Referee #1

Major comments

1.

All three datasets are of dubious accuracy in representing interannual variability. The annual
totals computed from eddy covariance sum much larger fluxes of opposing signs with likely
systematic biases, especially in nighttime. The empirical upscaling was found to have relatively
weak performance in representing interannual variability in a synthetic data experiment
(without even accounting for any measurement or representativeness error in the training set)
reported by Jung et al. (2009), for which the absence of soil moisture as a predictor is given by
them as one reason. The inversion estimate, as the authors point out, is dominated at sub-
continental scales by the (reasonable) prior assumption that variability scales with modeled
NPP, and it probably contains little actual information from the CO2 time series at those scales.
Could it makes sense to run the inversion with a more ‘flat’ prior, or a prior based on the MPI-
MTE IAV, to get different IAV estimates?

We agree with the reviewer that all the datasets used in the present analyses present
weaknesses and lack of accuracy in representing the inter-annual variability. On the other hand,
this is what is currently available in terms of global-scale data of CO, land fluxes derived from
inversions of atmospheric measurements or from the upscaling of surface flux observations.
Following the reviewer suggestion, the limits of each product were better discussed in the
Materials and Methods section and strengths and weaknesses were taken into account when
evaluating results.

Concerning the prior used for the Jena Inversion, it has indeed a seasonal pattern, however this
is constant from one year to another, hence there is no influence of the prior on the IAV. The
prior can only influence the fine-scale spatial pattern of 1AV, since in the optimization the fluxes
scale in space with the average prior flux. On the contrary the temporal IAV derives fully from
the atmospheric signal. Therefore in term of IAV running the inversion with a "flat" prior will not
make any difference compared to the current analysis.

On the contrary, using an MPI-MTE based prior for the Jena Inversion product would
contaminate the IAV estimation, mostly because MPI-MTE varies in time, hence MPI-MTE |AV
would influence the IAV derived from the Jena Inversion with the result that the two products
wouldn’t be independent any more.

Figure 4 shows the dependence of median(?) IAV on resolution for the two gridded products. |
wonder if something like this could be done with the available Fluxnet stations as well, for
example with the help of a variogram (mean covariance of de-seasonalized NEE time series as a
function of inter-station distance). This could help in deciding whether the lower IAV in the
gridded products compared to Fluxnet is only because of the difference in spatial scale or is
more intrinsic.

We thank the reviewer for the interesting suggestion. Following this advice we added new data-
series to Fig 4 to explore the dependence of IAV on the spatial averaging of the Fluxnet dataset,
following the scheme used for the gridded product. The new series represents the IAV



calculated from the Fluxnet database as a function of the area of aggregation of the sites,
starting from single sites and then proceeding with averaging time series for groups of sites
located within an increasing distance. This procedure applied to flux sites mimics a decreasing
resolution as done for the gridded products.

| didn’t see any analysis of to what extent the IAV between the three products is actually in
phase (i.e. the correlation of the deseasonalized NEE time series between the datasets). It would
probably be relevant to show this.

We have taken this point in consideration together with point #1 raised by reviewer #3 and
performed an analysis on the temporal correlation between the global averages of the two
global products and of the Global Carbon Project estimates. See new Figure 11 and related text.

Also, forest inventories and crop yield statistics provide more reliable direct measurements of
(at least above-ground) NPP and its IAV in many countries, potentially with rather good spatial
coverage. Would there be any way to compare these to the IAV in the data sets reported here?
Following the suggestion of the reviewer we considered other possible data streams for the
analysis but ultimately concluded that neither forest inventory nor vyield statistics are
appropriate for the present analysis. In fact, forest inventories are typically performed every 10-
15 years, therefore they report NPP as a time average and for this reason they cannot be used in
an inter-annual variability analysis. On the other hand crop yields are not necessary correlated
to primary productivity, as they may be affected by events that do not affect GPP like for
example a storm or frost at the end of the growing season that can fully compromise the yield
but do not substantially change GPP.

Minor points

1.

The element “carbon” is not capitalized (title and line 287).

The typo was corrected.

Line 25: no comma before “that”

Comma was cancelled

Figure 1c: It would be good to show the station network on the map.

Following the reviewer suggestion the station network was plotted in Figure 1c

“Anomalies” sounds strange as a description of the IAV residuals from linear trend shown in
Figure 5 and discussed in the text. Perhaps there is a better term.

As suggested by the reviewer we used the term residuals.

The Jung et al. (2009) citation should be to the final paper, not the discussion paper.

The citation was replaced with that of the final paper.

Formatting in the bibliography needs to be fixed, e.g. for Morgenstern et al. (2004) and others.
Bibliography was checked and fixed.



Referee #2

General comments

1. There are some weaknesses. Some areas of the text, and a critical point or two in the methods,

are unclear. Neither the MPI-MTE nor the inversion products seem ideal for this kind of 1AV
analysis, although | recognize that this is all there is to work with; still, the authors should
address this.

As stated by the reviewers the dataset used in the analysis are those available nowadays for the
land CO, fluxes, namely i) site observations based on eddy covariance, ii) statistically upscaled
products derived from site level measurements as MPI-MTE, or iii) inversion modeling products.
We are aware of the weaknesses of the products used in this analysis and we better discussed
them together with their pros both in product descriptions and in the result discussion. Refer
also to Referee #1 comment 1.

In addition, the conclusion should be re-done or removed; on a related note, the strengths and
weaknesses of these NEE data products might be better, and more succinctly, summarized
based on the analyses performed.

Following the suggestions of reviewer #2 and #3 we wrote two new paragraphs at the end of the
Result and Discussion section as Conclusions.

Specific comments

1.

Lines 118-120: not as clear as it should be. Interannual variability computed with a 12-month
window? How is this possible, as that’s only 1 year?

Analysis of IAV was based on the entire time series. Annual values were calculated not only for
the “solar” years which were available in the dataset, but additional "years" were generated
using a 12-month moving window which was shifted one month a time, following the
methodology proposed by Luyssaert et al. (2007).

L. 171-172: move to figure caption, or methods

The sentence was moved to Materials and Methods section 2.2

L. 197: “area of”

The typo was corrected

L. 241-243: unclear

We better clarified the concept in the revised text on the basis of what follows.

The impact of climate drivers on 1AV is based on a spatial analysis and not a temporal one.
Spatial analyses of IAV in the inversion product are critical because at fine scale the spatial
variability of the fluxes is mainly controlled by priors. In fact, the optimization algorithm of the
inversion spatially allocates the fluxes proportionally to the prior; hence grid cells with higher
productivity will change more if compared to cells with lower prior value (i.e. IAV at fine scale is
proportional to the prior). For this reason we did not perform the spatial analysis on the
inversion. On the contrary, prior does not affect the temporal analysis of IAV performed on the
inversion product throughout the paper.



5.

L. 250-: separating paragraphs, or indenting their first lines, would make this easier to read
Following the reviewer suggestion paragraph first lines were indented.

L. 286-: these aren’t conclusions, just a recapitulation of results; remove

As stated above we reformulated the conclusions in the new version of the manuscript.
Figure 2: Rain (in axis title) or Precipitation (in caption)?

Axis title was modified in order to be consistent with the figure caption



Referee #3
General comments

1. Ifeellike the paper is missing the bigger take home message | was looking for, to the globally (or
Fluxnet) integrated anomalies in NEE match up with 1) each other and 2) anomalies in the land C
sink the global carbon project (Le Quéré et al. 2014; these data are available in a downloadable
spreadsheet at http://www.globalcarbonproject.org/carbonbudget)

Even though the focus of the paper is on the pattern of IAV, we agree with the reviewer on the

usefulness of a global inter-comparison of anomalies between products and with the GCP.

In the new version of the manuscript we therefore provided such a comparison, bearing in mind
that GCP land fluxes are estimated as residual term from the atmospheric CO, budget and are
therefore not completely independent from the inversion product.

