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[1] Inverse modeling is presented and applied to the computation of groundwater inflow
in a shallow aquifer (the Alsace aquifer, west of the Rhine River, France) by separating
pressure head variations into three components: recharge from rainfall, and exchanges
with surface water in the Rhine River and in tributaries flowing out of the Vosges
Mountains. The point estimates are interpolated for the whole aquifer to visualize the
proportion of contribution and the response times. To represent the surface water/
groundwater exchange, this method uses directly observed data of streamflow,
precipitation, and pressure head without requiring either spatial description of the
hydrosystem or knowledge of the boundary conditions on both sides of the Rhine (the
border between France and Germany). Several zones of the aquifer are shown to be
strongly influenced by the hydrographical network where response times are short.
Although the direct influence of the Rhine is limited to its immediate surroundings, it
contributes to maintaining the low level of the Alsace water table as a whole. The response
time of recharge from rainfall closely reflects the thickness of the vadose zone south of
Selestat and at the northern end of the Alsace plain whereas it discloses the contours and

the thickness of the loess terraces nearby and south of Strasbourg to Selestat.

Citation:
Resour. Res., 42, W08414, doi:10.1029/2005WR004587.

1. Introduction

[2] The surface water network of the Alsace plain and its
relations with groundwater have been subjected to particular
attention, due to both the vulnerability of the hydrosystem
and the particularity of the ecosystem [Carbiener, 1983;
Trémolieres et al., 1993, 1994, 1997; Kaden, 1994; Schmitt,
2001; Sanchez-Pérez and Trémolieres, 2003].

[3] The Alsace (or Rhine) aquifer in the Quaternary
alluvium of the Rhine graben in France is one of Europe’s
major groundwater resources. Extending from the Rhine
River in the east to the Vosges mountains in the west, it
contains an estimated 35 km” of groundwater and supplies
most of the water used for domestic, agricultural, and
industrial purposes with 0.35 km?®, which corresponds to
20% of the total groundwater output. The shallow aquifer
creates typical landscapes, the so-called Alsacian “rieds”
(from the reeds that typically grow there) and wetlands.
Poorly protected by permeable cover sediments, it is par-
ticularly vulnerable to both point-source and nonpoint-
source pollution of agricultural or industrial origin,
including salt water and brines produced by former potash
mines. The groundwater level is affected by (1) recharge
from rainfall, (2) lateral inflow by infiltration in the Vosges
mountains, (3) exchanges with the surface water network
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recharging or draining the aquifer, and (4) pumping for
domestic, industrial, or agricultural needs. Water table
fluctuations have consequences on the landscape and
on human activities: drying up of wetlands, groundwater-
induced floods, and the propagation of pollution.

[4] We propose a method for characterizing water table
variations by separating the fluctuations of groundwater
head into components associated with recharge from rainfall
and exchanges with the surface water network, and by
estimating response times. Parametric impulse responses
are computed at piezometer locations in order to quantify
the contribution of each component and the mean transfer
times. Kriging is used to extend the point estimates to the
entire aquifer.

[5] Contrary to meshed models, this method does not
require either spatial description of the hydrosystem or
knowledge of the boundary conditions on both sides of
the Rhine (the border between France and Germany) since
head variation separation is done point by point before
kriging, without any notion of spatial continuity. This new
approach improves and updates our knowledge of the
Alsace aquifer west of the Rhine, a regional hydrodynamic
model of which has been developed for water resource
management.

2. Field Description

[6] The Alsace aquifer is contained in the alluvia depos-
ited by the Rhine and its tributaries during the Pliocene and
the Quaternary in the Rhine %raben (Figure 1). It extends
over approximately 3040 km”. The alluvia of the Alsace
plain include (1) Rhine sands and clay deposits mostly with
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Map of the Alsace region.

material from the Alps; (2) alluvial cones of the Vosgian
rivers; and (3) Pliocene alluvia in the Haguenau area. These
gravel-sand alluvia, with some clay intercalations, are
permeable, especially the Rhine alluvia. The thickness
varies from a few meters on the edges to an average of
70 m, and can reach up to 200—250 m in some depocenters
such as the Geiswasser Basin. The substratum is constituted
of low permeable marls.

