” with “in”

Page 18, Line2: ditto - replace “to” with “in”

Page21, Line30: use plural “dynamics”

Page 21, Line31: add “it” to “: : :seasonal scale make difficult: : :”
Page26, Line10: Rephrase sentence “Interested on larger: : : data”

Page28, Line29: Please check and ensure that the references comply to the journal’s requirements
"Lowry, D. et al..." Full reference required?

We thank the reviewer for his efforts to improve the manuscript. The previous technical corrections
were all taken into account in the revised draft.
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Correspondence to: Sébastien Conil (sebastien.conil@andra.fr)

Abstract.

Abstract-Located in North-East France, the Observatoire riférade I'Environnement (OPE) station was built miyithe

Integrated Carbon Observation System (ICOS) Dematitt Experiment to monitor the atmospheric cotregion of

greenhouse gases. lts continental rural backgreettthg fills the gaps between oceanic or mounsgttions and urban
stations within the ICOS network. Continuous measients of several greenhouse gases using higtsioresipectrometers
started in 2011 on a tall tower with three samplimigts at 10m, 50m and 120m above the ground. fibasurements
quality is regularly assessed using several comgieany approaches based on reference high presginders, travelling

instruments audit and sets of travelling cylind&s-called cucumber intercomparison). Thanks toghality assurance
strategy recommended by ICOS, the precision of feasurements is within the World Meteorological @nigation

compatibility goals for carbon dioxide (GPmethane (Ck) and carbon monoxide (CO). The mixing ratios teeees from

2011 to end of 2018 are used to analyse trendsiiamdal and seasonal cycles. The Gd CH annual growth rates are_ - { Formatted: Subscript

respectively 2.4 ppm/year and 8.8 ppb/year for rieasurements at 120m over the investigated peHowvever, no { Formatted: Subscript

significant trends have been recorded for the C&ingiratios. The afternoon mean residu@sfined as the differences

between midday observations and a smooth fittededf these three compounds are significantly stromigeing the cold

period when inter-species correlations are higmpared to the warm period. The variabilities ofdeals show a close link

with the air mass back-trajectories.

1 Introduction

Since the beginning of the industrial efiae atmospheric concentratisiof long lived greenhouse gases (GHG3\lebeen
rising. Increases of surface emissions, mostly ftmman activities, are responsible for this atmesighGHG's build up.
For carbon dioxide (C§), the largest climate change contributor, amlgundhalf of the additional anthropogenic emissions

are retained in the atmosphergth the remaining 50% being pumped out by the ocearttetand ecosystems (Le Quéré
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observationsites, following a period of stable concentratiérmen 2000 to 2007 (Nisbet et al., 2019; Turnealet 2019).
Monitoring the atmospheric concentrations giéde GHGs is of primary importance for the long-term clima®nitoring

but also for theassessment curface fluxesassessmenRemeote-and-mountain-atmospheric-measuremBbegause they

are performed far from anthropogenic sources arat®iocated in the free troposphemnote and mountain atmospheric

measurementarenecessary needed assesthebackground concentrations. Such « global scalea afe of great valu®

for monitoring the global atmospheric GHG build-up but also tingste global scale fluxes. However, they are restighed

to capturethe regional-scale signals necessary to assess logalgtonal scale fluxes. Thepecific purpose oEuropean
Integrated Carbon Observation System (IC@8cisely—aims-ais-t testablish and maintain a dense European GHG
observations network to monitor long-term changssgess the carbon cycle and track carbon and GH@sfiitmespheric
Hnverseatmosphericmethods combining tall tower network measuremenmis tansport models are great toédsfor
assessg the surface GHG fluxes exchanged witle biosphere and oceans, and to estimate the anttenmogmissions
(Broquet et al., 2013-Kountouris et al., 2018). They also offer indeperideays to improve the bottom-up emissions
inventories required by the international agreemerderthe United Nations Framework Convention on Clim@tenge
UNFCC (Bergamaschi et al., 2018; Leip et al., 2018; Beteal., 2017).

ICOS was established as a European strategic obs@drastructure which will provide the high preicin observations

needed to quantify the greenhouse gas balance ofpBuand adjacent regions. It is nowdsstributed- widespred
infrastructure composed of three integrated netwarleasuring GHG in the atmosphere, over the ocednaa the
ecosystem level. Each network is coordinated bematic center that performs centralized data pieg. One of the key
focuses of ICOS is to provide standardized andraated high-precision measurements, which is acHidwe using
common measurement protocols and standardizediietitationsn the atmospheric monitoring network, ICOS targets
the World Meteorological Organization (WMO) / Gldbatmosphere Watch (GAW) compatibility goal (WMOQP1)

within its own network as well as with other intetional networksDuring the preparatory phase from 2008-2013 a

demonstration network and new stations were setitipharmonized specifications (Laurent et al ; 20The Atmospheric
Thematic Center (ATC) performs several metrologtests on the analysess-well-asand providegechnical support and
training regardingxny- allaspects of the in situ GHG measurements (Yver Ketodd., 2015). The ATC is also responsible
of-for the near real time post processing of the measumsnildazan, et al., 2016).

The OPE station was establishesl undera close collaboration between Andra and LS€Ehe frameworkas padf the

demonstration experiment during 2010 and 2011 ialig the ICOS atmospheric station specificationss la continental
regional background station contributing to theuathetwork by bridging the gap between remote glfoountain station
| like Mace Head(MHD) or Jungfraujoch(JFJ) and urban stations like Saclay or Heidelberg.e Potential of ICOS
continuous measurements of £@ry air mole fraction to improve Net Ecosystem [xoge estimates at the mesoscale
| across Europevashas-beervaluated in Kadygrov et al. (2015). Pison et(2018) addressed the potential of Hasual
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currentlCOS European network fastimating methane emissions at the French natswedé Francethe-methane-emission
estimation-at the French-national scale

The main objectives of this paper are to desciieeQPE monitoring station, thntinuous GHGneasurements system, to

present its performanaharacteristi@and to drawsemeresults from the firsBeightyears of continuous operations.

2 Site description and GHG measurements system
2.1 Site location

The OPE atmospheric station (48.5625°N, 5.50575&S84, 395 m asl) is located on the eastern edtjeed®aris Basin in
the North-East part of France, western Europe, as showrigure trigure-tFigure. The landscape consists of undulated
eroded limestone plateswdissected by a few SE-NW valleys (60 to 80m). $tation is on top of the surrounding hills in a
rural area with large crop fields, some pastures farest patchesthe-dominating-land-covertypes-éemrding to Corine
Land Cover 2012the dominating land cover typ@s the 25 / 100 km surroundings are Arable laraisr 39% /44%,

Pastures : 14% /18%, Forest : 44% /384sed on GEOFLA database from Institut nationallidrmation géographique
et forestiére (IGN),-tie mean population density within a 25 / 100kmuadiom the statiomased-en-GEOFLA-database
i } 4 i 2 i ie N) is-ar@6 / 64 (inhab.kr). The closest small towns
are Delouze with 130 people located 1 &miothe SE South-Easand Houdelaincourt with 300 people located 2knothe
SWSouth-WestThe closest cities are Saint Dizier (890 inhabitants) located 40km awalytothe West Bar Le Duc (35
000 inhab.) 30km at thig\W/North-West Toul (25-000 inhab.) 30knat tothe Eastand Nancy (458000 inhab.) 50knat-to
the E.Fhe-major+ead-wlth 20 000 cars/dayhe major roads located 15km to the North (RN4). The statiodludes a
120m tall tower and two portable afdly equippedmodular buildingsully-egquippedon a 2ha fenced area. The station

infrastructure wereasbuilt in 2009 and 2010 and the measurements sgsséamted in 2011.

The OPE station is designed to host a completefdatsitu measurements of meteorological pararsetesice gases (GO
CHy, NyO, CO, @, NO,, SO) and particles parameters(size distribution, gitgmm and diffusion coefficients, number and
mass, chemical composition, radioactivity). Theistais part of the French aerosol in situ netweoktributing to ACTRIS
and AERONET program. It is part of the IRSN (Instile Radioprotection et de Sdreté Nucléaire) né¢viar the ambient
air radioactivity monitoring. The statiois also contributsing to the french air quality monitoring network aral the

European Monitoring and Evaluation Program.
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Figure 1: Geographical location of the OPE atmosphéc station (leftpare) and aerial photograph illustrating the landscape
surrounding the station (right-pane)).

2.2 Local meteorology and air masses trajectories

The local meteorology is monitored using three sétaeteorological sensors located at the threesorement levels on the
tower (10m, 50m and 120m agl). Standard meteorcébgiarameters, Temperature, Relative Humiditys§tnee and Wind
Speed and Direction, are monitored in compliandd #ie-ICOS AS specifications. Minute averaged data aggdd and
used to produce hourly mean fields. In additiorrehis a ground based weather station operated kgdvierance, the
French national weather service providing hourlyamelata in compliance wittke-World Meteorological Organization
specifications.

The mean annual temperatureer-the-periodbetwee@01t and2018wasisaroundl10.5°C. The minimum temperature was
-15,2°C and the maximum temperature was 36.4°C. climeulated annual precipitatiomse- were-en-averagg29mmon
averageTwo local wind regimes are predominant, a southtevbsregime and an easty/north easterly regime.
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Figure 2: 96h back-trajectory frequencies reachingthe OPE station top level for each of the 6 cluster&entified using the
HYSPLIT tools and the NCEP reanalysis for the period 211-2018.

