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Abstract. The response of the terrestrial Net Ecosystem Exchange)bfEED, to climate variations and trends may crucially
determine the future climate trajectory. Here we directlgufify this response on interannual time scales, by mgldilinear
regression of interannual NEE anomalies against obseiivéenaperature anomalies into an atmospheric inverse ledion
based on long-term atmosphe€i©, observations. This allows us to estimate the sensitivitfBE to interannual variations
in temperature (seen as climate proxy) resolved in spacevdhdeason. As this sensitivity comprises both direct terafure
effects and effects of other climate variables co-varyiriidp wemperature, we interpret it as “interannual climatessavity”.
We find distinct seasonal patterns of this sensitivity inribethern extratropics, that are consistent with the exqueseasonal
responses of photosynthesis, respiration, and fire. Withaertainties, these sensitivity patterns are consistéghtindepen-
dent inferrences from eddy covariance data. On large $igatides, northern extratropical as well as tropical imatsl NEE
variations inferred from the NEE-T regression are very kinto the estimates of an atmospheric inversion with eikphe
terannual degrees of freedom. The results of this study eamsbd to benchmark ecosystem process models, to gap-fill or
extrapolate observational records, or to separate inteedivariations from longer-term trends.

1 Introduction

About a quarter of the carbon dioxide(-) emitted to the atmosphere by human fossil fuel burning &ngent manufacturing
is currently taken up by the terrestrial biosphere (Le Qeédd., 2016), thereby slowing down the rise of atmosph€fis,
levels and thus mitigating climate change. The magnitudkisfterrestrial Net Ecosystem Exchange (NEEY’6f,, however,
is subject to substantial variability and trends, to a lgvget as a response to variations and trends in climate. Dtiggo
feedback loop, the response of NEE on climate may cruciatgrine the future climate trajectory (Friedlingsteimlet
2001), yet present-day coupled climate—carbon cycle nsa&tedngly disagree on its strength (Friedlingstein eal14).

To reduce these uncertainties, observations of presenyel-to-year variations have been used as a constrairtteon t
unobservable longer-term changes (Cox et al., 2013; Migitaét al., 2017), using the finding that these models sholwsec
link between the climate—carbon cycle responses at yegedo and centennial time scales. It cannot be known, haweve
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to which extent this link indeed holds in reality (Mystalddit al., 2017). While carbon cycle anomalies on the yeaeto-y
time scale are clearly attributable to climate anomalieso(tgh the variable occurrance of sunny/cloudy, warm/oekt/dry
days or periods), additional longer-term trends may arésa gesponse to growing nitrogen a@i,, fertilization, to slow
warming, to expanding or shrinking vegetation, to adapiatif ecosystems, to shifts in species composition or to gingn
human agricultural practices and fire suppression. Somieesktprocesses may also slowly change the strength of the sho
term climate—carbon cycle responses over time. Moreowgh, year-to-year and decadal/centennial carbon cyclegesaare
overlaid by the much larger periodic variability (day/niglycle, seasonal cycle). When using observations to cangtra
climate—carbon cycle responses, therefore, it is esseéatEmploy observational records spanning time periodoag hs
possible to get statistically significant results, and tpasate the signals on seasonal, interannual, and decauaktales
(compare Rafelski et al., 2009).

Variability and trends of terrestrial carbon exchange hlbgen observed through a variety of sustained measurements,
including local measurements by eddy covariance towersumngey ecosystem fluxes (e.g., Baldocchi et al., 2001; Ralalio
2003) and indirect measurements by satellites recordiaggds in vegetation properties (e.g., Myeni et al., 19978.ldngest
observational records are the atmosph€¥iz, measurements, started in the late 1950s at Mauna Loa (HamdiiSouth Pole
by Keeling et al. (2005) and since then extended into a né&wbmore than 10@0- sampling locations worldwide. Based
on the Mauna Loa long-term record considered to reflect ¢l0bg fluxes, a close link between atmospherio, growth rate
and tropical temperature variations has been establighgd (Wang et al., 2013). Using measurements from Barroas{l)
conceivably reflecting variations in boregdD- fluxes, similar relationships have been suggested for latitude ecosystems
(e.g., Piao et al., 2017).

Extending these analyses, the aim of this study is to diregtantify the contributions of the different seasons atfiigigint
climatic zones to the response of NEE to interannual clienadriations, in order to obtain more process-relevantrméo
tion. To this end, we combine a linear regression between &lfitEclimate anomalies with an “atmospheric inversion”.(e.g
Newsam and Enting, 1988; Rayner et al., 1999; Rodenbeck 208i3; Baker et al., 2006; Peylin et al., 2013) which quanti
tively disentangles the atmosphe€i©- signal into its contributions from the various regions ainaes of origin, and allows
us to make use of multiple long-term atmosphé&tio, records. In addition to the atmospheric data, eddy coveeiaata are
used for independent verification.

2 Method
2.1 The standard inversion

As a starting point, we use the existing Bayesian atmospliefl, inversion implemented in the Jena CarboScope, run
s850c_v4.1s (update of Rédenbeck et al., 2003; Rodenb86ks, 2ee http://www.BGC-Jena.mpg.de/CarboScope/)tit es
mates spatially and temporally expli€ifO- fluxes between the Earth surface and the atmosphere, basghosphericCO-
measurements from 23 stations (marked with * in Table 1) ediethich spans the entire analysis period (chosen here to be
1985-2016 when more data are available, see Rédenbeck20a8) for runs over 1960-2016). Using an atmospheric trace
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transport model to simulate the atmosphério- field that would arise from a given flux field, the inversionaithm finds
the flux field that leads to the closest match between obsemddsimulated”O, mole fractions, according to a quadratic
cost function. The cost function additionally brings in @epi information to regularize the estimation, in part@uspatial
and temporal smoothness constraints on the flux field. Theoa-pettings do not involve any information from biospéer
process models. Fossil fuel fluxes are fixed to accountisgdbaalues. In the particular run used here, ocean fluxesxare fi
to estimates based on an interpolation of surface-op€ddy, data (Jena CarboScope run oc_v1.5). A more detailed techni-
cal specification, including references and highlightihgroges with respect to earlier Jena CarboScope versiogisgis in
Appendix A.