[7] Different strata can be distinguished in the alluvium
according to hydraulic characteristics and lithologic com-
position. The recent alluvia near the surface are generally
fresh and permeable, whereas the older, deeper alluvia are
more or less weathered, more silty, and generally less
permeable. These strata are separated in places by clay
and fine sand layers. These intercalations can locally
constitute hydraulic barriers that prevent vertical circulation
and protect deep groundwater from surface pollution. The
vertical circulation velocity and response time allow to
estimate the risk of point-source and nonpoint-source pol-
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lution. The zones characterized by long response times are
around Strasbourg where large areas are covered by a thick
layer of fine, low permeable loess, and in the west, in the
middle of Alsace, where the vadose zone is relatively thick.

[8] Southern Alsace is influenced mainly by leakage from
rivers (i.e., the Ill river and small rivers flowing out of the
mountains in the south of the study zone) and canals (such
as the Hardt canal, used for irrigation). These surface waters
contribute significantly to the water flux collected by the
aquifer.

[9] The circulation velocity of groundwater from south to
north in the Rhine graben is only 1-2 m/d on average due
to a low slope of around 0.1%. Groundwater flows to the
east or northeast only near the Vosges.

[10] The thickness of the vadose zone varies between a
few tens of centimeters to more than 10 m in the Hardt area.
In the rieds, the groundwater is close to the surface and
upwells in artesian springs. The water table varies, in
general, 1-3 m/yr.

[11] The climate of the Alsace plain is continental, with low
rainfall in the central part (600 mm/yr). The Vosges mountains
are characterized by a stronger influence of the oceanic
climate, mean annual rainfall reaching 2300 mm in the High
Vosges. The groundwater is recharged by (1) Vosgian
rivers around their outlets in the plain, (2) canals partly
supplied with the Rhine in the southern, upper Rhine
valley, and (3) rainfall on all surfaces through the silt and
layers of loess. Nevertheless, the functioning of the
Alsace aquifer is controlled mainly by exchanges with
the surface water network, the rivers downstream from
Colmar both recharging and draining the groundwater.
Rainfall does not contribute more than 15-20% on
average to the recharge. The surface area of the Rhlne
catchment at the input of the Alsace plain is 37,000 km?.
The Rhine flow depends mainly on the melting of the alpine
glaciers, and the water level can be low in the winter. High
water levels are generally observed in the winter or spring and
flow is maintained in summer. Vosgian river flow is con-
trolled by snowmelt and rainfall in the Vosges mountains, and
flooding occurs in winter.

3. Mathematical Modeling and Numerical
Analysis

[12] A general method consists of developing inverse
models where the quintessential problem is determining
conductivity from observations of hydraulic head. This is
usually achieved through systematic fitting of parameter
values to match measured values [Carrera and Neuman,
1986; Cooley et al., 1986; Yeh, 1986; Carrera, 1987; Ginn
and Cushman, 1990; Sun, 1994; Kitanidis, 1995, 1999;
Ramarao et al., 1995; Lavenue et al., 1995; McLaughlin
and Townley, 1996].

[13] The approach presented here separates spatial coor-
dinates and time [Pinault, 2001; Pinault et al., 2001a,
2001b, 2004, 2005]. Instead of estimating conductivity
according to spatial coordinates, which uses regularization
techniques to obtain a regular solution, each piezometer is
processed independently and the piezometric levels are
separated into components according to time. The number
of components is set from the inputs of the inverse models,
provided they can be decorrelated, which presupposes that
the cross correlogram obtained from every pair of input
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Figure 2. The transfer model used to separate pressure head variations into three components:
(a) recharge from rainfall, (b) exchange with the Rhine, and (c) exchanges with the Vosgian surface water
network. Input and output variables are dimensionless (divided by their standard deviation). Gray boxes

refer to measured data.

signals is lower than 0.75, whatever the lag. Nevertheless,
this condition is not sufficient and the impulse responses
must be as short as possible. Indeed, the components that
are used are effective rainfall and streamflow. The longer
the impulse responses, the more correlated the inputs
appear, since long-term correlation is unavoidable due to
the influence of rainfall on streamflow.

