
Response to the reviewer 1

We first thank the reviewer for the detailed and rigorous comments provided. It will help to improve
the quality of the paper, especially concerning the error budget. The main concern of the reviewer 1 is that the
results presented in the paper can not be discussed or used for quantitative interpretation as the signal to noise
ratio of the relative gravity measurements is too low. The reviewer is true in a sense as the error budget of the
relative gravimeter used (a CG5 from Scintrex) is not well known. Most of the error: linearity of the drift,
stability of the calibration, sensibility to environmental parameters (temperature, vibration, transport, tilt,…)
are mainly and poorly described with empirical law. 

But the gravity measurements presented in the paper are from field experiments especially designed to
minimized all  possibles  errors  and presented  in  details  below following the comments  of  the reviewer  1.
Moreover  the  gravity  results  presented  in  the  paper  show  a  clear  coherency  with  previous  studies,  the
geological and meteorological settings and additional geophysical observations (more details at the end of the
comments). In details, all comments of the reviewer 1 about the low signal to noise ratio are discussed below:

- calibration :  to  limit  the errors due to  the calibration  effect,  only one CG5 is  used (#167).  The
calibration factor of the #167 CG5 is monitored since 2006 with stability since 2009 (later detailed with a
figure). 

-  environmental  parameters:  the  gravity  measurements  are  done  in  a  natural  cave  where  the
temperature stability is better than one degree and with a very low seismological noise.

- relaxation :  a new strategy has been used with long gravity measurement duration (more than 30
minutes in general). Therefore the gravity readings are taken outside of the relaxation period which is clearly
seen in the figure 4 looking at the gravity residuals (differences between t1-2 and t3-4-5). We agree with the
reviewer that it could be discussed more in details and it will be added in the revised version.

- duration of the field experiment: the gravity S2D field experiment extend during on year and half
which equivalent to the previous study by Jacob. Extend the field experiment period during 6 or 7 years as
suggested by the reviewer could certainly confirm the results but the scientific added values for such a paper is
not clear: the paper do not focus on the inter-annual seasonal groundwater storage variations but more on the
geological or geomorphological influence on the seasonal storage. 

Another important point is that the gravity results are in accordance with previous or different gravity
measurements  nearby  (such  as  absolute  gravity  measurements  published  by  Jacob  or  continuous
superconducting gravimeter published by Fores). We agree with the reviewer that the comparison with other
gravity measurements is lacking and it will be added in the revised version of the paper. The gravity results are
also in accordance with other geophysical dataset. A MRS sounding has been done twice in 2011 (in Deville
PhD  https://tel.archives-ouvertes.fr/tel-00829346/document).  The  results  on  the  inversion  show  significant
groundwater content only in the first meters of the soil as seen in the gravity resutlts (figure 1 below) but the
MRS in not accurate enough (but the gravity is accurate enough!) to monitor the temporal variations of the
groundwater content. The figure will be added in the discussion.
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Figure 1: Water content vertical profile from MRS inversion (modify from Deville, 2013)

The suggestion of the reviewer to focus the paper on the threshold above which groundwater content
variations could be measured by relative gravity measurements is attrative. But we think that it is not possible
rigorously from our knowledge as not physical model of the CG5 measurements errors is available. Moreover it
is not in the scope of the study which is the variability of seasonal groundwater storage in karst hydrosystem.
The idea of the paper is to provide a relative gravity dataset as accurate as possible, taken advantage of natural
caves (stable environment and common mode rejection as detailed below) to quantify seasonal transient water
storage in the epikarst in different geological context. Such a study of the variability of the vadose zone water
storage is not common, even in non-karstic hydro-systems as finally noticed by the reviewer 2. 

Finally, the conclusion from the reviewer is that “the paper does not provide convincing results” but
the methodology. As the reviewer is not convinced by the gravity measurements, he does not provides any
comments about the discussion and the interpretation of the gravity field experiment results. In fact, to our
knowledge, only one published paper from Jacob presents surface to depth gravity field experiments in karst
caves. The paper of Jacob present the methodology, the comparison with surface gravity measurements only on
one site during one season and half. In the present study, we first improve the methodology. We also added in
two others karstic sites: one with a similar meteorological and geological context and one in a different context.
Moreover, the surface to depth gravity measurements where in one cave at different depths. This is the first
time that the thickness of the epikarst (or of the subsurface karst reservoir) is quantified. Finally a comparison
of the geological and geomorphological settings allows to suggest a clear influence of the lithology on the
capacity of the epikarst reservoir.

