Responses to HESS reviews on “More trees, more rain? The unexpected role of forest and
aquifers on the global water cycle” by J. Chéry, M. Peyret, C. Champollion, and B. Mohammadi
Revewier 2 (A. Makarieva)

We thank Anastassia Makarieva (AM) who provides a careful review of our paper, bringing new
elements that will be useful to improve its value. Our responses and propositions are written in red
italic.

General comments

The authors acknowledge the complexity of plant—water interactions and aim to present a tractable
model for studying the coupling between vegetation and the terrestrial water cycle. Such “mind-sized”
models (see Bardi, 2013), though simplified relative to more sophisticated frameworks, can be
valuable for elucidating the key processes governing the dynamics of interest—in this case, how
vegetation change may influence the water cycle.

This effort aligns with the growing recognition in environmental science that, while numerical
modeling has advanced to produce increasingly detailed scenarios at high spatial resolution, process-
level understanding often lags behind (e.g., Byrne et al., 2024), making it difficult to judge which
scenarios are realistic. Consequently, there is a need for more transparent quantitative approaches,
particularly those accessible to specialists from different disciplines. In this context, the present work
represents a welcome contribution to the field.

At the same time, the analysis and the model possess certain limitations that need to be addressed to
ensure the paper’s broader relevance and clarity.

First, for atmospheric moisture transport, the model includes—alongside horizontal advection—an
additional term the authors call the “dispersion term.” This term represents turbulent diffusion, which
is inherently scale-dependent (a point not discussed by the authors). This formulation contrasts with
previous studies of large-scale moisture transport that is dominated by advection (e.g., Trenberth et al.,
2011). Meanwhile, in most numerical experiments the authors set advection to zero by assuming zero
wind velocity. Such settings cannot yield meaningful insights into real-world water cycles.

Response:

Concerning the “dispersion term”, this expression is one used by scientists working on pollutants
dispersion at large distances over the atmosphere (nuclear products, volcanoes products, different
types of chemicals). As AM noticed, large-scale moisture transport models often neglect this term.

We propose to bring some elements to explain why both advection and dispersion must be included a
priori in our model. Also, we agree that zero wind velocity is not a realistic setting, despite it is useful
to show the impact of dispersion alone. Therefore, we also propose to include more experiments with
a non-zero wind in order to show the relative impact of both wind and dispersion on moisture and
precipitation patterns.

Second, while the authors focus on precipitation and its relationship to added vegetation, this is the
less controversial aspect. The more critical question, as also documented by the studies quoted by the
authors, concerns how added vegetation influences atmospheric moisture transport and, consequently,
steady-state runoff. A clear discussion of all terms in the water budget—and their physical and
biological determinants—is required to clarify this issue, but is not provided. In addition, the results
appear internally inconsistent: in steady state, over a fully forested continent, precipitation is
maximized and equals evapotranspiration, yet runoff is zero despite full aquifers (e.g., Fig. 11). This
would correspond, for example, to an Amazon forest without an Amazon River.

Response:

We agree that a model displaying high precipitation and no runoff is somewhat puzzling. It needs to
be said that in such a case (Fig. 11), the upper aquifer is not entirely full (50% only) because
vegetation captures upper aquifer at root level. Therefore, the no-runoff state is not physically
inconsistent, because runoff only occurs if the upper aquifer is full. The fact that zero runoff occurs
despite high precipitation is also due to the 1D character of the model, implying that the Amazon
forest would by entirely flat (slightly inclined however) with no channel allowing rivers to flow.



We propose to clarify the discussion of this subject in term of 1) water budget 2) limitation of the 1D
model 3) by providing cases with runoff by including advection effect. These changes would allow the
reader to connect our simplified numerical experiments with the real world (Amazon basin for
example).

Finally, the terrestrial water cycle depends strongly on atmospheric dynamics, which governs the
transport of moisture from the ocean onto land. Consequently, the influence of vegetation on the water
cycle depends on how vegetation affects atmospheric circulation. In the present model, however, the
two parameters representing atmospheric dynamics—turbulent diffusivity (Dy) and wind speed—are
specified independently of vegetation and all other parameters. By design, such a model cannot
capture potential couplings between vegetation, atmospheric water vapour, and circulation dynamics.
These interactions, beyond the biotic pump mechanism discussed by the authors, have been explored
in other studies that are not referenced in the paper.