96h back trajectories were computed for the OP#ostéop level (120m) using the NCEP reanalysifdfieand HYSPLI¥- - - ‘[Formatted: Normal

model every 6 hours. As we focus on the afternoeamresiduals (defined as the differences betwedday observations

and a smooth fitted curve), we only use back-ttajges reaching the OPE station at 12:00 UTC. Thstering tools from
HYSPLIT were used to determine the main air masgas reaching the station. Based on the total apediriance (TSV)

metric, describing the sum of the within clusteriaace, the optimal number of clusters was six @sinnumber with a small

TSV). The TSV plot is shown in Figure S1 of the sleentary material. The six clusters were defiagghown irFigure
2Figure-2 This figure shows the frequency of trajectoriesdach cluster passing through the correspondiiaigpgint and

reaching the OPE station at 12:00 UTC. Clusterns 3 are characterized by continental air massesstél 4 is dominated

by slow moving trajectories from the west. Clu§eand 6 are dominated by western marine trajestorie
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2.3 GHG measurements system

The GHG measuremengsystem was setup in 2011 with support from the 3a®eparatory Phase projects. It was built in
order to comply with-the Atmospheric Station class 1 stations specitinatfrom ICOS. It relies on a fully automated
samples distribution system with remote controlkedcup by an independent robust spare distribugigtem. It includes

several continuous analysers for the main GHG, @b, and NO, a manual flask sampler as well as specific amabyor

samplers for tracers such as radon, CO406),. _ -~ { Formatted: Superscript

The continuous GHG measurenwesystem is made of three main parts: an ambiersaaiple preparation and distribution - { Formatted: Subscript

component, a reference gases distribution compoaedta master component whiehconducting the main analysis
sequence and contsliihg the distribution and analysis systems through qunes and flowrate meters. The statidlow
diagram is describeidden the Figure 3Figure-3Figure. The ambient air is collected-three-levelon the tower at 10m, 50m
and 120m levels and brought down to the sheltatémtat the tower base using 0.5 inches outer demrbekabon tubings
equipped with a stainless steel inlet designeasteludes _keep ouprecipitations. Five sampling lines are installed a
120m,and three are installed at 10m and 50m. Fheni20m level, one line is connected to the 14€@npler built by the
Heidelberg University. Another sampling line is dge collect weekly flask samples. The continuod$GSmeasurements
are dene _performedising two independent sampling lines. The last ina spare line which can be operated in case of
trouble on one line or in case of temporary addaicexperiments such as independent awditthe ones performed in 2011
orand2014. At 10m and 50#revels two lines are used for the continuous GHG measent system. Another spare line is
also installed for each of the 10m and 50m level

At each level, the continuous GHG monitoring systaimis flushed from the tower using thréeuberger N815KNE
flushing pumpsNeubergerN815KNEL5 LPM nominal flow rate) and cleaned two a-ceuple-0#0 micrors and 7 micron
s-Swagelok stainless steel filters. From each sampiire, a secondarf{NF N86KTE-K pumpKNF-N86KTE-K (5.5 LPM

nominal flow rate) is used to sample and pressuhigeair(through a 2 micron Swagelok filtetf)e-airto be dried and then

analysed. A flowmeter is used to monitor the ammflin the flushing line and a pressure sensor &l us monitor the
sampling line pressure. The air sample is pre-dbigd fridge through a coil (to increase the paithe fridge and the
residence time). To further dry the sample, thepagses through a 335mL glass trap cooled in amettbath at -50°C
using a dewar. Once dried in the cryo water tra8°C dew point), the air sample is pressure regdlé-1150 hPa abs at
the instrument inlet) anidreught carriedo the analysers.

The ambient air distribution component is driven byeentrel-control/command component, designed around a
Programmable Logic Controller (PLC), which is dedérl to the selection and distribution of the ambar sample from
the three sampling heights. This distribution comgd selects an ambient air sample from one othhee levels using
three 3-ways solenoid valves and thieat carryit to the drying system antiento theair-analysers. Once analysed, the air
sample flows back to the distribution panel whetmekward pressure regulator controls the air presis the sample line.

A pressure sensor monitors the pressure at thgsamahlets and a flow meter monitors the flow ratt¢he analyser outlets.
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Figure 3: Flow diagram of the OPE GHG measurement stem

The control/command component system selects batwtmdards and ambient air, following the PLC'deoy as it is

responsible for the sequence management and guoaiityol processes. The standard gas distribubamponent is based on

a 16 position Vici Valco valve from which nine perre connected to the analysers. The pressute afefected standard

gas or the ambient air sample is adjusted at tldyser inlet by a manual pressure regulator. A#18 or 1/4 inches
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stainless steel distributing tubings are over pnéssd to avoid any leakage artefact. Accordind@®S internal rules,

comprehensive leak checks are performed on a ykaslg and after all maintenance operations.

The analysers used are Picasmies G1000 and G20@avity ring down spectrometers (CRDS¥ries-G1000-and-G2000
for CO,, CH,, H,0O and CO and Los Gatos Research Off-Axis-ICOS-spexiters for NO and CO. Each analyser used at
the stationaentfirst wentthrough extensive lab tests at LSCE during the ldpweent of the ICOS Metrology lab at ATC

(Lebegue et al., 2016, Yver Kwok et al., 2015). Séhenitial tests provide valuable informatioabout the intrinsic

properties of the analysers, their precision, §tgpbivater vapour sensitivity and temperature defsnce.

Over theperied2011-2018period,-the reference analysengerearea Picarro G1301 (ICOS# 91) which performs,G@d
CH, (and HO) mole fractions analysis and a Los GaResearctDLT100 (ICOS #80which is used for CO (and 40)
mole fraction measurement. A couple of spare amdllphinstruments have been running either onpitigcipal distribution
system and /or on the spare distribution systefovihg the same calibration and quality controastgy.
The routine operating sequence includes-seguence-order

- Start with a complete calibration &ur4 cycles of-flour standards lasting 8 hours followég 30min of Long

Term target (LTT) and then by 30min of Shirt Teanget (STT),
inof inofSTT,
- 5 hours of ambient air in cycles thiree3 steps of 20min fothe 10m level, 50m level and then 120m level
- 20min ofReference gas (REREE

-5 hours of ambient air in cycles -@hBeesteps of 20min of the 10m level, 50m level anahth20m level
- 20min of STT

During the first years of the ICOS preparator dlse calibrations were performed every two weEks.gas consumption
issue and after optimization tests, they are noviopeed-en-a-8very threeveeks-basis.

The routine sequence is summarised on the tabie tB& supplementary materials

The flushing and stabilisation periods for the demds are 10 minutes meaning that the first 10 tegof data for each
standards are rejected. The flushing and stabidisateriod for the ambient air samples are 5 mmuteaning that the first 5
minutes of data for each ambient air levels arectef (only 15min on the total 20minutes every averavailable).The raw
data are then calibrated using the/@ weeks or-threeweeks complete calibration and REF working staisidollowing
Hazan et al. (2016). Raw data (between 1s andssdut®n) are aggregated to minutes and hourlyames. The results
presented here are based on validated minute meanfiid 2011 to end of 2018.

The calibrations strategy includes four consecutiyees of the four calibration cylinders sampled 30 minutes each, the
complete_fullcalibration lasts 8 hours. An archive referencedtiad gas nicknamed Long Term Target (LTT) is itgdc
every2two or -3threeweeks fora-duration-6f30 minutes while a common archive reference stahdas nicknamed Short

Term Target (STT) is injected for 20 minutes evé@yhours. Another short term working standard réckad Reference

8
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(REF) gas is also used every 10 hours to correcsitiort term variability. The concentrations of s@ndards were defined
following the {€Os_ICOSpecifications (Laurent, 2017). The standard gasesuppliedising with aSCOTT Nickel-plated
brass regulator froma 501 Luxfer Aluminium cylinder. Beforélrmarch 2016, the standard and performance cylindsed u
were prepared by LSCE and were traceable to WMQ@sc@lQ:WMOX2007, CH: WMOX2007, CO: WMO-CO-X2014,
N,O: WMOX2007). Sincevimarch 2016, the standard and performance cylindszd have been prepared by the CAL of
ICOS and are traceable to WMO scales (CO2:WMOX2a@H4: WMO-2004, CO: WMO-CO-X2014, N20: NOAA-2006
). Short Term Target and Reference cylinders dikkecbevery 6 month by the Central Analytical Labtories of ICOSAIl

the measurements data presented here were retegilirathese scales.

The raw data from the analysers as well as theilglisibon system monitoring parameters are transahitio the ATC
database on a daily basis. Dataarethen processed following Hazan et al. (2016) iniclgda specific water vapour
correction for the remaining humidity, as well astation specific automatic flagging process. Datadpcts are then

generatedallowing—aso that data quality contrel—regularteohof-the—data—quality.can be done on a regulasidh

Additionally a-manual flagging is performed by the stationnBipal Investigator (Pljon the raw data as well as on the

hourly aggregated data.

Figure 4Figure-4gives an overview of the different GHG continu@malysers in operation at the OPE station and their

respective time periods. Details on the start aml dates and additional informations regarding lEmgiinstrumentations

are in the table S2 in the supplementary material.