[14] The Alsace aquifer head variations can be sepa-
rated into three components: (1) recharge from rainfall,
(2) exchanges with the Rhine River, and (3) exchanges with
the Vosgian tributaries. To make head variation separation
reliable, a parametric model is used as impulse responses,
which decreases the number of degrees of freedom of the
inverse model. Piezometric series are selected so that there are
enough observation years to be representative of low and high
groundwater level conditions, i.e., at least 10 years.

3.1.

[15] The transfer model architecture is shown in Figure 2.
It is relating three inputs (effective rainfall, flow in the
Rhine River, and flow in Vosgian drainages) to the variation
in pressure head in piezometers. The relationship between
the inputs and outputs is based on impulse response
functions, the parameters of which are obtained through
the inversion, i.e., the minimization of the quadratic form

S (AHous (1) — Ao (1))

i=1,N
where AH, and AH,,.4 are the observed and the modeled
pressure head variations.

[16] Exchanges between the groundwater around a pie-
zometer and a stream can be considered as proportional to
the water level in the stream, regardless of the direction
and the absolute value of the hydraulic gradient since
variations in water level in the stream are much faster than
groundwater level variations. The variables used as input
and output in the inverse models are dimensionless; they
are divided by their standard deviation. Water level in the
stream can therefore be replaced by streamflow if the water
level and streamflow are proportional, which is generally
the case within a large variation interval of river bank
water level. Biases are often observed for low or high
water levels, when the gauging curves deviate from the
linearity, but they have little effect on the results. Since
input and output variables are reduced to unit standard

Transfer Model Architecture

deviation, inverse models are robust (streamflows fulfill the
equation of continuity) and insensitive to mean rainfall in
particular places of the basin. Short-term rainfall variations,
however, have a strong influence on the transfer model
outputs.

[17] The mathematical development is based on that of
Pinault et al. [2001a, 2001b, 2005]. Considering the flow
Qq(?) of the Rhine and the flow Q,(#) of a Vosgian stream
considered as representative of the surface water network,
the following relationship can be written

AH(I) = AT = Reﬁ” + NIy = Ql + XN Iy * QZ + €, (1)

where the asterisk represents the discrete convolution
product; AH(?) is the piezometric level expressed in relation
to the low groundwater level; I', T';, I', are normalized
impulse responses (the area being unity): I is the transfer
function of effective rainfall R 4 into the aquifer, and I'; and
T, are transfer functions related to flows Q; and Q,; they
express recharge and drainage of the aquifer by the streams.
The variables AH(?), R, Qy, and Q, are reduced to unit
standard deviation.

[18] The X, \;, and X\, are positive factors related by the
relationship

ARy /AH + \Q, /AH + X,Q,/AH = 1, 2)

which expresses water mass conservation. The terms X\.R;
A1Qq, and \,Q, represent the contribution of rainfall and
streams to the water flux collected by the aquifer. The
random part, €, the mean of which is zero, represents erratic,
complex, and usually short term variability of the pressure
head that is not explained by the model, including
measurement errors, and whether they are due to instru-
mentation or sampling defects.

3.2. Parametric Impulse Responses

[19] Impulse responses I', T';, ', are defined on the
interval [0,7] so that

(1) :Aexp<—ln(2)(t,~ - T)2/D2) x exp(—;1n(2)/L)
o< <7

I'(4;) =0 elsewhere
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(a) Autocorrelograms of pressure heads measured at three piezometers. The regulation times

of pressure heads are defined from the intersection of their autocorrelograms with the dotted line y = 0.2
as indicated by the arrows. (b) Cross correlograms of some variables used as inputs in the inverse models.