Response:

We think that the influence of vegetation on the water cycle depends on how vegetation affects
atmospheric circulation, but also on the repartition of the water budget by evapotranspiration and
aquifer pumping (which is a more classical view).

We therefore propose to present this issue on the introduction, briefly classifying the different kinds of
approaches, in order to define the position of our model with respect to existing models/mechanisms.

Overall, I would recommend revising the manuscript to (i) explicitly discuss the limitations of their
model and its implications for real water cycles, (ii) clarify or resolve the identified inconsistencies in
their results, or, as a more profound restructuring, (iii) consider ways to incorporate possible couplings
between vegetation and atmospheric dynamics.

Response:

We propose to work of the points (i) and (ii) in the paper core (introduction-methods-results) and to
discuss (iii) in a discussion/perspective section. Indeed, the implementation or other coupling
processes (ie, modeling biotic pump mechanism) would require an updated numerical formulation.

Specific comments

) Equation (1)

This equation is central to the model, as it describes atmospheric moisture transport. The authors treat
the atmosphere as a single one-dimensional slab. In addition to the advection of moisture (i.e.,
transport by wind), the equation includes what the authors call a dispersion term, proportional to the
second derivative of vertically integrated moisture content with respect to horizontal distance. This
term represents turbulent diffusion, characterized by turbulent diffusivity Dy.

To justify this formulation, the authors refer to “a similar formulation” by Rasmussen (1968).
However, Rasmussen’s equation for vertically integrated moisture content does not include a diffusion
term. Nor is such a term present in more recent and widely used formulations of the atmospheric
moisture budget, for example those of Trenberth et al. (2011, their Eq. 1), Dominguez et al. (2020,
their Eq. 3), or Luo et al. (2022, their Eq. 1).

Response:

Indeed, the Rasmussen approach was not the right citation. Thanks to a paper provided by the
reviewer (Dominguez et al. 2020), we found papers (Schaeffli et al. 2012, eq. 2 p1865, Savenije 1995
eq.12 p65) that specifically include the diffuse term, but explaining that it should be neglected for the
purpose of moisture transport.

We propose to include these references, and explain why the hypothesis of neglecting dispersion term
may be not correct for some settings. This is a point that clearly needs attention as this may influence
the moisture spreading at large scale, as it has been demonstrated for chemicals transport and
spreading in the atmosphere (eg. Pisso et al. 20006).

The references cited by the authors on the propagation of passive tracers—where turbulent diffusion
can indeed be significant—do not justify including a diffusive term in the large-scale moisture budget.
Response:



We noticed that many studies treating of various chemicals products (gaseous or small sized particles)
incorporate the diffusive term. We don’t see a priori why this term would be important for chemical
transport modeling and be negligible for moisture transport (that is a kind of chemical product among
others), as the spatial and temporal scales are similar. We propose to discuss this point in the revised
version, as it appears to be a novel approach for the purpose of moisture spreading in the atmosphere.

Consider a case in which the annual-mean wind over land is zero, but its direction reverses seasonally.
A nonzero annual-mean moisture transport can still arise from seasonal winds (e.g., monsoons)
through the covariance of wind and humidity anomalies (see, e.g., Eq. 4 of Luo et al. 2022). However,
this transport by large-scale variability cannot be parameterized as local turbulent diffusion in the
authors’ formulation. It remains dominated by advective moisture transport, which can proceed
against local moisture gradients. For example, in hurricanes, moisture is advected toward the eyewall,
where the vertically integrated moisture content reaches its maximum.

I therefore recommend revising the formulation of atmospheric moisture transport and modifying the
numerical experiments accordingly, as a substantial portion of the current calculations is performed
under conditions of zero advection, with transport represented solely by diffusion.

Response:

We recall here that a model is simplified, with one layer representing the whole atmosphere, with no
horizontal wind divergence. This implies that the wind velocity is spatially constant (but may
temporally vary) in order to satisfy mass conservation. Therefore, in this 1D model, wind only
translates the moisture without altering its distribution. We think that our moisture conservation
equation is mathematically correct (equivalent to eq. 2 of Schaeffli et al., 2012). However, we also
think that neglecting the dispersion term could be incorrect in some cases. Indeed, if the average wind
is small, the dispersion term becomes important for moisture transport.