For reference in Sect. 2.2 below, we mention here that thisdstrd inversion calculation represents the total suitace
atmospher€ O, flux f as a decomposition

_ padj adj adj fix fix
f = fiee v + INEE seast fNEE 1AV + fOceanT fross 1)

into adjustable long-term mean terrestrial NEE@’E]LT), adjustable large-scale seasonal NEE anomaﬂ,@{s_ygeag, adjustable
interannual and shorter-term NEE anomalief‘,%,gymv), prescribed ocean fluxefX..), and prescribed fossil fuel emissions
(£ix.). All these terms represent spatio-temporal fields.

This standard inversion will be used as a reference to caatpamresults of the NEE-T inversion introduced below (S2&).
at large spatial scales. Further, we used its estimated NiEREtons in preparatory tests to confirm that NEE-T cotiefs

actually exist, and to determine the degrees of freedometedaccomodate their spatio-temporal heterogeneity.
2.2 The NEE-T inversion

Compared to the standard inversion (run s850c_v4.1s), thEe-N inversion (base run s850cNEET_v4.1s) uses the same
transport model and the same prescribed data-b@gedfluxes of the oceanff:.,) and fossil fuel emissiongf:.). It also
possesses the same adjustable degrees of freedom rejmgseationg-term meaf O, fluxes (termf,ﬁ‘éjE‘LT) and the large-
scale seasonalitﬁngYSeag.

The NEE-T inversion differs only by replacing the expligitime-dependent interannual NEE variatioﬁ%ggw) with a
linear NEE-T regression term plus residual terms,

adj adj
fNEJEJAV - ')’NéE.TU)(T—TLT+Seas+Deca+Trer9d (2)

adj adj adj
+(1 —w)fiee 1av + ENeE Trendt ENEE.sCTrend

T represents the monthly spatio-temporal field of air tentpeeataken from GISS (Hansen et al., 2010; GISTEMP Team,
2017), interpolated to the spatial grid and daily time stefahie inversion (Appendix A). Its long-term mean, mean saab
cycle, and decadal variations including linear trefAti{seas+peca+Trendhave been subtracted to only retain interannual (in-
cluding non-seasonal month-to-month) anomalies. Theaseals a temporal weighting being within the analysis period
1985-2016 and zero outside; this ensures that the regressgpecifically referring to this period. This interanntehper-
ature anomaly field is multiplied by unknown (i.e., adjus¢alby the inversion) scaling factorgyee.t = ANEE/AT. These
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scaling factors are identical in each year of the inverdiomare allowed to vary smoothly both seasonally (correteléngths

of about 3 weeks) and spatially (correlation lengths of 4d@00km, as for the terr’rf,f,ng’LT). The need for seasonal and spa-
tial resolution ofyyget has been inferred from analysis of the standard inversisultee(Sect. 2.1). The a-priori spatial and
temporal correlations are imposed 9Qec.1 to prevent a localization of inverse adjustments in thenifigiof the atmosperic
stations. In contrast to the standard inversion, howeveeraithe a-priori correlations lead to a smooth NEE fieldréiselt of
the NEE-T inversion still retains structure on the pixel amghthly scale from the temperature field.

Eq. (2) also contains adjustable residual terms to accotaadades of variability from the atmosphefit©- signals that
cannot be explicitly represented by the regression terrmaght therefore be at risk of being aliased into spuriousstdjients
to ynee.t- An adjustable linear trentf,f@E‘Treng is needed because trends have explicitly been removedErdfor every pixel,
fﬁng]Trendis proportional to the time differenckt since the beginning of the calculation period, multipligdaln unknown trend
parameter to be adjusted by the inversion (with zero pridme trend parameters are correlated with each other in spitite
the same correlation length scale as the mean and intedararisbility components of the standard inversion (i.s.f,f%E’LT
andfie: ,a in Eq. (1)).

Further, as the NEE field from the standard inversion costaistrong increase in seasonal cycle amplitude in northern
extratropical latitudes (earlier described in Graven e{2013); Welp et al. (2016)) which is expected to not (sglelsise
from changes in the temperature seasonal cycle, we deabtifpidemode of variability from the regression by adding ibas
explicitly adjustable ternf,ﬁ’éjE'SCTrend For each degree of freedom (Fourier mode) in the mean salityaierm fﬁ‘éjE'Seasin
Eq. (1)),f§‘,§E’Trendcontains the same mode multiplied By and having its own adjustable strength parameter.

Any further modes of variability (including NEE variationslated to variations in other environmental drivers unelated
to T variations, non-linear responses, memory effects andiatecosystem dynamics, errors in the empld¥efield, errors
of the a-priori fixed ocean and fossil fuel terms, as well dsat$ of transport model errors) are not explicitly accednfior
and stay in the data residual of the inversion.

