We thank Abhishek Chatterjee and an anonymous reviewer for their constructive comments.
We have addressed the comments of the reviewers below. Reviewer comments are shown in
bold and changes to the manuscript are underlined. Line numbers refer to the marked changes
manuscript.

Both reviewers found that the manuscript contained excessive detail that obscured the main
results of the study. We have gone through the manuscript to remove excessive detail and
present the results more concisely. In particular, we have shortened the introduction, removed
any discussion from the results section, and shortened the discussion section. Some of the
analysis that is complementary to the main results has been moved to the supplementary
analysis. These steps have reduced the length of the manuscript by about 10 pages.

Response to reviewer 1:
Holistic suggestions

The authors have written an interesting paper that is very relevant to current inverse
modeling efforts using satellite data. Overall, | think the science in this paper is very
sound. The authors have been very thorough and thoughtful. With that said, the
manuscript contains enormous detail and discussion. | worry that the main takeaway
messages can get lost in this detail. | think the main science question posed in this
paper could have a relatively straightforward answer; | think one could answer that
question in a more succinct way that brings to the forefront the unique results of the
paper. Here are a few ways that one could shorten the paper: (1) Some text in the
introduction seems better-suited for the methods (see below), and | think the intro
could end with a more focused, succinct list of the study goals. (2) Some of the
details on the proxies and the flux products could go into a Supplement, though |
think it could go either way. (3) | would consider merging the results and discussion
into a single section. These two sections can feel repetitive in places. (4) | think the
Conclusions could be half the current length and focus on bringing the analysis
together into snappy, punchy take-away messages. These are just a few ideas, and |
think the authors should make whatever changes feel most appropriate to them. |
want to be sure this article gets the attention it deserves when published and ensure
that the authors don’t lose readers in the detail. Below are several detailed
suggestions.

We have gone through the manuscript and tried to remove any unnecessary text and
reorganized some of the text to improve the clarity of the manuscript.

Abstract
* You may want to either define FLUXCOM or use a non-technical term here.

As far as we are aware, FLUXCOM is not an acronym but the name of a flux product. We
have added the URL for the datasets immediately after the first occurrence of “FLUXCOM”.



* What is RNINO3.4? Again, you might want to either define this term or use a less
technical term.

In the abstract, we have changed the text to state the “statistical significance” (P<0.05)
rather than using this term, as the reader will likely be familiar with this term.

* Line 14: Could you define “regional scales” more precisely? l.e., what size regions
are you referring to here?

Clarified to “large sub-continental regions”

* Line 14: It could be helpful to give the reader a hint on what aspects of the
configuration you’re referring to here.

This statement was removed from the abstract.

Introduction and methods

* pg. 2, Line 23, “We also examine the posterior fluxes from two publicly available
flux inversion estimates....”: Can you provide a bit more detail here. In what way do
you examine these fluxes, and how does this examination contribute to the study?

This sentence has been re-worded:

P3L1-2: “NEE anomalies produced by the GEOS-Chem flux inversions are contrasted with
two independent publicly available flux inversion estimates.”

* | would write out abbreviations like MERRA-2, FLUXNET, and FLUXCOM the first
time you use them.

Done for MERRA2. FLUXNET and FLUXCOM are not acronyms, as far as we are aware.
We have added the URL for the datasets immediately after the first occurrence of
FLUXNET and FLUXCOM.

* Pg. 2, line 32 to pg. 4, line 9: The introduction is relatively long. You could condense
or eliminate some of this information to produce a shorter, punchier introduction.

We have tried to condense the introduction, and have shortened it.

* Pg. 4, line 3 to line 15: This material could be a better fit for the methods sections.
We have removed this material from the introduction.

* Pg. 4, lines 16-27: Again, | think you could shorten the descriptions here to make
the make the main objectives more concise and punchy. There’s a lot of detail to
digest in this paragraph. It could be helpful to give a more succinct overview of the

paper and leave some of the details for later.

We have tried to do this; the introduction has been restructured for this purpose.



* Pg. 7, line 3: | recommend experimenting with covariance matrices that include off-
diagonal elements. | worry that you could overestimate the information content of the
satellite observations by using a diagonal observational covariance matrix. Existing
studies suggest that GOSAT retrievals have spatially and temporally coherent errors.
My guess is that the estimated fluxes would be less detailed or less informative if you
included off-diagonal elements in the observational covariance matrix. The overall
goal of this study is to estimate the robustness of the flux constraint using GOSAT
observations, and | think that the structure of the covariance matrices could have an
important impact on these conclusions.

We agree that there are likely spatially and temporally coherent errors in the ACOS GOSAT
measurements. However, implementing off-diagonal elements in our inversion set-up is not
straight forward, and would be a study on its own. Thus, this is beyond the scope of this
study. We have added a statement to the conclusions encouraging future research in this
field:

P241.20-22: “Although not addressed in this study, correlated errors between GOSAT
observations may introduce structures in the posterior NEE estimates, thus we recommend
future work address the possibility of prescribing non-diagonal in the observational error
covariance matrix.”

Results and conclusions

* Pg. 10, line 26, “As scales decrease....”: It could be clearer to rephrase to “As the
size of the regions decrease....”.

Changed to “At smaller spatial scales”

* Pg. 10, line 32: | would be clearer about what you mean by “regional and larger
scales.” Different readers might have different concepts of what this phrase means.

We have specified “sub-continental regions” whenever we mention “regional” scales

* In general, there’s a lot of detail in Sect. 3. | think you could shorten this section
and/or potentially move some of the text to an Sl without losing key information. An
upside of being so thorough is that you won’t omit anything from the text. However, a
danger is that the key messages of the paper can become buried in all of the detailed
descriptions.

We have removed a substantial amount of text from Section 3, and ensured that the
remaining text only described the results without giving a discussion.

* Sect. 3.1.1 title: | think it would be more appealing to a reader to use a descriptive
title here instead of using a relatively technical abbreviation in the header title.
Someone who is scanning through the paper wouldn’t know what GC2x2.5-200% is or
what the scientific importance of this section is.



This section has been moved to supplementary materials and renamed to “Detailed
analysis of tropical NEE anomalies and ENSO”.

* Pg. 14, line 18: Consider starting this section with a stronger topic sentence that
helps guide the reader through the material. For example, you could state the main
take-away message of the OSSEs in the tropics and then explain the results in
subsequent sentences.

Changed topic sentence:
P15L18: “Strong correlations are obtained between the posterior and true anomalies for all

OSSEs on sub-continental regional and larger scales, suggesting that sub-continental
regions are the minimum scales that can be constrained by GOSAT measurements.”

* Sect. 3.3.1: | think you could add a few more sentences somewhere in this section
explaining what the implications of the OSSE’s are for your real data results. What
have you learned from the OSSE’s, and what are the implications for using GOSAT to
constrain flux anomalies?

Added to beginning of the section:

P15L10:” Strong correlations between the GOSAT flux inversions and proxies/FLUXCOM
provide evidence that the GOSAT flux inversions give realistic constraints on NEE.
However, the absence of strong correlations does not imply that the GOSAT flux inversions
are not constraining IAV as there could be other causes (such as lagged effects within
ecosystems) that can explain the absence of correlations. Therefore, to investigate the
minimum spatial scales that can be constrained by GOSAT observations, we performed a
series of OSSE experiments. In these experiments pseudo-observations were assimilated
from a GEOS-Chem forward model run which had JULES NEE fluxes prescribed.”

* Pg. 20, line 1: | think it is a bit too informal to start a paragraph with a question. You
might want to rephrase with a guiding topic sentence (e.g., one that states the main
result or take-away of the paragraph).

Removed this sentence, and tried to make this section more concise.

* You use the term “flux anomalies” a lot throughout the paper. | would make sure it’s
very clear to the reader what type of anomalies you are referring to (e.g., over what
time periods). | know that you specify this information in the Methods, but it doesn’t
hurt to use very clear and unambiguous terminology whenever possible.

We have edited the manuscript throughout to clarify quantity and time interval.

* Pg. 21, line 19 “significant impact”: Is this result statistically significant? | would
reserve the word “significant” for instances when you explicitly tested for statistical
significance. Otherwise, you could unintentionally confuse a reader.

Removed.



Response to Reviewer 2:

This is a highly relevant and high-quality study that makes use of the ever-increasing
time record of satellite retrievals (in this case JAXA’s GOSAT), and demonstrates
their value in providing the community with new insights into carbon cycle science.
While most inversion studies tend to diagnose carbon fluxes, this study makes a
valuable attempt at attribution by relating the carbon flux anomalies with various
auxiliary environmental variables (called proxies here). The manuscript is well-written
and the figures and text are of high-quality. Before recommending final publication
though, | would highly advise the authors and the ACP editorial team to make note of
the following comments and suggestions:

Major Comments:

(1) In many ways, the manuscript reads like a dissertation chapter. There are too
many details that are unnecessary for a manuscript as it outlines all the
sensitivity tests and checks that were done. | would highly recommend that
the authors think about what the main takeaway messages are, and
accordingly cull the text from Sections 3, 4 and 5 to focus on those messages.
There are some strong points made in the paper, for example - the need to use
prior flux estimates that have a realistic seasonal cycle and IAV. But more
often than not, these types of important messages are lost in the text. Even
though the manuscript is well-written, it is cumbersome to read. Some of the
sensitivity tests could be moved to Supplementary Information. Also, see
comments #2 & #4 below on which text are most suited for this.

We have gone through the manuscript and tried to streamline to highlight the main points.
The manuscript is now substantially shorter.

(2) Is SIF really needed? As the authors rightly point out in multiple places (Page
3, Lines 24-29, Page 11, discussion in Lines 17-30, Page 16, Lines 30-32), SIF is
a good proxy for GPP. Its relationship to NEE is complicated by the role of R. If
the authors were estimating GPP and R separately, then SIF would have been
a valuable dataset to correlate against. But given that the authors estimate
NEE, it is impractical to assume SIF will provide any new information or help
constrain the scales at which GOSAT can inform NEE fluxes. Results
presented in Figure 2 and Table 2 further show the redundancy of SIF for this
paper. In fact, it is not surprising at all that SIF is well correlated with CASA
GFED ( a model based on light-use efficiency) and consequently CT-2016 (that
uses CASA-GFED as its prior). Finally, Section 4.1.2 doesn’t add any new
information to the study at all. By taking out SIF, the authors could shorten the
paper and make it more focused.