Name Begin date__|End date 2011 2012 2013 2014 2015 2016 2017 2018

75 (Picarro G1301 CO2-CH4) 21/04/11  05/11/13

80 (Los Gatos Research CO) 12/05/11  07/12/17

91 (Picarro G1301 CO2-CH4) 20/07/11  06/11/12 I

91 (Picarro G1301 CO2-CH4) 18/03/13  18/05/17

187 (Picarro G2401 CO2-CH4-CO)  12/02/14  24/03/14 -

187 (Picarro G2401 CO2-CH4-CO)  12/05/14  04/08/14 -

187 (Picarro G2401 CO2-CH4-CO) 04/09/14  18/12/15 I

187 (Picarro G2401 CO2-CH4-CO)  11/12/17  24/09/18 —

379 (Picarro G2301 CO2-CH4) 27/01/16  14/12/17

379 (Picarro G2301 CO2-CH4) 03/04/18  01/01/19

478 (Los Gatos Research CO/N20)  05/04/18  01/01/19 —_—
728 (Picarro G2401 CO2-CH4-CO)  24/09/18  01/01/19 —

Ree™ — - ‘[Formatted: Caption
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Parameter Analyser ICOS Id Levels Frequency| Period 1 | Period1 | Period2 | Period 2 | Period 3 | Period 3 | Period 4 | Period 4
CO,/CH,/H,0 Picarro G1301 91 10;]112/0?3m 5s/imin/1h | 20/07/2011 | 06/11/2012 | 18/03/2013 | 18/05/2017
CO,/CH,/H,0 Picarro G2301 75 10;1112/0?3" 5s/imin/1h | 20/04/2011 | 07/11/2013
CO,/CH,/CO/H,0 Picarro G2401 187 10;]112/0?3m 5s/1min/1h | 12/02/2014 | 24/03/2014 | 12/05/2014 | 03/08/2014 | 04/09/2014 | 18/12/2015 | 11/12/2017 | 24/09/2018
CO,/CH,/H,0 Picarro G2301 379 mlTZ/OSn?m Ss/imin/1h | 27/01/2016 | 24/11/2017
CO,/CH,/CO/H,0 Picarro G4301 728 10;‘112/0?m 5s/1min/1h | 24/09/2018 -
Los Gatos Research 10m/ 50m "
CO/N,O/H,0 N,O and CO 80 1120m 1s/1min/ih | 13/05/2011 | 24/11/2017
Los Gatos Research 10m / 50m .
CO/N,O/H;0 N,O and CO 478 1120m 1s/1min/1h | 05/04/2018 -
Wind Gill Wind Observer tom/ S0M | se/1minith | 05/05/2011
Temperature - . 10m/ 50m .
Relative Humidity Vaisala HMP155A 120m 5s/1min/1h | 05/05/2011
Pressure RM Young 61302 10;‘;2/05r]:’m 5s/min/Lh | 05/05/2011
Radon monitor U Heidelberg 117 10m 30 min 25/03/2011 | 22/08/2011
Radon monitor U Heidelberg 118 10m 30 min 16/09/2011 | 05/01/2012
Radon monitor ANSTO 546 120m 30 min 10/07/2017
Integrated NaOH .
14C0, sampler U Heidelberg 120m 2 weeks | 25/03/2011 -
Flask sampler LSCE 120m 1week | 12/05/2011 | 15/07/2014 | 27/05/2015
Mixing layer height | 142" Leosphere ALS 30s/15min | 23/04/2011 | 15/11/2012 | 18/01/2013 | 01/04/2013 | 30/05/2013 | 30/07/2013 | 06/12/2013 | 03/11/2014
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2.4 Cempesite-merged-time-seriesData processing

The GHG data coverseveral years and were collected using differamding systems and analysers. In each of the
individual time series, some data are missing beeatf either sampling issues, analys@roblems or local contaminations
near the station. Very local pollutionsie for exampledueto field works, infrastructure maintenance, areyuencommon
and occur only rarely. Power outage also happereduse of lightingand orconstruction work. Troubles on the sampling
systems are more frequent améy-include tuleing leaks, pump troubles, filters clogging or control/commdacomponent
system failure. Analysergeubles problemsare also quite common and range from software sssoperating system
failures, hardware problems (hard disk, fatt—-), or worse, liquid contamination (from water ohaol) of the optical
cell.

Raw data from the instruments (mole fractions anernal parameters such as cell temperature/peessutiet valve), and
from the air distribution system (sequence infoioratand ancillary data such as pressure and fldesrien the sampling
lines) are transferred at least once a day to the data server. Data are then processed autontpt@satiescribed in Hazan

et al., (2016). Raw data are flagged using a setachmeters defined forthachstation and instrumenEor the Picarro
G1301 #91, G2301 #379 and G2401 # 728 analysersnternal flagging parameters are the same asribe shown on

table 4 in Hazan et al. (2016A.manual flag is then applied by the station Pbider to eventually discard data using local

station information (e.g. local contamination, ntairance operation, leakage, instrumental malfunstietc...).The list of

descriptive flags available to the Pl for validiovalid data is shown in Table 2 of Hazan et aD1@). TheTable 1presents

the quantitative statistical summary of the statiuthe raw data for the different instruments uaethe OPE station. Details

of the internal flagging associated with the flggesented in this table can be found in the tabdé Hazan et al. (2016).

Between 62 and 72% of the raw data are valid wéiteuind 25% of the raw data are automatically repscP0% being

rejected because of stabilisation/flushif@prrections related te-the water vapour contentl fee- calibration are then
applied. Finally, data are aggregated in time twlpce minute, hourly and daily means.

Instrument [Compounds Start End Flag % raw data
0 72,1%
75 CO,/CH, |21/04/2011|05/11/2013 N 25,80%
K 2,10%
0 71,0% /
80 co 12/05/2011|07/12/2017 N 23,5% !
K 5,50% K
o 67,2% p
91 CO,/CH, |21/07/2011|22/06/2017 N 23,8% /
K 9,00% /
0 65,1% 41/
187 C0,/CH,/CO| 12/02/2014 | 03/04/2018 N 30,7%
K 4,20%
[0} 71,7%
379 CO,/CH, |27/01/2016|31/12/2018 N 24,9%
K 3,40%
[0} 62,4%
478 co 27/01/2016 | 31/12/2018 N 24,9%
K 12,70%
[0} 65,6%
728 C0,/CH,/CO| 27/01/2016 | 31/12/2018 N 25,0%
K 9,40%

11

: Centered

{ Formatted
!



a1

Table 1: Flags attributed to raw data from the different instruments between mid 2011 and end of 2018 2014. € last two columns - - - ‘[Formatted: Caption

provide the type of flag and the percentage of ravdata that were attributed this flag. Flagged O dataare valid data manually
checked, while N and K flagged are non valid dataaspectively automatically and manually rejected.

From these individual time series, we built threenbined time series for GOCH, and CO filling the gaps when possible - {Formatted: Subscript

The objective is to provide users with continudusetseries, combining valid measurements in ordeninimize the data ‘[Formatted: Subscript

gaps. Before the merging of the time series eagtiniment is quality controlled individually, andlpmeasurements which

are validated by the automatic data processinglen®| are considered for the combined datasete&cint measurement we

indicate the reference of the measuring instrunfantque identifier in the ICOS database), whichegithe user the

traceability of the analysers taken into accourd.blild these times series from various analyséasgds we used the

priority order given inTable 2Fable-Zor CQ, and CHl andTable 3Fable-3or CO. The priority order is defined a-priori by - {Formatted: Subscript

the responsible of the station considering whichlysers are fully dedicated to the station for Idegm monitoring \\‘[Formatted: Subscript

purposes. In general secondary instruments aralletfor shorter periods to perform specific aiddial experiments (like

dry vs humid air samples, line tests, flushing fiate tests, etc). For example, 91 was the matruiment for CQand CH - {Formatted: Subscript

followed by 379. While 91 was in maintenance, imstents 75 or 187 were used as spare instrumentheAieginning of o ‘[Formatted: Subscript

379 operation, 91 was still the main instrumentkéep the consistency of the time series as longoasible. When 91

operation stopped, 379 becomes the main instrunwhen 379 was in repair the instrument 187 was wmedpare
instrument again. For CO the LGR analyser 80 washin instrument followed by Picarro G2401 728.eWikhe LGR 80

was out of order, we used either Picarro 187 or LGB as spare instruments. In the case of thellatsta of two

instruments for long-term measurements, then thogifyr order should take into consideration thefpemance of each one.
It is the responsibility of the station managechange the priority list in the ICOS database #der -From-these-individual

we-use-the-priority-order-given-in-Table 2.Mergihg individual time series in such a way implieattthe merged time

series show steps in their uncertainties as indalidcanalysers have different performance (see PaBata Quality

Assesment for details about the steps in the rapiity performance).

“al ‘[Formatted: Justified
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Compound

Main analyzer

Spare analyzer

Start Date

End Date

€O,/ CH,

75 (Picarro G1301)

21/04/2011 00:00

20/07/2011 23:00

€O,/ CH,

91 (Picarro G1301

75 (Picarro G1301)

21/07/2011 00:00

05/11/2013 23:00

€O,/ CH,

91 (Picarro G1301

06/11/2013 00:00

11/02/2014 23:00

€O,/ CH,

91 (Picarro G1301

187 (Picarro G2401)

12/02/2014 00:00

27/01/2016 00:00

€O,/ CH,

)
)
)
)

91 (Picarro G1301

379 (Picarro G2301)

27/01/2016 00:00

22/06/2017 00:00

€O,/ CH,

379 (Picarro G2301)

22/06/2017 00:00

14/12/2017 00:00

€O,/ CH,

187 (Picarro G2401)

14/12/2017 00:00

03/04/2018 14:00

CO,/CH,

379 (Picarro G2301)

03/04/2018 14:00

24/09/2018 14:30

CO,/CH,

379 (Picarro G2301)

728 (Picarro G2401)

