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During the summer of 2018, a widespread drought devel-
oped over Northern and Central Europe. The increase in
temperature and the reduction of soil moisture have influ-
enced carbon dioxide (CO,) exchange between the
atmosphere and terrestrial ecosystems in various ways,
such as a reduction of photosynthesis, changes in ecosys-
tem respiration, or allowing more frequent fires. In this
study, we characterize the resulting perturbation of the
atmospheric CO, seasonal cycles. 2018 has a good coverage
of European regions affected by drought, allowing the
investigation of how ecosystem flux anomalies impacted
spatial CO, gradients between stations. This density of
stations is unprecedented compared to previous drought
events in 2003 and 2015, particularly thanks to the deploy-
ment of the Integrated Carbon Observation System (ICOS)
network of atmospheric greenhouse gas monitoring
stations in recent years. Seasonal CO, cycles from 48 Euro-
pean stations were available for 2017 and 2018. Earlier data
were retrieved for comparison from international databases
or national networks. Here, we show that the usual
summer minimum in CO, due to the surface carbon
uptake was reduced by 1.4 ppm in 2018 for the 10 stations
located in the area most affected by the temperature
anomaly, mostly in Northern Europe. Notwithstanding,
the CO, transition phases before and after July were
slower in 2018 compared to 2017, suggesting an extension
of the growing season, with either continued CO, uptake
by photosynthesis and/or a reduction in respiration
driven by the depletion of substrate for respiration inher-
ited from the previous months due to the drought. For
stations with sufficiently long time series, the CO, anomaly
observed in 2018 was compared to previous European
droughts in 2003 and 2015. Considering the areas most
affected by the temperature anomalies, we found a higher
CO, anomaly in 2003 (+3 ppm averaged over 4 sites), and
a smaller anomaly in 2015 (+1 ppm averaged over 11
sites) compared to 2018.

This article is part of the theme issue ‘Impacts of the
2018 severe drought and heatwave in Europe: from site
to continental scale’.

Continuous atmospheric carbon dioxide (CO,) measurements
from ground-based networks provide very precise monitoring
of long-term trends, as well as interannual, seasonal and day-
time variations. These measurements can be used to derive
information on surface fluxes. Analysis of spatial and temporal
gradients in atmospheric CO, concentration measurements
allows the detection of anomalies or unexpected behavior,
e.g. due to persistent meteorological conditions that are
expected to impact CO; fluxes [1-4]. We develop this approach
in the present study, using an unprecedented dataset in Europe,
in order to analyse the impact of the 2018 drought on atmos-
pheric CO, concentrations. For a more quantitative approach,
capable of estimating the anomaly on biospheric fluxes, it is
necessary to use the observations in combination with atmos-
pheric inverse models. Such models are used to optimize
fluxes to best fit the atmospheric observations given simulated
transport, and in most cases, given a prior estimate of fluxes
and their uncertainty [5-9]. Atmospheric inversion models
are comprehensive systems that provide optimized fluxes
and their error statistic to best represent observed atmospheric
concentrations. Generally, they assign uncertainties to atmos-
pheric observations that are much larger than the
instrumental uncertainty, to account for transport model uncer-
tainties [10,11]. This approach is developed in three
publications of the special issue [12-15], using the atmospheric
CO, dataset that we describe in this article.

Our first goal is to present the most complete up-to-date,
unpublished dataset of CO, atmospheric concentration
measurements across Europe. Data of the harmonized inte-
grated carbon observation system (ICOS) have only become
available in recent years and have been combined with
records from the same stations that were in operation
before the implementation of ICOS, and with records from
additional non-ICOS stations from regional and national net-
works. In this study, we carefully selected only stations that
ensure a traceability of their measurements to the inter-
national World Meteorological Organization (WMO) CO,
mole fraction scale [16,17]. The total number of sites with con-
tinuous, harmonized data are 48 stations in 2018, and cover
the period from 1971 to the end of 2018. The second objective
is to analyse the observed CO, concentration anomaly across
different sites during the growing season of 2018 compared
with previous years, mainly 2017, to answer the following
question: can a dense atmospheric measurement network
be used to directly detect the space-time patterns of CO,
flux anomalies during the widespread and intense 2018
spring and summer drought event that prevailed over
Northern and Central Europe?