2. Since the paper is ostensibly about inter-annual variability in the terrestrial C cycle (NEE) what

aren’t all data products detrended first (these are weak responses anyway caused by different
assumptions made with each approach)? Then the authors would be better able to address the
IAV (or anomalies) which seem to be the focus of the paper.
IAV is generally defined as the temporal variability of the annual flux as generated by trend and
residuals (Yuan et al. 2009), for this reason in the manuscript we analyzed both components and
qguantified the relative magnitude of the two (e.g. Fig 5 show that IAV is dominated by the
anomalies). We made this clearer in the new version of the manuscript.

3. What climate or weather data are used in MTE or the Jena inversion. Presumably neither used

CRU (temperature) and GPCC (precipitation), as the authors of this paper chose to do? Thus, are
analyses of climate drivers on IAV of NEE actually really just comparisons of distinct climate
reanalysis products? Also, why not use the CRU precipitation product for consistency with the
temperature data being used?
MPI-MTE is based on the same climate drivers adopted in this analysis, namely CRU for
temperature and GPCC for precipitation (Jung et al. 2011), while Jena-Inversion is not using any
climate data in the flux calculation (with the exception of the wind field), being purely based on
the atmospheric concentration measurements and an inversion transport model. GPCC
precipitation was used instead of CRU for consistency with MPI-MTE, besides nowadays it is
considered a better product as far as precipitation is concerned.

4. Much of the text in section 3 is heavy on the results with little discussion and interpretation of
the key findings. Although some sections do communicate broader statements about the
findings (e.g. lines 197-206), similar thoughtful development of ideas should be included
throughout this section
Following the advice of referee 2 and 3 in the revised version we expanded the discussion of the
results presented in each figure.


http://www.globalcarbonproject.org/carbonbudget

Why aren’t correlations of IAV with site — level or global-scale climate drivers shown for Fluxnet
or Jena inversion products?

The analysis of the global climate drivers of IAV was performed with the MPI-MTE because it is
the only gridded product suitable for this purpose. The analysis has not been performed on the
Jena Inversion products for the reasons explained in Reviewer #2 Specific Comments #4.
Besides, a site level analysis is beyond the scope of the paper since it has already been
addressed in other papers (Luyssaert et al. 2007; Yuan et al. 2009; Wu et al. 2012).

I’'m unclear what value is communicated by the calculation of CUP and CRP and would suggest
removing these analyses from the paper. The finding that temperate and boreal systems have a
stronger seasonal cycle in their CO2 drawdown seems obvious from atmospheric CO2 growth
curves. Instead, if the purpose of these analysis is to “identify the role of photosynthesis and
respiration as sources of IAV_NEE” (line 67), then it seems much more straightforward to just
look at the IAV (or anomalies) of GPP and TER from the Fluxnet and MTE products directly. Then
they could be correlated with climate drivers too? For example, at high latitudes do GPP and TER
show strong temperature sensitivities, with anomalies GPP outpacing TER in warm years?
Conversely, are Tropical GPP anomalies largely temperature related too, whereas TER shows
less inter annual variability & climate sensitivity?

Since MPI-MTE and Fluxnet come from the same data source, while the Jena Inversion is a
completely independent product, we think that it can be of interest to see if IAV patterns are
consistent between products. Since atmospheric inversion does not allow to separate GPP and
TER, we used CUP and CRP as their proxies and we tested the validity of this assumption. Results
of this analysis are shown in Fig 9, where we can infer that CUP and CRP are dominated by GPP
and TER respectively. Although not being perfect GPP and TER proxies, NEEcy» and NEEgp are
highly correlated with them. We believe that the analysis of CUP and CRP brings additional
information when performed on the inversion product. In particular at high latitudes where
GPP/TER partitioning performed as CUP/CRP is particularly clear. Please refer also to point 13 of
the Specific comments. In addition, the separation of the ecosystem CO, fluxes in these two
terms is becoming increasingly common since it allows the description of a plant phenology
based on carbon fluxes instead of greenness indexes.

Specific comments

1.

I’'m not used to seeing citations in the abstract. Is that the format for this journal?

Citation was removed.

I’'m used to seeing ecosystem respiration referred to as ER, but maybe the authors are used to
using different conventions?

Both acronyms are used in the literature on the topic.

Line 55 This single paragraph is a single sentence consisting of a very long list of NEE estimation
approaches. Why not break this into a sentence about each approach and discuss strengths/
weaknesses of each?



10.

11.

12.

13.

We take this point and discussed further the strengths and weaknesses of the different
approaches in the Materials/Methods sections.

Line 67 organization of objectives i), ii), and iii) don’t align with the organization of methods and
sections 3.1, 3.2 and 3.3. Can the objective reflect the broader layout of the paper?

Objective order was reorganized in accordance with the other sections of the manuscript.

I'd suggest Line 73 are “LaThuile and 2015” two distinct references?

These are two subsequent releases of the Fluxnet dataset namely La Thuille and the 2015
releaese  which are available at: http://fluxnet.fluxdata.org/data/la-thuile-dataset/
http://fluxnet.fluxdata.org/data/fluxnet2015-dataset/ We added the links to the manuscript.

It’s not clear if or how data were re-gridded (e.g. [1] subtracting finer scale RETRO and GFED4
fire fluxes from the Jena inversion, or [2] for temperature and precipitation in Fig. 2)

Both fire and meteo data were regridded using the aggregate function of the R-package raster, a
sentence explaining this was added to the manuscript.

More broadly, is subtracting for fire fluxes even necessary? Do the 14 observations extrapolated
to this global product even ‘see’ the effect of forest fires? Don’t the atmospheric inversion
products the global carbon project implicitly see the effects of these fires? If so, why should they
be subtracted out here?

Inversion based estimates of land CO, fluxes include the signal of forest fires while MPI-MTE and
Fluxnet don’t. To maintain consistency in the analysis and to allow a proper comparison
between products we decided to exclude fire driven IAV from the Jena Inversion product. We
made this clearer in the revised text.

Line 80. There are enough abbreviations in the text already. Are these needed too? Their use in
lines 210-219 makes the text very hard to follow.

Since the acronyms were only used in Fig 6, following the reviewer suggestion, they were
removed from the text and explained in Figure 6 caption.

Line 109 Air should not be capitalized.

The typo was corrected.

‘Jena inversion’ or ‘Jena Inversion’ should be used consistently throughout the text.

The spelling of the product name was homogenized throughout the manuscript.

Were any lagged correlations explored to see if climate variability affected NEE in the
subsequent season / year?

Despite potentially interesting, lagged correlations between drivers and IAV were beyond the
scope of the paper. In the present paper only spatial patterns of the IAV dependence on climate
drivers were analyzed.

Standard deviation and IAV are used interchangeably throughout the manuscript, but | think
they mean the same thing? If so, just one term should be used for consistency. If they are
different, it should be clarified in the text.

The reviewer is correct the two terms can be used interchangeably to identify inter-annual
variability as stated in Section 2.2 L1-2.

Line 133 | have no idea what this means “the difference between the two determination
coefficients was computed” or where this analysis is presented (Fig 9)? More broadly, I'm


http://fluxnet.fluxdata.org/data/la-thuile-dataset/
http://fluxnet.fluxdata.org/data/fluxnet2015-dataset/

14.

15.

16.

unclear how / why the authors tried to infer something about GPP and TER from the inversion
product.

We agree with the reviewer that the sentence was not clear. We therefore improved the
description of the analysis based on what follows.