We prefer to retain SIF in the manuscript, as this is the only proxy that is a direct measure
of ecosystem functioning (even if it is a measure of GPP). Furthermore, we do find
substantial correlations between SIF anomalies and NEE anomalies in the Northern extra



tropics. Similarly, we see that large anomalies and heatwaves are shown to have a large
impact on ecosystem functioning in Figure 3.

(3) Follow-on to the previous comment - if the authors were interested in using a
vegetation index, they may want to look at something more direct like LAl Or
even indices like NDVI, EVI, fPAR x PAR may act as robust proxy capturing the
interaction between vegetation and radiation.

There are many interesting potential “proxies” for ecosystem functioning that we could
examine. However, we think that the inclusion of additional proxies would distract from our
main point that we can see strong correlations with the proxies chosen for this study on a
variety of scales.

(4) Should the OSSEs be moved to the Supplementary Material? While the
scientific rationale for doing the OSSEs make sense, they add a new set of
results that are frankly not necessary. The real data inversions already cover
all the conclusions from the OSSEs. | understand that the OSSEs may have
been done initially to ensure that the GEOS-Chem 4DVAR system works,
before the authors move to a real-data inversion. But given the more
interesting and thought provoking results with the real data, Section 3.3 seems
superfluous.

We prefer to retain the OSSEs in the main text. This is because the OSSEs are required to
estimate the minimum scales constrained by the GOSAT measurements and estimate the
magnitude of posterior IAV relative to true IAV. Neither of these aspects of the GOSAT flux
inversions can be examined in the real data experiments.

(5) The attempt to isolate anomalies specific to each continent (Equation 2) is
unclear. | do not follow how the standard deviation of the tropical and the
continental anomaly are calculated in the first place. Do the authors do some
type of Monte Carlo simulation (i.e., an ensemble of fluxes and anomalies) to
calculate STD(ANOM).

It is calculated as the standard deviation of the monthly anomalies. We have decided to
move this discussion to the supplementary materials as the main conclusions of the
analysis could be made without this analysis. We have the revised the sentence in the
supplementary materials to state “standard deviation of monthly anomalies”.

(6) A critical component that is missing from the study is the calculation of time-
lagged correlations. The impact of ENSO events or droughts are not immediate
(i.e., within a month) on fluxes. There is a spatiotemporal cascade of this
impact across different tropical and Northern extratropical regions. In fact the
authors do acknowledge this briefly (Page 16, Lines 17-20). Also see Rayner et
al. 1999 (GRL, Vol. 26(4)). My hypothesis is that both the R2 and the
significance of several of the flux estimates will change when the authors use
time-lagged correlation, especially with the Nino3.4 index. Can the authors
comment further on why they didn’t pursue? A figure or two in Supplementary
Materials may help.



We agree that there are substantial lagged effects between climate anomalies and NEE
anomalies, and that these lagged effects are important for understanding the carbon cycle.
However, we have intentionally avoided discussing lagged effects in this manuscript to
simplify the analysis. As pointed out by the reviewer, we do acknowledge that these lagged
effects exist in the manuscript. We hope that these effects will be investigated further in
future studies, and have suggested this is the revised conclusions:

P241.26-31:“The results of this study suggest that GOSAT measurements provide a useful
constraint on IAV in the carbon cycle. Further study of the relationship between GOSAT-
constrained NEE and environmental variables is merited given results discussed here. In
particular, the mechanisms driving these co-variations should be further investigated.
Lagged relationships between GOSAT-constrained NEE and environmental variables
should also be investigated. Future research could also investigate differences in IAV
between GOSAT-constrained NEE and that produced by TBMs. Given the better agreement
with the proxies, GOSAT-constrained NEE |AV may provide a tool for evaluating the TBM-
simulated NEE IAV in the future.”

(7) Finally, why isn’t there a run at 2 x 2.5 with prescribed IAV in the prior flux? If
anything, | would want to see how an inversion run at 2 x 2.5 with 200%
uncertainty applied to prior fluxes and with prior NEE IAV performs. The
results may really enforce the message in Section 4.3.3 about the realism of
IAV in prior fluxes and the important role it plays on the posterior IAV that is
recovered during the inversion.

This was not performed because of the computation requirements. Performing 4DVar at
2x2.5 spatial resolution with the GEOS-Chem is extremely computationally expensive, thus
we tried to perform all of the sensitivity tests at 4x5 degrees.

Minor Comments:

(1) Page 5, Section 2.1 - What is the spatial and temporal resolution at which
FLUXCOM products are available? Are there potentially issues with scale
mismatch that the reader should be aware of?

The FLUXCOM products are generated at 0.5x0.5 degrees resolution. This has been added
to the text.

P5L18: “FLUXCOM remote sensing and meteorological data (RS+METEOQ) products are
generated at 0.5 x 0.5 spatial resolution using upscaling approaches based on machine
learning methods that integrate FLUXNET site level observations, satellite remote sensing,
and meteorological data”

(2) Page 7, Lines 30-33 -The current nomenclature for the different runs is
extremely complex. | do not know if there is a way of making the names more
intuitive and/or easy to follow. But something the authors can think about a bit
more.



We tried a number of different acronyms, but found the current set-up to be the clearest. We
hope that table 1 will provide a useful tool to remind the reader of the set-up.

(3) Page 8, Line 3 - Did GOSAT ACOS v3.5 had warn levels? Or just quality flags?
To the best of my knowledge warn levels weren’t implemented till v7.3. Kindly
check.

Warn levels were implemented in ACOS 3.5. This was the first ACOS GOSAT product to
have them.

(4) Page 9, Equation 1 - It is worth making the reader aware of the drawbacks of
using a short period to define the climatology.

We have added the following text.

P10L9-11: “Itis worth noting that four years is a relatively short period to define a
climatology, and some modes of climate variability occur on longer timescales. Ideally, a
longer time period would be used to calculate a climatology, but we are limited by the
availability of GOSAT data in this study.”

(5) Section 4 Discussion topics - what about the discussion for agreement
between flux anomalies and Nino 3.4 index? That discussion seems to have
gone missing.

This has been added as Section 4.2.
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On what scales can GOSAT flux inversions constrain anomalies in
terrestrial ecosystems?
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Abstract. Interannual variations in temperature and precipitation impact the carbon balance of terrestrial ecosystems, leav-
ing an imprint in atmospheric CO;. Quantifying the impact of climate anomalies on the net ecosystem exchange (NEE) of
terrestrial ecosystems can provide a constraint to evaluate terrestrial biosphere models against, and may provide an emer-
gent constraint on the response of terrestrial ecosystems to climate change. We investigate the spatial scales over which in-
terannual variability in NEE can be constrained using atmospheric CO5 observations from the Greenhouse Gases Observ-
ing Satellite (GOSAT). NEE anomalies are calculated by performing a series of inversion analyses using the GEOS-Chem
model to assimilate GOSAT observations. Monthly NEE anomalies are compared to “proxies”, variables which are associated
with anomalies in the terrestrial carbon cycle, and to upscaled NEE estimates from FLUXCOM. Strong-agreement-is-found

in-the-timing-of-anomalies—in-the-GOSAT-flux—inversions—with-Statistically significant correlations (P < 0.05) are obtained
between posterior NEE anomalies and anomalies in soil temperature and FLUXCOM —Streng—correlations—are—obtained
P<0:05->Fnmwoza)-in-the-tropies-NEE on continental and larger scales i W and in the northern extrat-

ropics on sub-continental scales during the summer (R? > 0.49)-

on-theseseales-may-be-difficult;, suggesting that GOSAT measurements provide a constraint on NEE TAV on these spatial
scales. Furthermore, we show that GOSAT flux inversions are generally better correlated with the environmental proxies and
FLUXCOM NEE IAYV than NEE anomalies produced by a set of terrestrial biosphere models (TBMs), suggesting that GOSAT

flux inversions could be used to evaluate TBM NEE fluxes.
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Copyright statement. TEXT

1 Introduction

Organisms within terrestrial ecosystems have evolved to fit their climatic environment. Anomalous variations in temperature
and and precipitation about the mean climate can have significant impacts on the functioning of these organisms (Berry and
Bjorkman, 1980; Gutschick and BassiriRad, 2003; Smith, 2011), which can be reflected in anomalies in the carbon balance of
ecosystems. In fact, interannual variability (IAV) in the atmospheric growth rate of COs is largely explained by changes in the
carbon balance of terrestrial ecosystems in response to climate variability (Keeling et al., 1976a, b; Conway et al., 1994; Keeling
et al., 1995; Battle et al., 2000). i i
exchange(INEE)The largest driver of TAV in the carbon cycle is

most strongly impacts tropical ecosystems (Bacastow, 1976; Bacastow et al., 1980; Bousquet et al., 2000; Ciais et al., 2013).
During the warm phase of ENSO (El Nifio) large areas of tropical land become drier and warmer, leading to a net emission of
COs4 from the land to the atmosphere, which amplifies the atmospheric CO5 growth rate. During the cold phase of ENSO

La Nifna), much of the tropical land is cooler and wetter than average, leading to anomalously low CO, growth rates
Jones and Cox, 2005). Similarl

balance of ecosystems (Conway et al.,

, in extratropical regions, temperature and moisture anomalies drive variability in the carbon

2000; Wunch et al., 2013; Zscheischler et al., 2014; He et al., 2018).

