Response to Referee #2

Please find below our responses to Ype van der Velde, with the original comments in black
and our responses in blue.

This technical note describes how the transit time approach developed for tracking water
ages through catchments can be extended to yield transit times of reactive tracers. | find this
paper a well written and valuable addition to the theory development around transit time
distributions of water and solutes. This study applies the theory of transit time distributions for
water to solutes and combines it with assumptions from advective-dffusion solute transport
modelling (Retardation: constant equilibrium between dissolved and sorbed concentration,
linear decay, fractionation). As such it is a novel contribution.

We thank Ype van der Velde for his thorough review of our manuscript and appreciate the
positive evaluation of our work.

Below I list a couple of suggestions that in my opinion could improve the manuscript:

Overall:

The paper has an unconventional structure: introduction, starting point, New solutions,
insights from these new solutions, insights from Numerical implementation of these new
solutions, conclusions. Consider a more conventional setup with: Introduction (1), Theoretical
development (2, containing the old 2, 3 & 4), Example application (3) methods/setup (3.1),
results (3.2), discussion (3.3) and conclusion (6). | can see why you chose your setup: you
don’t want to put a strong focus on the model implementation and it is not the goal in itself,
but now section 5 reads cramped and its goal is unclear.

We agree that the structure is unconventional and may thus complicate the interpretation of
the manuscript. We will restructure it as follows:
1. Introduction
2. Theoretical developments
2.1 Starting points
2.1.1 Water age equations (previously section 2.1)
2.1.2 Tracer mass balance (previously section 2.2)
2.2 New tracer transit time solutions (previously section 3)
3. Numerical implementation (previously introduction of section 5)
4. Results and Discussion
4.1 Insights from the analytical expressions (previously section 4)
4.2 Passive tracers (previously section 5.1)
4.3 Non-passive tracers (previously section 5.2)
4.4 Tracer breakthrough curves (previously section 5.3)
4.5 Mass partitioning to multiple outputs (previously section 5.4)
5. Conclusions

Because this study presents a theoretical development supported by conceptual numerical
experiments, we believe that the results and their interpretation are inherently
interdependent. For this reason, we prefer to combine the Results and Discussion into a
single section to maintain a continuous narrative flow, as is already done implicitly in the
reviewed version of the manuscript.

In the theory development and discussion | miss what your results mean for not fully mixed
(i.e. preferential flow systems) systems. It looks to me that without the full mixing-
assumptions you can almost fully copy the same reasoning and your derivations will also
hold for preferential flow systems. Could you not do the theory development for any system



and then do your example (section 5) for the fully mixed one? That would make the structure
a bit easier to read as well? You can easily write the SoluteMass-Age balance eq:
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We acknowledge that developments and discussion about the case of not randomly sampled
systems are mostly absent. We deliberately avoided to discuss this case in detail, as our
primary goal is to understand the key principles governing the discrepancies between water
and tracer transit times. Extending the theoretical development to more general, non—
randomly sampled systems would be an interesting new development, but we are concerned
that pursuing a fully general formulation would introduce substantial technical complexity.
This is primarily due to additional assumptions that would be required: how is mass applied
during dry periods dissolved into waters of different ages? Is mass of a given age allowed to
be transported by water of a different age? And if yes, how? These problems vanish in
randomly sampled systems, where the mass age distribution remains the same regardless of
how it is partitioned into waters of different ages.

The simpler case of mass applied only through a water input and always traveling along with
that same water input can in principle be addressed using a general mass-age balance
equation. However, we are not entirely sure that the solution proposed by the reviewer
addresses the general case, as it seems to implicitly rely on a random sampling assumption
and indeed it results in the classic exponential solution of randomly sampled systems.

That said, we agree that the underlying reasoning does not fundamentally rely on full mixing,
and that the conceptual framework could, in principle, be extended to preferential flow
systems with appropriate modifications. To make this explicit, we will add a clear statement to
this effect in Section 3 of the first version of the manuscript.