24/09/2018 14:30
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Compound Instrument 1 Instrument 2 Start Date End Date
co, 75 (Picarro G1301) - 21/04/2011 00:00 20/07/2011 23:00
CH, 75 (Picarro G1301) - 21/04/2011 00:00 20/07/2011 23:00
co 80 (Los Gatos CO/N,0) - 12/05/2011 00:00 07/11/2012 00:00
Cco, 91 (Picarro G1301) 75 (Picarro G1301) 21/07/2011 00:00 05/11/2013 23:00
CH, 91 (Picarro G1301) 75 (Picarro G1301) 21/07/2011 00:00 05/11/2013 23:00
co 80 (Los Gatos CO/N,0) - 11/03/2013 00:00 12/02/2014 00:00
Cco, 91 (Picarro G1301) - 06/11/2013 00:00 11/02/2014 23:00
CH, 91 (Picarro G1301) - 06/11/2013 00:00 11/02/2014 23:00
co 187 (Picarro G2401) 80 (Los Gatos CO/N,0) | 12/02/2014 00:00 18/12/2015 00:00
co, 91 (Picarro G1301) 187 (Picarro G2401) 12/02/2014 00:00 27/01/2016 00:00
CH, 91 (Picarro G1301) 187 (Picarro G2401) 12/02/2014 00:00 27/01/2016 00:00
co 80 (Los Gatos CO/N,0) - 18/12/2015 00:00 07/12/2017 00:00
Cco, 91 (Picarro G1301) 379 (Picarro G2301) 27/01/2016 00:00 22/06/2017 00:00
CH, 91 (Picarro G1301) 379 (Picarro G2301) 27/01/2016 00:00 22/06/2017 00:00
co, 379 (Picarro G2301) - 22/06/2017 00:00 14/12/2017 00:00
CH, 379 (Picarro G2301) - 22/06/2017 00:00 14/12/2017 00:00
Cco, 187 (Picarro G2401) - 14/12/2017 00:00 03/04/2018 14:00
CH, 187 (Picarro G2401) - 14/12/2017 00:00 03/04/2018 14:00
co 187 (Picarro G2401) - 14/12/2017 00:00 05/04/2018 18:00
Cco, 379 (Picarro G2301) 187 (Picarro G2401) 03/04/2018 14:00 24/09/2018 14:00
CH, 379 (Picarro G2301) 187 (Picarro G2401) 03/04/2018 14:00 24/09/2018 14:00
co 187 (Picarro G2401) | 478 (Los Gatos CO/N,0)| 05/04/2018 18:00 10/09/2018 14:00
co 187 (Picarro G2401) | 478 (Los Gatos CO/N,0)| 10/09/2018 14:00 24/09/2018 14:00
co 478 (Los Gatos CO/N,0) - 24/09/2018 14:00 24/09/2018 14:30
Cco, 379 (Picarro G2301) - 24/09/2018 14:00 24/09/2018 14:30
CH, 379 (Picarro G2301) - 24/09/2018 14:00 24/09/2018 14:30
co 728 (Picarro G2401) | 478 (Los Gatos CO/N,0) | 24/09/2018 14:30 17/01/2019 09:59
Cco, 379 (Picarro G2301) 728 (Picarro G2401) 24/09/2018 14:30 17/01/2019 09:59
CH, 379 (Picarro G2301) 728 (Picarro G2401) 24/09/2018 14:30 17/01/2019 09:59

Table 222 Order of priority (main vs spare analysersfor the-CO, and /CH 4SO eempoundswith ICOS instrument identifiers
and associated period

The different instruments were used in paralleldome time and it is thus possible to assess thiermgtic differences

between the data for these common periods. Theumsnts may have shared sampling tubes, calibrati@h quality

control gases but may have also used differeisiribution system and different cylinders. Conseamly, differences may

occur due to problems associated with time syndkabion, air sampling (sampling and flushing pungiiciency),

calibration and water correction or any other caus# yet identified.
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Compound Main analyzer Spare analyzer Start Date End Date
co 80 (Los Gatos CO/N,0) - 12/05/2011 00:00 07/11/2012 00:00 H
co 80 (Los Gatos CO/N,0) - 11/03/2013 00:00 12/02/2014 00:00 /
co 80 (Los Gatos CO/N,0) 187 (Picarro G2401) 12/02/2014 00:00 18/12/2015 00:00 )
co 80 (Los Gatos CO/N,0) - 18/12/2015 00:00 07/12/2017 00:00 |«
Cco 187 (Picarro G2401) 14/12/2017 00:00 05/04/2018 18:00
co 187 (Picarro G2401) | 478 (Los Gatos CO/N,O) | 05/04/2018 18:00 24/09/2018 14:00
co 478 (Los Gatos CO/N,0) | 24/09/2018 14:00 24/09/2018 14:30
co 728 (Picarro G2401) | 478 (Los Gatos CO/N,O)| 24/09/2018 14:30 -

Table 3: Order of priority (main vs spare analysers) for @ with ICOS instrument identifiers and associated priod

“ { Formatted: Normal, Left

TFhe Figure 5Figure-5Figure 8hows themeanafternoon (12:00-17:00 UTQ)ourly data difference between the different
instruments analysing ambient airtag 120mlevelfor CO, and CH. Large deviations in the afternoon meane revealed

by such comparisofi.he summary statistics of the difference showRigure 5Figure-5or the 120m level (and for the 10m

and 50m levels) are shown in the Table S3 of tipplementary material©n average over the full period the differenaes

120mare -0.002 ppm for CQand -0.27 ppb for CH below theGAW/WMO compatibility goalg0.1ppm for CQ and 2ppb

for CH,). Thesdarge significandeviations may come from various uncertainty sayrsech as residence time difference in

the sampling systems, water vapour correction kdlegue, or internal analyser uncertainties.

CO, umol.mol 5
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8
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Figure 554: Difference between hourly mean afternoon (12:007t00 UTC) data at the top level 120m from the two istruments
used at the same time at the OPE station from 201® 2018 for CQ (left panel) and CH, (right panel). The different instruments

couples are shown in colour and their identifiers ge labelled in the legend of the right panel. ~

No data filtering were applied regarding the diéfeces and the overall biases are small (TableL&8)e differences can be

observed on short periods, especially when the sphmric signal shows very high variability. For Isuatmospheric

conditions any difference in the time lag betwe@ansampling and measurement in the analyser cell eaignificant

influence. The persistent presence of a bias betwe® instruments is used as an indication to perfeahecks on

instruments and air intake chains. For importaffedinces, one of the instruments is generally ufitified based on the

tests performed. In the case of moderate diffeiertbe objective is to use this information folresting uncertainties.

In a similar approact§chibig et al. (2015)ave-shewn reporta@sultsef-from the comparison between G@easurements

from two continuous analysers rumparallelat thedungiratjoeh-GAWJF3tation in Switzerland. The hourly means of the

two analysers showed a general good agreementnvetin differences on the order of 0.04 ppm (witaadard deviation

of 0.40ppm)Howeverlarge significantdeviations of several ppm were also found.

= {Formatted: Subscript

h ‘[ Formatted: Subscript




3. Data Quality Assessment

5| QAJ/QC protocols are applied at several steps ofiteasurements syste@n-a-daily-basisEvery dag conservative quality
control is eperated_conducteffom two complementaryidesstandpointsOn—ene-sideFirstthe spectrometers intrinsic
properties areerified-,verified,andthe-other-one-sidesecondthie sampling system parameters are checked. Greklyto

monthly basis the field spectrometers performameemenitoredcheckedA flask program also runs in parallel and is used

to expand the atmospheric monitoring to other tigaeges but also to assess the quality of the eantsxmeasurements. Up
10| to now, flask data were not fully available or were contaminatadd thus were not used in the present work. A
complementary approach to assess compatilslityploys usesound robin or so-called “cucumbers” cylinders alated
between stations within the ICOS European netwerkalyFinally, the station compatibility is also assessed duiringjtu

audits using a mobile station and traveling insenta (Hammer et al, 2013, Zellweger et al., 2016).

15 In this section we used two metrics defined in YKerok et al. (2015) for the quality control assessinof the data. These
two metrics are usually calculated undesasurementepeatabilityconditions-of-measurements-whereconditions wiadire
conditions stay identical over a sheeriod-of timeperiod The continuous measurement repeatability (CMRnetones
called precision, is a repeatability measure agplie continuous measurements. The long-term repdita(LTR),

sometimes called reproducibility, is a repeatapiliheasure over an extended period of time. ICOS targets the

20 WMO/GAW compatibility goals within its atmospherigetwork, the analysers must comply with the perfomoe

requirements specified in the Table 3 of the ICOS gpecifications report (Laurent 2017). ICOS piienidimits of CQ, - { Formatted: Subscript

measurements are set to respectively 50 ppb, & 2ipg 1ppb.

3.1Short term target quality control: Field continuous measurement repeatability equivalent

25| In our basic measuremergequence, the air from a high-pressure cylind€m[$ analysed twice a day withi&-tenhours
frequency for at least 20 minutes to assess thg gaiformance of the spectrometers. This metriénipadescribes the
intrinsic performance of the spectrometers and afathe sampling system. It is a field estimationtoé CMR and is
computed as the standard deviations of the raw @ata 1 min intervals, the first 10 minutes of eaatget gas injection
being filtered out as stabilisation.

30| FheFigure 6Figure-6Figure Shows the monthly meaitCMR of the combined time series of €ahd CH using the same
type of analysers. The time series of CO’s CMRrenetshownin the supplementary materials (Figure S2)-as#brsic
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For CQ, we observe a decrease of the CMR over the meaasuteperiods, indicating an improvement of therimsents
precision. Fhe- Analyserspectrometaf9l ERDSPicarro,G1301) was shipped to the manufacturer for a megpair
including cell replacement between November 2012March 2013. The repair tte Picarro workshop improved the CMR

performance of the analyser from above 0.06 tovbd€l®5 ppm. For this instrument, the factory estadaa CMR of 0.04
ppm in 2009 and the lab test at ATC MLab in 201t#vested a CMR of 0.06 ppm.
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Figure 665 Monthly mean field Continuous Measurement Repeataility (CMR) for CO , (left panel), and CH, (right panel)
estimated over time for the different instruments n operation at the OPE station over the 2011-2018 ped. The different
instruments are shown in color andard-their identifiers are labelled in the legend of thetop and bottom panels. Some months,
have several instruments running at the station andre identified with several labels

Using a gas chromatograph at the Traiib&N) tall tower, Schmidt et al. (2014) found a mean déad deviatiorsf-in the
hourly target gas injections of 0.14 ppm for £8.2 ppb for Cj and 1.9 ppb for CO for the whole period of 200820
Berhanu et al. (2016) presented their system peeoce using precision, a metric based on the startdaviation of the 1-
min target gas measurements, at 0.05ppm fay, GQ9ppb for CHand 2.79ppb for CO using a Picarro G2400 spectieme
over 19 months from 2013 to 2014. Lopez et al. 82Qdresentecs TR short term repeatability (a metric similar thR)
estimates for the gas chromatograph system usedyatiedéme Dome (PDDat 0.1ppm for C@and 1.2 ppb for CH for
the years 2010-2013table S4 of the supplementary materials summsatizese informations.