1994; Bousquet et al.,

)

Many studies have examined extreme heatwaves or droughts in the extratropics, such as the 2003 European heatwave (Ciais et al., 2005) anc

R RA R A AR AN AR AR AN AAAANAANAAAAANAANASAANAAANAARAARAANANRSARAANAANAANRAANAANAANALEAARAE
anomalies and drought conditions result in an anomolous release of CO 6 i
Most previous studies that have investigated IAV in the carbon cycle using CO2 measurements have employed measurements

2010 Russian heat wave and wildfires (Guerlet et al., 2013; Ishizawa et al., 2016). In these studies;data-assimilation-methods

from the global network of in situ instruments for observational constraints (Bousquet et al., 2000; Rodenbeck et al., 2003; Bruhwiler et al.,

This network provides by far the longest direct record of atmospheric CO2 measurements, with many sites functioning for
decades. However, the spatial distribution of sites is inhomogeneous, with sites most densely located in North America and
Europe and comparatively few elsewhere. Therefore, in situ observations from the global observation network are relatively
insensitive to CO4 fluxes over much of Asia and in the tropics (Byrne et al., 2017), where IAV is the largest. Recently, space-
based observations of atmospheric CO5 have provided expanded observational coverage for atmospheric COs. One of the
satellites, the Greenhouse Gases Observing Satellite (GOSAT), has been providing measurements of atmospheric CO5 since
2009. With multiple years of measurements, it is now possible to investigate IAV in the carbon cycle with GOSAT data.

In this study, we investigate interannual flux-anemalies-anomalies in NEE estimated from GOSAT measurements using the
“flux-inversion——flux inversion method, wherein surface fluxes are estimated from atmospheric CO, measurements using a
tracer transport model and Bayesian inverse methods. A series of flux inversions using the GEOS-Chem four-dimensional

variational (4D-Var) data assimilation system (Henze et al., 2007) are performed with different spatial resolutions, prior fluxes
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and prior error covariances. We-alse-examine-the-pesteriorfluxesfrom—tweo-NEE anomalies produced by the GEOS-Chem
flux inversions are contrasted with two independent publicly available flux inversion estimates, the GOSAT Level 4 product
(Maksyutov et al., 2013) and CarbonTracker, version CT2016 (Peters et al., 2007, with updates documented at http://carbontracker.noaa.gov

which is a flux inversion that assimilates CO2 observations from the surface network. Pesterier-anomalies-In addition, we

compare the flux inversion NEE anomalies with NEE anomalies simulated by several terrestrial biosphere models (TBMs).
One of the primary goals of atmospheric flux inversions is to provide better constraints on NEE to evaluate these models.
Therefore, it is necessary to first determine the ability of TBMs to represent 1AV,

Anomalies in NEE from the inversions and TBMs are compared with “proxies”, variables that are known to be closely
associated with IAV in the carbon cycle. Agreement between the anomalies in the-inversiens-NEE and proxies provides cor-
roborating evidence that the inversions/TBMs are correctly recovering anomalies in NEE (Deng et al., 2016; Mabuchi et al.,
2016; Liu et al., 2017). Three proxies are examined: soil temperature (T,;;) anomalies from the Modern-Era Retrospective
analysis for Research and Applications (MERRA-2) reanalysis (Reichle et al., 2011, 2017), the Monthly Self-calibrated Palmer
Drought Severity Index (scPDSI) (Dai, 2017), and solar-induced chlorophyll fluorescence (SIF) observed by GOME-2 (Joiner
et al., 2016). We also use flux data from FLUXCOM (www.fluxcom.org), which provides data-driven NEE anomaly estimates
(Tramontana et al., 2016; Jung et al., 2017).
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inversions and the flux proxies:

results—Thesecond-is-to-, and determine the spatial scales over which the GOSAT inversions constrain flux-anomalies—GOSAT

This paper-has-three-study has two main objectives. The first is to quantify the agreement-correlation between GOSAT flux
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monthly NEE
anomalies in the tropics and summer anomalies in the northern extratropeis. This is performed by examining the spatial scales
over which there are correlations between the NEE anomalies and proxies/FLUXCOM anomalies.The second objective is to
quantify the sensitivity of the-resultsfor-the-first-two-objeetives-inversion — proxy correlations to the inversion setup. This is

investigated with a series of GOSAT flux inversions with different model resolution, prior fluxes, and prior error covariances.

This paper is structured as follows. In Sect. 2, we describe the datasets used, flux inversions performed, and how anomalies
are calculated. Sect. 3 presents the results of our analysis. Flux inversion NEE anomalies are compared with the proxies in the
tropics and northern extratropics individually. We then present an-OSSE-a serise of Observing System Simulation Experiments
(OSSEs) to examine the smallest spatial scales for which NEE anomalies can be recovered from GOSAT observations. Sect. 4
discusses the agreement in anomalies between the GOSAT flux inversions and proxies, the scales constrained by GOSAT flux

inversions, and the sensitivity of these results to the inversion setup. Finally, conclusions are given in Sect. 5.

2 Data and methods

2.1 FLUXCOM NEE Data

FLUXCOM remote sensing and meteorological data (RS+METEQ) products are generated at 0.5° x 0.5° spatial resolution
using upscaling approaches based on machine learning methods that integrate FLUXNET (https://fluxnet.ornl.gov, ?) site level

observations, satellite remote sensing, and meteorological data (Tramontana et al., 2016; Jung et al., 2017). Explanatery
vartablesfromremote-Remote sensing measurements are averaged-used to produce a mean seasonal cycle (Tramontana et al.,
2016) ssuch-that-al- NEETAV-is-introduced-by-and the NEE IAV signal in this product results from the driving reanaly-
sis (NCEP CRU). In particular, NEE TAV is driven by air temperature, incoming global radiation combined with the mean
seasonal cycle of NDVI, and model-based water availability index. Jung et al. (2017) generate NEE products using several
machine learning methods. We downloaded these products from the Data Portal of the Max Planck Institute for Biochemistry
(https://www.bgc-jena.mpg.de). We find that the different algorithms generally give similar results, therefore we only present

results using the multivariate regression spline (MARS) NEE in this study.
2.2 Proxies
2.2.1 Dai Global Palmer Drought Severity Index

The monthly self-calibrated Palmer Drought Severity Index (scPDSI) (Dai, 2017) provides a measure of drought severity on

a 2.5° x 2.5° grid. The scPDSI is computed using observed monthly surface air temperature and precipitation and provides a
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measure of surface aridity anomalies and changes on seasonal to longer time scales (Dai et al., 2004; Dai, 2011). We note that

scPDSI may not be a good proxy of soil moisture content over the high latitudes (>50°).
2.2.2 SIF

We use the monthly gridded “SIF daily average” product from the NASA Level 3 GOME-2 version 27 (V27) terrestrial
chlorophyll fluorescence data (NASA-SIF, 2016; Joiner et al., 2013, 2016). SIF anomalies are multiplied by negative one to
change the sign of the anomalies, so that positive correlations will be obtained if negative SIF anomalies are correlated with

positive NEE anomalies (emission of CO5 to the atmosphere).

2.2.3 Soil temperature

For the soil temperature proxy, we use soil temperatures from the MERRA-2 (Reichle et al., 2011, 2017) reanalysis. SpeeifiallySpecifically,

we use the average soil temperature over levels 1-3 (TSOIL1,TSOIL2,and TSOIL3), which reaches a depth of 0.73 m.
2.2.4 NINO 3.4 index

For the phase of ENSO, we use the sea surface temperature (SST) anomaly in the NINO 3.4 region (5° S—5° N, 120° S—-170° N)
of the tropical Pacific Ocean. This region has been widely used to diagnose ENSO activity. The SST values are calculated from
the Hadley Centre Sea Ice and Sea Surface Temperature data set (HadISST) dataset. The SST anomalies were downloaded
from the National Oceanic and Atmospheric Administration (NOAA) Earth System Research Laboratory (ESRL) website

(https://www.esrl.noaa.gov).
2.3 Inversion analyses
2.3.1 CarbonTracker

We use optimized NEE from the NOAA’s CarbonTracker, version CT2016 (Peters et al., 2007, with updates documented at
http://carbontracker.noaa.gov). CT2016 optimizes NEE by assimilating in situ observations of boundary layer atmospheric
COs. It employs the ensemble Kalman filter approach to assimilate CO5 with atmospheric chemical transport simulated by the
TMS5 offline atmospheric model (Krol et al., 2005). For CT2016, TMS is driven by ERA-Interim assimilated meteorology from
the European Centre for Medium-Range Weather Forecasts (ECMWF), with a horizontal resolution of 3°x 2° globally and
1°x 1° in a nested grid over North America. CT2016 also has IAV in biomass burning. Therefore, when analyzing posterior
TAV in CT2016 we examine the IAV in NEE alone (referred to as CT2016) and IAV due to NEE and biomass burning combined
(referred to as CT2016,, /5p).

2.3.2 GOSAT level 4 data

We use the GOSAT level 4 data product (Maksyutov et al., 2013) produced by the National Institute for Environmental Studies
(NIES). This product is produced by assimilating NIES Level 2 retrievals of XCOs into the NIES global atmospheric tracer
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transport model (NIES-TM) to optimize monthly CO; fluxes for 64 sub-continental regions. The Vegetation Integrative SImu-
lator for Trace gases (VISIT), a prognostic biosphere model (Ito, 2010; Saito et al., 2014), is used to generate prior biospheric
fluxes for the inversion analyses. The GOSAT L4 product also has IAV in biomass burning. Therefore, when analyzing pos-
terior IAV, we examine AV in NEE alone (referred to as GOSAT L4) and AV due to NEE and biomass burning combined
(referred to as GOSAT L4, /pp).

2.3.3 GEOS-Chem

We perform a series of flux inversions using the GEOS-Chem 4D-Var assimilation system (Henze et al., 2007). The GEOS-
Chem forward model (www.geos-chem.org) is a global 3-D chemical transport model driven by assimilated meteorology from
the Goddard Earth Observing System (GEOS-5) of the NASA Global Modeling an Assimilation Office (GMAO). The native
resolution of the model is 0.5°x 0.67° with 72 vertical levels from the surface to 0.01 hPa, but we run the model at lower
resolution (either 2°x 2.5° or 4°x 5°, depending on the inversion) with 47 vertical layers. Our model configuration is based
on the configuration of Nassar et al. (2011). To optimize surface fluxes, the 4D-Var cost function is minimized as described
in Deng et al. (2014) to retrieve monthly scaling factors for prior ocean and terrestrial biosphere fluxes in each grid cell. We
use an assimilation window of nine months and keep posterior fluxes from the first six months, then shift the inversion widow
forward six months. Using this method, we optimize NEE spanning 2010-2013 (in addition to a six month spin up inversion
starting in July 2009). Monthly ocean fluxes are from Takahashi et al. (2009), anthropogenic emissions are from Andres et al.
(2016), and biomass burning emissions are from the Global Fire Emission Database GFEDv3 (van der Werf et al., 2006). We
repeat the 2010 GFEDv3 biomass burning emissions for all years so that there is no prior NEE IAV. Error covariance matrices
are taken to be diagonal, such that there are no spatial or temporal covariances. Prior errors are assigned as a percentage of
the prior flux estimate rather than an absolute value. We assign 16% error to fossil fuels and 38% error to biomass burning
following Deng et al. (2014).