All atmospheric measurement stations operating continuous
CO, measurements in 2018 are shown in figure 1. A total of
48 stations covering Western, Southern and Central Europe,
and Nordic countries (table 1) are included. This network has
a mean density of about 12 stations per 10° km? in the area of
the countries that have at least two stations. There is no cover-
age in Belarus, Russia, or any country in the Balkans. The
distance between one station and its three closest neighbours
ranges from 60 to 80 km for stations located in the Alps
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Figure 1. Location of the CO, monitoring sites in Europe. The symbols represent the different type of stations: tall towers (red circles), coastal sites (blue diamonds),
mountain sites (green triangles), other surface stations (crosses) and total carbon column observing network (TCCON) site (square). (Online version in colour.)

(LHW, JFJ, BRM, PRS) to more than 1300 km for ZEPE, FKL and
IZO (table 1), and is equal to 385 km on average. The stations
are located at tall towers in rural areas, mountain sites, coastal
locations, and, in a few cases, in urban or suburban locations.
Only 12 stations provided continuous data in 2009, in contrast
to 48 in 2018. Tall tower measurements are generally made
from two to five sampling levels ranging from 2.5 to 341 m
above ground level. The present dataset contains 20 tall
tower stations, which sums up to 68 time series corresponding
to all sampling levels (table 1). In total, more than 5 million
hourly averages of atmospheric CO, concentrations have
been collected for this study. Depending on sites and time
periods, data have been collected from different repositories
(electronic supplementary material figure S1), namely:
the National Oceanic and Atmospheric Administration’s
(NOAA) Observation Package (ObsPack) compilation (29%)
[18], ICOS (26%), the World Data Centre for Greenhouse
Gases (WDCGG) (5%), and from the scientists in charge of indi-
vidual sites (40%). In this study, we use only in situ data, except
for Lampedusa where concentrations from flasks sampled on a
weekly basis [19] have been used in order to fill in a data gap
from February to May 2018 at this station. The European
research infrastructure ICOS is engaged in a process of stan-
dardization of measurement protocols, quality control and

data processing for European stations [20,21]. The ICOS net-
work represents a homogeneous subset of the European
network (up to 55% of the total dataset in 2018), whose data
are easily available through the ICOS Carbon Portal (www.
icos-cp.eu), with high traceability, and it has been thoroughly
evaluated by the ICOS scientific community. Data from the
international repositories were checked for consistency prior
to ingestion into the databases. Data from individual stations
were validated by the responsible scientists. All measurements
presented in this study are referenced to the international refer-
ence scale WMO-X2007 [17,22], and can be downloaded from
the ICOS Carbon Portal (d0i:10.18160/ ere9-9d85).

Data availability and the temporal coverage of the data
from 2008 to 2018 are represented in figure 2. The longest
records are from Schauinsland, Germany (since 1971), and
Monte Cimone, Italy (since 1979), and the shortest are from
recently installed ICOS sites like Norunda (January 2017) and
Svartberget (June 2017) in Sweden. New ICOS sites that have
become operational since summer 2018 were not included in
this analysis due to the measurement period being too short.
Based on daily averages, rates of missing data during the
measurement period can be classified in three tiers: more
than 20% (in the period 2009-2018 and in 2018 only, 30 and
38 stations, respectively), between 10 and 20% (8 and 4 stations,
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Table 1. List of stations with their coordinates and sampling heights.
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Table 1. (Continued.)

station country lat [°] lon [] alt [m.a.s.l.] inlet [m.a.g.l.]
WAO Weybourne UK 52.9500 1.1219 20 10
ZEP Ny-Alesund Norway 78.9067 11.8883 474 15
SOD Sodankyla Finland 67.367 26.631 188 total column

respectively) and less than 10% (10 and 6 stations, respectively).
A total of 44 stations cover the growing season of the year 2018,
with valid monthly means for all months from April to Octo-
ber. Out of these, 22 stations are located in an area affected
by a 1.5-c temperature anomaly, or more, compared to the
2009-2018 period, at least for one month in summer 2018,
based on 0.25° gridded climate ERA5 reanalysis data [23].