We therefore propose to present our model in reference to Schaeffli et al., 2012, in order to point out
the similarity and the differences between the two formulations.

. Equation (12)

This issue is directly related to the above. Equation (12) is used to derive a steady-state distribution of
water-vapor concentration versus distance from the ocean, and the manuscript states that Eq. (12)
follows from Eq. (1). However, a key term appears to have been omitted—namely, the horizontal
derivative of the horizontal wind that is present in Eq. (1). This term is crucial for atmospheric
moisture transport: horizontal wind speed typically declines where air ascends and hence generates
precipitation. For example, a conspicuous decline in horizontal wind is observed across the Amazon—
Atlantic coastal zone near the surface, with the opposite pattern at 500 hPa.

Given this critical omission, results derived from Eq. (12) and presented in the discussion, should be
re-evaluated.

Response:

Because we consider a 1D model, the wind is constant and its spatial derivative is zero. A similar
formulation is made by Schaeffli et al. 2012, and this corresponds to the mass conservation
assumption. The case proposed by the reviewer would require a formulation with 2 or more
superposed horizontal layers with an exchange coefficient controlling the vertical moisture motion.

We propose to present more clearly our model hypotheses and discuss the intrinsic limitations of our
formulation.

. Differential impact of vegetation on different aspects of the water cycle

The paper’s title refers to the “unexpected role of forests” in the “global water cycle,” yet the
discussion does not address a critical point: vegetation can influence different components of the
moisture budget in distinct ways, notably precipitation and runoff.

The authors state that the effect of large forests on “regional pluviometry” remains obscure (line 99).
However, the vast majority of global climate models agree that deforestation reduces precipitation,
both regionally (over deforested areas) and globally (e.g., Table 3 in Luo et al., 2022). This robust
result also follows from first principles: globally, evapotranspiration balances precipitation, so an
increase in evapotranspiration over large areas must lead to a corresponding increase in global
precipitation.



What remains much less clear is the impact of vegetation on atmospheric moisture transport. Here,
model responses vary greatly in both sign and magnitude, with no robust consensus (see the same
table in Luo et al., 2022).

In this context, based on their formulation involving turbulent diffusion, the authors obtain a solution
in which a fully forested continent has zero runoff (Fig. 11). This outcome arises because, in the
model, the only effect of vegetation is to increase evapotranspiration, which raises water vapor content
over land and thereby reduces the land—ocean moisture gradient—and hence the diffusional transport
that the authors (incorrectly) assume to be a possible dominant mechanism of atmospheric moisture
transfer. It can be shown that runoff reduction will invariably accompany increased evapotranspiration
unless atmospheric circulation changes (e.g., Makarieva et al. 2025). Because the circulation
(represented through the turbulent diffusion coefficient) remains fixed in the authors’ model, the result
is zero runoff when evapotranspiration is maximized over a fully forested continent.

Given that this outcome does not align well with observations—as major forests are typically
associated with major river systems—such a result warrants a substantially deeper discussion to clarify
its physical meaning and implications.

Response:

We agree with the considerations above, and we propose to include some numerical experiments
showing the relation between moisture advection, dispersion, evapotranspiration and the onset of
river systems, and also a related discussion.

) Zero runoff at full aquifers

While runoff can theoretically vanish when precipitation (P) equals evapotranspiration (ET)—that is,
when all precipitating water re-evaporates—it cannot be zero if the aquifers are full. Because land lies
above sea level, gravitational flow necessarily drives groundwater discharge toward lower elevations
and ultimately to the ocean.

Figure 11 shows ET=P, zero runoff, and full aquifers over a forested continent. Unless this outcome
results from a misunderstanding (which should be clarified), it points to a physically inconsistent
behavior of the model, most likely originating from its treatment of groundwater storage and
discharge. This inconsistency should be explicitly addressed.

Response:

As it appears on Fig. 11d, the upper aquifer is only 50% full due to water removal by forest.
Therefore, overflow does not take place and no runoff occurs. By contrast, lower aquifer overflows to
the upper aquifer, that is physically consistent from a hydrologic viewpoint. Also, we are numerically
checking that the budget of water mass transport is closed at each time step, proving that our model is
physically consistent.

