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Dear reviewers, dear Editor,

Following the reviewers’ comments and the recent publication of the manuscript by
Stewart et al. on the aggregation error of tritium-based transit times in HESS discus-
sions, we will modify the text to emphasize the disagreement between the findings of
Kirchner and those of Luther and Haitjema and make this the core of the article. We will
also change our conclusion slightly, since we realised that mean transit times shorter
than the period of the tracer cycle cause a deviation from the exponential model (see
answer 2 to reviewer #2). We will also to put more emphasis on the one major differ-
ence between our approach and Kirchner’s: we concentrate on the shape of the transit
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time distribution while he studied mean transit times only. We feel this important point
was missed by both reviewers, so will try to explain it better. We argue that focussing
on the MTT instead of understanding the underlying reasons by looking at the shape of
the TTD is a mistake and a source of confusion and should be avoided. The manuscript
consists of two parts, first a theoretical reexploration of Kirchner’s model, then the in-
troduction of a method with which to use a particular tracer cycle, temperature. Both
parts then come together to illustrate the two uses that can be made of that particular
cycle for groundwater dating (as standalone if other tracers are not available, and as
additional data with which to test the MTT estimates obtained from an environmen-
tal tracer (tritium for instance) and possibly calibrate a compound lumped parameter
model (this is new and will be explained below in the answer 3 to reviewer #2). We
regret that the second part, namely the temperature model, has hardly been reviewed
by the two referees. Here are our answers to their specific criticisms.

Reviewer #1

Reviewer #1 reproaches the lack of novelty of the manuscript, and we feel that either
we have failed to explain properly and clearly the aim of the study, or the reviewer
has failed to grasp it (maybe he has read the text too quickly, as some of his specific
remarks suggest). We do not claim to be breaking new ground here, but to (i) try and
explain why the findings of Kirchner seem to contradict those of Luther and Haitjema,
the first showing that “heterogeneities” generally cause a deviation of the transit time
distribution sufficient to affect parameter estimation, the latter showing that in many
cases that deviation is small and hence negligible for practical applications, and (ii)
to introduce the coupling of the common lumped parameter model with a soil model
describing the damping of the amplitude of recharge water with depth. Neither point
has to our knowledge been discussed before in the large literature on water dating.
We will put more clearly the emphasis on the contradiction between Kirchner’s and
Luther and Haitjema’s results right from the introduction, which should improve general
readability by providing a clear scientific question.
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1) This is a good point. We will modify the title to emphasize the importance of the
temperature cycles used for groundwater dating. By the way, we regret that neither
reviewer has really commented specifically on the temperature model we propose.

2) The choice of the exponential model will be substantiated more thoroughly than in
the first manuscript. We will make clear that we have limited ourselves to the expo-
nential TTD because previous papers have shown it to be an exact or at least robust
approximation for many different types of aquifers and because this is the important
special case that Luther and Haitjema studied. Additionally, it is independent of aquifer
shape, as Haitjema has shown in his 1995 paper in Journal of Hydrology. We will add
this citation to the manuscript. We will also emphasize that the study is strictly consid-
ering groundwater systems (where the exponential TTD is a reasonable assumption),
and not whole catchments (where evidence rather points to a gamma TTD).

3) Since what we mean by “degree of heterogeneity” is explained in the article, we feel
its use in the abstract conveys the idea succinctly. An indirect quantification of that
degree of heterogeneities is found in the results and discussion sections, where we
point out to the fact that the TTD does not deviate significantly from an exponential
function as long as the MTTs of the subcatchments are not shorter than a the period
of the tracer cycle (one year).

4) Groundwater temperature is indeed a very common tracer in groundwater studies,
but NOT in the way we use it in this study. We do not claim that the tracer is new
(and we cite the review paper by Anderson on temperature as groundwater tracer),
but present a technique with which to calculate the output damping of the temperature
signal of recharge water due to both the soil and the aquifer compartment, or use both
input and output signals inversely to calibrate the TTD of the aquifer. If this particular
coupling has already been published, we would be very grateful to the reviewer to give
us the reference. We will modify the wording of the abstract to make the use of the
temperature model clearer to the reader.
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5) This reference to “slowly-responsive” systems was clumsy and will be deleted in the
general overhaul of the paragraph, and replaced by a discussion of the validity of the
exponential model for aquifers systems.

6) We do not understand how our modification of Kirchner’s method is unclear. We
stated explicitly that the number of subcatchments is increased to study whether this
leads to an “averaging out” of the subcatchments’ TTDs (it turned out that is does not,
but this was not intuitive to us). The use of random number is NOT a modification, but
follows Kirchner’s method (except that he used a log scale and we did not). And we do
show that the overestimation depends on the numbers, or rather on the intervals from
which the MTTs are drawn.