3. Analysis of the atmospheric (0, seasonal cycle
across Europe

We applied a data selection scheme to all time series in order to
minimize the effects of local contributions, and increase the
spatial representativeness of each record. Except for Mace
Head (MHD), where we used a selection scheme based on
wind speed, direction, and hourly standard deviation of CO,
[24], we have applied a simple selection to all stations. It consists
of retaining mid-afternoon (12-17 h local winter time) data
at tall tower and coastal stations, and retaining night-time
(20-05 h local winter time) data at mountain stations, when
the air is well-mixed, providing a large spatial representative-
ness with minimum influence from local sources [15,25,26]. In
addition to this temporal filtering we also excluded hourly
means with a standard deviation greater than 0.5 ppm from
the selected time series. As a consequence, this data selection
significantly reduces the number of hourly averages (26% of
the total), but only marginally affects the number of daily
averages (by 5.5% on average). From the selected dataset, we
have estimated the seasonal cycles of atmospheric CO, concen-
tration by using the curve fitting procedure developed by
Thoning et al. [27]. For each station, the CO, time series are
fitted with a 4-harmonics curve and a quadratic polynomial
function. Residuals from this fit are filtered in the
time domain using a low-pass filter in order to separate
high-frequency variations and inter-annual variabilities.
Figure 3 shows selected hourly measurements, as well as
the corresponding smoothed curves from four tall tower
sites: Hyltemossa (HTM, Sweden), Gartow (GAT, Germany),
Tacolneston (TAC, UK) [28] and Observatoire Pérenne de I'En-
vironnement (OPE, France) [29]. The smoothed curves are
compared to the one inferred from the marine sector selection
at Mace Head, which can be chosen as a marine background
station for air masses advected into the European continent, a
site commonly used as a background reference for Western
Europe [1]. This comparison with MHD is only qualitative.
Calculating the differences in concentrations between stations
upstream and downstream from European sources would
require a more detailed analysis of air mass trajectories, and
the optimal background would probably be different depend-
ing on the European regions considered. The signals observed
at these four stations are typical for rural sites. They are charac-
terized by strong positive synoptic CO, events in the winter

half-year from September to early March, when CO, concen-
tration is at the higher part of its seasonal cycle. These
episodes correspond to periods of low-atmosphere stratifica-
tion, leading to an accumulation of gases emitted at the
surface in the atmospheric boundary layer. In the case of
CO,, the emissions in the non-growing season originate from
both anthropogenic and biogenic sources. This corresponds
to the period with CO, concentrations at the European sites
larger than marine background concentrations measured at
Mace Head. By contrast, CO, concentrations at inland stations
are lower than those at Mace Head from March to July, due to
the influence of CO, absorption by European ecosystems,
which dominates the continued anthropogenic emissions at
the continental scale. Note that there is no symmetry between
the amplitude of the winter peaks and the negative peaks of
spring, mainly because of limited vertical development of the
atmospheric boundary layer in autumn/winter [30,31] which
amplifies the atmospheric signals measured at the surface
during those seasons. Additionally, in winter both anthropo-
genic emissions and biogenic emissions contribute to positive
synoptic anomalies, whereas in summer they mainly offset
each other. Only clean air masses that did not receive recent
anthropogenic emissions while being exposed to CO, uptake
can create negative synoptic CO, anomalies [32-34].

Over the 2009-2018 period, we calculated the amplitude of
the seasonal cycle as the difference between the smoothed
monthly mean maximum in winter and the minimum in
summer. The largest and smallest amplitude were observed at
the urban site of Heidelberg (32 ppm), and at the background
marine site of Izafa (7.8 ppm), respectively. In addition to its
marine footprint, the smaller amplitude at the latter station is
due to its location south of continental Europe. At Mace
Head, the CO, amplitude for oceanic air masses is on average
14.9 ppm. Overall, we may distinguish between the coastal
sites like Mace Head (12 sites), which display an average
annual amplitude of 14.5+3.0 ppm, the mountain sites
(7 sites) with an amplitude of 12.4 +2.0 ppm, and the highest
sampling levels of the tall towers (20 sites) with a mean ampli-
tude of 21.0+£3.0 ppm. The higher seasonal amplitude
observed at the tall towers, compared to the coastal and moun-
tain sites, can be explained in part by a higher exposure to
biospheric fluxes, but also by being subject to the greater
dynamics of the continental boundary layer [31,35].