In contrast to the standard inversion using 23 stations teithporally homogeneous records, the NEE-T inversion uses
atmospheric data from 89 stations (Table 1) partially witbrger records but spatially covering the globe more evénbtud-
ing stations in northern Siberia or tropical America). Whte standard inversion with explicitly time-dependentréeg of
freedom can develop spurious NEE variations when statiopsim or out with time, the major interannual variability fino
the NEE-T inversion is coming from the regression term u#imdegrees of freedom repeatedly each year, such that amy da
point influences all years of the calculation period simngtusly. Therefore, the NEE-T inversion is not prone to ispsr

variations from a temporally changing station network.
2.3 Sensitivity cases

The algorithm uses several inputs carrying uncertainéiad, contains several parameters that are not well detednfiom
a-priori available information. Therefore, we also ran agamble of sensitivity cases. In each such sensitivity, caseof the
uncertain elements of the algorithm is changed within rarigat may be considered as plausible as the base case: &) lon
spatial a-priori correlations foyyge.7, (2) longer temporal a-priori correlations fogee_1, (3) reduced a-priori uncertainties
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for ynee (4) using oceaw O, fluxes from the PlankTOM5 ocean biogeochemical process hingtead of the fluxes based
on pCO, measurements, (5) taking the gridded monthly land tempexdield from Berkeley Earth (www.BerkeleyEarth.org,
accessed 2017-11-29) instead of the GISS data set, andr{§)ERA-Interim meteorological fields (Dee et al., 2011) tivel
the atmospheric transport model rather than NCEP meteagioalidfields.

Eight additional sensitivity cases have been run to dematestoherent information in the atmospheric data. Thefsg9 o
stations used in the base case was divided into 8 mutuallysixe parts (Table 1). In each of the sensitivity cases,ane
these parts was omitted, leaving sets of 73 to 82 remainatgpss. By this construction, all these 8 runs still havebglalata
coverage, but every station is absent in one of the runselfélults would depend on any particular station withoundpei
backed up by other stations, then the run omitting this@tatiould show substantial difference from the base run.

The range of results from this ensemble of sensitivity caskt®e shown as uncertainty range around the base case.

2.4 Comparison to eddy covariance data

For comparison of the estimated sensitivitiggc_t against independent information, we also calculate NEE}dtionships
from eddy covariance (EC) measurements. We use NEE and asumesl air temperature records from the FLUXNET2015
data set (https://fluxnet.fluxdata.org). EC sites (Tablba)e been chosen based on having long records (at least ();\&a
sites with 11 years were included too to have more ecosystpes trepresented. Crop sites have not been included because
their flux variability is expected to strongly depend on crofation.

We start from the half-hourly or hourly data sets (variablgsE_ CUT_REF and TA_F_MDS, respectively). Records clas-
sified as “measured” (QC flag = 0) or “good quality gapfill” (Q@dl= 1) in both variables are averaged over each month.
Months with data coverage 60% or less are discarded from the statistical analysis.

For each EC site and each month of the year, all availablemho610- flux values from the different years were regressed
against the corresponding monthly air temperature valussg ordinary least squares regression. This yields thatiss as
regression slopeg5ce 1= ANEEEC/ ATEC. We also calculated the confidence interval of the slopeHerconfidence level
90%, reflecting the uncertainty @f£<: ; given the scatter of the monthly values around a linearicgighip.

The sensitivitiesyyee.1 from the inversion ang5E. ; from the explicit linear regression are not fully compaeatnathemat-
ically because (i) the time period (and to some extent thgpueacy filtering) are different, and (ii) the explicit lime@gression
of the total NEE is not only influenced by the year-to-yeaiatéons but also by the ratio of NEE trend and temperaturgdtre
while y\ee.1 has deliberately been made insensitive to the trend (S&)t. Therefore, we also calculated sensitiviggie
from the total monthly-mean non-fossilO- flux (i.e., including regression and residual terms) ancetingloyed temperature
field of the inversions, in the same way and subsampled agthe snonths as for the EC data. A perfect match betwggn
andg!l¥. - cannot be expected nevertheless because (iii) sensigifitm the inversion even at its smallest resolved scate —th
pixel scale— represent a mixture of ecosystem types in wakipooportions, while the EC data represent a specific et@sys
type, (iv) NEE from the inversion includes the effects oftdibances such as fire, which are absent from the EC data, and
(v) there may be local trends in the ecosystem behavioumredddy the EC data due to aging or slow species shifts, which
average out on the larger spatial scales seen by the atmi@sipiversion.
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3 Results
3.1 How does the “interannual climate sensitivity”~ g1 Vary in space and by season?

As a starting point, we present the results of the NEE-T Bieerin terms ofyyge.1, Which is the local regression coefficient
between interannual variations in NEE and temperature)ved seasonally (Sect. 2.2). Agce.t does not only reflect di-
rect temperature responses but also responses to othesrenental variables that co-vary with temperature (sucater
availability, incoming solar radiation), we refer to it aaterannual climate sensitivity”.

Fig. 1 presents the seasonal and spatial patterns of trerdimtual climate sensitivity” as Hovmdller Diagrams, shnav
longitudinally averagee et in dependence on latitude and month-of-year. The longitldiverage is taken separately over
North and South America (left panel), Europe and Africa (@edpanel), and Asia and Australia (right panel), respebtiv
This prepresentation summarizes the essential variabRgee.1, as it is found to be relatively uniform across longitude
within the individual continents (not shown).

In essentially alinorthern extratropical landareas (north of about S3W), we estimate negativeyge.r in spring (and, to
a lesser extent, autumn), consistent with photosynthesigytiemperature limited such that higher-than-normapenatures
lead to more negative NEE (i.e., larger-than-nor@i@l, uptake) and vice versa. In summer, when photosynthesig igmo
ited by temperature any more, we find positiyg-c.t values. Such positivecc_7 is consistent with enhanced respiration in
warmer summers, but also with the fact that warmer-thamabperiods are often also dryer leading to reduced phothsyin
uptake or enhanced fire activity. In winter, NEE is not founddspond much to interannual climate variations. The jméta-
tion of the seasonality ofyee_t is confirmed by its latitude dependence: Consistent withates spring and shorter summer
in the higher northern latitudes, the period of negatiyer_t starts later there, and the period of positiggg.7 is shorter.