We propose to better state these points in the numerical experiment section.

. Vegetation impact on atmospheric dynamics

Since land inevitably loses water to the ocean, rainfall over land cannot persist without an atmospheric
moisture transport from the ocean. Without such transport, precipitation could arise only from local
evaporation. However, sustaining local evaporation requires a terrestrial water store, which will
gradually drain to the ocean under gravity. Once that store is depleted, both evaporation and
precipitation will cease. Thus, continuous rainfall over land fundamentally depends on a steady
advective inflow of atmospheric moisture from the ocean.

Because this inflow is governed by advection (i.e., winds), a central question regarding the influence
of vegetation on the water cycle is how vegetation may affect atmospheric circulation itself. In the
authors’ model, however, this influence cannot be examined in principle, since the only parameter
representing air circulation—wind speed—is prescribed independently of any vegetation
characteristics.

For this reason, while the authors refer to the biotic pump concept on several occasions, their model,
by design, cannot explore it: the biotic pump mechanism is based on a positive feedback between
vegetation and atmospheric moisture transport. In addition to the biotic pump mechanism, other
researchers have proposed alternative pathways linking enhanced condensation of water vapor to
increased atmospheric moisture transport. (For a recent overview of the historical development of
these ideas, see Makarieva et al., 2025.)



I suggest that the authors explicitly address this issue and decide whether they wish to extend their
model to incorporate such coupling. If atmospheric circulation remains a prescribed (free) parameter,
this limitation should be clearly acknowledged and discussed.

Response:

The reviewer is entirely right, and we will address this issue by exposing in the introduction the
different ways by which water vapor can be horizontally transported: pure advection (meteorology),
forest induced advection (biotic pump mechanism), horizontal dispersion due to self-mixing into the
atmosphere. References provided by AM will be useful to do so.

) Miscellaneous

The authors begin their paper by analyzing precipitation distribution along transects originally studied
by Makarieva and Gorshkov (2007) introducing the biotic pump. There were several other studies
exploring similar dependencies, in particular, Poveda et al. (2014) and Molina et al. (2019). Notably,
when the spatial distribution is exponential (i.e., rainfall exponentially declines with distance from the
ocean), taking its average over a large distance is not informative, as this hides the fact that due to the
rapid decline precipitation can be extremely low over most part of the continent.

Response:

We will consider the other studies mentioned by the reviewer, and we will present a better summary of
the spatial distribution of precipitations.

Role of vegetation decline for coastal precipitation decrease in Australia (relevant to the authors’ Fig.
2) was explored by Andrich and Imberger (2012).

Response:

We thank the reviewer for this relevant publication that we will use for our introduction and
discussion

In their Eq. (4), the authors provide an expression for local precipitation that depends on the n-th
power of relative humidity. On line 285, “(ref?)” presumably refers to a source for this formulation.
Please provide the missing reference and/or discuss how n in Eq. (4) is justified.

Response:

This is indeed an omission and we will provide adequate references and explanations for setting eq. 4
and n value.

It would be helpful to provide a summary table listing all numerical experiments along with their
specific parameter values and settings.

Response:

We will provide a summary table in a revised version.

The model code should be uploaded to a publicly accessible repository (e.g., Zenodo or GitHub),
rather than requiring interested readers to request it from the corresponding author.

Response:

That is indeed a good suggestion, we will proceed this way, adding also a short user’s guide.

Please define “cumulated” — what is cumulated precipitation and runoff?

Response:

We will define this term (corresponding to the time integration of precipitation and runoff rate over
one year).

Conclusions

From my perspective, tractable, “mind-sized” models such as the one presented by the authors are
exceptionally valuable, as they enable meaningful discussion of the fundamental processes underlying
the studied phenomena. Indeed, the present critical comments were possible precisely because the
model is transparent and accessible. Besides, the authors offer an interesting discussion of multiple
interconnected issues spanning diverse disciplines, including aspects of past climate change.



I therefore encourage the authors to revise their formulation, re-evaluating the role of moisture
advection, resolving the runoff inconsistency, and explicitly discussing atmospheric moisture
transport. In a revised form, this model could make a substantial contribution to the broader
community of scientists investigating the terrestrial water cycle.

Response:

We will address the concerns raised above in the revised version.
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