4. Atmospheric CO, concentrations fingerprint of
the 2018 European summer climate anomaly

The climate anomaly in Europe during 2018 was characterized
by temperatures higher than normal for every month from
April to December, and by a sustained dry period from June
to November in Central Europe, with a fast transition from
normal to drought conditions from spring to late spring and
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Figure 2. Time series of (0, mole fractions (ppm) at 48 sites in Western Europe over the period 2009—2018. Each vertical coloured line represents a (0, daily
average. The second column indicates the sampling height above ground level, and the third column indicates whether the station is a tall tower (Tt), coastal (Cs),
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summer [12,14,36]. Europe experienced late spring and
summer temperatures that were more than 1°C warmer than
1981-2010 [37,38], with the highest temperature anomalies

(+2.5°C) being observed in May-June. Most of Europe was
affected, but the anomaly was particularly marked in Central
and Northern Europe (electronic supplementary material,
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figure S1). In Southern Europe, particularly the Iberian Penin-
sula, the conditions in summer and spring were wetter than
usual and likely promoted stronger biospheric CO, uptake.
In this region, crop yields were found to be higher than
normal during 2018, whereas low and extremely low yields
were recorded in Central and Northern Europe [12,39].

The atmospheric CO, seasonal cycle observed at the top
level of four tall towers located in the UK, France, Germany
and Sweden, were clearly affected by the drought in 2018
(figure 4). For all four sites, we observe a similar pattern
during the summer of 2018. While the overall pattern
compares well with previous years, the CO, drawdown,

normally observed between March and August, was reduced
between June and August 2018. In comparison with the aver-
age of the previous years (see the periods in figure 4), the
occurrence of the daily concentration minimum in summer
2018 was delayed by 12, 13, 28 and 32 days for OPE, GAT,
TAC and HTM, respectively. For these four sites, the mean
CO, anomaly (2018 minus the average of previously available
years) was 1.7 + 0.2 ppm and 1.3 + 0.5 ppm in July and August,
respectively, which corresponds to 17% and 12% of the mean
CO, drawdown (defined as the annual minimum value).
Figure 5 shows the mean CO, anomaly for all the sites whose
data are part of this analysis. Among the 20 tall towers, only
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a few did not see a positive anomaly during the months of July
and August (BRM, Switzerland; HPB, Germany; IPR, Italy, in
July; and BIK, Eastern Poland, in August). The average concen-
tration anomaly in July-August, taking into account the 20 tall
towers (highest sampling levels), is 0.9 + 0.8 ppm in July, and
1.3 +0.7 ppm in August. It is significantly lower at the seven
mountain sites (—0.4 and +0.6 ppm in July and August, respect-
ively), as they are less exposed to regional scale vegetation-
atmosphere CO, exchange (electronic supplementary material
figure S2). From our analysis, we conclude that nearly all
stations located on the European continent show reduced
CO; seasonal amplitudes from spring to late summer in 2018
compared to 2017. Because fossil fuel CO, emissions were
similar in these 2 years across European countries [4041],
this anomaly must reflect a weaker net CO, uptake during
this period, possibly coupled with weather-related atmos-
pheric CO, enrichment. Four types of weather regimes
(NAO+, NAO-, blocking and Atlantic ridge) are generally
defined by classifying the geopotential height anomalies at
500 hPa [42-44]. There are clear spatial patterns of precipitation
and temperature associated with these regimes: for example,
drought periods in Scandinavia and Central Europe are closely
correlated with blocking regimes [43]. In July/August 2018,
based on NCEP reanalysis data, we classified 26, 22, 13, 1
days as Atlantic Ridge, blocking, NAO+ and NAO- regimes,
respectively. This compares with an average of 13, 14, 18,
17 days on average for the period 2009-2017. The July-
August period of 2018 saw an increase in the number of days
where European weather conditions were dominated by
Scandinavian blocking regimes compared to the average (22
versus 14). Conversely, there were far fewer NAO— regime
days in 2018 (1 versus 17.1), which are associated with colder
and wetter weather in Western and Northern Europe [45].
Both the relatively high number of blocking days, and low
number of NAO+ days indicate lower-than-average surface
wind speeds in Western and Northern Europe. On the one
hand, this suggests that part of the anomaly in atmospheric
CO, concentrations may have been due to an anomaly
of the wind patterns, which reduced, e.g. the dispersion of
COs-enriched air from anthropogenic sources, in addition
to any perturbation of biogenic CO, fluxes. An estimate
of this contribution from atmospheric transport could be

made using atmospheric circulation tracers, such as Radon-
222. On the other hand, the atmospheric transport contribution
is taken into account in the atmospheric inversions described in
this special issue, concluding a reduction of the biospheric CO,
uptake by 20-30% in Western, Central and North Europe [15].