In the Tropics we find stronger and less systematic variationsjge.t- However, as indicated by the missing stippling,
we also find larger disagreement between our sensitivitgscdssigned to embrace plausible ranges for the essentiasin
and parameters in the algorithm (Sect. 2.3). This revealsttie seasonal variations 4.1 are of limited robustness here.
Nevertheless, a clear feature in the tropics is the dommahpositiveyygg.t values.

In extratropical South America and Africthe seasonal pattern has similarities with the northetmagrpical pattern shifted
by 6 months. The pattern iwustraliais difficult to interpret, but also not very robust. Largerags in the southern extratropics
may concievably arise because the much smaller land arelw@sva much smaller number of degrees of freedom available t
satisfy the data constraints (remember that the oceanicflorot be adjusted in this inversion, while ©€0,-based ocean

prior flux is actually less well constrained in the southextraropics due to the much smaller densityp6fO, data).
3.2 How much interannual variability of NEE can be reproduced by the seasonally resolved linear regression to T?

The assumed linear relationship between NEE anomaliesiat@irgoerature anomalies around their respective seasypciak
represents a strong abstraction of the complex underhyiggiplogical and ecosystem processes. Neverthelessitdrannual
variations of global total NEE estimated by the NEE-T ini@nsis very similar to that estimated by the standard inzearsi
(Fig. 2, top left). The agreement is confirmed by high cotreta(Fig. 2, top right). For interpretation, we note thatistions
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in the global totalCO, flux are very well constrained from atmosphefi©, observations at time scales longer than the
atmospheric mixing time (about 4 years) (Ballantyne et24l1,2). Variations on the year-to-year scale are tightlyst@ned
already (Peylin et al., 2013). We thus use the glgb@l, flux from the standard inversion having explicit interanegrees

of freedom as a benchmark. Since the ocean flux is identichbih standard and NEE-T inversion runs, the high level of
agreement in Fig. 2 (top) means that the spatially and selgorsolved linear NEE-T regression provides already @dgo
approximation to global interannual NEE variations.

Almost the same level of agreement is also found for a splihefglobal NEE into a northern extratropical and a tropical
plus southern extratropical contribution (Fig. 2, middfeldottom). Due to the faster atmospheric mixing within thia-
ropical hemispheres compared to the mixing across lastutiese two NEE contributions are expected to be relatively
constrained by atmospheric data independently of eaclr.dthe linear approximation of the NEE-T inversion is able to
distinguish extratropical and tropical behaviour.

For a further split into smaller regions, in particular aidongitude, interannual NEE variations from standard aBtEN
inversions stay similar, but deviations get larger (notahjo This could indicate that the limits of the linear NEE€lationship
start to kick in at these scales. However, the NEE variatcamnot be expected to be well constrained from the atmogpher
data at the regional scale any more. Thus, the discrepamcylsa be caused by the standard inversion, while the NEE-T
inversion could be the more realistic one by profiting from fhixel-scale information added through the temperatule, e
discussed in Sect. 4.1.

3.3 Are the estimated patterns ofyy gz cOmpatible with ecosystem-scale eddy covariance data?

Fig. 3 compares “interannual climate sensitivities” (ogde) calculated by the NEE-T inversion with those caledande-
pendently from eddy covariance (EC) data for each month@fytrar (abscissa). Each panel represents an EC site, roughly
arranged by ecosystem types and latitudes. The colour lithete surrounding gray band give the sensitivitiggg.t from

the various NEE-T inversion runs as in Fig. 2 taken at theeetdge pixels enclosing the EC sites. The black dots are the
sensitivitiesgEEe 1 calculated by explicit linear regression of monthly EC flecords against the co-measured monthly air
temperature (Sect. 2.4).

To allow a fairer comparison between inversion results a@di&ta, additional color dots give sensitivitiglfc ; calculated
from the NEE-T inversion results in the same way and subseagti the same months as for the EC data (Sect. 2.4). At most
EC sites, the sensitivities calculated by the inversicgifitey,ce.1, orange lines) or by explicit regression afterwarg$e 1,
orange dots) mostly agree within the confidence intervat@fegression. This shows that the comparison of inversidre€
sensitivities is meaningful despite their differences i@aming and calculation (in particular, the trend influerissug (i) in
Sect. 2.4) oY + turns out to be relatively small because the explicit regjoes are only done over the limited time period
spanned by the EC records).

Despite their completely independent sources of inforomaéind their remaining incompatibilities (Sect. 2.4), teastiv-
ities from the EC data and the atmospheric NEE-T inversiore laasimilar order of magnitude as well as similar seasonal
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patterns for a majority of EC sites (Fig. 3). For most sitasiths, the sensitivities agree within their confidenceriatis. The
level of agreement roughly depends on ecosystem type athaikxt

— Generally good consistency is found in high northern ldési(line 1) and at evergreen needleleaf forest (ENF) sites i
temperate northern latitudes (line 2 and rightmost parinef 8).

— At mixed forest (MF) and decidious broadleaf forest (DBRg¢siin temperate northern latitudes (left part of line 3 and
line 4), consistency is mostly good as well, though some hmint spring or summer have more negatiffg r sensi-
tivities from EC data (e.g., DE-Hai, DK-Sor, BE-Bra). Hovegythe behaviour of DBF ecosystems is not an important
contribution to larger-scale NEE variability because DBBsystems only coverl % to 25% of the area around the sites
shown.

— Generally good consistency within the confidence intersadlso found at sites of various other ecosystem types in
temperate northern latitudes (line 5).