The GEOS-Chem flux inversions performed in this study are shown in Table 1. The flux inversions are performed with dif-
ferent model configurations to examine the sensitivity of the results to the inversion setup. We perform inversions at two spatial
resolutions, 2°x 2.5° and 4°x 5°. The spatial resolution is varied to examine whether changes in model transport significantly
impact our results. It has previously been shown that there are significant differences in tracer transport as model resolution is
decreased in GEOS-Chem (Yu et al., 2018; Stanevich, 2018). In particular, Stanevich (2018) show that resolution-induced bi-
ases of up to 30% can be introduced on the scale of TransCom regions for 4°x 5° relative to 2°x 2.5° for atmospheric methane
(CHy) inversions.

The prior error statistics are varied between inversions. The prior error covariance provides a metric of the uncertainty
in the prior fluxes. If prior fluxes are well known then small errors are applied. If they are poorly known then large prior
errors are applied and the observations will have a larger impact on the posterior fluxes. However, in general, atmospheric
CO4, observations underconstrain the fluxes and additional regularization considerations are required. To prevent overfitting of
assimilated observations, prior flux errors are typically tighter than the true uncertainty in NEE fluxes. Therefore, the motivation

for varying prior errors in this study is to examine the sensitivity of the posterior fitx-NEE anomalies to these prior constraints.
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Finally, the prior NEE fluxes are varied between flux inversions. For all GEOS-Chem inversions, the prior NEE fluxes
are based on the posterior fluxes from CT2016. CT2016 fluxes are used because they are informed by atmospheric CO2
observations, and thus provide a seasonal cycle of NEE which is closer to observed atmospheric CO5 than a TBM forward
run (Byrne et al., 2018). Using prior fluxes which are closer to the observed atmospheric COq then justifies tighter prior flux
error covariances. We use two different setups of the CT2016 posterior fluxes in the inversions. For four inversions we remove
the NEE TAV from the CT2016 fluxes. To do this, the fluxes are averaged over the four years (2010-2013) to generate a mean
seasonal cycle. We then repeat this climatology of NEE fluxes for each year of the inversion. The reason for removing prior
NEE TAV is so that all posterior NEE anomalies will be introduced through the assimilation of GOSAT observations. This setup
is different from many previous flux inversion studies which have included NEE IAV in the prior fluxes. Therefore, to examine
the sensitivity of the posterior NEE IAV to prior NEE TAV, we also perform two inversions that employ three-hourly CT2016
NEE fluxes over 2010-2013 unchanged from those available at http://carbontracker.noaa.gov, other than spatial interpolation to
fit our grid, so that NEE IAV is present on the prior NEE for these inversions. The inversions are given names with a subscript
following the convention “model resolution — percentage error applied to prior fluxes — presence of prior NEE IAV”, such that,
an inversion analysis at 4° x 5° resolution with 100% uncertainty applied to prior fluxes and with prior NEE IAV is named
“GCax5-100%-1aV:

For GOSAT observations, we use version v3.5 of the NASA Atmospheric CO2 Observations from Space (ACOS) GOSAT
lite files from the CO2 Virtual Science Data Environment (https://co2.jpl.nasa.gov/#mission=ACOS). Information on the
ACOS retrieval algorithm is available in O’Dell et al. (2012) and Crisp et al. (2012). We selected all measurements from
the TANSO-FTS shortwave infrared (SWIR) channel, including ocean glint, high gain and medium gain nadir, which pass the
quality flag requirement and have warn levels less than or equal to 15. We generate “super-obs” from the GOSAT retrievals by
aggregating the observations to the grid size of our inversion. We generate error estimates using the method described by Ku-
lawik et al. (2016). The reduction in error with aggregation can be calculated using the expression error? = a? +b? /n, where a
represents systematic errors that do not decrease with averaging, b represents random errors that decrease with averaging, and n
represents the number of satellite observations that are averaged (Kulawik et al., 2016). Kulawik et al. (2016) give a = 0.8 ppm
and b = 1.6 ppm as mean Northern Hemisphere geometric (co-located) values for GOSAT, and these are the values that we

use.
2.3.4 Observing system simulation experiments

Five OSSEs are performed, for which pseudo-data are generated by simulating atmospheric CO5 with GEOS-Chem at 4°x 5°
spatial resolution and with year-specific NEE from the Joint UK Land Environment Simulator (JULES). The GEOS-Chem
COq, distribution is sampled according to the GOSAT observational coverage. We generate pseudo XCO, using the GOSAT
averaging kernel weighting and apply random errors to the XCO4 pseudo-obs consistent with the error estimates described in
Sect. 2.3.3. The inversion configuration for three of the OSSEs is identical to GC 4« 5_44%, GCsx5_100%, and GCyx5_100%—_1AV >
which use the posterior CT2016 fluxes as their prior NEE (see Table 1). These OSSEs are referred to as OSSEcT2016—44%,

OSSEcT2016-100%, and OSSEcr2016—100%—_1Av, respectively. Two more OSSEs use the same setup as GC4y5_449 and
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GCyx5_100%, €xcept that for these we use the 2010-2013 mean NEE fluxes from JULES as the prior fluxes. These two OSSEs

are referred to as OSSE jurgs_44% and OSSEjures—100%-
2.4 Terrestrial biosphere models
24.1 JULES

JULES is a community land surface model that has evolved from the UK Met Office Surface Exchange Scheme. Phenology
in JULES affects leaf growth rates and timing of leaf growth/senescence based on temperature alone (Clark et al., 2011).
Vegetation cover is predicted based on nine plant functional types that compete for space based on their relative productivity
and height but are excluded from growing on agricultural land, based on a fraction of agriculture in each grid cell (Harper et al.,

2018). CRU-NCEP was used as model forcing data.
24.2 VISIT

VISIT is a prognostic biosphere model (Ito, 2010; Saito et al., 2014) that simulates carbon exchanges between the atmo-
sphere and biosphere and among the carbon pools within terrestrial ecosystems at a daily time step. Modeling of plant CO5
assimilation in VISIT is based on a model of light extinction in the canopy, following the formulation of Monsi and Saeki
(1953). Autotrophic respiration is formulated as the sum of growth respiration and maintenance respiration. Growth respira-
tion is simulated as the cost to produce new biomass, while maintenance respiration is represented as a function of ground
surface temperature. Heterotrophic respiration is the sum of respiration from two layers, litter and humus, which is regulated
by soil temperature and soil moisture at each depth. VISIT is driven by reanalysis/assimilation climate datasets provided by the
Japan Meteorological Agency (JMA): the Japan 25-year reanalysis (JRA-25)/JMA Climate Data Assimilation System JCDAS)
(Onogi et al., 2007) for the period 1979—present.

2.4.3 Carnegie-Ames-Stanford Approach (CASA) Global Fire Emissions Database (GFED) Carbon Monitoring
System (CMS) model

The version of the CASA model used here, referred to as CASA CMS, was modified from Potter et al. (1993) as described
in Randerson et al. (1996), van der Werf et al. (2006) and Liu et al. (2014). It is driven by MERRA reanalysis and satellite-
observed Normalized Difference Vegetation Index (NDVI) to track plant phenology. These flux estimates were computed
at monthly time steps with 0.5° horizontal resolution. Monthly NEE fluxes were downloaded from the CarbonTracker ftp

(ftp://aftp.cmdl.noaa.gov/products/carbontracker/co2/CT2016/fluxes/priors/).
244 CASA GFED4.1

The version of the CASA model used here, CASA GFED 4.1, was modified from Potter et al. (1993) as described in van der
Werf et al. (2017). It is driven by ECMWEF reanalysis and satellite-observed NDVI to track plant phenology. These flux esti-
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mates were computed at monthly time steps with 0.25° horizontal resolution. Monthly NEE fluxes were downloaded from the

CarbonTracker ftp (ftp://aftp.cmdl.noaa.gov/products/carbontracker/co2/CT2016/fluxes/priors/).
2.5 Anomalies and correlations

Monthly anomalies are calculated by subtracting the mean 2010-2013 value for a given month from the monthly value for a

specific year. For example, the NEE anomaly for a given month and year is calculated using:

2013
ANOM [year,month] = N EE[year, month] — 1 Z NEE[i,month]. (1)
i=2010

Anomalies are calculated over a range of spatial scales. In each case, the quantity of interest is first averaged into a spatial mean
for each month, then anomalies are calculated. The same procedure is followed for JJA anomalies except that the anomaly is

calculated over the entire three month period instead of for a single month. It is worth noting that four years is a relatively short

eriod to define a climatology, and some modes of climate variability occur on longer timescales. Ideally, a longer time period

would be used to calculate a climatology, but we are limited by the availability of GOSAT data in this study.
In the tropics, temporal correlations are performed to quantify agreement between NEE anomalies and proxy/FLUXCOM

anomalies. We want to test the hypothesis that the assimilation of CO2 observations will significantly increase the correlation
between the posterior NEE TAV and the proxies relative to the prior NEE IAV and the proxies. We choose a null hypothesis
in which the correlation is zero. This is the correct null hypothesis for flux inversions for which the prior NEE fluxes have no
IAV. In flux inversions for which there is IAV in the prior NEE, the correlation between the proxies and prior NEE IAV should
be used as the null hypothesis. However, this would be a significantly more difficult null hypothesis to test, so for simplicity
we choose a null hypothesis of zero correlation for all cases. This is equivalent to testing whether the posterior NEE IAV is
significantly correlated with the proxies, regardless of the prior IAV. The threshold for rejection of the null hypothesis («) is
chosen to be 0.05, such that the null hypothesis is rejected if the P-value (P) is less than 0.05. We acknowledge that this «
threshold is largely arbitrary but is widely used in the literature (Benjamin et al., 2018; Lakens et al., 2018). Throughout the
manuscript, correlations that satisfy this criterion are called “strong”. In most cases a second test is performed, in which we test
if the correlation between the flux inversion NEE IAV and the proxy is greater than that between the NINO 3.4 index and the
proxy, and conclude that the inversion and proxy only show good agreement if both of these thresholds are met. The coefficient
of correlation is referred to as R.