It is also noticeable that lower than average CO, concen-
trations in spring and autumn 2018 (figure 5) were observed
at most measurement sites. This difference in CO, concen-
tration is —0.7+0.6 and —1.3+0.9 ppm for the months of
May and September 2018 if we only consider the 10 stations
located in the area where the mean temperature anomaly in
summer is larger than 1.5 o of the 2009-2018 average (values
are —0.8+0.7 and —0.4 + 1.1 ppm, respectively, in May and
September when considering all tall towers). The negative
difference in spring is likely related to an earlier onset of the
growing season and enhanced photosynthesis, promoted by
extremely warm conditions and increased solar radiation
[12,14]. In autumn, the negative differences in CO, concen-
tration may reflect either a prolonged growing season, as
temperatures remained high, but also possibly a reduction in
respiration due to summer productivity collapse. The results
discussed above were obtained from atmospheric CO, concen-
trations selected during daytime for all lowland stations, when
the atmospheric boundary layer is well developed. Night-time
measurements have a significantly reduced footprint due to the
lower atmospheric mixing, and they are not used in atmos-
pheric inversions that have trouble representing the night-
time boundary layer. We, therefore, analysed the CO, diurnal
cycles by calculating each day the difference of the night-time
concentrations (01-05h LTI) compared to daytime values
(12-16 h LT). From the four tall towers shown in figure 6,
those differences oscillate between values close to 0 in winter,
and maximum values (2-10 ppm) in May-June. The purpose
of this analysis is mainly to verify if the amplitude of the diur-
nal cycles has been modified in 2018 compared to previous
years. The 2018 anomaly of this signal is represented on the
bottom panel of figure 6. In general, there is an increase in
the amplitude of the diurnal cycle in spring, and a decrease
in summer. The closer you get to the surface, the more ampli-
fied this signal is due to the stronger influence of surface
sources in the towers’ footprints. Overall, looking at the tall
towers located in the area the most affected by the drought



HTM_150M - 2018

GAT_341M -2018

104
5_
5-
2018 0- 2018
2
=% -5
& 20162018 2016-2018
| 1 2 3 4 5 6 7 8 9 1011 12 1 2 3 4 5 6 7 8 9 10 11 12
=
-%“ TAC_185M - 2018 OPE_120M —-2018
o(\l
O
< 10 10 1
5 2018 57 2018
01 01
2013-2018 2011-2018
51 =
1 2 3 4 5 6 7 8 9 1011 12 1 2 3 4 5 6 7 8 9 10 11 12
HTM - 2018 GAT - 2018
=) 150 m 341 m
o 70 m 216 m
g 54 5 1
o(\l
Z\. -
= Y -5 .
= T T T T T T T T T T T T T T T T T T T T T T T T
2 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
G
2 TAC-2018 OPE - 2018
g TS5 m T20m
1) 100 m 50 m
s 5 4 5 4
o0
S0 ) _\/ I N o i W//\\/"-J,A‘
_S-I T T T T T T T T T T T _5-‘ Ll T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 1011 12 1 2 3 4 5 6 7 8 9 1011 12

month of year

month of year

Figure 6. The top panel shows, at four tall towers (highest levels), the amplitude of the (O, daily cycles averaged every month for all available years (black line and
grey area), and for 2018 (red line). The bottom panel shows, for the same sites, the differences of 0, daily cycles between 2018 and the average over all available
years. The colours represent the different sampling levels at the towers (red curves correspond to the top panel figures). (Online version in colour.)