7) The description of the study site will be extended slightly to include information on
soil type and recharge, and a map of the area added to the manuscript. We would
have appreciated to know more precisely what kind of information the reviewer felt was
missing.

8) The winter period runs from October to March of the following year, and the summer
period from April to September.

9) As we wrote in answer to question 6), it was not clear to us whether increasing
the number of subcatchments would lead to a smoothing out of the total TTD. With
hindsight it makes sense that it does not, but at that time, it did not, and we supposed
some readers might be curious to know, or tempted to try it out.

10) We meant with “robust” that for the simulations we performed, the total TTD devi-
ated negligibly from an exponential function as long as the individual MTTs were within
the interval 5-20 years , and consequently that the TTD calibrated using the output
tracer signal was very close to the “true” synthetic one. We did not use the concept of
robustness in its strict statistical sense (and even in statistics, robustness is often NOT
measurable, but relies on comparison between methods).
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11) Stating that the total TTD is approximately exponentially distributed when the sub-
catchments are exponential is not redundant at all, since Kichner in his paper makes
the exact opposite point and shows for instance that the sum of two exponentials is
not an exponential but a hyperexponential. What we mean to say is that even though
the sum strictly speaking follows another shape, it deviates so little from an exponen-
tial than in practice it does not matter. A sentence explaining this will be added to the
discussion.

12) We will change “density” for “importance”.

13) We will rephrase the first conclusion, hoping it will be clearer that this is the MAIN
results of the re-exploration of Kirchner’s model. His conclusion was that tracer cycles
cannot be used in heterogeneous catchments to calibrate a lumped parameter model
because of the overestimation of the MTT due to the nonlinear relationship between
MTT and tracer amplitude. We conclude the OPPOSITE and say that Kirchner’s con-
clusions were too broad and need to be nuanced.

14) We would have been grateful to know more precisely in what way the quality of
the figure is not acceptable so as to amend it, but will try to guess what the reviewer
disliked. The labels were not missing, but omitted on all figures but the first since
the scaling is the same on both axes (which is also why the numbering on the x axis
is present only on one graph). We will movedthe label to the bottom left figure and
mention it in the caption. We will also add a y axis, realising its meaning was not
obvious. What does the reviewer mean with “in between” ? I1 ranges from 30 to 360
days, I2 from 1 to 20 years and I3 from 30 days to 20 years. So I3 spans the entire
range, while I1 only covers shorter MTTs and I2 longer ones. This is what we mean by
“large”, and do not see what is wrong with the term in that situation.

Reviewer #2

Major comments:
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1) We felt a short manuscript was sufficient to convey our experiment. We will extend
the discussion and the description of the study site slightly, but wish to keep the text
compact and to the point.

2) This is a major mistake in the first manuscript. We have redone the calculations
using an interval I2 now spanning the range 1 year to 20 years, thus with a lower bound
equal to the period of the tracer cycle. This is important, since we show that deviations
from the exponential model are caused by shorter MTTs (below one year). We do
not understand the reviewer’s second criticism. The experiments are “hypothetical” in
the sense that we have used a simple conceptual model to simulate heterogeneous
catchments, but the method is in that respect exactly similar to Kirchner’s (which we do
criticise in the discussion). The numerical simulations are synthetic, but meant to be
generic enough to shed light on the effect of subcatchments’ mixing on the TTD (our
paper) or on the estimation of the total MTT (Kirchner’s paper) in a very general sense.
And what makes sense more than a uniform probability distribution for the random
selection of MTTs, since no MTT should be weighted more than the others ?

3) We will reformulate what was indeed a common sense suggestion by introducing
the idea that compound lumped parameter models (a double exponential) could be
used when one suspects distinct heterogeneities to cause a deviation from a simple
exponential model (taking into account the hydrogeological setting), as suggested by
Stewart et al. in their manuscript on aggregation error for tritium-based MTTs recently
submitted in HESS discussions. We will suggest that the components of a double
exponential model could be calibrated separately using the tracer cycle for the younger
fraction and tritium for the older, since we have shown on figure 1 that the fit obtained
from the cycle follows closely the younger fraction. It is not a revolutionary idea, but
well worth repeating, judging from the confusion still surrounding model choices.

4) Does the reviewer mean that the theory is not clear, or that our results seem un-
convincing ? We feel the paragraph presenting the temperature model (paragraph 3)
is systematic and to the point. As for the case study, we used the data at our dis-
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posal, and will welcome additional testing from others on richer datasets. We will add
a sentence in the discussion to emphasize the need for more testing of the temperature
model.

Minor comments:

1) This is standard mathematical notation for strictly positive real numbers.

2) We will change 0.2*10-6 to 0.2x10-6

3) This was also criticised by reviewer #1 and will be change accordingly.

Best regards.

Julien Farlin and Piotr Małoszewski
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