Results of this analysis are presented in Figure 10 and 11. NEE was linearly correlated with GPP
and TER (for Fluxnet sites and MPI-MTE, for which GPP and TER are available) and with NEEcyp
(where CUP stands for Carbon Uptake Period), and NEEcg, (Where CRP stands for Carbon release
period) for the Jena Inversion product (for which GPP and TER are not available, and CUP and
CRP were used as their proxies) to detect which of the two processes drives the IAV of NEE. The
difference between the R2 of the two regressions calculated for each pixel was plotted on maps
in Fig 10 and in the climate space in Fig 11. The goodness of the assumption of CUP and CRP as
proxies of GPP and TER was tested with the analysis shown in Fig 9.

Line 171. Why was IAV normalized using GPP estimates and not NEE, the later giving a real
coefficient of variation (CV; grid cell standard deviation NEE / mean grid cell NEE). This should be
clarified both in the text and caption. Also, shouldn’t grid cell CV be calculated first, and then
averaged over each climate bin?

IAV was not normalized with NEE because the latter fluctuates around zero and can lead to
unreliably high values of CV and to both positive and negative values. Normalization using GPP
(which is always positive and significantly larger than zero) offers a more robust metric of
relative IAV.

We use the ratio of the means because it is a more robust metric since mean of ratios is more
sensitive to outliers if compared to the ratio of the means, besides the latter gives more weight
to points that bear more information.

We clarified these methodological details in the revised document.

Line 180 & Fig. 3 | am unclear what insight this figure provides to the manuscript and it’s
sparingly discussed in the text. It’s used to justify the CV calculation in Fig. 3 (line 173), but as
this is a standard statistical approach I’'m not sure it’s warranted? As such, should the display
item just be removed?

Fig 3 shows that in two data-streams (Fluxnet sites and Jena inversion) IAV increases
monotonically and almost linearly with the productivity of the site. On the contrary MPI-MTE
shows a different pattern, with a clear maximum followed by a decline of IAV in high productive
sites. We think that this is due to the prominent role that FaPAR has in the MTE approach.
Canopy greenness is particularly stable in the tropical humid forests (that are the most
productive one) generating this unusual pattern of low relative IAV. We discussed this aspect in
further details in the revised version, since it is relevant to understand the general performance
of the MTE model in the representation of the global IAV patterns.

Line 200. It seems like ‘trends’ in 1AV should be driven mainly by environmental presses like
atmospheric CO2 concentrations or broad-scale / chronic N deposition inputs. By contrast,
climate variability, land use change, and fires should be responsible for ‘anomalies’ the dataset.
Given that the Jena inversion depends strongly on modeled NPP products it's not surprising that
is shows stronger ‘trends’ (see suggestion to detrend data, above). Also, it would be interesting
to see if fire fluxes were not backed out of the Jena inversion (again mentioned above) how the



17.

18.

19.

20.

21.

22.

23.

24.

magnitude and timing of anomalies from these two data products compared to anomalies in the
atmospheric CO2 growth rate. This also could provide a better opportunities for the authors to
illustrate the differences between the data products that are currently in the discussion.

As previously stated (Ref #1, General comment #1; Ref #2, Specific comment #4), the temporal
dynamic of the land fluxes in the Jena inversion is totally driven by the atmospheric signal and
fully independent from the prior, since the latter in this inversion scheme is time invariant. We
argue that in the MTE product the lower IAV due to "trend" is due to the poor or lacking
representation of environmental drivers like CO, or N deposition in this data product. We made
this clearer in the revised version.

Line 296 Carbon should be lowercase

It was corrected.

The conclusion is really just a summary of results already presented (and repeated from the
abstract). I'd omit this text, or say something more broadly about what we can infer from the
study.

Conclusions were reformulated in the new version of the manuscript as requested by the
reviewers.

Fig. 6 & 8 | know abbreviations for each plant functional type are given in the text, but not using
them in the caption or x-axis label bar make this figure hard to understand.

Following the reviewer suggestion we removed the acronyms from the text and we added their
explanation to the figure caption.

Fig. 6 Aren’t there enough observations to include error estimates (or box-wisker plots) for
Fluxnet sites?

Following the suggestion of the reviewer standard errors were plotted for Fluxnet PFT IAV
values.

Fig. 7 Caption and text should use the same (consistent) terminology here. I’'m not really clear
what is being compared here? How does one calculate a spatial correlation coefficient on two
single values (e.g., correlation of IAV~ mean temperature)?

The correlation was calculated in a moving spatial window of more than 600 points, we
retrieved a IAV value and a temperature/precipitation value for each pixel. This was better
clarified in the revised text.

Fig 7 The use of red-blue color bar on the left plots to show +/- correlation is confusing when on
the right panels red-blue shows zonal mean correlations with trends or anomalies?

We take this point and changed the colors in the barplot to avoid misinterpretation of the
figure.

Fig 8 If this part of the analysis stays in the revised manuscript, I'd suggest the caption should be
more descriptive (what are red and green bars).

Additional information was added to the figure caption to make the figure more readable.

Fig 9 | really don’t understand what this figure is showing. The text & figure caption are not
clear. More, the inset showing Western Europe seems strange. If this figure remains in the paper
at all, would it make more sense to 1) omit the inset or 2) put it into supplementary material?
This figure was better explained in the new version of the manuscript based on what follows.



The aim of the figure is to highlight the role of GPP and TER (for MPI-MTE and Fluxnet) and of
their proxy NEEcyr and NEEce (for Jena Inversion) in building up IAVyg. The determination
coefficients were calculated for each pixel (for the gridded products) or site (for Fluxnet) fitting
linear regressions of IAVyg vs either GPP (TER), or NEEcy (NEEcgp). The difference in
determination coefficients of GPP and TER linear regressions (the same holds for NEE¢y, and
NEEcgp) was used as a measure of which driver affects more IAVyg. Blue zones are GPP/CUP
driven zones being the difference Rgpp>-Rrer” (O Reup-Rerp’) pOSsitive while red zones are TER/CRP
driven. See also Reviewer#3 answer #13. The inset was included in the graph because of the
high site density of flux sites that characterizes Europe. Plotting an enlarged map allows in our
opinion a better visualization of results.

25. Fig 10 | also cannot understand I’'m unclear what the color bar signifies (DR"2)? Is this the
difference between TER/GPP when NEE < 0O during uptake periods and GPP/TER when NEE > 0
for MTE? If so, what does this difference of ratios really less us? | also still unclear how this is
translated onto the Jena data?

Figure 10 summarizes results plotted on maps in Figure 9 in a temperature/precipitation space.
Blue pixels are GPP/CUP driven climate classes, red pixels are TER/CRP driven climate classes.
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Abstract. The terrestrial carbon fluxes show the largest variability among the components of the global carbon cycle and
drive most of the temporal variations in the growth rate of atmospheric CO,—(Le—Quéré—2014). Understanding the
environmental controls and trends of the terrestrial carbon budget is therefore essential to predict the future trajectories of the
CO, airborne fraction and atmospheric concentrations. In the present work, patterns and controls of the inter-annual
variability (IAV) of carbon Net Ecosystem Exchange (NEE) have been analysed using three different data-streams:
ecosystem level observations from the FLUXNET database (La Thuille and 2015 releases), the MPI-MTE bottom-up
product resulting from the global up-scaling of site-level fluxes, and the Jena CarboScope Inversion, a top-down estimate of
surface fluxes obtained from observed CO, concentrations and an atmospheric transport model. Consistencies and
discrepancies in the temporal and spatial patterns and in the climatic and physiological controls of IAV were investigated
between the three data sources. Results show that tFhe global average of IAV at FLUXNET sites (~120 gC m? y?),
quantified as the standard deviation of annual NEE, iwas observed to peak in arid ecosystems and to be almost six times
larger than the values calculated from the two global products (15 and 20 gC m? y* for MPI-MTE and Jena

‘ naversionlnversion, respectively). The two data-driven global products show that most of the temporal variability observed in

the last three decades is due to yearly anomalies, whereas the temporal trends explain only about 15% of the variability in the
MPI-MTE product and 20% in the Jena Inversion product. Both at site level and at global scale, the IAV of NEE is driven by
the gross primary productivity and in particular by the cumulative carbon flux during the months when land acts as a sink.
Altogether these results offer a broad view on the magnitude, spatial patterns and environmental drivers of IAV from a
variety of data sources; that can be instrumental to improve our understanding of the terrestrial carbon budget and to validate

the predictions of land surface models.