We also perform a series of linear regressions. In the tropics, linear regressions are performed after aggregating over all trop-
ical land, such that the regression is performed on a single 48 point time series. In the northern extratropics, linear regressions
are performed for the set of four JJA anomalies across five sub-continental regions resulting in a 20 point dataset. For all re-
gressions the y-intercept is close to zero, and thus is not reported. The slope of the regressions and coefficient of determination

(R?) are reported.
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3 Results

3.1 Tropics

Meﬁfhlr}PThIS section presents the correlations between monthly NEE anomalies and proxy/FLUXCOM anomalies in the
. The analysis is performed at five different

tropicsa

spatial scales: 4° x 5°, 8° x 10°, sub-continental regions (shown in Fig. 1), continents, and the entire tropics. Figure 2 shows
the mean correlation coefficient between the inversions /FBMs-and proxies/FLUXCOM on sealesranging-from-4°-><5°grid

The correlation between posterior NEE anomalies and proxy/FLUXCOM anomalies increase with spatial aggregation (Fig.
2). This is expected as atmospheric CO, observations are expected to best constrain fluxes on large spatial scales, such as the

entire tropics. As—sealesdeerease;—the-At smaller spatial scales, the atmospheric signal from variations in the fluxes become
weaker and more difficult to constrain with the atmosphenc CO; observations. Ge&e%&ﬁeﬂ%efweeﬁﬂie—pfeﬂes—&ﬂédfhe

WW@QWHB&MWWMQMW
and the NINO 3.4 index %WW%WWWMW
and larger scales
inversion;-the-correlation-only-reaches-this-threshold-fer-, and with Tsmla{—me}&rge%t—aggfegaﬁe&sea{e#hesﬁesu}fs—s&ggeﬁ
that GOSAT-ebservations-provide-flux-information-, scPDSI on continental and larger scales;-while-regional-scale-constraints

may-be-possible-Thefact-that-the-. We do not find strong correlations with GOME-2 SIF on any scale in the tropics.
The correlation coefficient is variable between GOSAT inversionsindicates-, suggesting that the agreement between posterior

fluxes and the proxies/FLUXCOM is sensitive to the inversion configuration.

The 2° x 2.5° inversions generally show slightly better agreement with the proxies/FLUXCOM than the 4° x 5° inversions
&Efegieﬂa%f()rswbwwvvwgg)vnvtggcvnvtglvggg@yvs\and continental scales. fliht&eeu}é%&éue—feﬂmpfeveé%mﬂspeﬁ—wfh%ﬂgheﬁspaﬂa}

the4°><5%inversions-with-and-witheutprier NEETAV-Correlations are stronger for the inversions without NEE IAV at—fegieﬁa}
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The GOSAT L4 product tends to give weaker correlations with the proxies than the GEOS-Chem flux inversions, which
is likely due to differences in the inversion configuration. For CT2016, s&eﬂgeeﬁda&%mﬁﬁegfmﬁﬁmﬂmﬁ%e

m&e&%ﬁ%&p@mg&eme&&be%&%&ekwhwh assimilates surface in situ and flask measurements

role-are generally weaker than for the GOSAT flux inversions.
For the TBMs, correlations are highly model dependent. Of the models, JULES shows the best agreement with the prox-

ies/FLUXCOM. JULES shows strong correlations greater-thanforthe NINO-3-4-index(P< 0.05) at all scales for FLUXCOM
NEE, regionatly-and-overfor sub-continental regions and the entire tI‘OplCS for Tsml, and WM(WN s for

scPDSI.

flux-inversions-to-evaluate TAV-nJFUEESNEEFor the other models, less agreement is seen with the proxies/FLUXCOM. The

one exception is CASA GFED 4.1 which shows strong correlations with SIF at all scales. This may be due to the fact that this
model assimilates greenness indices to estimate GPP fluxes. Anomalies in the greenness indices are likely well correlated with
SIF anomalies, therefore, if anomalies in CASA NEE are driven by anomalies in GPP, it may explain the strong correlation.
‘We now investigate the magnitude of tropical NEE IAV in the inversions and the TBMs. The magnitude of NEE IAV relative
to the proxies/FLUXCOM can be obtained by performing linear regressions of the inversion/TBM NEE anomalies against
proxy/FLUXCOM anomalies. Linear regressions are only calculated for the scale of the entire tropics, where the inversions
and proxies/FLUXCOM agreed best. Table 2 shows the slope and coefficient of determination (R?) for the regressions. There
is a large amount of variability in the slopes between inversions/TBMs for each proxy/FLUXCOM. The GOSAT inversions
inversion regressions are quite consistent with each other relative to those for CT2016 and the TBMs. The GOSAT inversions

give slopes of 1.03-2.10 for FLUXCOM and 0.061-0.12 for T,;; ~Comparing-the-(note that FLUXCOM NEE is known to underestimate t

The largest differences between GEOS-Chem inversions;-the-targest-differences-in-the-slopes-inversions are related to the mag-

nitude of the prior error covariances. Looser prior constraints result in slopes that are 30-80% larger. There are also large
differences in the magnitude of posterior NEE IAV between the inversions with and without prior NEE TAV. For example, the
slopes for the regression between FLUXCOM and the 4° x 5° GEOS-Chem inversions with prior anomalies are 25-50% larger

12
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than for GEOS-Chem inversions without prior NEE IAV. The GOSAT L4 product gives slopes which are consistent with the
GEOS-Chem inversions. Furthermore, the agreement between the GOSAT L4 product and proxies (or FLUXCOM) is not sen-
sitive to the inclusion of biomass burning. For CT2016, the best agreement is found with T}, (0.24 < R? < 0.27), for which
CT2016 gives a smaller slope than the GOSAT inversions. The agreement between CT2016 and proxies/FLUXCOM is not
sensitive to the inclusion of biomass burning. For the TBMs, JULES gives good fits with T, (R? =0.56) and FLUXCOM
(R? = 0.47) and gives slopes that are similar in magnitude to the flux inversions. The rest of the TBMs have R? that are too

small to make meaningful comparisons. From this analysis we cannot make conclusions about the accuracy of the magnitude
of TAV, instead this is addressed with a series of OSSEs in Sec. 3.3.

A A A A A A A N R A A R A A A A A A A A s A A A A A A A A NN AN AN AN AN

STD (ANOI\/'lcontinent )

DIFFcontinentftropics = ANOIV[continent - ANOl\Itropics X

STD(ANOMropics)
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3.2 Northern extratropics

In the northern extratropics, the observational coverage of GOSAT is highly seasonal and so we limit our analysis of anomalies
in the northern extratropics to the summer (JJA), when observational coverage is the best (Liu et al., 2014; Byrne et al., 2017).
Fig. 3 shows the anomalies for the proxies, FLUXCOM NEE, and GCs 5 5_200% NEE across the northern hemisphere for
JJA 2010-2013. The proxies and FLUXCOM generally show high coherence in anomalies. Events for which FLUXCOM
NEE gives enhanced emission to the atmosphere also show reduced SIF, increased scPDSI, and increased T,;;. We have
highlighted (with boxes) major climate anomalies over this time period: the 2010 Russian heat wave, the 2011 drought in
Mexico and southern USA, the 2012 North American drought, and the 2013 California drought. GCs 5 5_290% NEE indicates
positive anomalies for all of these major events, suggesting that the inversion can recover sub-continental NEE TAV. However,
there are also instances where the inversion and proxies tend to disagree. For example, in 2010, GCs 5 5_o00% indicates a
positive anomaly in North America, whereas, the proxies indicate near neutral or negative anomalies.

To examine agreement with the proxies on regional-sealessub-continental regions, we have aggregated the inversions, the
TBMs, proxies, and FLUXCOM into the five extratropical subcontinental regions shown in Fig. 1. The JJA anomalies in
these regions over 2010-2013 provide 20 data points. We performed a linear regression of these anomalies against the proxies
and FLUXCOM. Table 3 shows the slope and R? values of the regressions. For the GOSAT inversions, the 2° x 2.5° and
4° x 5° with no prior NEE IAV show the closest agreement with FLUXCOM NEE and T, (0.49 < R? < 0.65), while the
inversions with prior NEE IAV show substantially poorer agreement (0.15 < R? < 0.36). This is a larger difference between
the inversions with and without prior NEE TAV than was found for the tropics (see Sec. 4.4.3). The inversions with NEE TAV
also give a smaller slope indicating a smaller magnitude of NEE IAV, which is the opposite of what was found in the tropics.
Comparing the inversions without prior NEE AV, tight prior errors give 0.57 < R? < 0.65, whereas loose prior constraints
give 0.49 < R? < 0.62. As with the tropics, the inversions with looser prior constraints give larger slopes, suggesting larger
NEE IAV.

Comparing the other inversions, the GOSAT L4 product shows agreement with FLUXCOM NEE (R? = 0.33) and T}
(R? = 0.43). CT2016 shows poor agreement with all proxies, indicating that this inversion is unable to isolate zonally asym-
metric fluxes in the northern extratropics, which is surprising given the high sensitivity of the surface CO5 network to northern

extratropical surface fluxes (Byrne et al., 2017). However, consistent with this result, Polavarapu et al. (2018) show that flux in-
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versions assimilating measurements from the surface network are less able to recover zonally asymmetric flux signals than flux
inversions assimilating GOSAT measurements. CT2016 also includes prior NEE IAV in the inversion, which may negatively
impact the posterior NEE IAV, based on the GEOS-Chem inversion results.