— At the tropical and southern extratropical sites (last)littee comparison does not yield conclusive informatiorcgose
the confidence intervals of the regression are much largertthe seasonal variations of both inversion and EC results.
We can only state that thellYe + and g - sensitivities do not contradict each other statisticaigme qualitative
consistency is found at the Australian EBF site, even thahgtdominant vegetation round the site is shrubland (about
45%).

Though this comparison partly remains inconclusive (astimdidence intervals at tropical and southern hemisphies are
large, agll¥. + andgESe ; are not actually fully comparable (Sect. 2.4), and as by ¢l areas and dominating ecosystem
types are represented), it does support the results of tle NiBversion at least in the northern extratropics.

4 Discussion
4.1 NEE variations in the northern extratropics

Given that we found robust seasonal patterns,@gfz.+ which can be interpreted in terms of the fundamental phggio&l
processes (Sect. 3.1), that these patterns are compatthléferrences from independent ecosystem-scale eddgrizmce
(EC) measurements (Sect. 3.3), and that the correspondi@gannual NEE variations are compatible with the atmosphe
constraint on the most reliable large scales (Sect. 3.2¢onelude that the linear dependence of NEE anomalies oarajyer-
ature anomalies (as climate proxy) represents a meaniagfurbximative empirical description of the northern extrgical
biosphere. The compatibility of the NEE-T relationshipfeimed from large-scale atmospheric constraints and stesyscale
EC constraints of dominating vegetation types suggestsghiibaegional or continental NEE variations are to a sulbistiaae-
gree due to local variations linked to local climate anoesltherwise the NEE-T inversion could not have workede@iv
that, we expect the NEE-T inversion to provide more realistierannual NEE variations on regional scales than thelstal
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inversion which smoothly interpolates NEE on scales smétian station-to-station differences (compare last pagy of
Sect. 3.2).

Note that, as EC data measure fluxes on small spatial scel®s (@0 meters), the EC flux variations themselves cannot di-
rectly be compared to the inversion results representing bier (sub)continental scales and integrating over maogystem

types and climate regimes. The NEE-T regression is an exathat derived relationships are able to brigde this scgle ga
4.2 NEE variations in the tropics

In contrast to the northern extratropics, we did not find dasice seasonal patterns 9fc_1 in the tropics (Sect. 3.1). How-
ever, despite the substantial uncertainty rangggf-.t (Fig. 1), the sensitivity cases reproduce almost identigarannual
NEE variations in the tropics (see the narrow gray band rabhadNEE-T estimate in Fig. 2, bottom left). This underliniestt
pan-topical NEE variations are actually well constraineshf the atmospheric data, while the seasonal differencegdp.t
arise to compensate for the set-up differences among tisétisén cases. We assume that all the seasonally diffey@pt_;
estimates correspond to a similar effective sensitivigv{hg a positive value) on slightly longer time scales. Tio$ion is
supported by the finding that the NEE-T inversion possesseiqgiive skill on the time scale of El Nifio / Southern Ostilbn
(Rodenbeck et al., 2018).

The positive effectiveyyee.t in the tropics (Sect. 3.1) is consistent with the strongtp@stcorrelation of atmosphericO4
growth with large-scale tropical annual temperature (Wetrgy., 2013). This is unlikely to arise from a direct tempera ef-
fect, however, because ecosystem-scale process stugjesMeir et al., 2008; Bonal et al., 2008; Alden et al., 2046t to
water availability, rather than temperature, as the dontioantrol. This is also confirmed impressively by the largef@dence
intervals of the NEE-T regression of the EC data from the drdpical site available here (GF-Guy, leftmost on last lofe
Fig. 3). A strong correlation to temperature can still agsaistically due to the strong link of temperature and pitation
anomalies over larger spatial scales (Berg et al., 2014yebler, vapour pressure deficit (VPD) controlling photdbgsis
responds to temperature variations particularly stroimgtiie warm tropical climate due to the non-linearity of the™T) de-
pendence (Monteith and Unsworth, 1990). Further, T is affptioherent over much larger areas in the tropics whilebality

in water availability is local and averges out over largeatid scales (Jung et al., 2017).
4.3 Could the results be improved by using a multivariate regession against further climatic variables?

We tested the algorithm also with precipitation (P) or so#atiation as explanatory variables, individually or in tvariate
combinations (not shown). While, for example, an NEE-P isi@T had almost as good an explanatory power as the NEE-T
inversion, a multivariate NEE-T-P inversion did not explaauch more NEE variations than the univariate NEE-T inggrsi
did already. This confirms the strong background correatatif air temperature with the other climate variables oerarnual
time scales. It also means that a multivariate regressiaridvadespite a mathematically unique partitioning intotdbntions

of the individual explanatory variables— likely not yield aniquely interpretable attribution of NEE variability ttfferent

causes.
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Given that, a univariate NEE-T inversion seems advantagkecause T likely has data sets best constrained by olisesat
As a regression is confined to variability present in the &xatory variables, using less well observed or even matlelle
variables (as would be the case for precipitation or clougganvolves the risk of contamination.

5 Conclusions and outlook

The response of Net Ecosystem Exchange (NEE) to climate aliesyihas been estimated by linear regression against anoma
lies in air temperature (T) within an atmospheric inverdi@sed on a set of long-term atmosphério, observations. The
resulting spatially and seasonally resolved regressiefficeentsyyge.t are interpreted as a “interannual climate sensitivity”,
comprising the direct temperature response as well asmespdo covarying anomalies in other environmental cayti

(e.g., moisture, radiation) (Sect. 4.3).

— The inferred “interannual climate sensitivityf\ge.r Shows distinct and interpretable patterns along latitudkeszason.
In particular, we find negative ez during spring and autumn (consistent with a temperatimmé@dd photosynthe-
sis) and positiveyyger during summer (consistent with a water-limited photosgstis) in all northern extratropical
ecosystems (Sect. 3.1).

