
Review of ”�irty-eight years of CO2 fertilization have
outpaced growing aridity to drive greening of Australian

woody ecosystems” by Rifai et al. (bg-2021-218)

In their study, Rifai et al. analyze multi-decadal records of satellite remote sensing of normalized
di�erence vegetation index (NDVI) and examine what role rising CO2 is playing in driving the ob-
served greening. �e authors focus their analyses on eastern Australia’s woody ecosystems and
apply various (linear and non-linear) statistical methods to disentangle the key drivers of vegeta-
tion changes. Rifai et al. �nd that rising atmospheric CO2 contributed to 11.7% increase in NDVI
from 1982 to 2019 due to an increase in water-use e�ciency, outbalancing the browning-inducing
increase in aridity.

Overall, this study provides a very interesting perspective on the driver a�ribution of vegetation
greening trends by examining statistical tools. �e result that CO2 fertilization strongly drives
greening, which outpaces potential browning due to increasing aridity, is intriguing. I consider
the applied statistical methods and the presented results to be robust, and the conclusions drawn
to be accurate. �e manuscript is very well-wri�en and structured in a clear manner. I have a few
general critical points and a rather long list of speci�c comments.

I recommend a minor revision of the manuscript before publication.

1 General Comments:
1.1 You are applying various statistical methods to evaluate the e�ect of rising CO2 on the NDVI trend
in this study. However, it appears that you are not discussing each method to the same extend. For
example, �rst you focus on the Weibull function (Fig. 5) and later on generalized additive models (Fig.
6 and 7). It does not become clear to the reader when and why you choose the speci�c models when
discussing your �ndings. Please elaborate why you chose all these statistical models in your research in
the �rst place and why you focus only on speci�c ones when discussing certain results. Otherwise, why
don’t you compare the results of all the statistical models you use?

1.2 �e title and conclusion suggest that rising CO2 could mitigate the adverse e�ect of increasing arid-
ity on vegetation. �rough the whole paper you thus make the assumption that increasing aridity leads
to browning. I think you should show explicitly that this assumption holds. You used several statistical
models to quantify the e�ect of CO2, so you could reconstruct NDVI pa�erns without it and see how
Australian woody ecosystems would look like without CO2 fertilization.

1.3 �e WUE model used here might be a too simpli�ed representation of the studied processes. First, it
focuses on atmospheric dryness and ignores soil dryness, i.e. soil moisture is not taken into account in this
model. Second, the assumption that all CO2-induced greening is due to increased WUE is also limited.
Part of the vegetation greening could also be driven by increased productivity due to the RuBisCO-
machinery response to CO2 (Walker et al., 2021). Can you elaborate why your theoretical WUE model
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is su�cient to explain the observed changes?

2 Speci�c Comments:
2.1 Please stick to the tenses, i.e. do not switch between present and past tense when describing your

results. I recommend that you always use present tense when talking about your study, i.e. when de-
scribing your methods, your results etc., and use past tense when referring to already published studies.

2.2 You have some issues with your BibLaTeX / BibTeX setup. Sometimes brackets are missing, some-
times there are too many. Sometimes the ”year” is missing in your citation (e.g. L25), or the BibTeX key
does not work at all (e.g. L260).

2.3 L32: You show di�erent seasons in Fig. A2, which you don’t discuss here. Be�er to refer to Fig. 2
here, right?

2.4 L40: Don’t understand why you refer to Zhu et al. (2016) here. �ey did not show that the a�ribution
is challenging, they rather reported successful a�ribution results and state that most of the ”greening”
can be tied to CO2 fertilization. A recently published study by Winkler et al. (2021), for example, showed
that the a�ribution of CO2 e�ect is challenging in observations / remote sensing.

2.5 L43-44: You write ”�e greening trend is caused by increased leaf area, which has resulted from
increased atmospheric CO2 concentrations”. �is statement reads as an absolute �nding. In the sentence
before, however, you write that the a�ribution is challenging. Can you clarify?

2.6 L54: Cortés et al. (2021) also show that testing for signi�cance crucially depends on subjectively
chosen criteria. One can set up a signi�cance test such that no grid cell exhibits a signi�cant trend, and
probably the opposite: all trends are signi�cant! I’m just wondering where we advance our scienti�c
understanding there. I think the question is whether an observed trend, signi�cant or not, is consistent
with our expectations based on our understanding of the processes, or is it plausible in terms of our
understanding of the system? If not, are we missing something? If yes, let’s investigate what could be
driving the trend! �is is less a comment to your study, but overall to the discipline of studying greening
trends and others.

2.7 L56: Another aspect is whether modeled LAI and observed LAI is really the same thing, conceptually.

2.8 L66-70: Here, you should include the fact that you approach the problem with di�erent statistical
methods.

2.9 L85: Have you also used other estimates, daily mean, daily max value and checked the sensitivity
of your methods to this decision?