(12 sites), the average amplitude of the daily cycle observed at
elevation greater or equal to 100 m a.g.1,, is increased by 0.4 +
0.9 ppm in May 2018, and reduced by —2.0 + 0.8 ppm in July
2018. For the same sites, if we select only observations below
100 m.a.g.l. the 2018 anomaly is 1.1 +2.9 ppm in May and
—3.4+2.0 ppm in July. The reduction of the CO, daily ampli-
tude in July can be due to an increase of the daytime
concentrations associated with the reduction of the surface
uptake by ecosystems, and/or a decrease of night-time concen-
trations. Considering that these values are greater than the
anomaly calculated solely from afternoon data, it seems that
this signal points to a significant contribution of ecosystem res-
piration, which is also the conclusion from observations at
ICOS eddy-covariance sites [14].

We have applied the same analysis to the column-averaged
dry air mole fractions of CO, (XCO,) observations at the
TCCON (total carbon column observing network) site of Sodan-
kyla (referred to as SOD in table 1) in northern Finland, where
measurements have been made since 2009 [46,47]. Compared

SOD
5.0
e 45
g
£ 0 2017
S 25 ]
3 25 =
504 2018
301 2009-2018
7.5 4

01 02 03 04 05 06 07 08 09 10 11 12
month of year
Figure 7. Same as figure 4 but for the column-averaged dry air mole fraction
of (0, (XCO,) measured at the TCCON site of Sodankyld, Finland. (Online ver-
sion in colour.)

to the surface measurements, the amplitude of the seasonal
cycle of XCO, measurements is smaller (9.8 ppm on average).
This is due to the fact that the column-averaged mole fraction
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is almost insensitive to vertical transport. But nevertheless, the
minimum monthly XCO, also occurs in August due to the
uptake of carbon into the biosphere [46] at this TCCON site.
The time series of the XCO, and discussion about the specific
data handling is given in electronic supplementary material,
figure S3. In 2018, we observed a similar pattern for XCO, com-
pared to the surface stations, with higher concentrations in July
and August by +0.8 and +0.6 ppm, whereas, the difference in
XCO, concentration is 0.3 and —0.2 ppm for the months of
May and September 2018 (figure 7; electronic supplementary
material, figure S4). The missing values from November until
January are normal for this latitude, as the sun is at a very
high zenith angle in the sky and the data are filtered following
the TCCON recommendations.

The average CO, differences deduced from the measure-
ment network mask regional disparities, because the 2018
drought was not uniform throughout the European continent
[12,14]. In order to visualize the regional patterns of the atmos-
pheric CO, anomaly, we mapped the detrended CO,
differences observed from May to September 2018 compared
to the previous year (figure 8, top panel plots), and compared
to the average of the eight previous years where data are avail-
able since 2010 (figure 8, bottom panel plots). The first
comparison benefits from the very recent development of
the measurement network which allows a representation of
CO; concentrations with a high density of measurement
points, while the second makes it possible to compare the
measurements of 2018 with an average over a more represen-
tative period. Figure 8, top panel plots clearly shows the
development of a positive CO, difference (2018-2017) of
around 2 to 4 ppm in July/August in the central and northern
part of Europe. For the northern part of Europe (UK, Benelux,
northern Germany and Scandinavia), the CO, differences
between 2018 and 2017 switch to negative values (-2 to
—4 ppm) in September/October. However, this is not the case
for stations located further south, where the 2018-2017 differ-
ences remain positive. When looking at the sites with longer
time series (figure 8, bottom panel plots), this latter signal
goes very close to zero, which is not the case for the positive/
negative signals observed in the Northern part of Europe.