1 Introduction

Atmospheric CO, concentration has been constantly increasing since the Industrial Revolution, and has caused a
corresponding rise of 0.85 °C in the global air temperature from 1880 to 2012 (IPCC, 2013). Since the 1960s, terrestrial
ecosystems have acted as a considerable sink offer atmospheric CO,, reabsorbing about one quarter of anthropogenic
emissions (Friedlingstein et al., 2010; Le Quéré et al., 2014). The growth rate of atmospheric CO, concentration is
characterized by a large inter-annual variability (IAV), which mostly results from the variability of the CO, net ecosystem
exchange (NEE) on land (Bousquet et al., 2000; Le Quere et al., 2009; Yuan et al., 2009). Multisite synthesis confirms that a
large inter-annual variability in NEE is a common feature at all flux sites around the world (Baldocchi, 2008; Baldocchi et
al., 2001). The reason why the IAV is so large is that NEE results from the small imbalance between two larger fluxes: the
photosynthetic uptake of CO, (Gross Primary Production, GPP) and the respiratory release of CO, (Total Ecosystem
Respiration, TER). As a consequence, even minor variation in either of the two fluxes can cause large variations in their
difference.
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It has been long debated which of GPP or TER controls the spatial and temporal variability of NEE. Several studies have
ascribed inter-annual variability in NEE to variability in either GPP (Ahlstrom et al., 2015; Janssens et al., 2001; Jung et al.,
2011, 2017; Stoy et al., 2009; Urbanski et al., 2007) or TER (Morgenstern et al., 2004; Valentini et al., 2000) or both (Ma et
al., 2007; Wohlfahrt et al., 2008b). GPP and TER show comparable ranges of 1AV, typically larger in absolute terms than
that observed for NEE due to the temporal correlation between the two gross fluxes (Richardson et al., 2007). Given that
photosynthesis and respiration may respond differently to environmental drivers (Luyssaert et al., 2007; Polley et al., 2008),
the interpretation of climate impacts on the variability of NEE requires the understanding of the relation between the 1AV of
NEE and that of GPP and TER (Polley et al., 2010).

The environmental factors driving the IAV of NEE (IAV\gg) include: climate, physiology, phenology, natural and
anthropogenic disturbances (Marcolla et al., 2011; Richardson et al., 2007; Shao et al., 2015). Understanding the spatio-
temporal variability of NEE and its controlling mechanisms is essential to assess the vulnerability of the terrestrial carbon
budget, to evaluate the land mitigation potentials and to quantify the ecosystem capacity to store carbon under future
climatic conditions (Heimann and Reichstein, 2008). Besides, quantifying inter-annual variability in NEE is a prerequisite
for detecting longer-term trends or step changes in flux magnitude in response to climatic or anthropogenic influences and
identifying its drivers (Cox et al., 2000; Lombardozzi et al., 2014).

The temporal dynamic of NEE has been addressed in numerous studies, based on either “‘top-down’” approaches, which
primarily focuses on aircraft atmospheric budgets (Leuning et al., 2004), tower based boundary layer observations (Bakwin
et al., 2004) and tracer transport inversion (Baker et al., 2006; Gurney et al., 2002; Rodenbeck et al., 2003), or on *‘bottom-
up”” methods that rely on data-driven gridded products derived from the up-scaling of flux data (Jung et al., 2011, 2017;
Papale et al., 2015; Papale and Valentini, 2003) or process-based biogeochemical models that simulate regional carbon
budgets (Desai et al., 2008, 2007; Mahadevan et al., 2008).

Despite the broad literature on the subject, very few examples of IAV analysis based on multiple data streams are
available in the literature (Desai et al., 2010; Pacala, 2001; Poulter et al., 2014). In the present study patterns and controls of
the inter-annual variability of NEE have been analysed using three different data streams: ecosystem level data from the
FLUXNET database, the MPI-MTE bottom-up product resulting from the statistical up-scaling of in-situ flux data (le Maire
et al., 2010) and the Jena CarboScope Inversion top-down product, which estimates land (and ocean) fluxes from
atmospheric CO, concentration measurements and atmospheric transport modelling (Rodenbeck et al., 2003). In particular,
this analysis aims to: i) assess the magnitude and the spatial pattern of IAV of NEE (IAV\ge), ii) investigate the role of key
climatic variables, like temperature and precipitation, in driving the spatial pattern of 1AV identify-therole-ofphotesynthesis

and—respiration—as-sourees—of AV, ec—and iii)_identify the role of photosynthesis and respiration as sources of IAVyee
i i Hnati i i ipitation-in-drivi i /. Finally,

the consistencies and discrepancies among the different data products are analysed and critically evaluated.

2 Materials and Methods
2.1 Datasets

Data at ecosystem scale were retrieved from two releases of the FLUXNET dataset, namely LaThuile
(http://fluxnet.fluxdata.org/data/la-thuile-dataset/) and 2015_ (http://fluxnet.fluxdata.org/data/fluxnet2015-dataset/). These

datasets contain half-hourly data of carbon dioxide, water vapour and energy fluxes that are harmonized, standardized and
gap-filled. Time series of NEE and of the component fluxes GPP and TER, together with air temperature and precipitation,
were used in the present analysis. Flux data have the advantage to represent direct observations of in-situ IAV, however at
most sites the time series are still too short for a proper analysis of the temporal variability of NEE (Shao et al., 2015). For

this reason only sites with a minimum of five years of observations and an open data distribution policy were selected. A
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subset of 89 sites satisfied the two criteria, among which 27 evergreen needle-leaf forests{ENF}, 5 Evergreen Broadleaf
Forests{EBF), 12 deciduous broad-leaf forests-{BBF}, 6 mixed forests-(MF), 12 grasslands{GRA}, 8 croplands{ERO), 6
sites counting closed and open shrublands{(CSH,—OSH), 7 wetlands (WET)-and 6 sites counting savannas and woody
savannas{SAMWSA).

At global scale, two sources of gridded data were used: a "bottom-up" data product, namely the MPI-MTE product (Jung
et al., 2009) and, as "top-down" product, the Jena CarboScope CO, Inversion (Rddenbeck et al., 2003). The MPI-MTE
dataset is built with a machine learning technique (model tree ensemble, MTE) to upscale in space and time the flux
observations from the global network of eddy covariance sites (FLUXNET) integrated with climate and remote sensing data
for the time period 1982-2011 (Jung et al., 2009). Effectsof land-managementland-use-change-and-CO,-fertilization-are-not
represented-in-thispreduct—Global maps for GPP and TER at 0.5° spatial resolution and monthly temporal resolution were

used, while NEE fields were calculated as difference between the gross fluxes. This product has become a reference dataset

to evaluate process-oriented land models and remote sensing estimates of primary productivity, Anetherweakness—of-the

produetis-despite the uneven distribution of eddy covariance sites—wi
sites-in-thetropies on which it is trained-

. It integrates a large amount of in-situ measurements, remote sensing and meteorological observations using a machine

learning technique and has been proved to reproduce well spatial patterns and seasonal variability of fluxes (Jung et al.,

2009). On the other hand the product has some shortcomings: for instance the effects of land management, land use change
and CO, fertilization are not represented. The MPI-MTE has been recognized to shew—peoer—performances—in
prediunderestimate eting-the inter-annual variability of carbon fluxes-which-has-been-aseribed-to-the-low-signal-to-noiseratio
which-leads-to-a-little-emphasis-given-to-it-in-the model-tree-training. These limits may be due to the missing representation
of Besides;—some key predictors-determinants of 1AV are-missing-like changes in soil and biomass pools, disturbances (e.g.

fires), ecosystem age, management activities and land use history. Finally, the lag between external forcing and ecosystem

To derive surface fluxes, the Jena CarboScope Inversion combines modelled atmospheric transport with high-precision

measurements of atmospheric CO, concentrations. Atmospheric transport is simulated by a global three-dimensional
transport model driven by meteorological data. For consistency with the MPI-MTE product, monthly averaged NEE land
fluxes from the s81_v3.6 version of the product were used here, at a spatial resolution of 5° x 3.75°. The Jena Inversion is
particularly suited for the analysis of temporal trends and variability since it is based on a temporally constant observation

network (14 atmospheric stations for the version s81_v3.6). Weaknesses of the Jena Inversion product are linked i) to the

sparse density and biased spatial distribution of the sampling network, whose geometry affects the flux estimates in a

systematic way, ii) to data gaps, iii) to measurement errors since the calculation is based on CO, data only, while

atmospheric carbon comes also from CO and VOC, and iv)finally to -potential systematic errors of the transport model that

cannot be assessed.