2.10 L95: What Organization? Please check all citations and references throughout the paper!

2.11 L95: Please specify the acronym MI.

2.12 L102: 0.05° is quite a high resolution for the AVHRR re�ectances. Can you shortly note here, how
this was made possible?
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2.13 L127: Please follow the guidelines for math notations: h�ps://publications.copernicus.org/ for
authors/manuscript preparation.html#math

2.14 2.4 Estimating contribution of CO2 and climate toward NDVI trends: Can you be more
precise and say how many approaches to statistical modelling you implemented here, and why you
chose these? It seems you have ��ed 5 di�erent stats. models? If so, why are you not discussing all of
them to the same extent?

2.15 L150: You write ”�e relationship between NDVI and the running 12-month mean of P:PET was
strongly nonlinear…”; shouldn’t it rather read ”is nonlinear”, right? Please see also comment 2.1.

2.16 L155: Weibull function should refer to Fig. 5 instead of Fig. 4, right?

2.17 L156: ”We focus on the Weibull. . . ” Are the Weibull models ��ed for each grid cell? Please specify
in the method section.

2.18 L186 & L189: ”:” before instead of ”.” a�er ”follows”

2.19 L260: You mix a bit the Results and Discussion section, e.g. in the Results sub-section ”3.2 Empiri-
cal a�ribution of the CO2 e�ect” you already discuss other studies and put your results in perspective.
�at should be part of the Discussion sections. Either you clearly separate Results and Discussion, or
you merge them completely to one section.

2.20 L304: It might be interesting to discuss also the results of a recent study by Winkler et al. (2021).
�ey approached the problem of CO2 fertilization a�ribution using a di�erent approach based on causal
theory, also looking into Australian vegetated lands to some extent.

2.21 L345: Maybe this is because you did not take into account the RuBisCO response to CO2, which is
taken into account in biosphere models (Walker et al., 2021).

2.22 L347-349: Maybe another limiting factor such as nutrients could kick in.

2.23 L383: ”Some may question the veracity… ”. �is formulation is a bit vague: are there some studies
that indicate that the veracity is limited?

2.24 Equation 7: Are the variables (e.g. CO2) in the linear model normalized or not? It’s important to
know to what extent the coe�cients of the di�erent predictor variables are comparable. Please specify.

2.25 L195: A is leaf level carbon assimilation. . .

2.26 Equation 11: Is D the same term as VPD in other equations? Please use consistent abbreviation.

2.27 Equation 13: no de�nition for parameter ”L”

2.28 Equation 16: no de�nition for parameter ”F”

2.29 L290: a missing closing bracket

2.30 L317: �ere is no Fig. 6(a).
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2.31 Figure 3: Why not show AVHRR record for the second time period?

2.32 Figure 5 (a): No explanation of the calculation of CO2 and ∆NDVI (%) in the method section.

2.33 Figure 5, caption: ”. . . are plo�ed in gray for panels B and C” should be ”panels (c) and (d), right?

2.34 Figure 6: Can you explain why some models predict a mean negative change in NDVI with rising
CO2 – is this plausible, or is this only due to stats. uncertainty. If the la�er is true, how does that gen-
erally impact on the reliability of your estimates?

2.35 Figure 6: Why are you only comparing two di�erent methods here? As I understand reading your
methods section, you are using more than two stats. modeling approaches.

2.36 Figure 7: Can you show predictions for NDVI without CO2 – it’s interesting to see the e�ect of
intensifying aridity in the absence of CO2 fertilization; are the ecosystems browning then?

2.37 Figure 7: Can you be more explicit about the labels: Does ”Tropical” mean ”Tropical Forests”? What
is Temperate Tas.?

2.38 Figure 7 caption: Please use the LaTeX math mode correctly. Math-mode is always pu�ing the
text in itatlic, but this is not correct most of the time. �is introduces also some inconsistencies in your
manuscript, e.g. you put NDVI in non-itatlic but ∆NDVI in italic. Also units and chemical formulas
like CO2 etc. should not be typeset in italic! Please see also comment 2.12.

2.39 Figure 7: Are the captions missing for panels (d) and (e)?

2.40 Figure 8a: Can you provide some estimate of uncertainty for the di�erent regression lines, e.g. the
standard error? How robust are these linear trends?

2.41 Figure 8c: I don’t get your biome de�nition really. What is ”Tree Vegetation” in ”Grassland”? Are
you showing the shi�s from non-woody to woody species composition here?

2.42 Figure 8 (c): ”�e 25, 50 and 75% quantiles are overlaid.” However, in some distributions, there are
only 1 or 2 lines.

2.43 Figure A9: According to L214, your theoretical assumption only holds as long as LAI <= 3. �e
values in x-axis in Fig. A9, however, exceed 4. How does that impact your analysis here?

2.44 Figure A2: �is �gure could be extended with another panel for P/PET.

2.45 Figure 3. One idea could be to move Fig. 3(a) to Fig. 2., and add another supplementary �gure
instead. �is one could include Fig 3 (b), (c) and the merged NDVI between 1982-2019 for each season.
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