For the TBMs, VISIT shows close agreement with FLUXCOM NEE, scPDSI, and T%,;; anomalies and to a lesser extent
SIF anomalies. This is notable as VISIT generally showed poor agreement with the proxies in the tropics. JULES shows close
agreement with T’,;; anomalies and some agreement with the other proxies. CASA GFED 4.1 shows good agreement with SIF
anomalies, but comparatively poorer agreement with the other proxies. CASA GFED CMS shows some agreement with SIF

anomalies, but little agreement with the other proxies.

3.3 Observing system simulation experiments

We-performed-a-—series-OSSE-experiments-Strong correlations between the GOSAT flux inversions and proxies/ELUXCOM
rovide evidence that the GOSAT flux inversions give realistic constraints on NEE. However, the absence of strong correlations
does not imply that the GOSAT flux inversions are not constraining IAV as there could be other causes (such as lagged

effects within ecosystems) that can explain the absence of correlations. Therefore, to investigate the minimum spatial scales
that can be constrained by GOSAT observations, we performed a series of OSSE experiments. In these experiments pseudo-

observations were assimilated from a GEOS-Chem forward model run which had JULES NEE fluxes prescribed. See Sect. 2.3.4
for additional details of the OSSE setup.

3.3.1 Tropics

Strong correlations are obtained between the posterior and true anomalies for all OSSEs on sub-continental regional and larger
scales, suggesting that sub-continental regions are the minimum scales that can be constrained by GOSAT measurements.

Figure 4 shows the mean correlation coefficient between the posterior and true NEE anomalies in the tropics over a range of

scales.

OSSEs-onregional-andlargerseales—The inversion setup alse-has an impact on the correlations between the posterior and true

NEE IAV. The largest differences between OSSEs are obtained on sub-continental regional and continental scales. On these

scales, OSSE jur,es_100% has the largest correlation.

trae NEEJAV-s-impertantforrecovering NEEJAV-in-the-tropies—The inclusion of prior NEE IAV (OSSEcT2016—100%—1AV)
does not appear to signtficantly-substantially degrade the correlation relative to a prior NEE without IAV (OSSEcT2016—100%)-

e e e e e b s L s L e Do e ale), in contrast to what was

found with the real data GOSAT inversions. The prior error constraints generally have a large influence on the correlation with
the true NEE IAV. Loose prior constraints give better agreement for all OSSEs, consistent with the GOSAT inversions.

On the scale of the entire tropics, we performed linear regressions between the posterior and true anomalies, which are
shown in Table 4. For all regressions, the magnitude of IAV in the posterior fluxes is less than the true NEE IAV (slope
of 0.42-0.75). This suggests that the inversions do not recover the full magnitude of NEE IAV. In addition to comparing
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posterior and true anomalies, we examine the similarities in posterior anomalies between OSSEs. The right column of Table
4 shows the results of linear regressions between posterior and OSSEjy1gs_100% NEE anomalies. The OSSEs without prior
NEE TAV show better agreement with OSSE jyr,rs_100% posterior anomalies than the true anomalies. This suggests that the
assimilation of pseudo-data is introducing NEE anomalies in a similar way for all OSSEs and recovering the true NEE TAV

is primarily limited by the observational coverage rather than the inversion setup. Hewever;-differences-betweenthe-OSSEs

Biuetal; 2004 Byrne-etal5 2047 Overall, these OSSEs suggest that the real data flux inversions underestimate IAV in NEE
by 42-75%, and suggest that sub-continental regions are the minimum scale for which IAV can be recovered from GOSAT

measurements.

3.3.2 Northern extratropics

The posterior NEE anomalies are generally correlated with the truth (0.15 < R? < 0.48) but give slopes less than one, indicatin
that the OSSEs are not recovering the full magnitude of NEE IAV. Table 4 shows the slope and R? for linear regressions of fiux

JJA NEE anomalies from the OSSEs against the true NEE IAV on sub-continental regions in the northern extratropics during

Comparing the different OSSE setups, the-OSSEcr9016_100%—_1av performs substantially worse than the OSSEs with no prior

NEE IAV (R? = 0.15 versus R? = 0.30-0.48). This is consistent with comparisons between GOSAT inversions and proxies,
and suggests that employing prior NEE TAV in the northern extratropics degrades posterior NEE IAV on sub-continental scales
during JJA. OSSEs with tighter prior constraints give larger B2, consistent with the GOSAT inversions. OSSEs with JULES

mean seasonal cycle also agree better with the true NEE TAV than those which employ the mean seasonal cycle from CT2016.

4 Discussion

4.1 Scales constrained by GOSAT X

We investigated the agreement between monthly posterior NEE anomalies and proxy/FLUXCOM anomalies over a range of
spatial scales. The results showed that the agreement between the inversions and the proxies/FLUXCOM were scale-dependent.
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Here we synthesize these results and discuss the ability of GOSAT flux inversions to recover IAV in NEE over the range of
scales examined in this study.

In the tropics, we find strong evidence that the GOSAT inversions are recovering the timing of NEE anomalies on the scale
of the entire tropics, however, there s less agreement on the magnitude of monthly NEE anomalies over the tropics. The OSSEs
suggest that GOSAT flux inversions underestimate the magnitude of NEE anomalies by about 50%, depending on the inversion
setup. On continental scales in the tropics, strong correlations with FLUXCOM NEE and T,y anomalies suggest that GOSAT
flux inversion can constrain monthly NEE anomalies. On sub-continental regional scales in the tropics, the results were more
ambiguous. The GOSAT inversions generally showed good agreement with FLUXCOM NEE IAV on sub-continental regional
scales, but only marginal agreement with T, The OSSEs also indicate marginal ability to recover sub-continental regional
scale fluxes. From these results, we caution against making conclusions about NEE IAV on sub-continental regional scales
in the tropics using GOSAT flux inversions without corroborating evidence. On smaller scales, correlations do not meet the
threshold of P< 0.05.

In the northern extratropics during JJA, the results of this study suggest that sub-continental regional-scale constraints are
possible. We found that large NEE anomalies due to major climate events are recovered in the inversion for GCoy2 5~200%
(Fig 3), while linear regressions showed close agreement for the GOSAT flux inversions with FLUXCOM NEE and ;0.
However, we also found evidence that the posterior NEE IAV was sensitive to the inversion setup. The inversion analyses with
prior NEE TAV (GCyo5 _aa%-1av. GCaxs100%-1av,. 20d GOSAT L4) showed weaker agreement with the proxies relative to
the inversions without prior NEE TAV. Similarly, the OSSEs showed prior NEE IAV reduced agreement between the posterior
and the “true” NEE IAV in the northern extratropics during JIA.

4.2 Influence of ENSO

ENSO is the primary driver of large scale NEE IAV in the tropics, therefore, it is useful to consider correlations between
the inversions/TBMs and proxies/FLUXCOM within the context of ENSQ variability. Here, we contrast correlations between
the inversions and proxies to correlations between the NINO 3.4 index and proxies. Figure 2 shows correlations between the
NINO 3.4 index and proxies over the range of spatial scales. Correlations between the proxies and the NINO 3.4 index increase
with aggregation, as expected since the NINO 3.4 index reflects the large scale ENSO-driven variability in the tropics. The
GEOS-Chem GOSAT flux inversions show stronger correlations with the proxies than the NINO 3.4 index on sub-continental
regions and at larger scales for correlations with FLUXCOM NEE and at continental and larger scales for T, For the GOSAT
L4 inversion, the correlation only reaches this threshold for T, at the largest aggregation scale. These results suggest that
GOSAT observations provide more detailed flux information on continental and larger scales than the ENSO index. Thus,
these data could provide insights into differences in the carbon dynamics between ENSO events, and supports the ability of
space-based X, to inform the continental-scale responses to ENSO variability as presented by Liu et al. (2017). Additional
comparisons between posterior NEE fluxes and the NINO 3.4 index are provided in Sec. SI of the supplementary materials.
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4.3 Implications of correlations between flux inversions and proxies

The results of this study show varying degrees of agreement between anomalies in GOSAT flux inversions and anomalies in
proxies and FLUXCOM. We consistently find that T§,;; and FLUXCOM NEE show the strongest agreement with the flux
inversions, whereas scPDSI and SIF show weaker agreement. In this section, we discuss agreement between the proxies and

flux inversionsin-detail, and their implications.
4.3.1 Agreement with T,;; and scPDSI

The results show high consistency in the timing of anomalies between T,;; and GOSAT flux inversions on continental and
larger scales in the tropics, and on sub-continental scales in the northern extratropics during JJA. These results indicate that T’s,;;

is a useful proxy for corroborating NEE TAV in flux inversions in both the tropics and northern extratropics. Linearregressions

ween-GOSATA avercion-and-sePD A\ indicate-mode e-aereement-on-the e-of the-entire-tront R2 < () ad

—The GOSAT flux inversion NEE IAV consistently shows
closer agreement with T,;; anomalies than with scPDSI in both the tropics and northern extratropics. This is consistent with
previous research that has mestly-shown that NEE AV is most closely related to temperature anomalies on large scales (Wang
et al., 2013; Jung et al., 2017).

Although the results of this study indicate that T’,;; is a useful metric for corroborating NEE IAV in flux inversions, inferring
the sensitivity of NEE anomalies to temperature anomalies directly is not advised for the fits given in Tables 2 and 3. This is
because a number of factors have not been considered in this analysis. One factor is that temperature anomalies are also
correlated with moisture and biomass burning anomalies. Keppel-Aleks et al. (2014) show that accounting for these covariances
results in reduced sensitivity of NEE anomalies to temperature anomalies. A second factor is that the relationship between NEE
anomalies and temperature and moisture anomalies is variable, depending on large scale climate modes. For example, Fang
et al. (2017) show that either temperature or precipitation anomalies can be the primary driver NEE anomalies based on ENSO
phase. A third factor is that the impact of temperature and moisture on NEE anomalies may be lagged (Braswell et al., 1997).
Ecosystems can take a months to years to recover from droughts (Frank et al., 2015; Schwalm et al., 2017; Sippel et al., 2018).
Baldocchi et al. (2018) found that flux-NEE anomalies at number of FLUXNET sites are negatively correlated with themselves
after a one-year lag, implying a highly oscillatory behavior in the net carbon fluxes from year to year.