This model is the expression of the recharge represented by
the Gaussian exp(—In(2)(t; — T)*/D?) to take into account
dispersive effects leading to the broadening of impulse
responses, followed by its discharge represented by the
exponential law exp(—¢; In(2)/L) to take into account the
recession. Parameter 7 represents the delay of the recharge
process after a rainfall event or a flow impulse, depending
on the impulse response, D represents the duration of the
recharge, L is the recession constant, and A4 is the normal-
ization constant. The succession of these two phenomena is
the convolution product of the recharge law by the dis-
charge law. Because of its small number of degrees of
freedom (three per impulse response), this parametric model
does not need any regularization technique to be calibrated:
The small number of degrees of freedom as well as the
water mass conservation (2) make that the equation (1) is
invertible.

3.3. Reference Level of Piezometers

[20] For each piezometer, the reference level H® from which
are expressed the hydraulic head variations AH = H — H’
corresponds to the low groundwater level. This reference
level is estimated so that

HO =m— BO', (4)

where m and o are the mean and the standard deviation of H,
respectively. The parameter 3 takes the value 2.5 when the
regulation time of the piezometric level H is less than 1 year,
which corresponds to a 160-year return period of H°
provided H follows a Gaussian distribution. The 3 takes
the value 3.95 when the regulation time is 2 years, the
return period being 1607 years if the climatic conditions of
two successive years can be considered as independent.
The actual value of 3 is interpolated from the actual value
of the regulation time of H, which is estimated from the H
autocorrelogram (Figure 3a).

3.4. Calculation of Effective Rainfall From Rainfall
and Potential Evapotranspiration (PET)

[21] The mean effective rainfall Kﬁ is such that

Ry =7vR, (5)

where v is the proportion of rainwater lost by evapotran-
spiration, i.e., the mean contribution of rainfall to effective
rainfall whose value oscillates around 0.45 depending on
the piezometer.

[22] Effective rainfall R4 is calculated from rainfall R
and the effective rainfall threshold €2, such that

if R(#;) > Q(#)

R (1) = : (6)

{ R(t;) — Q(4)

0 if R(%;) < Q(#;)

The effective rainfall threshold (#) is related to both
rainfall and potential evapotranspiration, such that

Q= I‘Q_’PET * PET + FQ?R * R+ CSt7 (7)

where I'q pgr and I'g g are impulse responses of €2 to
potential evapotranspiration PET and to rainfall R,
respectively. These impulse responses are represented by
trapezes with four degrees of freedom, with I'q pgr being
positive, I'g » being negative; rainfall induces a decrease in
), whereas potential evapotranspiration produces an
increase in €2. The impulse responses and the constant C**
are obtained in the inverse method.

3.5. Regionalization of Rainfall at the Basin Scale

[23] Rainfall data from several weather stations are there-
fore used in order to reveal pluviometers whose short-term

0.8
0.7
0.6 % Weighted sum
059 ™% - - - ‘Strashourg
0.4 4 b Y Selestat
0.3 - A Haguenau
0.2 1 S — — Colmar
0.1 4 Kembs
0.0 T T T T T
0 10 20 30 40 50 60 lag(d)

Figure 4. Cross correlograms between the Il flow at
Ensisheim and effective rainfalls.
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Table 1. Representation of the Contribution of Rainfall Data Measured at Rain Stations to the Weighted Sums Ry,

Estimated From Vosgian River Flows"

Weight Associated to Rain Stations

Catchment Distance From Kembs

Area, km? Kembs, km (Mulhouse) Colmar Selestat Strasbourg Haguenau
Doller (Reiningue) 180 25 0.21 . 0.30 0.49
111 (Ensisheim) 1038 31 0.44 0.09 0.22 0.25
11l (Colmar) 1784 55 0.40 0.08 0.25 0.27
Fecht (Ostheim) 447 62 0.29 0.33 0.38
Weiss (Kaysersberg) 117 64 0.23 0.36 0.41
Giessen (Selestat) 260 73 0.13 0.41 0.46
Andlau (Andlau) 42 86 0.10 .. 0.37 0.53
Sauer (Beinheim) 541 145 0.03 0.12 0.08 0.77