Fhe Table 4Fable-4Table presents the comparison of the £ahd CH CMR for the instruments #75/91/187/379/728

estimated by the manufacturer, by the ICOS ATC Maalwell as the mean values from the station measmts over the

2011-2018 period. The station performance of eadlvidual analyser iseherent consistemtith its performance estimated
at the factory and at the ATC MLabhe-pFerformance areismaintained over several years ameke wamot disturbed by

the station settings.
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CO; (ppm) CH, (ppb)
’ Field
factory | ATC Mlab | Field mean | factory | ATC Miab
Analyser |ICOS Id mean
CMR CMR CMR CMR CMR
CMR
Picarro G1301 91 0.04 0.059 0.048 0.27 0.24 0.27
Picarro G1301 75 0.019 0.022 0.02 0.18 0.26 0.22
Picarro G2401 | 187 0.023 0.026 0.021 0.2 0.28 0,22
Picarro G2301 379 0.025 0.023 0.022 0.23 0.22 0.2
Picarro G2401 | 728 0.014 0.013 0.014 0.1 0.09 0.08

Table 443 Continuous measurement repeatability (CMR) estirated by the factory, MLab and field means over 20122018 of CQ,
(ppm) and CH, (ppb). Their model and ICOS Identifier are indicated in the first columns.

For CH,, the factory estimated CMRfor instrument #91 in 2009 was 0.27ppb and thiairiab tests at ATC MLab in 2012

5| estimated CMR for Ciat 0.24 ppb. The repair_ate Picarro workshop did not modify the CMR performanaf the
analyser. For each instrument, the @Hrformancere isvery stablealong overthe years with very few outliers.
The CO performanegCMR and LTR) estimated at the statim® iscompared to the factory and ATC MLab results in the
Table 5Fable 5Fable. 4

CO (ppb
factor ATC Miab | Field mean | ATC Mlab | Field mean

el CMRy CMR CMR LTR LTR
Los Gatos

N,O and CO 80 0.15 0.06 0.06 0.3 0.4

Picarro G2401| 187 6.5 5.7 5.17 1.7 1.18

Los Gatos 478 0.06 0.09 0.05 0.09 0.05

Picarro G2401 728 2.7 2.69 2.76 0.22 0.33

10| Table 554 Continuous measurement repeatability (CMR) and lag-term repeatability (LTR)) between factory, MLab and field
mean over 2011-2018 of CO (ppb). Their model and IC®ldentifier are indicated in the first columns.

The CO CMR time seriesa¢t-shewnFigure S2 of the supplementary matgridisplays four different periods which are
directly linked to the analysers used to build teabined_mergetime-series. We used two different analysers tyme
build-built by Los GatosResearchbased-on-the1COS-technoleipstruments #80 and #478) and one tully Picarro
15| based-onthe CRDBS-technolofipstruments #187 and #728). These two types ofyses have very different internal
propertiesas shown on table 5. The CO CMR results reflecthslarge differencemaking—it—difficultto-show-elit
comparisen (shown in Figure S2 of the supplementaaterials), the CO CMR from Los Gatos Researctiiments being
much lower than the CO CMR from Picarro. The Piedi87 and 728 CO LTR are significantly lower thagit CO CMR.

This means that their raw data have large highgueacy variabilities but when averaged over severautes these

20| instruments are quite stable (they are not vergiea to atmospheric or pressure changes).
Overall the precisions measured at the statio©fay, CH, and CO remairsemparable similato the initial values estimated

by the manufacturer and the ATC laboratory, showingdegradation due to the design of the statioth@emeasurement
procedures.
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3.2 Short term target quality control: Field long term repeatability

The field LTR is computed as the standard deviatibthe averaged STT measurement intervals ovexy8 ds it is done
during the initial test at the ICOS Metrology Ldkata are then averaged every month. The same S&Bsl@arevioushare

used but with a different perspective, more clodieked to the ambient air data uncertainty.
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| Figure 77& Monthly mean field long term repeatability (LTR) for CO, (top left panel), CH, (top right panel) and CO (bottom
panel) estimated over time for the different instrunents in operation at the OPE station over the 2022018 period. The different

| instruments are shown in coler and their identifiers are labelled in the legendof the top and bottom panels. Some months, have
several instruments running at the station and aredentified with several labels

| FheFigure 7Figure—7Figure shows the monthly mean field LTR of the mergedetiperies using the different instruments
and sampling systems. This figure shows the urioéiga of the data related to the analysers (nestimpling systems). As
for CMR, CQ, and CH LTR show decreasing trends suggesting an improverokrthe internal performance of the
spectrometers built by Picarro, of the air disttib system as well as data selection/flagging. Béginning earlypart of
2018 experienced a clearly wetd TR compared to neighbouring months. Thisnostly due to the use of the instrument

#187, which heserelatively poor performance compared to otherursents.
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CO; (ppm) CH, (ppb)
Analyser |IcOS Id ATC Mlab Field ATC Mlab |Field mean

LTR mean LTR LTR LTR
Picarro G1301 91 0.02 0.01 0.08 0.08
Picarro G1301 75 0.01 0.01 0.21 0.17
Picarro G2401 187 0.02 0.02 0.22 0.17
Picarro G2301 379 0.007 0.009 0.1 0.06
Picarro G2401 728 0.005 0.008 0.06 0.02

Table 665 Long term repeatability (LTR) of CO, (ppm) and CH, (ppb) estimated by MLab and field mean over 2011-2018+CO,
{ppm)-and-CH,{ppb). Their model and ICOS Identifier are indicated in the first columns

The comparison of the field mean LTR and ATC MLafR for the different instruments are shoiron-theTable 6Table
6TFable-5for CO, and CH. The LTR field performance of the analysers sreagreementconsistentith their initial
assessments. Periods of lower £LIH, LTR are associated with instruments #91, #3797@8#while periods witHarger
higherCO,/ CH,LTR are associated with instruments #75 or #187.

As for CMR, the CO LTR monthly time series showsrfdifferent periods but with a smaller contrastiated associated
with thetype of analyses-typeused at the station. Most periods with LGR instuais (#80 or #478) shows a LTR under
0.7ppb while periods with Picarro instrument #1B@w asLTR above 0.5ppb.

Different periods have different uncertainty leve&ated to the instrument performance. While Laato§ Research
instruments show loweEO LTR they have stronger temperature sensitivitersegatingstrong_highshort-term variability in
conditions where the temperature is not welstrainedcontrolledCorrections for these temperature induced bisspsed
requiredthefrequentuse of a working standarduite-frequently

3.3 Station audit by traveling instruments

A metric such as CMR is very usefalfor monitoring the instramentinternal performancef instrumentsandtherefore-to
befor-able-tddentifying any instrumental failurasseenearlyas possibleny-instrumental-failureOther instrument related

metrics such as calibration long term drift or lsgdtion stability over the sequences are also useftor monitoing the

instrument performance. However, they do not givassessment of the overall measurement systeask ¥rsus in-situ
comparisons, or station audit by traveling instrataere recognized as essential tools in the paeince and compatibility
assessment of a measurement systémlCOS audits are performed by a mobile lab, hostethb Finnish Meteorological
Institute in Helsinki, and equipped with state loé tart GHG analysers and traveling cylinders. Tleasurements data from
the station are centrally processed at the AfiG@vever-butthe data produced by the Mobile Lamwever arecalculated
computedseparately to maintain the independent natureeoithbile Lab and at the same time to evaluate értopnance
of the centralised data processing.