Answer to the detailed comments (except typo, ….) :

Figure 1-2: On a larger map, BESS and BEAU are on the same position in a corner and SEOU is in the 
opposite corner; That’s why we do not include such a map.
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Evaporation     : Crop coefficient between BEAU and BESS should be equivalent as the both sites are at the same
altitude and nearby. The crop coefficient in SEOU should be quite different crop because of the difference in
the altitude, climate and vegetation. As noticed by the reviewer, the evapotranspiration is poorly known. We
could extrapolate seasonal crop coefficient from a recent study of Fores (2017) based on accurate flux tower
measurements. Because of all the uncertainties of an extrapolation, we prefer to focus the paper mainly on the
recharge where ETa is reduced. The difference between SEOU and BESS/ BEAU evapotranspiration is due the
climate of the period of measurements and the duration of the cumulative ETa which changes between BEAU
and BESS/SEOU.

L282 : Yes, the strategy used is the same as Jacob,

Table 1: We thanks the reviewer for his rigorous and careful analysis of the table 1. The reviewer is right: there
a typo in the conversion between uGal and mm of water from the Bouguer slab approximation. From Bouguer,
1 uGal = 23 mm of water. Form S2D, 1 uGal = 11,93 mm of water. The table 1 and the annex 1 are not clear. In
the annex, the S2D gravity differences have been reported. In the table 1, half of the S2D gravity differences
(and of  the error)  between two measurements  periods  (equivalent  to  the simple  Bouguer  slab)  have been
reported! It do not change the results in any way but it is much more rigorous. It will be clarify in the revised
version.  A  new format  of  the  table  one  is  show below  with  the  recharge  periods  in  gray.  Gravity  S2D
differences  are presented with the associated errors.  For the errors of BEAU, the table  1 was wrong. The
computation of the final error is similar to Jacob paper. The only difference is that the error computation is
even more conservative as 2 uGal are added to account the calibration and non-linear drift error.

Site Time period
Gravity differ-
ence (Gal)

Equiv. Water height
(EqW) (mm)

Cumulative pre-
cipitation (mm)

Cumulative
AET (mm)

Net water inflow
(NWI) (mm)

S
E

O
U

Feb10-Aug10 -17 ± 3.9 -203 ± 48 281 ± 11 239 ± 48 41 ± 49

Aug10-May11 8 ± 3.9 95 ± 48 628 ± 25 254 ± 51 373 ± 56

May11-Sep11 -3 ± 2.0 -35 ± 25 256 ± 10 344 ± 69 -88 ± 69

B
E

S
S

 (
0-

12
m

)

Feb10-Aug10 -15 ± 3.1 -179 ± 37 315 ± 13 381 ± 76 -66.6 ± 77

Aug10-May11 11 ± 3.5 131 ± 42 854 ± 34 266 ± 53 587 ± 63

May11-Sep11 -11 ± 2.6 -131 ± 31 162 ± 6 320 ± 64 -158 ± 64

B
E

A
U

Sep06-Nov06 26 ± 2.5 310 ± 30 445 ± 18 69 ± 14 375 ± 22

Nov06-Sep07 -20 ± 3.2 -238 ± 38 482 ± 19 753 ± 150 -271 ± 151

Sep07-Feb08 25.7 ± 3.0 307 ± 32 424 ± 17 208 ± 17 217 ± 44

Table  1: Time-lapse S2D gravity  difference,  Equivalent  water height,  cumulative  precipitation,  cumulative
evapotranspiration  and total  water  inflow with  the  associated  errors  at  SEOU, BESS and BEAU site  for
different recharge and discharge periods. Recharge periods are indicated by the gray color.

Measurements  at  t3:   For  the  clarity  of  the  table  1,  the  measurements  are  summed  by  seasons.  All  the
measurements can be found in the annex with the recharge period in gray as in the table 1.
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Figure 6: The text and the table 1 will be modified to clearly show the recharge (t2 – t1 and t4-t5) and discharge
(t2-t3-t4) periods.

L602: It  will  be added in the revised version even if  continuous measurements  in natural  caves  are  quite
difficult to set up.

Aliasing effects:  no significant  rainfall  have been observed before gravity  measurements  except  in  SEOU
before the first measurements (t1). More details will be added in the text. 

Role of the saturated zone in SEOU: the water level of a small lake was monitored in SEOU cave but the
impact on the S2D is difficult to model as the voids are hardly known. The impact of the saturated zone should
be also minimized by the S2D strategy. 

Calibration: the gravity at the experimental sites belong to the gravity range along the calibration baseline
(between about 30m in Montpellier and around 1560m in Aigoual summit).  The changes of the calibration
value between Jacob and our paper is  due to Scintrex calibration which changes the Gcal1 value.  As the
calibration value is expressed with respect of the current Gcal1 value,  each Scintrex calibration creates an
offset in the calibration value. Nevertheless, when we report all the calibration factor respectively to the first
GCal1 value, the calibration factor changes can be monitored. The figure 2 below present the calibration value
since 2006. A clear evolution is seen with significant variations during the Jacob paper and our study. Around
the measurement period, a slow increase of the calibration value is measured and it as been taken into account
by interpolation.

Figure 2: evolution on the calibration factor of CG5 #167 since 2006 with respect to the first GCal1 Scintrex
parameter. One can note the poor consistency of the Scintrex calibration due to the smaller calibration line
used.
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