“Ten years are used for calculations. The weights associated to the Ill River are almost the same because 58% of streamflow at
Colmar comes from Ensisheim. The Strasbourg station never contributes to the weighted sums, and the weights associated to
Colmar are low. The only stations whose weight is significant are Kembs, Selestat, and Haguenau, the contribution of which

seems not related to the location of gauging stations.

fluctuations are correlated with Vosgian river flows. A sum
Ry, of rainfall series is defined so as to optimize the
contribution of each pluviometer to the transfer models.
For every model of which the output is a Vosgian river flow
0, the cross correlogram Corg_o(T) of Ry; and the output is
maximized. From the weighted sum,

Rg:ZékRk

k=1p

& >0k=1,--,p

D=1 (8
k=1p

(p being the number of pluviometers), the cross correlogram
Corg,_o(T) of Ry, and the output of the transfer model can be
written as

5 [Re(n) ~Rs][0(+7) - O]

i=1,

Z [Rz(ll‘) — Ef Z [Q(tl) - Q]

i=1,N i=1,N

Corp, o(T) = 9)

5

where Ry, and O are the mean of Ry(z) and O(%),
respectively (N being the number of sampling steps).

[24] The weighting factors §; are calculated so that they
maximize the objective function:

Os = Corg, o(T)) (10)

=18

defined from the cross correlogram Corg_o(7;) for small
lags (Table 1, Figure 4).

[25] The higher the objective function Oy, the stronger
the causal relationship between the weighted rainfall series
Ry reduced to unit standard deviation and the output O and,
consequently, the more representative the combination of
pluviometers.

[26] As observed by Pinault et al. [2005], although the
mean rainfall significantly varies onto the basin (there are
strong gradients from the mountains into the plain), the
weighted rainfall series Ry, are strongly correlated at the
catchment scale with a 15-day time step (Figure 5). Indeed,
the weighted sums depend little on the location and the
reduced rainfall can be considered as homogeneous at broad
scale. In other words, all the linear combinations proposed
in Table 1 should be considered as equivalent regardless of
the location.

[27] Potential evapotranspiration is obtained from the
Colmar weather station. The addition of other stations does
not improve the accuracy of the models.

3.6. Data Processing

[28] For each piezometer, the inverse method aims to
calculate the impulse responses I', I'y, I'», T pe7s T &, the
constant C*, and the factors \, \;, and \,, which represent
20 degrees of freedom. From a numerical point of view, the
problem is well posed and the solution may be considered
unique. No regularization method is therefore needed for
inversion. Indeed, regularization techniques in ill-posed
problems are required to select the most likely solutions
that are the smoothest solutions according to the parsimony
principle. In the present inverse model, the solutions are
smooth by construction since they are defined from para-
metric models, whether it is question of transfer functions
(3) or impulse responses of €2 to potential evapotranspira-
tion PET and to rainfall Ry..

[29] Data processing is done using the TEMPO code
[Pinault, 2001]. Modeling is done with a 15-day sampling
rate (all series are aggregated over contiguous 15-day

Kembs
1.0 ¢

0.9 :
—e—Rain gauges

Colmar —a—Weighted sums

0.8

0.7 4
Haguenau
0.6

Selestat

0.5 - Strashourg

0.4 T T T

0 50 100 150 200 km

Figure 5. Correlation distance of rainfall. The abscissa
represents the scale spacing along a curve line starting from
Kembs passing by Colmar and joining Haguenau. Small
variations in the correlation coefficients of the weighted
sums are not significant, maybe except a slight north-south
trend, whereas the correlation coefficients of rainfall data
measured at weather stations decrease drastically. Thus
disagreements between reduced rainfall data measured at
rain stations are mainly due to the noise since the weighted
sums turn out to be homogeneous at broad scale.