As the inversion estimates the total land flux, #-inecludes-CO,-emissionsfrom-fires-in-addition-to-NEE-being calculated
as the difference between the total surface flux and prescribed anthropogenic emissions, it includes also CO, emissions from
fires in addition to NEE. For improving the consistency with the other ef-the-two datasets (MPI-MTE and FLUXNET)

whichthat do not account for fire emissions, we therefore subtracted fire emissions from the inversion estimates using an
harmonized combination of the products RETRO (Schultz et al., 2008) for the period 1982-1996 and GFED4 (Van Der Werf
et al., 2010) for the period 1997-2013. RETRO is a global gridded data sets (at 0.5° spatial resolution) for anthropogenic and

vegetation fire emissions of several trace gases, covering the period from 1960 to 2000 with monthly time resolution.

GFED4 combines satellite information on fire activity and vegetation productivity to estimate gridded monthly fire
emissions at a spatial resolution of 0.25 degrees since 1997. RETRO and GFED4 were harmonized using the overlapping
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years (1997-2000) to calculate calibration coefficients as the ratio of GFED4 to RETRO for latitudinal bands of 30°. The
RETRO time series was then multiplied by these coefficients and the resulting time series of fire emissions was finally
subtracted from the land flux of the Jena Inversion. It is worth noting that the remaining flux from the inversion is the sum of
land use change emissions and NEE while the MPI-MTE does not account for the land use change flux.

In order to analyse the role of climatic drivers on the inter-annual variability, global maps of temperature and
precipitation were used. Gridded Adirair temperatures were obtained from the Climatic Research Unit (CRU) at the
University of East Anglia at monthly time scale and 0.5°x0.5° spatial resolution, based on an archive of monthly mean
temperatures provided by more than 4000 weather stations (Jones et al., 2012). Precipitation fields were obtained from the
GPCC product at 0.5° and monthly time step (Schneider et al., 2014) . This product is based on a large dataset of monthly
precipitation from more than 85,000 stations and is provided by NOAA/ESRL PSD (Boulder, Colorado, USA). The MODIS
MCD12C1 land cover product (Friedl and Brodley, 1997) was used to classify the land pixels and to calculate statistics by
plant functional type. MCD12C1 provides the dominant land cover types at a spatial resolution of 0.05° using a supervised

classification algorithm that is calibrated using a database of land cover training sites. Product resolutions were harmonized

using the aggregate function of the raster R-package.

2.2 1AV Analysis

The inter-annual variability of NEE was estimated as the standard deviation of annual NEE values-as generated by trend

and residuals;w,-and computed on time windows of 12 months shifted with a monthly time step (Luyssaert et al. 2007; Shao

et al., 2015; Yuan et al., 2009) and calculated with the same methodology for the three data-streams used in the analysis.
Average values of 1AV for plant functional type (PFT) were determined using the PFT classification of FLUXNET sites and
the MCD12C1 product (aggregated at the appropriate spatial resolution using the dominant PFT) for the MPI-MTE and Jena

Inversion. Map pixelsgridcells were also classified according to mean annual temperature and precipitation, and the mean

value of IAVee and normalized IAVee were calculated for each climate bin.

For the two gridded products, which provide a 30 year long time series (1982-2011), the IAV was partitioned in two
components, namely the variance explained by the temporal trend and that due to annual anomalies (Ahlstrom et al., 2015).
For this purpose a linear model was fitted on the time series at each pixel, and the determination coefficient of the regression
was used to measure the fraction of variance explained by the trend, whereas its complement to one was the fraction of
variance due to anomalies.

The spatial correlation between 1AV and climatic drivers (air temperature and precipitation) was analysed at global scale
for the MPI-MTE by calculating the spatial correlation coefficient between the temporal standard deviation (IAV amplitude)
of NEE and the average annual temperature or precipitation in moving spatial windows of 15°x11.5° (which means 31x21
pixels for MPI-MTE). The latitudinal averages of these correlation coefficients were calculated for latitudinal bands of 30°.
This analysis was not replicated Ferthisreason-we did-netperform-this-analysis-on the Jena Inversion-preduet

Spatial-analyses-of AV in-the-inversion-productare-eritical because at fine scale the spatial variability of the fluxes in

this product is mainly controlled by the prior estimatess. In fact, the optimization algorithm of the inversion spatially

allocates the fluxes proportionally to the prior; hence grid cells with higher productivity will change more if compared to

cells with a lower prior. &

Finally, in order to identify which process between photosynthesis and respiration drives IAV\gg, for FLUXNET and
MPI-MTE linear regressions between NEE and GPP erand NEE and TER were fitted for each site/pixel and the difference
between the two-determination coefficients of the two linear regressions was computed. Since GPP and TER cannot be

derived from inversion products, we performed a similar analysis using NEE of the Carbon Uptake Period (CUP, sum of
negative monthly NEEs) and of the Carbon Release Period (CRP, sum of positive monthly NEE), as proxies of GPP and
TER for all the three data streams. Also in this case NEE was linearly eerrelatedregressed with NEEcyp, and NEEcge to
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detect which of the two processes drives the variability of NEE. Finathy-IAV\ee and 1AV controls were also analysed in a

climatic space defined by mean annual temperature and precipitation._Finally, annual anomalies of the two global products

used in the present analysis were compared with the estimates derived from the Global Carbon Project (GCP) (Le Quéré

2016D4a1&.AnnuaLanemaHe&eﬁhe¢hree4§atasemeeswerew

3 Results and Discussion
3.1 IAV patterns

Figure-1-shows-the-The spatial pattern of inter-annual variability for the three data sets_is resumed in Figure 1. The IAV
of NEE at individual Fluxnet sites ranges from 15 to 400 gC m2y™* and shows an average of 130 gC m2y%. On average the

most northern sites show a lower temporal variability both in Europe and in North America (Fig. 1a). A global map of
IAV\ge is shown also for MPI-MTE (Fig. 1b) and Jena Inversion (Fig. 1c) at the original spatial resolutions of the two
products. The observed range of 1AV is similar for the two gridded products and substantially lower than that observed at
site level, probably due to the spatial averaging of the land fluxes that dampens the temporal variability. The mean global
value of IAV is in fact 15 and 20 gC m™ y™* for MPI-MTE and Jena Inversion, respectively, and hence about one sixth of the
site level 1AV. The two gridded products confirm the decreasing trend of 1AV toward northern latitudes observed at flux
sites. A general decrease of IAVy\ee at higher latitude for both ENF and DBF was also observed by Yuan et al. (2009)
although for none of the two PFTs these trends were significant.