Due to the relatively recent expansion of the monitoring net-
work, it is difficult to compare the signals observed in
summer 2018 with previous drought events. In addition,
the geographical extension of the droughts recorded in
Europe in 2003, 2015 and 2018 do not overlap, therefore not
all the same stations have been affected [13,36]. However, it
remains possible to compare the amplitudes of the CO,
anomalies observed in 2018 and during previous droughts
in 2003 and 2015. The heatwave of 2003 had dramatic
health consequences in Western Europe, and in terms of
carbon cycle, Ciais ef al. [48] estimated a 30% reduction in
gross primary productivity over Europe, which resulted in
a strong anomalous net source of carbon dioxide (0.5 Pg C)
to the atmosphere. This study was based on ecosystem obser-
vations and models but did not use information provided by
the limited existing atmospheric CO, records. Compared to
2018, the 2003 drought was more centred on Western and
Southern Europe [48]. The dataset compiled as part of this
study includes eight stations from the most affected region
in 2003 (electronic supplementary material, figure S5). Five
of them are located in an area significantly affected by the
heat wave of August 2003 (anomaly of the mean temperature
greater than 1.5 o of the 2009-2018 average). Among these
five stations, one (CBW) provided no data from 17 June to
15 August 2003, and is therefore not taken into account in
the present analysis. At the other four stations, the CO, con-
centration anomaly is greater than 2 ppm (4.5 ppm at SSL,
21 ppm at CMN, 2.7 ppm at HUN, 2.6 ppm at HEI) in
2018, and the average anomaly is +3.0 = 1.1 ppm in August
2003 (figure 9; electronic supplementary material, figure
S5). In July 2018, for comparison, if we exclude the 12
coastal/oceanic stations, ten stations out of a total of 36 are
located in a temperature anomaly zone following the same
criterion (greater than 1.5 o of the 20092018 average). The
average CO, anomaly of those ten sites in July and August
2018 is +1.3+04ppm and +1.4+0.5 ppm, respectively.
It is interesting to note that both in 2003 and 2018, the



SSL —2003

1 2009-2018

Co, (umol.mol~")

-15 i

01 02 03 04 05 06 07 08 09 10 11 12

CMN - 2003

Co, (umol.mol~!)

01 02 03 04 05 06 07 08 09 10 11 12
month of year

HEI - 2003

40 ¢
T
o
£ 20
s
g
= 07
o ; :
@) T 2018
2009-2018 = oe=a
-20 - A RN S :F I !
01 02 03 04 05 06 07 08 09 10 11 12
HUN_115M - 2003
20
T 104
o
g
= o]
g
2
S _10 4 2018
S 19120092018
-20 i

T T T T T T T T T

01 02 03 04 05 06 07 08 09 10 11 12
month of year

Figure 9. Same as figure 4 for the 2003 (green) and 2018 (red) seasonal cycles at Shauinsland (SSL, Germany), Heidelberg (HEI, Germany), Monte Cimone (CMN,

Italy) and Hegyhatsall (HUN, Hungary). (Online version in colour.)

PUY -2015

Co, (umol.mol™1)

2011-2018
~10 A

T T T T T T T T T T T

01 02 03 04 05 06 07 08 09 10 11 12

CMN - 2015

10

0 4

Co, (umol.mol 1)

5 |t 14
2009-2018 ' 2018

—-10 1 $

wees

T T T T T T T T

01 02 03 04 05 06 07 08 09
month of year

10 11 12

OPE_120M - 2015

15
10 A
5
0 -
-5

2018

CO, (umol.mol™!)

~104 2011-2018

T T T T T T T T T T T

01 02 03 04 05 06 07 08 09 10 11 12

KAS -2015

CO, (umol.mol™!)
o

2009-2018 2018

01 02 03 04 05 06 07 08 09 10 11 12
month of year

Figure 10. Same as figure 4 for the 2015 (green) and 2018 (red) seasonal cycles at Puy de Ddme (PUY, France), Observatoire Pérenne de I'Environnement (OPE,
France), Monte Cimone (CMN, Italy), Kasprowy (KAS, Poland). (Online version in colour.)

atmospheric CO, records indicate a reduction of the CO,
uptake in summer associated with the droughts, but, on the
contrary, an apparent increase of the uptake in the preceding
spring and following autumn. The year 2018 was character-
ized by an early heatwave in spring, with moderate rainfall
deficits, providing favourable conditions for the vegetation
growth and carbon uptake [12]. As demonstrated by recent

studies [12,49], such conditions favour the reduction of soil
moisture in summer due to greater evapotranspiration. In
spring 2018, the CO, anomaly averaged over the ten stations
located in the drought zone is —0.7 +0.6 ppm in May 2003,
and is —03+0.7 ppm (4 sites) in June 2003. Similarly,
the autumn CO, anomaly in 2018, associated with the mild
climate, reaches —1.3 +0.6 ppm in September 2018 (10 sites)



(figures 4, 5 and 8), and -2.6 + 2.5 ppm in October 2003 (4 sites)
(figure 9; electronic supplementary material, figure S5).