50f13



W08414 PINAULT AND SCHOMBURGK: SURFACE WATER/GROUNDWATER EXCHANGES W08414
m —— Mods] Am Precipitations mmi15d
10 -
2 | ——piezometer 016980002 30 fie=gaanimEeE 120 — Omega
sl == wd 9 — Rainfall
109 20 4 a0
1.5 4 60
108 - 1.0 A 40
0.5 4 20
107 +—+——+—+—+—+——+—+—+—+—+ 0.0+ 0
8 85 90 92 94 95 93 00 86 94 9 95 9% 985 93 00
Figure 6. Inverse modeling of groundwater recharge (piezometer 01698X0002 influenced by the

Rhine) with a sampling step of 15 days. The variables are expressed in their initial units. (a) Comparison
of observed and modeled pressure heads. The Nash coefficient is 0.93. (b) The components of the
piezometric variations above the reference level (106.34 m). (c) The effective rainfall threshold €2(¢;);

42.2% of total rainfall contributes to groundwater.

periods), which minimizes discrepancies between the mod-
els and observations.

[30] The separation of head variations leads to the esti-
mation of the three weights \.R,7/AH, \,Q,/AH, and
X2Q,/AH, the sum of which is 1 from (2). The weights
represent the mean contribution of rainfall and streams to
head variations. The associated mean response times are the
expected value of the lag T, i.e.,

T=06 Y il(id)

i=0.1,...N

where 6¢ is the sampling step, I' is the corresponding
impulse response the order of which is N.

[31] The cross correlograms of variables used as inputs
of the inverse models (Figure 3) show that the Rhine flow
at the entrance to the Alsace plain (Kembs gauging station)
is not influenced by rainfall on the basin. Since the surface
area of the Alsace plain is only 8% of that of the Rhine
catchment upstream, Rhine flow can be considered to be
independent of the effective rainfall in the plain. It is,
however, strongly influenced by rainfall in the Alps and
snowmelt, hence the high flow in summer. The Vosgian
river flows are much more influenced by rainfall on the

Precipitations
YYosgean rivers
esoccccca R hine

04

0.3
024

0.1 4

0.0 =

Alsace plain. Heavy rainfall events are followed by peak
flow in all rivers after a 1- or 2-day delay. However, the
cross correlograms do not exceed 0.5 since Vosgian river
flow depends strongly on the type of rainfall upstream,
which differs from that in the Alsace plain due to both the
altitude and the climatic barrier created by the Vosges
mountains. Effective rainfall and Vosgian river flow can
therefore be separated in the inversion process. On the
other hand, the Vosgian rivers are much too intercorrelated
to be treated independently. Their cross correlogram
exceeds 0.8. Only one of them must be selected at the
input of the models to represent exchanges between surface
water and groundwater. There are many Vosgian rivers, and
their flow reflects the geology of the formations they drain
and rainfall in the Vosges mountains. Various rivers are
therefore selected depending on the location of the piez-
ometers: from north to south, the Sauer at Beinheim, the
Andlau at Andlau, the Weiss at Kaysersberg, and the Il at
Ensisheim.

[32] Data processing of three piezometers is explained to
show how the effect of rainfall and exchanges with surface
water can be characterized: piezometer 01698X0002 influ-
enced mainly by the Rhine, piezometer 01995X0012 influ-
enced by Vosgian rivers, and piezometer 04137X0147
representative of the confined area of the Alsace aquifer.

0.4 ——Rainfall
b) —PET

0.3

0.2 4

0.1 4

0.0 4

lag (d)

100

01
] 10

T

T

20

30

40
lag (d)

Figure 7. Piezometer 01698X0002. a) Impulse responses I', I';, T', relative to precipitations and
exchanges with Vosgian rivers and Rhine. (b) Impulse responses of the effective rainfall threshold €2 to
rainfall and potential evapotranspiration (PET).
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Figure 8. Inverse modeling of groundwater recharge (piezometer 01995X0012 influenced by the

Vosgian rivers). (a) Comparison of observed and modeled pressure heads. The Nash coefficient is 0.86.
(b) The components of the piezometric variations above the reference level (117.18 m). (c) The effective
rainfall threshold €(#); 37.6% of total rainfall contributes to groundwater.