In terms of 1AV, the two global products show a reasonable qualitative correspondence for North America and Eurasia,
whereas they disagree for South America, with MPI-MTE showing a minimum of IAV in the humid Tropics, where the
inversion product shows en-the-centrary-a high-large variability. MPI-MTE in particular shows maximum values along the
Eastern coast of South America while the Jena Inversion shows an almost opposite pattern. A similar behaviour is observed
also in Africa, where the top-down product shows a maximum in central Africa while MPI-MTE shows a minimum in the
Congo basin and higher values in arid zones like Sahel and South Africa. These discrepancies could, on the one hand, be
ascribed to the limits of the bottom-up approach in dealing with the low seasonality of the fraction of absorbed radiation
(FaPAR) in evergreen broadleaf forests, given the relevance of this predictor in the MPI-MTE estimates. A second reason for
the discrepancy could be due to the CO, emissions from land use change that is particular relevant in some tropical areas but
are not accounted in the MPI-MTE estimates. On the other hand, the fine-scale estimates of the inversion are largely
determined by the a-priori weighting pattern, which has been chosen proportional to time-mean NPP (from the LPJ model)
as a vegetation proxy (Rdédenbeck et al., 2003). As the atmospheric data can only constrain larger-scale patterns comparable
to the distances between the stations, this means that IAV will be locally higher where mean NPP is high, and vice versa.

As far as the Northern Hemisphere is concerned, a good correspondence is observed in western Eurasia, while some
discrepancies are observed in other zones; for example MPI-MTE shows a large 1AV in India, probably driven by the
changes in FaPAR related to agricultural intensification, which is not emerging from the inversion product that has little
observational constraint in this area. To summarize, the spatial pattern of IAV in the two products better agrees in the
Northern Hemisphere for temperate and cold temperate zones, whereas for the southern Hemisphere, and in particular for the
humid evergreen forests, they show a poor match. In general it has to be considered that both the MPI-MTE product and the
Jena inversion-Inversion are driven by data from surface networks that are very sparse-limited in the Tropics and Southern

Hemisphere and, therefore, these observation-driven estimates are under-constrained in those areas. These results highlight

that for achieving more robust and consistent estimates of the terrestrial carbon fluxes it is of key importance to increase the

availability of atmospheric and ecosystem flux observations in the Tropical region, either establishing new sites where the

network is sparse or improving the sharing of data where the monitoring stations are available but not connected to global

networks (e.qg. flux stations in Amazonia).

Comment [AC1]: 1. Le Quéré, C. et
al. Global Carbon Budget 2016. Earth
Syst. Sci. Data 8, 605-649 (2016).
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The results presented in the maps of Figure 1 are summarized in the climate space in Figure 2. The left panels show that

peak values of 1AV are located in different climate regions for the two gridded products (temperate humid for MPI-MTE,

and tropical humid for Jena Inversion).

These results highlights that top-down and bottom-up estimates do not agree on the main sources of temporal variability

in the terrestrial carbon budget and call for more investigation to pin down the reasons for these large discrepancies. Map
nce—aRd

Given that the standard deviation of NEE increases with the primary productivity at the Fluxnet sites (Figure 3), in Figure
2 (right column) we normalized 1AV of both MPI-MTE and Jena inversien-Inversion by the average GPP of the specific
climate bin from the MPI-MTE. Normalization using GPP_(whieh-that is always positive) offers a more robust metric of
relative IAV if compared to normalization with NEE (-which-fluctuates-around-zerothat spans across zero). Figure 2 reports

in each climate bin either the mean IAV (left column) or tFhe ratio of the mean IAV and GPP%N@%MMW Formatted: Font color: Auto
c(right column), -since this metric is less sensitive to outliers than the mean of ratios raties-is-more-sensible-to-outliers; /{Formaned; Font color: Auto

besidesand -the-former-gives more weight to points that-bear-meore-informationwith larger fluxes. The normalized IAV shows
a consistent pattern between the three different data products, with a clear decreasing trend at increasing temperature and

precipitation_(i.e. increasing productivity). Ultimately arid regions seems to have the higher relative variation in land carbon
fluxes, —which-means-that-arid-ecosystems-show-a-highervariability-in-both-dataproduets-in accordance with previous

findings (Ahlstrom et al., 2015)._Interestingly the two gridded products show slightly different climatic location for the peak

in relative 1AV, with MPI-MTE pointing to warm arid regions whereas Jena Inversion points to cold arid systems.

The dependency of IAV\ege on GPP and on NEEcp is reported in Figure 3 for the three datasets. Both for Fluxnet and the
Jena Inversion, 1AV is pesitively related-teincreasing with either GPP or NEEcyp. On the contrary, the IAVge in the MPI-

MTE dataset peaks at intermediate values of GPP and NEEcp, even if this trend is not evident in the Fluxnet data from
which the MPI-MTE product is derived. We-think-that-thisis-due-to-the prominentrole-that FaPAR hasin-the MTE

—As stressed previously, MPI-MTEthis-{atterproduct seems to underestimate the

temporal variability of evergreen tropical forests both in South America and Africa, where the highest values of GPP and

NEEcp are observed and where on the contrary the inversion shows high values of IAV._ We think that this mismatch is due

to the prominent role that FaPAR has in the MTE approach. In fact, canopy greenness is particularly stable in the tropical

humid forests, generating this unusual pattern of low relative IAV in regions of high productivity. These contrasting results

for key regions like the Amazon and the Congo basin confirm the large uncertainty of the IAV estimates in areas with

limited observational constraints. In these regions, climate sensitivities derived from estimates of the inter-annual variability

of the terrestrial carbon budget have therefore to be carefully interpreted (Fang et al 2017).

The importance of the spatial scale of analysis on the IAVee has been explored for both Fluxnet sites and the global

products (i.e. MPI-MTE and Jena Inversion) (Figure 4). Figure-4-shows-the-dependence-of AV -on-the-spatial-resolution

hem--The two global products show a good agreement
at the native Inversion resolution (5°x3.75°) and at global level, when only one global value is retrieved_by; spatially
averaging all the pixels of the original maps. For the MPI-MTE product, the observed IAV is decreasing regularly at
decreasing map resolution. On the contrary, the Jena Inversion shows a rapid descent followed by a stabilisation—prebably

Comment [AC2]: 1. Fang, Y.etal.
Global land carbon sink response to
temperature and precipitation varies with
ENSO phase. Environ. Res. Lett. 12,
64007 (2017).




250 . Fluxnet sites and their aggregation at

increasing distance also show a decreasing IAV with higher values compared to the global products. The slope of the lines in

Figure 4 reveals the degree of spatial compensation between anomalies (steeper slopes are generated by stronger

compensation and therefore lower spatial coherence), which leads to a decrease of IAVyee at the increase of the spatial

extent of the observations. Among the three products MPI-MTE shows the more gentle slope and therefore the larger spatial

255 coherence of the anomalies. This is possibly due to the missing representation of land disturbances in the MTE methodology,

which may ultimately lead to an overestimation of the spatial coherence in the land CO, flux anomalies. /[ Formatted: Subscript

The fractions of IAVyee generated either by temporal trends or by annual aremakies-residuals are summarized in Fig. 5
for the two global gridded products. For MPI-MTE, more than 80% of the IAV is explained by anemalies-residuals at all
latitudes. Only in limited zones like Congo and Western Amazonia, MPI-MTE shows a relative minimum in the importance
260 | of residualsanemalies, but this global product might underestimate the total variability in these zones (see Fig. 1b).