The OPE station was auditeéde-timestwice once in summer 2011, soon after the statienset up, during the feasibility
study of the travelling instrument methodology ahén in summer 2014, when the ICOS Mobile Lab weedy for
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operation. During the two weeks intercompariso80i1, significant differences for G@nd CH were noticed between the
FTIR traveling instrument and the CRDS referenstriment (Hammer et al., 2013). As the two instmisidave different
temporal resolutions and different response tinfes CRDS measurements were convoluted with an exytiah smoothing
kernel representing a 3 min turn-over time to mahehFTIR specifications. For G&he smoothed differences vary between
0.1 and 0.2 ppm with a median difference of 0.13npand a scatter of the individual differences-the—erderof
approximately +0.15 ppm. The smoothed Gldifferences decrease fromitialhy-0.7 ppbinitially to 0.1 ppb, the median
difference being 0.4 ppb. Such large differencesewaused by relatively poor performances of theD8Rand FTIR
instruments because of specific hardware problemtsalso related to the large temperature variatid@sK) within the
measurements container. During teene-201kummerof 2017 the travelling instrument was also set up atGlabauw
(CBW) station inthe Netherlands. The audit showed better instrumerfopaance but the same kind of differences for
ambient air comparisons. While the £@eviations at CBW were partly explained by a thavg instrument intake line
drawback and by calibration issues on the main oreasens system, at OPE no final explanatibas been fountor the
observed differencdsave-beenfound

Buring In thesummerof 2014, the two months audit was performed usingcarRd G2401 travelling instrument as well as a
FTIR. Nevertheless Howevdhe FTIR performance was not yet optimized anddifferencesf-in time resolution made it
difficult to useit properly. Results from this instrument are notsidered hereOn average,-fie OPE standard cylinders
analysed by the travelling instrument showedaverag®.03 ppm and 0.10 ppm higher €&ncentrations in the beginning
and in the end of the audit, respectively, thanabsigned values used to calibrate measureme@®&t Similar results
were found for CH with relatively low differences ranging betweerafid 1 ppb. The instruments as well as the working

standards (OPE and travelling standards) wereresditd against two differerstets ofstandardssets introducing biases in

the measurements of cylinders but also of ambienThe intercomparison was complicated by the faat the station was
hit-struck by threelightnings three timesduring the summer, creating major power outage eladtrical damages to the
infrastructures. Such power outages generate shiftte CRDS analyser response that prevent doiftection of the
calibration response, degrading the analyser peeoce. The ambient air comparison was based osampling lines, one
line supplying a dried Picarro G1301 (#91) and & ®iearro G2401 (#187), and one independent lirretlie audit
supplying the wet travelling instrument. The wetEDB82401 data were corrected for water vapour byfabtory Picarro
correction, but the travelling instrument was cored by an improved water correction based on wadteplet test
performed at the beginning of the intercomparisnd asing a simplified version of Method #2-EMPA iexpentation
presented in Rella et al. (2013). The ambient allenfractions for C@by both dried and wet OPE analysers showed lower
concentrations compared to the wet travelling imagnt, by 0.10 ppm at the beginning of the auditi .13 ppm at the
end. Most of the differences in ambient air measergs can be explained by the bias in the referscales.

When averaged over the whole period the OPE miraxelling instrument differences remain within thAéMO/GAW
component compatibility goal. The dried Picarro GL391 measurements deviated on average by -Ofdccpmpared to

the wet Picarro G2401 travelling instrument in ¢lase of C@ and by 0.70 ppb in the case of £Bimilarly the wet Picarro
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G2401 #187 differs from the travelling instrument 40.03 ppm and 1.80 ppb for G@nd CH, respectively. TheCO
comparisonef-CO-was was carried out-maflr OPE-LGR and OPE-G2401 instrumenatsd compared to the travelling
instrument G2401: the average deviations were ritvger- higherthan or barely within the WMO/GAW component
compatibility goal (+2 ppb).

Vardag et al. (2014) presented similar interconguariresults atIHD Mace-Head-during ovewo months in spring 2013.
For CQ, the differencein-ambientair—measurements—at-Mace-Hbetlveen the travelling instrument and the station

analyser (Picarro G13019r ambient air measurements at MHAas 0.14+0.04ppm. During this intercomparison threse

wereno scale issueas the same scale was used on both sydtemever-buthere couldalsohave beemlsoa bias in the
water correction effect. Still, most of the diffapes between the station data and the travellisgument during the
ambient air measurements remained unexplainedsefhiesentesults as well as the previously published resitiblight
the major difficulties that station Rl are facing withthe-intercomparison interpretation and understandingcdihing
sampling line test which aremandatory in the ICOS network at least on a yebdgis, may help to understand if the

sampling design introduces artefacts.

3.4 Travelling “cucumbers” cylinders and station taget tank biases

At the beginning of the station operation, qualityntrol tanks, or targets, were not systematicabgd or ——neither

calibrated.CCalibrated tanks were used systematically from 284 5vorking standardsiewing-in order to monitobiases
L

In addition the station OPE took part in the Canb@ipe « cucumber » program in the EURO2 loop atetitk of 2014, as

well as in the ICOS program which started in Sep@n?017. The aims of such programs are to asseasumement

compatibility and to quantify potential offsetsaalibration scales within a network. The resultshafse two sequences of «

cucumbers » intercomparison are showirfrigure 8Figure-&long with the biases estimated for the staticaliucontrol

cylinders.
The biases estimated from the target tanks operatetie station and the blind cucumber interconsparibiases are

consistent for all species. GBiases are found between -0.1ppm and 0.1ppm fet nidhe times except some outliers that
still need to be understood. A slight trend maypbesent in the LTT Cghiases between 2014 and 2018. The STT results

may show a trend as well but step changes arepatsent. We attribute the G®@iases signal to the convolution of step

changes and interannual trend. The step changesendue to cylinders changes. This possible CQfitelown by the

LTT (on the order of +0.02 ppm) remains unexplairgdthis stage. The re-evaluation of the CO2 camatons of

calibration tanks at ICOS central facility couldosha drift in their values, which would lead to arrection of the time

series.

CH, biases are between -0.75ppb and 0.75ppb for nideeaases. CO biases show a large spread attiening of the

station operation partly related to the temperagamesitivity of the Los Gatos Research analyserthadoor temperature

control of the measurements container. Since 204 €0 biases stay within the -5 ppb/+5 ppb range.
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Figure 887 Target tanks biases over time for several tanks faCO, (top left panel), CH; (top right panel) and CO (bottom panel) in
colours. The FheShort Term Target (STT), Long Term Target (LTT) and “cucumbers” intercomparison biases arerespectively
shown incoloured squares, coloured triangles andlack circle. The different colours are related to the differenttanks used at the

OPE station for quality control.
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4. Results

Tall tower GHG concentration time series over nattlides continental areas exhibit strong variatifmom hously to
weeks,seasens seasonand interannual time scales and even longer. Sadabilities are linked to local, regional and
global meteorological variations, as well as laimmsphere processes and human activittdger\We will first showng the
general characteristics of the time seri@& will then analyse—we-will-presentand shthwe diurnal cycles computed from
the despiked hourly data. We wilienselect only stable situations with low fast variigpito get-afocus on the regional

trends will then be analysed and presented. h ‘[Formatted: Subscript

4.1 General characteristicsof the CO,, CH,4, and CO times series

TheFigure SFigure 9Figure S8hows the general characteristics of the afternmeas measurednole fractionsst-for CO,,
CH,, CO at the OPE station #te-10m, 50m and 120 m above ground levetem-the-summer-of 2011 to-the-end-of 2018,
the-afternoon-mean-GCQ@ Om-varied-from ppm-value-to-a-maximur 58 ppm—A-highervariability-isrecorded at
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| Figure 998 Afternoon (12:00-17:00 UTC) mean CQ (top left panel), CH, (top right panel) and CO (bottom panel) mole fracions
measured at OPE station at 10m (red), 50m (green) dri20m (blue).
5| From the summer of 2011 to the end of 2018, thermdion mean COat 120m varied from 375 ppm to a maximum of 455
ppm. Over this seven years period, the afternooanntiene series show synoptic variations as welbgeal variations and
interannual trends. Similar patterns were obselteseveral other long term monitoring stations stern Europe over
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different periods (Popa et al., 2010, Vermeulealgt2011, Schmidt et al., 2014, Lopez et al., 28¢chibig et al., 2015,

Satar et al., 2016, Stanley et al., 2018, Yuar.eP@19). At European background stations suchlE® coastal station or

mountain stations (JFJ, Zugspitze ZUG or PDD) titerannual times series are dominated by long tegnus and seasonal

changes. At regional continental stations (CBW, TBNBialystok BIK), the synoptic variations havenaich larger

intensity due to the proximity of the strong comtital sources. The patterns and amplitude of simeptiations and of

seasonal changes depend on the sampling heighioWest level (10m) had a higher variability thare thighest level

(120m). At 10m, the summer minimum concentratioreslawer than the 120m concentrations while thetevimaximum

concentrations are above the 120m concentratiorsticdl gradients of COare present year round but are stronger in

summer and weaker in winter, and the gradient lditiais much stronger in summer.

The CH, afternoon mean mole fractions time series are @igoacterized by a long term trend with a weakasenal cycle.

Synoptic variations could be as high as 150 to |20 on hourly time scales and are stronger atdivedt level. Vertical

gradients of Chlare present year round and show a small seasgeial The CO afternoon mean mole fractions time series

do not show any long-term trenbdut are characterized by strong seasonal cyclesic variations could be &srge high
as 200 ppb on hourly time scales and are strorigliedowest level. Vertical gradients of CO arectmstronger in winter
and weaker in summer. The CO lifetime in the atrhesp is strongly related to OH radicals, the majok, whichis

seasonallychanges from season to seasen-varlbftng summer the combined effects of a morevacsink, weaker «

local » sources and a strong vertical mixing leadbtver concentrations, witbmalier lessvariability and weaker vertical
gradients. In winter, the OH sink efficiency dees local sources are stronger and the meteocalogdnditions favour

non-dispersive situations and weaker vertical ngxeading to higher CO concentrations and stromggical gradients.