This leaves many opportunities for future work to further investigate the relationship between NEE anomalies and climate
variability in more detail. A further limit to the comparisons of flux inversions with T,;; and scPDSI anomalies in the tropics is
that we do not distinguish between seasons. The relationship between NEE, T's,;; and scPDSI anomalies likely have substantial
seasonal differences (Rodenbeck et al., 2018). We encourage future studies to examine the seasonally-dependent relationships
using longer flux inversions, as well as studies which investigate lagged correlations and climate mode relationships between

inversion NEE anomalies and temperature and water availability anomalies.
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4.3.2 Agreement with SIF

It is notable that correlations with SIF are weaker than those with the other proxies. Linear regressions indicate that SIF
anomalies show some correspondence to GOSAT flux inversion anomalies on sub-continental scales in the northern extratropics
during JJA (0.14 < R? < 0.27), but little agreement is found in the tropics (R? < 0.05). These results are not all that surprising,
as it is not clear that one should expect SIF and NEE to be highly correlated, since SIF is a proxy of GPP rather than NEE.
It has previously shown than NEE and GPP anomalies are only moderately correlated (Baldocchi et al., 2018). However, we
also note that spurious trends have been found in the GOME-2 SIF observations (Zhang et al., 2018), which could impact the
calculated anomalies. Furthermore, due to GOME-2’s large field of view, clouds are almost always present for measurements
in the tropics. Fo—test-ithe-We compared anomalies in GOME-2 SIF anemalies—used-here;—we-examined-the-corretation
between-with FLUXCOM MARS GPP and-StF-anomalies-(Fig—2?)—Spatially-heterogeneous-agreement-isfound-between-the

wo-datasets;-with-the-closest-agreementoceurring-over-semi-arid-regions—However-anomalies and found that correlations are
generally positive over the majority of the globe, suggesting that IAV from GOME-2 SIF is reliable -(Fig. S4). However, the

correlation are also spatially heterogeneous, with the closest agreement occurring over semi-arid regions.

4.3.3 Agreement with FLUXCOM NEE

The GEOS-Chem GOSAT flux inversions with no prior NEE IAV showed close agreement with FLUXCOM NEE anomalies
in the tropics on sub-continental regional and larger scales, and in the northern extratropics on sub-continental regional scales
during JJA. This is a remarkable finding as these data-driven estimates of NEE IAV are independent, and agreement between
the two estimates provides a strong indication that the results are robust. Therefore, comparisons with FLUXCOM NEE may
provide a method for corroborating results from flux inversion studies. However, it should be noted that the net annual NEE
fluxes produced by FLUXCOM are quite unrealistic (Tramontana et al., 2016; Jung et al., 2017), with annual net draw-down
by the biosphere of 18-28 PgCyr—1.

It may also be possible to evaluate the magnitude of NEE IAV in FLUXCOM NEE through comparisons with flux inversions.
Here we compare the magnitude of NEE IAV between the GOSAT flux inversions and FLUXCOM. The slope of the linear
regression between the inversions indicates the relative magnitude of the inversion and FLUXCOM NEE anomalies. Over the
entire tropics, the GOSAT inversions give slopes of 1.03-2.10 (mean of 1.56), suggesting that the magnitude of NEE anomalies
are underestimated by FLUXCOM NEE. For JJA in the northern extratropics, the GOSAT inversions give slopes of 0.79-1.59
(mean of 1.31), again suggesting that the magnitude of NEE anomalies are underestimated by FLUXCOM. Furthermore, the
OSSEs suggested that the inversions do not recover the full magnitude of NEE AV, providing further evidence that FLUXCOM
underestimates the magnitude of NEE TAV. This result is consistent with previous studies which indicate that FLUXCOM
underestimate the magnitude of NEE IAV (Jung et al., 2011, 2017).

4.4 Scales constrained
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4.4 Influence of the inversion configuration

4.4.1 Model horizontal resolution

The results of this study indicate that the spatial resolution of the model used in the inversion analysis (2° x 2.5° or 4° x 5°)
has a relatively minor impact on posterior NEE anomalies. This somewhat surprising since recent studies (Yu et al., 2018;
Stanevich, 2018) have shown significant transport differences for different resolution versions of GEOS-Chem. Also, Deng
et al. (2015) showed that there are large biases in CO5 in the upper troposphere and lower stratosphere in GEOS-Chem that
impact inferred flux estimates. It is possible that, although the model transport errors influence the flux estimates, the resolution-
dependent transport processes are not sensitive to NEE IAV for the time period considered here. It-could-also-berelated-to-the

information-content-of-GOSAT-observations—As—we-have-shown-However, both model resolutions examined in this study 5

OS-A

s—are quite coarse, and horizontal
resolution becomes increasingly important at smaller spatial scales (Agusti-Panareda et al., 2019).

4.4.2 Prior error covariances

4°x-5%and-200%for-2°-<2-5)prior-etror-covartanees—The-The magnitude of the prior error covariances generally had a

significant impact on the posterior NEE IAV. In the tropics, inversions with loose prior constraints gave larger correlations with
T,.s and FLUXCOM NEE on regi
correlations—with-the—true- NEE-JAV-on-sub-continental regional and continental scales. This suggests that the information

content of the GOSAT observations is sufficiently large in the tropics that prior error covariances of 100% for 4° x 5° or 200%

for 2° x 2.5° can be applied without degrading the posterior results by over-fitting the observations.

In the northern extratropics, the inversions with tighter prior constraints gave larger correlations with 7,;; and FLUXCOM

NEE on sub-continental regional and continental scales—Similarly-tight-priorconstraints-gave-larger-correlations-with-the-true

NEEJAV-forthe- OSSEs, suggesting that loose prior constraints result in overfitting of the GOSAT observations, which degrades
the agreement with proxies. These results are the opposite of what was found for the tropics, and suggests that tighter error

constraints (as a percentage of NEE) should be applied in the northern extratropics than in the tropics. Theseresultssuggest

ha 1nva on—over-f he OS-A

The largest impact of varying the prior error covariances is in the magnitude of posterior NEE IAV. When loose prior
constraints are applied the magnitude of NEE anomalies increases by 30—80% (15-30% for OSSEs) in the tropics and 5-60%

(0-30% for OSSEs) in the northern extratropics. These results imply that care should taken when making conclusions about
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the magnitude of NEE anomalies from this analysis. Based on the OSSEs, it seems likely that the inversions underestimate the
magnitude of NEE IAV on all scales, but the inversions with looser prior constraints result in a more realistic magnitude of
NEE IAV. This suggests that there is a trade off between obtaining a more realistic magnitude of IAV using looser constraints

and obtaining more realistic timing of anomalies with tighter prior constraints.

4.4.3 Prior fluxes

The presence of IAV in prior NEE resulted in reduced correlations between NEE and the proxies in the northern extratrop1cs
the-presenee-while the impact of prior NEE IAV has-a-large-neg:

Why-does-the-was generally small in the tropics. The presence of prior NEE IAV degrade-likely degrades the posterior
NEE IAV for-many-of-these-inversions?Presumably-the-reasen-isrelated-due to the fact that the observations under-constrain
NEE IAV, such that the prior NEE IAV strongly influences the spatiotemporal distribution of IAV in the posterior NEE. Te

mve%ﬁga{e—tms—w&e*ammeéhewe}e%e}fm fact, the posterior NEE 1AV fe%emb}e%ﬂ%e—pﬁeFNEEWFﬂgt&eﬂehew%he
Ax5—T007%—

NEEJAV-is-is mtrongly correlated with th&pﬂ%NE&pﬁfﬁelﬂ&ﬂyﬁﬂ%ma}}eﬁea}es—%&{aeHha{

esthe prior TAV than the proxies/ELUXCOM.
Only on the scale of the entire tropics is the correlation with the prior NEE (R? = 0.42) less than with the proxies (R? = 0.61

for FLUXCOM NEE and R? = 0.56 for T,,), indicating that the observations are influencing the posterior NEE IAV more
than the prior NEE IAV —These-results-(Sec. S2). This suggests that the impact of prior NEE IAV on the inversion is likely
strongly dependent on how well the prior NEE IAV reflects the true NEE IAV. Realistic prior NEE AV would likely improve
the posterior NEE AV, conversely, unrealistic prior NEE IAV will degrade the posterior NEE IAV. This implies that the realism
of the prior NEE TAV should be investigated before including it in an inversion analysis. If the objective of the experiment is

to examine the timing of posterior NEE TAV introduced through the assimilation of observations, then we recommend that

annually-repeating prior fluxes be used to investigate NEE TAV. However,a-trade-offinusing-annually-repeating prior fluxes
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We—alse—mves&gated—fh&The 1mpact of the prior mean seasonal cycle on postenor NEE IAV ‘We—peffefmeekmgs};gg@

in a series of OSSEsto-exa .We found that

correlations with the true NEE [AV were signifieantly-improved on continental scales when the mean seasonal cycle was

closer to the true NEE IAV.

5 Conclusions

In this study, we examined the constraints on interannual-anomalies—n-NEE-NEE IAV provided by GOSAT observations
by performing a series of flux inversions. We addressed three-two main objectives in this analysis. The first objective was to
quantify the agreement between GOSAT flux inversions and flux proxies, which are associated with IAV in the terrestrial carbon
cycle, and FLUXCOM NEE. We found SWWMMWWML%M%Q
with FLUXCOM NEE and T, anomalies, /2

these—seales—On—regional-) were found with FLUXCOM NEE and T,;; on continental and larger scales in the troplcs the
suggesting that GOSAT flux inversions showe

that-the-GOSAT-observations-likely-underconstrain-can capture NEE IAV on these and-smaterseales—spatial scales. In the
northern extratropics, we ies-are-recovere i i ihe oo ;

FAStreng-agreement-wasfound-JJA posterior NEE anomalies were found to show strong agreement with anomalies in T,
(0.57 < R* < 0.65) and FLUXCOM NEE (0.49 < R? < 0.65) on sub-continental regions, when no prior NEE IAV is used.