In fact, we can only derive water transit time distributions through following tracers

(=solutes) through the system. Thus basically, all previous publications that first derive Pq
and subsequently use C,(t) = f0°° C;(t — Tpo(T, t)dT must have already implicitly applied a
Solute transit time distributions, just with R=1, alfa =1 and k = 0 (stable isotopes). | think you
can probably show both approaches are exactly the same thing. But you are much deeper
into this and can reason better why or why not. | can be convinced that this all can be tackled
through extra discussion on mixed systems.

Indeed, this convolution integral could be expressed in terms of backwards tracer TTD. We
will add a paragraph on this point in the discussion when addressing the discrepancies in
backwards TTDs of water and solutes.

| would suggest to write the conclusions more engaging less bullet-wise.

Thank you for the suggestion. We agree and will revise the Conclusions section to adopt a
paragraph-based structure rather than a bullet-point format.



Line 223

“The evapoconcentration parameter a can be seen as a valve that controls the mass
directed to ET. When a < 1, less mass will go to ET, resulting in tracer accumulation in
storage and thus longer transit times. Conversely, when a > 1 (net tracer extraction) the
larger tracer output rate will result in a depleted tracer storage, with faster turnover and
shorter transit times.” Although entirely correct, | find the valve quite abstract as plants don’t
have valve but can fractionate at their roots. | would suggest a < 1 for solutes that plants try
to keep out of their system (high chloride, toxic solutes), a > 1 for solutes that plants need to
for their functioning (Nutrients, trace elements)

We agree that the “valve” analogy is not a physically accurate representation of plant
processes and could be misleading. We will modify this sentence as follows:

“The evapoconcentration parameter a can be seen as a regulator directing mass to ET.
When a < 1, less mass will go to ET, resulting in tracer accumulation in

storage and thus longer transit times. Conversely, when a > 1 (net tracer extraction) the
larger tracer output rate will result in a depleted tracer storage, with faster turnover and
shorter transit times.”

We recall that a more physically grounded description of a, explicitly framed in terms of
selective uptake and exclusion processes, is already provided when the parameter is
introduced (line 151). We therefore hope that sufficient context is now given for readers to
understand that this modified analogy is not meant as a plant-physiological explanation of
root-level processes, but rather as a simplified conceptual aid to interpret the model behavior.

Figure 5: Caption it would help add the partition coefficient variables to the caption (I was
scanning the paper for mR, but couldn’t find it until close reading the caption)

Thank you for the suggestion. We will add the partition coefficient variables to the caption.

Conclusion 2 is not clear and to me not really a conclusion: “Such analytical solution builds
on the framework initiated by Botter et al. (2010) and extends it to the case of reactive
tracers”

We agree that this sentence is not sufficiently self-contained to stand as a separate
conclusion. We will therefore integrate it into the introductory paragraph of the revised
Conclusions section, where it will serve to summarize the theoretical foundations on which
our work builds and the way our framework extends previous studies.

##HH#Unrelated but | had too much fun adding a dissolution term. Maybe for next paper. Just
for fun adding a source term that could represent weathering. Not sure if it works:
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Thank you for these additional ideas! We gave it some thoughts and believe that freshly
dissolved mass should, arguably, enter the system with age T=0. Thus, the input flux of
dissolved mass 11, (t) would enter the tracer mass-age balance through a Dirac delta
function, similarly to the input mass flux m;(t). For a fully mixed system, the tracer mass age
balance would then become:
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immobile-phase equilibrium concentration (Maher, 2011).

Ceq] - S(t), where L is the kinetic constant and Ceq corresponds to the

This equation can be solved and yields:
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While this extension is mathematically feasible and conceptually interesting, it is limited to
the case of dissolution only and does not account for solute precipitation when the
equilibrium concentration is exceeded. Moreover, it introduces additional parameters, which
would substantially complicate its interpretation. Therefore, we prefer to exclude it from the
final manuscript.

Reference:
Mabher, K. (2011). The role of fluid residence time and topographic scales in determining
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