441-2Diurnal Cycles and vertical gradients

Thetrace-gasediurnal cyclesof trace gaseare-theresultfroms-ef-theatmospheric dynamics (especially the daily amgétu
of the boundary layer heighthesurface fluxes anthe-atmospheric chemistry. The mean diurnal cycles ©f, CH, and
CO are showmn-theinFigure 10Figure-10Figure fr the three sampling levels (10m, 50m and 12@d@spiked hourly

data (not detrended nor deseasonalized) were pseonipute the mean diurnal cycles. £GH, and CO mole fractlons {Formatted: Subscript

displays similar diurnal cycles because of the lsimatmospheric dynamics control: large increasenein mole fractlons ‘[Formatted: Subscript

and vertical gradient during night time in oppasitiwith a reduction of mean of mole fractions aedical gradients during {Formatted: Subscript

daytime. During the afternoon, while the lowestele€H, and CO mole fractions stay layger than at thelegpl, CQ mole {Formatted: Not Highlight

fraction at the lowest level are slightly lower ithat, higher level. This G{depletion is due to theegetationgewtharowt th ‘[Formatted: Subscript

angbyphotosynthesigwhich are stronger in summer and almost disappgani winter). \\? N ‘[F°"ma“‘3d= Not Highlight

Lags are noticeable between the different levethénCQ and CH diurnal cycle. The night-time peak concentrationsur \\\

e { Formatted: Subscript, Not Highlight

.+ { Formatted: Not Highlight

earlier at the lowest level followed by the intedizge level and then followed by the highest leWdle daytime minimum T \
{Formatted: Not Highlight

seems to be reached at the same time at the #vels.I Then the late afternoon increase is mudirfas the lowest level {Formatted- Not Highlight

{Formatted: Not Highlight

o JC U U U L L
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and is also delayed at the highest level. The diwrycles of CQ and CH are larger in spring and summer while for CO it
is larger in winter.
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Figure 10309 Mean diurnal cycles of CQ (top left panel), CH, (top right panel) and CO (bottom panel) for the three sampling
levels 10m(red), 50m(green)and 120m(blue), rermatized-te-the-tep-tevel-120mcomputed over the period 2011-2018.he shaded
area correspond to the + and — 1 standard deviatienaround the mean diurnal cycles.

For the three compounds, the vertical gradientsnaweh strongeduring-theatnight, and the highest concentrations are

measured near to the groundwith-highest-conceamsttlose-to-the—grounduring the daytime, the gradients almost

disappear, due to the vertical mixing of the lownasphere. In spring and summer, the lowest leve} @®ernoon

concentration is slightly below the highest leveflecting the photosynthesis pumping of £k thevegetationplants
Vertical gradients build up again in the late aftean. For Cl{ and CO the vertical gradient stays the same atigathe day,
the lowest level being higher than the highestleve

In the warm period (from May to September) the meentical gradient of C@s 0.4ppm during the afternoon (12:00-17:00
UTC) and -9.95ppm at night (00:00-05:00 UTC). Darthe cold period (from October to April) the meaattical gradient
of CO,is -0.24ppm during the afternoon (12:00-17:00 URGY -3.5ppm at night (00:00-05:00 UTC). Similarteats were
observed at CBW, for the 1992 -2010 period but witftonger amplitude (Vermeulen et al., 2011). Imtes, the lower

(night-time). In summer, the vertical gradientsCg, were also very small during the afternoon and shetwptake of CO - {Formatted: Subscript

at the lowest level (between 0.5 and 1 ppm). Nighe summer gradients were largest in summer ahdray peaking at

04:00 UTC around -30ppm. Satar et al. (2016) shoveztical gradients of GHG concentration at theddeunster station.
In June 2013, the vertical gradients of O@ere negative between 18:00 UTC and 06:00 UTChiegcaround -10ppm at
3:00 UTC while they were positive between 09:00 46dD0 UTC with amplitudes of 1 to 3 ppm. In Jayuad13, the

vertical gradients stay the same (negative) alh@lthe day with an amplitude between -5ppm and pDStanley et al.

Daytime vertical differences of GQuere very small (<1ppm) (positive in winter andyagve in the other seasons). Night- h ‘[Formatted: Subscript

time vertical gradients of CQvere always negative between 3ppm and 8 ppm.

In the warm period the mean CMertical gradient is -0.5ppb during the aftern¢d®:00-17:00 UTC) and -20.7 ppb during
the night (00:00-05:00 UTC). During the cold periddm October to April) the mean vertical gradiefitCH, is -4 ppb
during the afternoon and -18.5 ppb at night. Sinplaiterns and amplitudes were shown in the UK taylBy et al. (2018).

Vermeulen et al. (2011) also presented similarepast but with larger amplitudes, the CBW verticeddients of Cl|l - {Formatted: Subscript

reaching -300ppb during summer between the 20n2a6ach levels- .
) . CO )
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4.2 3 Regional scale-Batasignal extraction—selectiamd-time-series-analysis

Our aim in this paper is to present the generahbielrs of the major GHG at the station focusing@latively large scale.

The stationhourly time series exhibit strong variability frohourly to -decenni@iterannualtime scals. These variations
may be related to meteorological and climate chanaed to sources and sinks variations. We arelynosérested in the

regional signatures at scales that can be apprd ing -the- model inversion and assimilation frameworkr Eus
reason we want to isolate-from-the-time-seriesdatd-aggregation the situations where the localénte is dominant and
is shadowing the regional signatdrem the time series and data aggregativie then need to define the background signal

on top of which the regional scale signal is added.
Such local situations and background definitions/ ne@ extracted purely from time series analysis res, or may be

to adequately flag local spikes. El Yazidi et 2018)-have assessed the efficiency and robustriebsee statistical spikes

detection methods for G@nd CH and-have concluded that the two automatic SD d@ERmethods could be used after a
roper parameters specification. We used the Eld¥af al. (2018) method on the composite mergedute time series to

filter out « spike » situations. From this despikathute dataset we built hourly means, which weseduto analyse the
diurnal cycles. Focusing on data with regional fowits, we selected only afternoon data with lovwuro variabilit

{estimated from-minute standard-deviatiovi®dn the boundary layer is larger and the veriiwaing is more efficient We

excluded data showing large variations by usingntireute standard deviations. Hourly data with ménstiandard deviations

larger than the three interquartile range computedith by month were excluded from the afternoon mézading to a

We then used the CCGCRV curve fitting prograimom NOAA (Thoning et al., 1989ith the standard parameters set

(npoly=3, nharm=4) to compute the mean seasondégyand trendgor the three compound€CGCRYV results were

compared with similar analysis performed with tipeair packagéCarslaw and Ropkins, 2018]j R for the seasonal cycle
and the trend using the Thé&iken methodSen, 1968) These seasonal cycle and trend components dintieeseries are
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dominated by large-scale processes. In additiangtintra-seasonal variabilities are observed dnatrelated to local and

regional scale factors. Wen computed thafternoon meanesiduals from the seasonal cycle and trends BDRGCRV

4.3-4Seasonal cycles

FheFigure 11Figure-tiFigure-1€hows the mean seasonal cycleshefthree-compeunds0,, CH, and CO at the three
measurement levels (10m, 50m and 120m agl). Eacthefthree GHG displays a clear seasonal cycleh Wwigher
amplitudes at the lower sampling levels. Minimumuesal are reached during summer when the boundaey ihigher and
the vertical mixing is more efficient. In additiém the boundary layer dynargjdhe seasonal cycle of the surface fluxes and

the chemical atmospheric sink also plagignificant role. The correlations of dynamic and fesprocesses at the seasonal

early winter when the CO2 concentrations at 10magger than at 120m.

Minimum values are reached late summer for Cg around the end of August with no vertical gratBearound this
minimum. Vertical gradiestappear inthe-late spring with a maximum gradient in June wheseeondary minimum is
observed at the lowest level but not at #heve_highetevels.The amplitude of the COseasonal cycle is nearly 21 ppm at

on the sampling height (Popa et al., 2010; Vermeeleal., 2011)—COrertical-gradients-are-also-observed-latefalldyea

winter-when-thelowestlevel- G@s—higherthan-the—top-level. The two early ang labmmer C® minima were also
observed by Haszpra et al. (2015), at the Hegyh&tiséower in western Hungary between 2006 an@%8nd their timing

are very close to OPE. But only one summer mininb@twveen August and September was observed at khéF®ba et al.,
2010), CBW (Vermeulen et al., 2011) and TRN taWéos (Schmidt et al., 2014) and at the JFJ, Sok&nd (SSL) or

atmospheric station revealed that the forest andsimnd Net Ecosystem Exchange had two maximariy ®ammer and

late summer with a decrease in between (Heid g2@18). The two early and late winter maxima wals® observed by
Popa et al. (2010) at the BIK tall tower with sianitimings , end of November and February. But arg winter maxima
was observed in January at CBW (Vermeulen et 81P TRN (Schmidt et al., 2014) and Hegyhatsals@pea et al.,
2015), in February at SSL and in March at the JEIUG mountains stations (Yuan et al., 2019).
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Figure 1131310Mean seasonal cycles of the afternoomean-data at the three measurement levels ( 10m in re80m in green and

120m in blue) for CO, (top left panel), CH, (top right panel) and CO (bottom panel) computed wer the 2011-2018 period using
CCGCRV.

Minimum CH, values are observed in July and maximwuatues are reached-valdasFebruary and NovembéeFhe peak-to-

mid-summer and early winter compared to the otleassns. At BIK, there was only one maximum in Decembed an

minimum values were reached between May and Juvea(Et al., 2010). The seasonal cycle amplitudebgbseen 64 and

seasonal cycle amplitude was between 50 ppb angdi@Vermeulen et al., 2011).

The CO seasonal cycle peaks at the end of Febrwittya secondary peak at the end of November. Mininvalues are

reached in July, earlier than the £&nhd CH minimum. The peak-to-peak amplitude of the CO geakcycle is between -~ { Formatted: Subscript

"~ | Formatted: Subscript
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80ppb and 90ppb. At BIK, the CO maximum was reachelanuary (with a delay compared to G@d CH) and minimum
values were observed in June, with a peak to peakamal cycle amplitude between 130ppb and 200pmbea( et al., 2010).

At CBW, the CO maximum was reached in January (&igiv a delay compared to G@nd CH) and minimum values were _ - {Formatted: Subscript

observed in August. The peak to peak CO seasowd eynplitude varied between 90ppb and 130ppb (¥atem et al., o {Formatted: Subscript

2011). At OPE-The €O-vertical gradientof CO are maximum:_highesin November and December. This highlights the
enhanced winter anthropogenic emissfobably associated witldlomesticheating as well ashe-reduced atmospheric
mixing. Large-scale transport may contribute to iherease as emission increases in winter on ocemtih scale But
Howeverlocal activitiesarealso contributingas shown by the stronger vertical gradients aadigher mole fraction levels
near the ground. CQrertical gradients are stronger in November andeber, as also shown in the £&hd CO vertical

gradients, and are weaker from January to April.