Anemalies-Residuals explain the largest share (between 62 and 90%, average 77%) of the temporal variability also in the
Jena Inversion, with a higher relevance of trends in the southern hemisphere. The inversion product shows several hotspots
‘ of trend-driven variability, like Ssouth Africa, sSouth America and northern Eurasia that is indeed reported as an area er-of
increasing productivity in the last decades. In the interpretation of these results it is important to consider that MPI-MTE is

265 generated by the statistical upscaling of Fluxnet data, using climate and FaPAR as predictors. This methodology relies on the
assumption of a constant ecosystem response to climate drivers and for this reason the product cannot reproduce the

influence of some environmental factors (e.g. increasing CO, concentration or nitrogen deposition) that may alter these

responses but-and that are not reflected in input variables like climate or FaPAR. On the contrary, inversion products do not

make any assumption on the climate dependence of ecosystem functioning, but include also emission from land management

270 and land use change that may hide or emphasize the NEE trends. In summary, it is important to notice that, despite the
important climate trends, in the last 30 years the temporal variability of the land carbon balance has been driven by annual

‘ anemaliesresiduals, confirming the dominant role of climate variability on the terrestrial C budget (Le Quéré et al., 2014).

For the two gridded products the analysis of IAV (either in terms of absolute 1AV g or normalized with NEEcyp) was
disaggregated by plant functional type (Figure 6). The analysis in terms of absolute IAV\ge shows that savannas and woody

275  savannas (WSAV-SAV) are the PFTs characterized by the larger IAV and variability within the PFT. This was found both
for the MPI-MTE and the Jena Inversion product and confirms the results of a recent study (Ahlstrom et al., 2015) in which
semi-arid ecosystems were found to account for the largest fraction (39%) of the global IAV in net biome productivity. This
variability was found to be significantly related to the length of the growing season (Ma et al., 2007)_and is driven by the
uncertainty in water supply in arid systems. In terms of normalized IAV the two gridded products show different behaviours,

280 CSH-OSH being the most variable PFT for MPI-MTE while the inversion data report a higher variability for EBF and
WSAV-SAV. As observed at pixel scale in Figure 1, even at PFT level the results obtained from Fluxnet sites show a higher

variability than the gridded products. In general at Fluxnet sites IAV is proportional to ecosystem productivity (Fig 4) with
the maximum values observed in EBF, DBF-MF and CRO-GRA and the minimum in WET. The large value of 1AV
observed in GRA-CRO is presumably also affected by the potential large impact of management in these ecosystems that
285 can either reduce (e.g. by irrigation) or increase the climate-induced variability (e.g. by changing crops or fertilization

schemes, etc.)._In general the disaggregation of IAVyee by PFTs shows rather similar results between the two gridded

products, both in terms of magnitude and distribution. The largest difference is observed in the evergreen broadleaf forests

whose absolute and relative variability is much larger in the inversion, possibly as a result of the intensive disturbances that

have occurred in these ecosystems over the last decades and that are not captured with the MTE methodology.
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3.2 Climate dependence of IAV

The climatic dependence of the spatial variability of |AV g at global scale for the MPI-MTE product (Figure 7) shows a
clear pattern with positive correlations in temperature-limited areas at northern latitudes, and negative temperature
dependence in water-limited zones (Braswell et al., 1997). These observations agree with Reichstein et al. (2007), which
report that GPP shifts from soil water content to air temperature dependency at around 52° N. These opposite temperature
dependences will probably lead to future contrasting changes in IAV. In fact, under a global warming scenario, the northern
latitudes will be characterized by a larger sink (Zhao and Running, 2010) but also by a larger temporal variability, while arid
zones like the Mediterranean basin, the Middle East Australia and the Sub-Saharan Africa will probably experience a
reduction in 1AV linked to large-scale droughts and consequent reduction in primary productivity (Ciais et al., 2005).
Concerning precipitation the MPI-MTE product show more complex spatial patterns with negative correlation in the humid
tropics, temperate Europe and South-East USA and positive correlation elsewhere.

The climate dependencies of 1AV are further separated between the variability due to trends and anomalies (Fig. 78-Fig-
2 right column). The two components of IAV g mostly show an agreement in the sign of the climatic controls, meaning that
the environmental drivers have the same effects on trends and anomalies_and therefore on the long and short time scales.
This is a relevant finding because it -and-therefore-supports the use of IAV to investigate teng-term-medium term climatic
responses_ aeption-to-this-patterni aepresented-byv-the correlation-with-precipitation-retrieved om-MPI-M Whi
shows-an-tnclear-latitudinal-pattern- In general anomalies show a higher correlation than trends, probably due to the larger
magnitude of the variance attributed to this component. In conclusion, the spatial patterns shown in the maps of Fig. 7 and

the agreement between the two components of 1AV reported in the barplots indicate that the temperature controls of 1AV of
NEE is in general the same as for the primary productivity (i.e. positive in colder biomes and negative in warmer regions),
while the contrasting results observed for precipitation suggest that the role played by water availability on the spatial and
temporal variability is unclear, probably because of the temporal correlation between precipitation and temperature
anomalies, as shows by Jung et al. (2017). The analysis of the climate drivers of IAV was not performed for the Jena

tInversion because for this product local variation in 1AV are heavily driven by the prior estimates of NPP and therefore

results have limited sensitivity to the atmospheric constraints._in-fact-the-optimization-algerithm-of the-inversion-spatiatly

3.3 Physiological drivers of IAV

An improvement in the mechanistic understanding of 1AV\ee can be achieved by partitioning the net flux in its two
components: GPP and TER. Partitioned fluxes are available for Fluxnet sites and for derived products like MPI-MTE, while
they cannot be derived from atmospheric inversions. For this latter product the fluxes during the Carbon Uptake Period
(CUP; NEE<0) and during the Carbon Release Period (CRP; NEE>0) were used in this analysis as proxies of GPP and TER,
respectively.

To investigate how good theise proxies arey-is, the ratios TER/GPP during CUP and GPP/TER during CRP were
analysed at Fluxnet sites and for each pixel of the MPI-MTE product and averaged by PFT (Figure 8a). As far as the MPI-
MTE product is concerned, TER ranges from 55 to 78% of GPP during the CUP while GPP is 56 to 80% of TER during the
CRP, hence on average about two-thirds of the signal come from GPP (TER) in the CUP (CRP). These ratios show a certain
variability among PFTs, with ENF having the larger imbalance between the two fluxes and the lowest ratio TER/GPP during
CUP (due to the strong seasonality of GPP in this PFT), while the two fluxes are not so well partitioned for EBFs (ratio ~0.8)
that are characterized by a long growing season with consistently large fluxes of GPP and TER. The other PFTs show an
average ratio value of ~0.65 both in CUP and CRP. In summary, it can be inferred that NEE during CUP is dominated by the
signal of GPP, while NEE during CRP is dominated by TER even though to a smaller extent, as it emerges from the

8



frequency distributions in Figure 8bc calculated from the MPI-MTE product. The distribution of the ratio TER/GPP during
the CUP is in fact narrower and peaks at a value of 0.7, while a broader distribution is observed for the GPP/TER ratio
during the CRP. As expected there is a larger spread in the composition of NEE during CRP across the World, and this is
335 linked to the larger variability in the seasonality of GPP that may actually go to zero in the dormancy season, while TER is

always positive.