The third-second objective was to quantify the sensitivity of the-resultsfrom-the-first-two-objeetives-correlations between
osterior NEE anomalies and proxy/FLUXCOM anomalies to the inversion setup. We found that the agreement between the

flux inversions and proxies can be sensitive to the inversion setup. Posterior flux-NEE anomalies were most sensitive to the
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prior fluxes and error covariances. n-generak—the-The inclusion of prior NEE 1AV from-CT2016-in-the-inversion-degraded

A a a hic racpyltwvwacennpnorted

a substantial impact on the magnitude-of NEE-anomalies—Also—the-posterior NEE anomalies, and OSSEs showed that the

cey. a of NEE anom o o nderectimated-even h A 111 o O haca ra nd ath ha 1o

‘prior NEE
IAV can degrade the correlation between the posterior and true NEE IAV. H-Therefore, if prior NEE IAV are included in future
r NEE [AV. H-the-objeetive-of the-experimentis-to-examine-the

The magnitude of prior error covariances had a large impact on the magnitude of the posterior IAV, but the amplitude of
NEE IAV is likely underestimated even if loose prior constraints are applied. Although not addressed in this study, correlated
errors between GOSAT observations may introduce structures in the posterior NEE estimates, thus we recommend future work
address the possibility of prescribing non-diagonal terms in the observational error covariance matrix.

during HA-The results of this study suggest that GOSAT measurements provide a useful constraint on IAV in the carbon
cycle. Further study of the relationship between GOSAT-constrained NEE and environmental variables is merited given results
discussed here; In particular, the mechanisms driving these co-variations should be further investigated. Lagged relationships
between GOSAT-constrained NEE and environmental variables should also be investigated. Future research could also investigate
differences in IAV between GOSAT-constrained NEE and that produced by TBMs. Given the better agreement with the proxies,
GOSAT-constrained NEE IAV may provide a tool for evaluating the TBM-simulated NEE IAV in the future.
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Figure 1. Land area at 4° x 5° resolution grouped into sub-continental regions in (a) the northern extratropics and (b) the tropics. In the
tropics, we generate three continents by combining the regions in the Americas, Africa and the Middle East, and the Asia-Pacific and Indian

sub-continent.
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Figure 2. Correlation in the tropics over a range of scales for models and inversions with (top) NINO 3.4 index, (second) (—1) x SIF, (third)
scPDSI, (fourth) T4, and (bottom) FLUXCOM NEE in the tropics. Squares represent correlations with terrestrial ecosystem model NEE
IAV: VISIT (cyan), JULES (blue), CASA GFED CMS (green), CASA GFED 4.1 (magenta) and the black circle shows the mean correlation
of the models. Triangles represent correlations with the GOSAT flux inversion NEE IAV: GOSAT L4 (cyan up-triangle), GCyyx5_44% 1AV
NEE IAV (green up-triangle), GC4y5_100%—1av NEE IAV (green down-triangle), GCyx5_44% NEE IAV (red up-triangle), GCyx5_100%
NEE IAV (red down-triangle), GCax2.5_g6% NEE IAV (orange up-triangle), and GCsy 2 5_200% NEE IAV (orange down-triangle). The
green star show the correlation with CT2016 NEE IAV. The grey circle shows the correlation with the NINO 3.4 index. Dashed black lines

indicate the correlation required for an « of 0.05, therefore, all correlations greater than the dashed black line indicate P<0.05.
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Figure 4. Mean correlation coefficient (12) with the true OSSE NEE IAV over a range of spatial scales for CT2016 NEE IAV (white star),
OSSECT2016—100%—IAV NEE 1AV (Whlte down—triangle), OSSECT2016_44% NEE 1AV (grey up—triangle), OSSECT2016—100% NEE 1AV
(grey down-triangle), OSSE ju1es—44% NEE IAV (black up-triangle), and OSSEjurLes—100% (black down-triangle) NEE [AV.
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Table 1. Setup of GEOS-Chem flux inversions. Differences are in model transport resolution, prior fluxes, and prior errors.

Name Resolution | Prior flux error Prior flux IAV
GCsx2.5-200% 2°%2.5° 200% No (mean 2010-2013)
GCax2.5-66% 2°%x2.5° 66% No (mean 2010-2013)
GCyxs5-100% 4°x5° 100% No (mean 2010-2013)

GCax5-14% 4°% 5° 44% No (mean 2010-2013)
GCax5-100%—1AV 4°x 5° 100% Yes
GCux5-14%—1AV 4°x 5° 44% Yes
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Table 2. Slope and coefficient of determination (R?) for linear regressions of inversion/TBM NEE anomalies against proxy/FLUXCOM

anomalies across the entire tropics.

Model/Inversion FLUXCOM NEE SIF <cPDSI Tov (K) NINO 3.4 index
eCm 2day ! gCm 2day ! mWm ™ 2nm st (K)
slope R? slope R? slope R? slope | R? slope R?

GCax2.5-200% 1.87 0.69 0.90 0.03 0.078 | 0.27 | 0.100 | 0.61 | 0.026 0.26
GCox2.5-66% 1.03 0.62 0.65 0.05 0.045 | 0.27 | 0.061 | 0.66 | 0.015 0.26
GCyx5-100% 1.70 0.69 0.54 0.01 0.067 | 0.24 | 0.093 | 0.63 | 0.022 0.24
GCyx5-_44% 1.06 0.65 0.65 0.05 0.044 | 0.26 | 0.061 | 0.66 | 0.014 0.21
GCyx5-100%—1av | 2.10 0.61 0.94 0.03 0.071 | 0.16 | 0.12 | 0.56 | 0.024 0.16
GCyx5-14% 1AV 1.57 0.51 0.03 0.00 0.06 | 0.16 | 0.087 | 0.55 | 0.017 0.12
GOSAT L4 1.59 0.34 -0.30 0.00 0.017 | 0.01 | 0.106 | 0.46 | 0.020 0.11
GOSAT L4, /8B 1.69 0.33 -0.02 0.00 0.007 | 0.00 | 0.107 | 0.40 | 0.016 0.06
CT2016 0.66 0.12 1.58 0.14 0.042 | 0.11 | 0.057 | 0.27 | 0.001 0.02
CT2016.,/BB 0.79 0.14 1.73 0.14 0.027 | 0.04 | 0.059 | 0.24 | 0.001 0.00
VISIT -0.50 0.03 -1.15 0.04 -0.13 | 0.45 | 0.006 | 0.00 | -0.021 0.11
CASA 4.1 0.38 0.06 1.88 0.32 0.030 | 0.09 | 0.023 | 0.07 | 0.004 0.01
CASA CMS 0.33 0.04 -0.09 0.00 -0.010 | 0.01 | 0.029 | 0.08 | -0.002 | 0.00
JULES 1.85 0.47 0.96 0.027 0.10 | 031 | 0.116 | 0.56 | 0.033 0.31
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Table 3. Slope and coefficient of determination (R?) for linear regressions of regtonat-sub-continental region inversion/TBM NEE anomalies

against proxy/FLUXCOM anomalies during JJA in the northern extratropics.

Model/Inversion FLUXCOM NEE SIF <cPDSI Tov (K)
eCm 2day ! eCm 2day ! mWm Znm~ st

slope R? slope R? slope | R? | slope | R?
GCox2.5-200% 1.56 0.54 4.07 0.14 0.052 | 0.21 | 0.17 | 0.56
GCox2.5-66% 1.28 0.65 3.32 0.16 0.041 | 0.24 | 0.13 | 0.57
GCysx5-100% 1.36 0.49 4.13 0.17 0.054 | 0.28 | 0.16 | 0.62
GCyyx5-_44% 1.29 0.64 3.36 0.17 0.045 | 0.29 | 0.14 | 0.65
GCyxs5-100%—1av | 1.28 0.26 6.8 0.27 0.05 | 0.16 | 0.16 | 0.36
GCyxp5—14%—1AV 0.79 0.15 4.66 0.20 0.026 | 0.06 | 0.10 | 0.21
GOSAT L4 1.59 0.33 5.86 0.17 0.086 | 035 | 0.19 | 0.43
GOSAT L4,/ 1.59 0.34 6.52 0.21 0.090 | 039 | 0.18 | 0.39
CT2016 0.21 0.01 4.03 0.13 0.000 | 0.00 | 0.04 | 0.03
CT2016, /8B 0.18 0.006 4.59 0.16 0.002 | 0.00 | 0.03 | 0.01
VISIT 0.93 0.47 3.25 0.21 0.059 | 0.67 | 0.10 | 0.50
CASA 4.1 0.37 0.12 3.96 0.48 0.020 | 0.11 | 0.05 | 0.20
CASA CMS 0.16 0.01 4.13 0.34 0.00 | 0.00 | 0.02 | 0.02
JULES 1.58 0.29 7.26 0.23 0.075 | 0.23 | 0.23 | 0.52
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Table 4. Slope and coefficient of determination (R?) for linear regressions of OSSE posterior NEE anomalies against the true NEE TAV and

OSSE;juLES—100%-

Tropics
Inversion true NEE IAV | OSSE;jurEs—100%
slope R? slope R?
OSSEjureS—100% 0.67 | 0.53
OSSEjurLes—44% 058 | 053 | 0091 0.91
OSSEcT2016—100% 0.55 | 0.61 0.84 0.84
OSSEcT2016—44% 042 | 059 | 0.69 0.77
OSSEcT2016—100%—1av | 0.75 | 0.69 | 0.70 0.48
CT2016 0.31 0.19 | 0.50 0.15
Northern Extratropics
Inversion true NEE IAV | OSSE;jurLEs—100%
slope R? slope R?
OSSEjurES—100% 035 | 0.39
OSSEjuLES—44% 027 | 048 | 0.76 0.80
OSSEcT2016—100% 0.30 | 0.30 1.04 0.88
OSSEcT2016—44% 0.31 0.43 1.06 0.62
OSSEcT2016—100%—1av | 0.63 | 0.15 | 0.55 0.41
CT2016 0.48 | 046 | 0.18 0.05
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