— Despite the complexity of the underlying plant and ecosyspeocesses, the spatially and seasonally resolved linear
regression of NEE against temperature anomalies (takdimzgte proxy), fitted to atmospheri¢O, data, can reproduce
a large fraction of NEE’s interannual variations, at leasthie northern extratropics. This conclusion is based on the
agreement of the inferred NEE variations with a time-expitmospheric inversion at well-constraint large spatial
scales (Sect. 3.2), and the consistencyyQfe.+ with independent calculations from eddy covariance datsnell
spatial scales (Sect. 3.3). Among the reasons for this paligrsurprising finding is that the regression is only aegl
to the interannual anomalies of NEE around its mean seaegdal (rather than to the full range of seasonal temperature
variations), and that the different behaviours in différs@asons have been accounted for.

The results of the NEE-T inversion presented here can beeapid benchmark process models of the land biosphere or
Earth system models, agzct can also be calculated from the model output (using detieNteE over the period 1985-
2016 for consistency). As its adjustable degrees of freedi@mdentically applied every year, the regression offersg to
bridge temporal gaps in the atmosphetiO, records; it transfers information from the recent daté-siears into the more
data-sparse past. Similarly, the NEE-T regression alloadercast theCO- flux for some years, if forcasted air temperatures
(and extrapolations of fossil fuel emissions and the oce@hange) are available. As a further application, the Esion
may help to uncover smaller decadal trends in the atmosphii, signal by separating them from the larger interannual
responses of NEE. Extending the calculation to the fullgubdf atmospheri€ O, measurements (since the late 1950ies, see
Rodenbeck et al. (2018)), we can investigate possible @tcadnges in the interannual climate sensitigifjte.t.

The inversion results are available for use in collaboespitojects from the Jena CarboScope website
http://mww.BGC-Jena.mpg.de/CarboScope/.
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Appendix A: Specification details of the inversion algoritim

The calculations follow the basic Jena CarboScope invemsigorithm descibed in Roédenbeck (2005), with updates ia-me
surement stations used, in several a-priori settings,rmadme further details. The settings are mostly identictiéstandard
runs in CarboScope version v4.1s. The calculations exteadtbe period 1980-2017, including the analysis periocb12816
as well as spin-up and spin-down time.

The prior flux of allland NEE components zero. Their a-priori uncertainties are proportionalfie fraction of vege-
tated land area in each pixel, taken as sum of 'crop’, 'dlafnf’, 'ebf’, ‘enf’, 'grass’, and 'shrub’ fractions from SYNAP
(Jung et al., 2006). (The NEE prior is thus completely indgjemt of any biosphere model [as introduced with CarboScope
version v4.1]. The results of the standard inversion onelagpatial scales are still quite similar to previous Caduog®
versions, confirming that this variability was not driventhng prior. The largest difference to previous versions isalker
amplitude of interannual variations in the tropical lancés, due to the equal-area weighting of the fluxes introdnogd)

Ocean fluxeare fixed to the flux estimates oc_v1.5 (update of Rodenbeak, €@014) based on an interpolationygf O,
data from the SOCATV5 data base (Bakker et al., 2016). (Faoeén fluxes are not a standard v4.1 feature but are used here
because atmospheric inversions are known to have limitealility to correctly assign signals to land or ocean (Regtial.,
2013). While this error is relatively small for the land fluxgsmeans a large relative error for the ocean fluxes, bectdgse
ocean variability is much smaller than the land variahilitie pCO- data offer a much closer constraint on oc€a, fluxes
in well-observed regions [northern extratropics, trogRagific], and constrain some features [seasonality, détaaals] in
most ocean areas. For the NEE-T inversion, fixed ocean fluxegaaticularly beneficial because it avoids the need of-time
dependent degrees of freedom.)

Thefossil fuel emissioprior is taken from monthly values of CDIAC (Andres et al..1B). The years after 2013 have been
extrapolated by global scaling factors based on the enmigsials from Le Quéré et al. (2016, update for year 2016)r&he
are no inverse adjustments to fossil fuel emissions.

The individualCO,, data points arecreened for outlierey a “2¢ criterion” (introduced since CarboScope version v4.1): A
pre-run of the inversion is done, using the standard CarjpSset-up and a maximum set of chosen stations. Theg@he
mixing ratio residuals between a forward run from the pastdiuxes and the data are considered. For each stationpdates
are removed if their residual is larger than 2 standard dievia of all residuals of that station. This procedure isn&milar
to the outlier flagging done routinely by many atmosphertaggoviders. By doing it within the inversion, the insuféincies
of the transport model to reproduce small-scale circutegi@ taken into account to some extent. (The results stalasafter
this screening, but some flux anomlies get removed. In megts;@hese anomalies were unrobust, in that they were daahpen
much faster than other anomlies when increasing the stresfghe prior constraint [parametgr, see Rddenbeck (2005)].
For example, many of the spikes in th®, record of station KEY and their effect on tli#)- flux estimates for northern
temperate America are removed by the screening. We intaimse spikes as influence of local fossil fuel emissionsclvh
would be mistaken by the inverison as regional signals. ifltéspretation is supported by the fact that the frequeridhese
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spikes increased in the most recent decades. The introdusftithe2o screening made it possible to re-add further stations
with pronounced spikes, such as station TAP.)