NEE rp)-drives-the-inter-annual-variation-6f NEE:In order to identify which of the gross fluxes controls the variability of the

340 net land flux we assessed the fraction of variance (R?) of NEE explained by —Hnearregressions-were-fitted-on-the NEE time /{ Formatted: Superscript

sene&ef—eaeh—pa*e#sﬁeaganst—GPP or TER_(for MPI-MTE and Fluxnet) -and CUP or CRP, (for all Qroducts) Fhedifferenee

345 | determination coefficients between the two regressions (NEE versus GPP or TER; NEE versus NEEcp or NEEcgp) and are
used to determine which component dominates the inter-annual variation of NEE. is-to-highlight-the role-of GPP-and-TER

350 | TFER-linearregressions—(the-same-holds—for NEE p-and-NEE-gr)-was-used-as-a-measure-of-which-driveraffects-more
AV yee—Blue zones in figure 9 are regions where 1AV g is driven by photosynthesis (GPP£ or CUP), drivenzenes-being the
difference Repp’-Rrer” (OF Reup’-Rere?) pOsitive, while in the red zones IAV e areis mainly controlled by respiration (TER/
or CRP)-driven. Figure 9a shows that, in most of the land area, the IAV g is driven by GPP both at Fluxnet sites and for the
MPI-MTE product. The same data products show an even clearer dominance of NEEcyp oin the-IAV (Fig. 9b). The Jena

355 Inversion product shows that, although most of the globe is NEEc driven, there are quite a few areas that are weakly CRP
driven like eastern US, arid regions in Africa and the Amazon basin, probably because these areas are estimated to be CO,
sources in this inversion and therefore NEE is dominated by NEEcge (data not shown). When latitudinal profiles are
considered, all the products show that GPP and NEE» deminate-control the temporal variability of yearly NEE more than
TER or NEEcgp (le Maire et al., 2010). Results shown in the global maps of Figure 9 are represented in the climatic space in

360 Figure 10. Map pixels were classified according to mean annual temperature and precipitation. For each climate bin the
difference between the determination coefficients for NEE vs GPP and TER is reported. Across the whole climate space,
IAV retrieved from the MPI-MTE product is mostly controlled by CUP and GPP, although the difference in R? in the case of
GPP and TER is low. The Jena Inversion on the contrary show climate areas where IAV is CRP driven, especially in
intermediate-high temperature classes. Similar results have been reported across several PFT by Yuan et al., (2009) and

365  Ahlstrom et al. (2015) using Fluxnet site data and MTE products. A higher correlation of 1AV with GPP rather than with
TER in deciduous forests has been reported also by Barr et al. (2002) and Wu et al. (2012). These results suggest that
ecosystem fluxes during the CUP, and in particular photosynthesis more than respiration, are consistently controlling the
inter-annual variability of NEE at all the spatial scales for both "bottom-up" and "top-down" data products (Janssens et al.,
2001; Luyssaert et al., 2007; le Maire et al., 2010; Urbanski et al., 2007; Wohlfahrt et al., 2008a; Wu et al., 2012; Yuan et al.,

370 | 2009). These results highlight that tFemporal variations of photosynthesis and of ecosystem CO, exchange during the carbon /{ Formatted: Subscript

uptake period are therefore key-driving te-interpret-the short-term climate sensitivity of the global carbon cycle_consistently

across different regions and climates. The possibility to interpret these short-term responses as long-term potential impacts of

climate change is therefore to be disputed, given the limited role that respiration appears to play in modulating the rapid

reactions of the terrestrial biosphere to environmental drivers.
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385
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In order to place our analysis in a broader context, global annual values of the gridded products used in the present

analysis have been finally compared with the estimates of the Global Carbon Project (Figure 11). At annual timescale Jena

Inversion shows an excellent agreement with the GCP, and this is not surprising since GCP land fluxes are estimated as

residual term from the atmospheric CO, budget and are therefore not completely independent from the Jena Inversion

product. On the other hand, this analysis highlights how the MTE bottom-up approach is barely correlated with the top-down

estimates, both in term of trend and of anomalies. These discrepancies may be partially explained by the missing

representation of land disturbances (land use change, land management) in the MTE product.

In_conclusion, this study assessed the temporal variability of the terrestrial C budget with three different datasets to

diagnose common patterns and emerging features. Some discrepancies between data-product have emerged, in particular in

the Tropics where a chronic deficiency of atmospheric and ecosystem observations is severely limiting the accuracy of large-

scale assessments. On the other hand, several important global features have been identified and confirmed by the different

products like: i) the dominant role played by photosynthesis in the short-term variability of the land carbon budget, ii) the

high relative 1AV in water limited eco systems and iii) the dependence of IAV on spatial scales and ecosystem productivity.

Ultimately, the variability of the land fluxes observed in the recent decades proved to be extremely valuable to investigate

the controlling mechanisms, the sensitivity and vulnerability of the terrestrial C balance to climate drivers.
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Figure 1: Spatial distribution of NEE standard deviation used as a measure of inter-annual variability (IAVygg). Results are
reported for a) Fluxnet sites with at least 5 years of observations, b) for the MPI-MTE NEE product and c) Jena Inversion product
s81_v3.6, red triangles represent the CO, concentration measurement sites.
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Figure 2: IAVyge (left panels) and normalized 1AVyege (CVnee, right panels) plotted in a Temperature-Precipitation space, for
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Figure 4: Dependence of IAVyge on map resolution for Fluxnet sites (green dots), MPI-MTE (black dots) and Jena Inversion (red
615 dots). Error bars represent the 25% and 75% quantiles of the 1AV in the aggregated sites/pixels.
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Figure 5: Maps of the fraction of NEE variance explained by temporal trends and anomalies for MPI-MTE NEE and Jena
620 Inversion; latitudinal band (15°) averages of the fractions are reported in the bar plots.
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Figure 6: Boxplot of NEE standard deviation averaged in PFT classes for MPI-MTE NEE and Jena Inversion, green dots
represent observations at Fluxnet sites (different y scale on the right) plotted with their standard error. PFT classes are grouped as
follows: evergreen needleleaf forests and deciduous needleleaf forests (ENF-DNF), evergreen broadleaf forests (EBF), deciduous
broadleaf forests and mixed forests (DBF-MF), closed and open shrublands ( CSH-OSH), woody savannahs and savannahs
(WSAV-SAV), grasslands and croplands (GRA-CRO) and wetlands (WET).
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Figure 7: Climatic drivers of the spatial variability of NEE standard deviation. The left panels show maps of the spatial correlation
coefficients (within moving spatial windows of 15°x11.5°) of interannual NEE amplitude versus time-mean temperature and
precipitation for the bottom up product MPI-MTE. Pixels with non-significant correlation are left white. The barplots on the right
show latitudinal averages of the correlation coefficients of NEE trend and anomalies versus temperature and precipitation.
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645 Carbon Release Period (CRP,_red bars), these values were calculated for the MPI-MTE product, dots refer to Fluxnet sites.
Averages of yearly values are represented together with their standard deviation. The global frequency distributions of the ratios
obtained from the MPI-MTE product are reported in the histograms at the bottom.
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Figure 9: Control on IAV by GPP-TER and Carbon Uptake Period (CUP) - Carbon Release Period (CRP), expressed as the
difference of the determination coefficients for Fluxnet sites with at least 5 years of observations (dots), MPI-MTE NEE and Jena
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655

23



2 2
DRGup_cre DRGre_ter

4000

3000

2000 —

MPI-MTE
Precipitation [mm]

1000 —

3000 —

0.5

DR [-]
(=]

2000 —

Jena Inv
Precipitation [mm]

1000 | -1 B

-20 -10 0 10 20 30

Tair [°C]

Figure 10: Control on IAV by GPP-TER and Carbon Uptake Period (CUP) - Carbon Release Period (CRP), expressed as the
660 difference of the determination coefficients plotted in a Temperature Precipitation space. The two top panels refers to MPI-MTE
while the bottom panel to Jena Inversion, dots refer to Fluxnet sites.
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Figure 11: Comparison of the annual NEE anomalies between Jena Inversion, MPI-MTE and the Global Carbon Project

data. Time series of annual anomalies are reported in the left panel while regressions of MPI-MTE and Jena Inversion values

are reported in the right panel versus annual anomalies of the Global Carbon Project Data

25



	bg-2017-11-author_response-version1.pdf (p.1-10)
	MS_Marcolla_et_al_track changes.pdf (p.11-35)
	1 Introduction
	2 Materials and Methods
	2.1 Datasets
	2.2 IAV Analysis

	3 Results and Discussion
	3.1 IAV patterns
	3.2 Climate dependence of IAV
	3.3 Physiological drivers of IAV

	4 Conclusions
	AKNOWLEDGEMENTS
	References