The temperature anomaly in summer 2015 mainly
affected Southern Europe in July, and Central Europe in
August. Only two CO, stations in Poland were located in
the heart of the temperature anomaly in August 2015, and
CO, anomalies of +0.4 and +3.4 ppm were observed at BIK
and KAS, respectively (figure 10; electronic supplementary
material, figure S5). In July, 11 of the 29 non-coastal stations
measuring in 2015 were located in the temperature anomaly
area (greater than 1.5 o of the 2009-2018 average). The CO,
anomaly recorded by these stations was on average +1.0 +
0.6 ppm (electronic supplementary material, figure S5). The
CO; anomaly observed in the summer of 2015 at stations in
Southern Europe had, therefore, less impact on the biospheric
uptake than in 2003 and 2018, and no significant negative
anomaly is observed in spring and autumn.

6. Conclusion

In the context of the 2018 drought study, we have merged the
largest ever dataset on atmospheric CO, concentrations in
Europe with 48 measurement sites, including 20 tall towers
sampling air at several levels above the ground. This dataset,
made available via the ICOS Carbon Portal (doi:10.18160/
ere9-9d85), goes well beyond the 2018 drought study, since
it includes the historical measurement series of the involved
stations. It has already been used in three atmospheric inver-
sions aiming to determine the impact of the 2018 drought on
CO; exchanges with terrestrial ecosystems [13-15]. The objec-
tive of this study was to characterize the anomaly of CO,
concentrations observed over the European continent in
2018, and to compare it with previous droughts. Taking
into account the sites located in the areas most affected by
the 2018 drought [12], in Central and Northern Europe, it
appears that the seasonal minimum of CO, in summer
(July-August) has been reduced by 1.4+ 0.5 ppm (12% of
the seasonal minimum). It is difficult to compare the impact
of different droughts with each other because of the geo-
graphical diversity of these droughts, as well as the smaller
number of stations available in the past. However, by select-
ing stations located in areas where temperature anomalies are
at least 1.5 o relative to climatology, the impact of the 2018
drought on CO, concentrations is found to be between
those of 2003 (3.0+1.1 ppm) and 2015 (1.0+0.6 ppm). It
should be noted that the apparent decrease in carbon absorp-
tion in the summer of 2018 appears to be partially offset by an
apparent higher absorption in the spring and autumn of the
same year. Making the difference in this atmospheric signal
between the contributions of atmospheric transport
(droughts are accompanied by an increase in anticyclonic
blocking conditions) and the different components of the bio-
spheric fluxes (gross primary productivity, ecosystem
respiration, biomass burning) remains a difficult challenge.
To go further in the interpretation, we will have to use
other types of datasets. Satellite observations can comp-
lement surface measurements to better characterize spatial
variability. Recent studies have demonstrated the possibility
of detecting seasonal XCO, signals related to the growing
or fire seasons, and to use tropospheric NO, columns as an
indicator of anthropogenic pollution plumes [50]. However,
considering the intensity of the signals measured at the

surface during the 2018 drought (less than 2 ppm), obtaining
sufficiently precise measurements from space remains a chal-
lenge in view of the performance of current sensors [51].
Another promising axis for the interpretation of CO,
measurements is to develop the use of atmospheric com-
pounds, such as CO, CH,, Radon-222, COS and isotopes.
The correlations of these compounds with CO, will provide
information allowing, for example, normalization of the influ-
ence of the large-scale atmospheric circulation in Europe that
affects all atmospheric compounds, or quantification of the
intensity of biomass burning (e.g. CO, black carbon). For
this purpose, the establishment of a dense network of
atmospheric observatories in Europe, dedicated to multi-
compound measurements and anchored in the long term
(thanks to research infrastructures such as ICOS and
ACTRIS) is essential to improve our understanding of the
impact on our environment of extreme events, such as
droughts and heatwaves, likely to intensify in the decades
to come.

Data accessibility. Atmospheric CO, data from the 48 surface stations are
available at the ICOS Carbon Portal (https://www.icos-cp.eu/):
doi:10.18160/ere9-9d85. Total column data from SOD station are
available at the TCCON server (https://tccon-wiki.caltech.edu/Net-
work_Policy /Data_Use_Policy).
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