Atmospheric tracer transpoiis simulated by the TM3 model (Heimann and Kérner, 2003)qltdion ~ 4° x 5° x 19
layers) driven by meteorological fields from the NCEP regsial(Kalnay et al., 1996). NCEP is used since v4.1 agaihdrat
than ERA-Interim) as only NCEP is currently available bef@880.
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Table 1. Atmospheric CO, measurement stations used in the NEE-T inversion. The smaller set of stasenl in the standard inversion is labelled by an as-
terisk. The 8 parts individually omitted in sensitivity tests are separayedidsizontal lines. Institutions are referenced by: AEMET: Gomez-Pelaez and Ramog);(201
BGC: Thompson et al. (2009); CSIRO: Francey et al. (2003); EC: Worthy (2008); Kilkki et al. (2015); HMS: Haszpra et al. (2001); IAFMS: Colombo and Santdgu
(1994); JMA: Watanabe et al. (2000); LSCE: Monfray et al. (1996); NIES: Tohjina €2008); NIPR: Morimoto et al. (2003); NOAA: Conway et al. (1994); Saitama:
http://www.pref.saitama.lg.jp/b0508/cess-english/index.h8AWS: Labuschagne et al. (2003); SIO: Keeling et al. (2005), Manning and Kee00g);2JBA: Levin et al. (1995).
Appended letters give record type: (f): flask data, mostly weekly; (h): in-situ dastlyrhmurly; (d): in-situ data, day-time only; (n): in-situ data, nightdionly.

Code Latitude  Longitude Height  Institution Code Latitude  Longitude Height Institution
) () (masl) @) (°)  (masl)

*CMN 44.18 10.70 2165  IAFMS(n) *ALT 82.47 -62.42 202  CSIRO(f), EC(f),
*LJO 32.87 -117.25 15  SIO(f) NOAA(f)
*ASC -7.97 -14.40 88  NOAA(f) *CBA 55.21 -162.71 41  NOAA(f), SIO(f)
*BHD  -41.40 174.90 85  SIO(f) *CGO -40.67 144.70 130  CSIRO(f), NOAA(f)
*BRW 71.32 -156.61 13 NOAAC(h,f), SIO(f) *GMI 13.39 144.66 6  NOAA()
*CHR 1.70 -157.16 3 NOAA(f) *1ZO 28.30 -16.50 2367  AEMET(h)
*MID 28.21 -177.37 10  NOAA(f) *KEY 25.67 -80.18 4 NOAA()
*MLO 19.53 -155.57 3417  NOAA(h,f), SIO(f) *KUM 19.51 -154.82 22 NOAA(f), SIO(f)
*SPO -89.97 -24.80 2816  NOAA(h,f), SIO(f) *NWR 40.04 -105.60 3526  NOAA(f)
*SYO -69.00 39.58 29  NIPR(h) *PSA -64.92 -64.00 12 NOAA(f), SIO(f)
*KER -29.03 -177.15 2 SIOo(f) *SHM 52.72 174.11 27  NOAA(f)

*SMO -14.24 -170.57 51  NOAAC(h,f), SIO(f)
ESP 49.38 -126.54 27  CSIRO(f), EC(f) N

AMS -37.80 77.54 55  LSCE(d)
MQA -54.48 158.97 13 CSIRO(f)
RYO 39.03 141.83 230 JMA() CFA -19.28 147.06 5 CSIRO(f)
MNM 24.30 153.97 8  JMA(d) MAA -67.62 62.87 42 CSIRO(f)
MHD 53.32 -9.81 18  NOAA() SIS 60.18 -1.26 31  BGC(f), CSIRO(f)
RPB 13.16 -59.43 19  NOAA(f) SCH 47.92 7.92 1205  UBA(n)
UTA 39.90 -113.72 1332 NOAA(f) BMW 32.26 -64.88 46 NOAA(f)
HUN 46.95 16.64 353  HMI(d), NOAA(f) TAP 36.72 126.12 21 NOAA(f)

UuMm 44.45 111.10 1012 NOAA(f)
AZR 38.76 -27.23 23 NOAA(f)
HBA -75.58 -26.61 24 NOAA() ASK 23.26 5.63 2715  NOAA(f)
LEF 45.93 -90.26 791  NOAA(f) TDF -54.86 -68.40 20  NOAA(H)
SEY -4.68 55.53 6 NOAA() WIS 30.41 34.92 319  NOAA(f)
CPT -34.35 18.48 230  SAWS(d) ZEP 78.91 11.89 479  NOAA(f)
PAL 67.96 24.12 565  FMI(d), NOAA(f) FSD 49.88 -81.57 250 EC(d)
WLG 36.28 100.91 3852  NOAA(f) YON 24.47 123.02 30  JMA(d)
HAT 24.05 123.80 10  NIES(f) COl 43.15 145.50 45  NIES(f)
SBL 43.93 -60.01 5 EC(f CYA -66.28 110.52 55  CSIRO(f)
CRZ -46.43 51.85 202  NOAA(f) THD 41.04 -124.15 112 NOAA(f)
SGP 36.71 -97.49 348  NOAA(f)
SUM 72.60 -38.42 3214  NOAA(f) ciB 4181 .93 848 NOAA()

KzD 44.26 76.22 506  NOAA(f)
WES 54.93 8.32 12 UBA(d) LLN 23.47 120.87 2867  NOAA(f)
AVI 17.75 -64.75 5  NOAA() NAT -5.66 -35.22 53  NOAA(f)
EIC -27.15 -109.44 63  NOAA(f) NMB -23.57 15.02 461  NOAA(f)
ICE 63.40 -20.29 124 NOAA() STM 66.00 2.00 3 NOAA(H)
TIK 71.60 128.89 29  NOAA(f) STP 50.00 145.00 0  SIO(f)
CVR 16.86 -24.87 10 BGC(f) BIK300 53.22 23.02 300a.gr. BGC(f)
ZOT301 60.80 89.35 30la.gr. BGC(d,f) DDR 36.00 139.18 840  Saitama(n)
POCN30 29.48 -134.24 20 NOAA() KEF+RYF  var. var. 0 JMA(H)
POCN20 19.69 -132.68 20  NOAA(f) POCN25  25.20 -133.99 20  NOAA(H)
POCN10 9.68 -140.37 20 NOAA(f) POCN15  15.07 -135.22 20 NOAA()
POC000  0.60 -150.35 20 NOAA() POCNO5 4.80 -145.11 20  NOAA(H)
POCS10 -10.02 -3.61 20 NOAA() POCS05 -4.66 -4.24 20  NOAA(f)
POCS20 -20.28 0.08 20  NOAA(f) 18 POCS15 -14.72 -0.15 20  NOAA(f)