44-5Trends

FheTable 7Table-#Table feports the mean atmospheric growth rates comgotethe three compounds at the top level
using CCGCRYV and Thelbsen approached.he-Mmeanannual growth rate d€0, annual-grewthratever the 2011-2018
period is 2.5 ppm/year usirige Theil-Ssen method and 2.3 ppm/year using CCGCRV. This-Egreementconsistemith

the Mauna Loa global station rate which is also##/year on average for the period 2011-2018& #tionger than the
growth rate reported faEugspitze_ZUGmountainsitestation 1.8ppm /year, for 1981-2016 (Yuan et al., 20E8) well as
CabauwCBW 2.0 ppm/year, over 2005-2009 (Vermeulen et @112. Such comparisons are only qualitative and must be

used with caution, as the time period consideredddferent. However, they suggest that the atmesplCO2 growth may

speed up in the European mid-latitudes

OPE-120m CO, (ppm) CH, (ppb) CO (ppb)
CCGCRV 2011-2018 2.3235(1.93 ;2.77) 8.8385 (7.35 ; 10.34) -0.22 (3.9 ; 3.5)4
Theil-Ssen2011-2018 2.4854 (1.92 ; 3.28) 8.8691 (7.64 :9.96 -0.3749 (-1.71 :0.73
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Table 776 Growth rates of CO,, CH, and CO mole fractions at OPE 120m level for the péwd 2011-2018 computed on the
afternoon mean data usinghe CCGCRYV and Theil-Sn methods 95% confidence intervals are displayed for eachoonpound and
method.

The mean annual growth rate of Céler the 2011-2018 period is 8.8 ppb/year usingCRBYV and 8.9 ppb/year using #e- - {Formatted: Normal

Theil-Sen method. It is slightly higher than thenaal increase in Globally-Averaged Atmospheric Nt from NOAA

which is 7.5 ppb /year over the 2011-2017 periodlightly decreasing non-significant trend is sé@nCO at OPE over the

2011-2018 period. This finding is consistent wigltent observations in Europe and in the US. Aftieng global decrease

since the 1980'’s, the CO decrease has declinedefggral years after reaching values below 2 ppmv(jeet al., 2016,

Zellweger et al. 2016).

456 CO,, CH4 and CO residuals

We analysed tHg20m levelresiduals from the trend and seasonal eyfiteed curves with regaedto air masses back-

trajectories using the six clusters defined for #fiernoon back trajectories (sEgure 2Figure2Figure)2FheFigure

12Figure-L1shows the boxplots of the residuals for each mantt back-trajectories cluster. The boxplot displéhe first
and third quartile and the median of the residaalsvell as the overall data extension.
The residuals of the three compounds are signifigastronger in the cold months than during the wanonths.The

h back-trajectories reaching far over the Atlaricean.Such- Thesair masses are associated with fmeallest lowest

residuals variability (smallest boxplot extensioNggative residuals are noticed year-round for @kl CO and during the

cold months for C@(positive during warm months). Clusters 1 (brownyl 2 (red) are associated with southern and easter

trajectories. The associated residuals are muonggr and show large variabilities among the déffiérsynoptic situations

with potential large deviations from the background
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Positive residuals amsticed associated withf@duster 2 year-round for CH4 and CO and during thid months for CO2.
Cluster 3 (orange) is associated witther negative or positivieeustratresidualseitherregative—orpeositivior the three
compounds. Cluster 4 (green) is characterised layively "stagnant " air masses with back-trajeie®ithat do not extend
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far from the station in any particular directiofi$iis type of air masses is associated vatge highresiduals variability for

the three compounds during the cold months. Thduals can be either positive or negative and skwge spreads among
the situations.

cluster 1 2 3 4 5 6

period warm | cold | warm | cold | warm | cold | warm | cold | warm| cold | warm | cold

CO,/CH, | 0.21 0.92 0.33 0.89 0.01 0.84 0.47 0.86 0.18 0.8 240 0.87

CO,/CO | 0.16 0.91 0.4 0.87 0.24 0.81 0.5p 0.91 0.24 0,74 240. 0.78

CH,/CO | 0.74 0.93 0.87 0.84 0.71 0.87 0.76 0.92 0.5 0;85.78 0 0.88

Table 887 Correlation coefficients between the compounds rakials for each cluster, split between a warm perid from April to
September and a cold period from October to March.

Table 8Table-&hows the correlation coefficients between the pmmds residuals for each back-trajectory clustelit

between a warm period from April to September arabld period from October to March. During the waperiod, the

correlation coefficients between ¢@nd either Ckl or CO are low except for Cluster 4. However, tlogreation

coefficients between CHand CO are around 0.75 for each cluster. Durireydbld period, the correlation coefficients

between the different compounds are high and sagmif for every type of back-trajectory. Similaasenal pattern for the

CO,/CO residuals and CO/CHesiduals were shown by Satar et al. (2016) iir tho years analysis of the Beromunster

tower data in Switzerland.

“ ‘[Formatted: Normal
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Figure 12: Seasonal boxplot of the CQ(top left panel), CH, (top right panel) and CO residuals (bottom panelat OPE 120m levels
by cluster occurrence (cluster 1: brown, cluster 2 red, cluster 3 : orange, cluster 4 : green, clust 5 : blue, cluster 6 : cyan) for the
period 2011-2018

“ {Formatted: Normal

Such patterns suggest that, during the cold morities,three compounds fluctuations are associated thie same
anthropogenic processes convoluted through thesptheoic dispersion. However, during the warm mor@ks residuals
intraseasonal variations may have different driveesy CO or Chiresiduals or scale footprints are different. Fxareple
natural biospheric contributions from different Ilesa(local to continental) are larger for £€@uring the warm months.
Photochemical reactions are also much more actlvaieisresult-is-suggesting suggethat biospheric COfluxes may be
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the dominant driver of CQintraseasonal variations during the warm periodenanthropogenic emissiorseleadng the

intraseasonal variations of the three compoundagltine cold period.

5. Conclusion

The OPE station is a new atmospheric station the et up in 2011 as part of the ICOS Demo Expetimeis a
continental station sampling air-masses influenegthin regional footprints. In addition to greeniseu gases and
meteorological parameters mandatory for ICOS, thgos is-measuringmeasuraerosol properties, radioactivity and is part
of the regional air quality network. The greenhogmses measurements are performed in compliande thét ICOS
atmospheric station specifications, anthe stationwas labellecas—part-ofblCOS-ERIC in 2017. We presented the GHG
measurement system as well as the quality conemddpmed. Then analysis of the diurnal cgcleeasonal cycles and trends
were shown for the GHG data over the period 2011182@riod Lastly we analysed the compounds residuals veitfamd

to the air masses history.

The monthly mean field CMR were estimated betweéd @nd 0.04 ppm for C00.14 and 0. 5 ppb for GHand 0.1 and
5.4 ppb for CO. The monthly mean field LTR weréreated between 0.003 and 0.013 ppm for,Gf@tween 0.03 and 0.23
ppb for CH, and between 0.14 and 2.17ppb for CO. Biases a&infrom the station working standards or by the
cucumbers intercomparison are between 0.1 ppre@y +0.75 ppb for Ciland 5 ppb for CO since 2016.

The station was auditede-timestwice once just after its start in 2011 and then in20a 2011, the field audit revealed a
median difference of 0.13 ppm for ¢@nd of 0.4 ppb for CH During the 2014 audit, the mean biases were letv0e03
and 0.05 ppm for C9and between 0.7 and 1.8 ppb for LHhe audits results as well as the routine quatitytrol metrics
such as CMR, LTR and biases, and the cucumbensantgparisons showed that the OPE station reacleddmpatibility
goals defined by the WMO for GOCH,, and CO for most of the time between 2011 and OI8O, 2011). The station
set-up and its standard operating procedures soduly compliant with the ICOS specifications (Irent et al.,. 2017).

The diurnal cycles of the three compounds shdwe amplification of the vertical gradiedtiring atthenight mainly caused
by the night-time boundary layer stratification@sated withtheground cooling anéheradiative loss. Minimum values are
reached duringhe afternoon—daytimavhen the-vertical mixing is more efficient. In addition this main atmospheric
dynamics influence, diurnal cycles of the surfaggssions and of the chemical processe=also playrg some roles in the
diurnal profiles of the three compoundsterested-on-larger-secale-processétle focugd on the afternoon datas we are
interested in larger scale procesddfe computed the mean seasonal cycles gf CE8, and CO. In additiomiuite relatively

strong positive trends were observed for,G@d CH with a mean annual growth rate of 2.4 ppm/year &&dppb/year
respectively for the period 2011-2018. No significaend was observed for CO.

The residuals from the trends and seasonal cydtetified by the time series decompositions arehmatmonger during the
cold period (October to March ) than during the wareriod (April to September.) Our analysis of tesiduals highlights

the major influence ofhe-air masses on the atmospheric compositions residAal masses originating from the western
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guadrant with an Atlantic Ocean signature are aatat with the lowest residual variability. Easteontinental air masses
or stagnant situations are associated with lagduoals an¢brge highvariability. The correlations between the compounds
residuals are also stronger during the cold peftadthermore, there are no significant correlatietween C@and CO or

CH, during the warm period. This—reflectingshowsthat summer COresiduals have important natural sources while

anthropogenic drivers dominate CO and,@#riations. - [ Formatted: Subscript
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