POCS30 -29.68 -0.04 20 NOAA() POCS25  -25.01 -0.17 20 NOAA(f)
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Table 2. Eddy covariance sites used for comparison. For vegetation typewditioes, see Fig. 3 (caption)

FLUXNET-ID Data period Latitude?) Longitude {) Vegetation type
AU-How 2001-2014 -12.4943 131.1523 WSA
AU-Tum 2001-2014 -35.6566 148.1517 EBF
BE-Bra 1996-2014 51.3092 4.5206 MF
BE-Vie 1996-2014 50.3051 5.9981 MF
CA-Man 1994-2008 55.8796 -98.4808 ENF
CH-Dav 1997-2014 46.8153 9.8559 ENF
DE-Hai 20002012 51.0792 10.4530 DBF
DE-Tha 1996-2014 50.9624 13.5652 ENF
DK-Sor 1996-2014 55.4859 11.6446 DBF
DK-ZaH 2000-2014 74.4732 -20.5503 GRA
Fl-Hyy 1996-2014 61.8474 24.2948 ENF
FI-Sod 2001-2014 67.3619 26.6378 ENF
FR-LBr 1996-2008 44,7171 -0.7693 ENF
FR-Pue 2000-2014 43.7414 3.5958 EBF
GF-Guy 2004-2014 5.2788 -52.9249 EBF
IT-Col 1996-2014 41.8494 13.5881 DBF
IT-Cpz 1997-2009 41.7052 12.3761 EBF
IT-Lav 2003-2014 45.9562 11.2813 ENF
IT-Ren 1998-2013 46.5869 11.4337 ENF
IT-SRo 1999-2012 43.7279 10.2844 ENF
NL-Loo 1996-2013 52.1666 5.7436 ENF
RU-Cok 2003-2014 70.8291 147.4943 OSH
RU-Fyo 1998-2014 56.4615 32.9221 ENF
US-Hal 1991-2012 42.5378 -72.1715 DBF
US-Los 2000-2014 46.0827 -89.9792 WET
US-Me2 2002-2014 44.4523 -121.5574 ENF
US-MMS 1999-2014 39.3232 -86.4131 DBF
US-NR1 1998-2014 40.0329 -105.5464 ENF
US-PFa 1995-2014 45.9459 -90.2723 MF
US-Syv 2001-2014 46.2420 -89.3477 MF
US-Ton 2001-2014 38.4316 -120.9660 WSA
US-UMB 2000-2014 45.5598 -84.7138 DBF
US-Var 2000-2014 38.4133 -120.9507 GRA
US-WCr 1999-2014 45.8059 -90.0799 DBF
ZA-Kru 2000-2010 -25.0197 31.4969 SAV
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Figure 1. “Interannual climate sensitivity}yee.r in (gC/m ™2 /yr)/K shown as Hovméller diagrams: Longitudinal averages g+ are

plotted as color over latitude (vertical) and month of the year (horizont&. Stippling indicates robustness: crosses mark values with

absolute deviations: 40 (gC/m™2/yr)/K (L color level) of all sensitivity cases from the base case.
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Figure 2. Left: Interannual anomalies of NEE integrated over all land (top), eontlextratropical land (middle), and tropical plus southern
land (bottom), as estimated by the standard inversion (Sect. 2.1, biadldifferent runs of the NEE-T inversion (Sect. 2.2, colour). The
gray band comprises the results of the sensitivity cases. Right: Taylgnadia quantifying the agreement between the NEE-T inversions
and the standard inversion. Due to the construction of the Taylor diagrayto(, 2001), the horizontal position of a point gives the relative
fraction of the reference signal present in the test time series, whileettieal distance of this point from the horizontal axis gives the

relative amplitude (temporal standard deviation) of any additional sigomaponents uncorrelated to the reference signal.
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Figure 3. Comparison between the “interannual climate sensitivities” calculated tinenmversion and from eddy covariance (EC) data,
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for various sites with longer EC records. Black dots give the sensitivifs r calculated by linear regression of monthly ED, flux

data (FLUXNET?2015 data set) against monthly air temperature co-meshatithe flux towers (months with data in only 6 years or less are
discarded). The error bars around the dots comprise the confitteeeeals of the regression slopes (at #¥% confidence level); if the
confidence interval is above 309C,/m ™2 /yr)/K (i.e., larger than the typical seasonal range), the correspondirig lslow. Orange and
gray lines give the sensitivitieg, 1 taken directly from various NEE-T inversions (base and sensitivityscasén Fig. 2) at the respective
pixels enclosing the EC site locations. To allow a more direct comparisorebatiNEE-T inversion results and EC data, sensitivities for the
inversion (base case) have also been calculated by linear regressiothe total monthly-mean non-foss€ilO- flux and the temperature
field employed in the inversions, in the same way and subsampled at tieensanths as for the EC data; thesc.r are shown as colour
dots. Panels are roughly ordered by latitude and land cover type (D8¢ididus broadleaf forest, EBF: Evergreen broadleaf forest, ENF:
Evergreen needleleaf forest, GRA: Grassland, MF: Mixed foresH:@%en Shrubland, SAV: Savanna, WET: Permanent wetland, WSA:

Woody Savanna). See Table 2 for site locations.
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