3.7. Piezometer 01698X0002 (Lauterbourg, Northern
End of the Alsace Plain) Influenced by the Rhine

[33] Data processing is represented in Figure 6. The
Sauer at Beinheim is used to represent the Vosgian rivers.
Figure 6¢ shows the effective rainfall threshold €2 used to
calculate effective rainfall from the combined rainfall Ry, (6).
This threshold represents both the available soil-storage
deficit and the proportion of rainfall that runs off toward
the surface water network. It is close to zero in winter when
most of the rainfall contributes to groundwater recharge.
Impulse responses are short (Figure 7a). Response times
to the aquifer are 15.3 days for rainfall, 16.8 days for
Vosgian rivers, and 16.5 days for the Rhine. The mean
contributions are 1.9%, 16.6%, and 81.5%, respectively. At
this location, the water table closely follows the level of the
Rhine. Indeed, the Rhine maintains the low groundwater
level during the summer. The symmetry of the rapid increase
and decrease of impulse responses to surface water flow
variations shows that groundwater is either drained or
recharged by the surface water network. The rainfall contri-
bution is negligible.

3.8. Piezometer 01995X0012 (Northern End of the
Alsace Plain) Influenced by the Vosgian Rivers

[34] Data processing is represented in Figure 8. The Sauer
at Beinheim is also used to represent the Vosgian rivers. The

0.20 Precipitations [
a) YYosgean rivers
015 - roocccocet Rhine
0.10 4
0.05 4
0.00 . . —_
0 50 100 150

lag (d)

groundwater near piezometer 01995X0012 in the north of
the Alsace Plain is strongly influenced by the Vosgian
rivers, although the low groundwater level is maintained
by the Rhine flow during the summer (Figure 8b). Response
times to the aquifer are 34 days for rainfall, 25 days for
Vosgian rivers, and 93 days for the Rhine (Figure 9a). The
mean contributions are 7.6%, 64.9%, and 27.5%, respec-
tively. The rainfall contribution is low compared with
exchanges with the surface water network. The rapid
increase in the impulse response relative to the Sauer flow
indicates the short delay between peak flow and the pressure
head increase, whereas drainage is more delayed.

3.9. Piezometer 04137X0147 (Rixheim, Southern End
of the Alsace Plain) Representative of the Confined
Part of the Alsace Aquifer

[35] Data processing is represented in Figure 10. The IlI
at Ensisheim is used to represent the Vosgian rivers.
Response times to the aquifer are long, 182 days for rainfall,
361 days for surface water (Figure 11a), which characterizes
the behavior of either confined or unconfined groundwater
in a poorly transmissive aquifer. Indeed, response times
show that both the vadose and saturated zones have low
transmissivity at this location where the vadose zone is over
20 m thick. The aquifer is recharged by rainfall and the
Vosgian rivers, the Rhine contribution being insignificant.

0.4
b)
0.3 4 ——Rainfall
—PET

0.2
0.1 4
0.0
0.1 T T T T

0 10 20 30 40

lag (d)

Figure 9. Piezometer 01995X0012. (a) Impulse responses I', T'y, I', relative to precipitations and
exchanges with Vosgian rivers and Rhine. (b) Impulse responses of the effective rainfall threshold €2 to

rainfall and PET.
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Figure 10. Inverse modeling of groundwater recharge (piezometer 04137X0147 representative of the
confined part of the aquifer). (a) Comparison of observed and modeled pressure heads. The Nash
coefficient is 0.88. (b) The components of the piezometric variations above the reference level (211.95 m).
Contribution of the Rhine is zero. (c¢) The effective rainfall threshold Q(#); 52.9% of total rainfall

contributes to groundwater.

The mean contributions are 12.0% for rainfall, 87.5% for
Vosgian rivers, and 0.5% for the Rhine. The asymmetry of
impulse responses reveals a recharging of the aquifer by the
surface water network, whereas groundwater discharge is
much slower, which suggests that the latter is controlled by
regional groundwater flow. The impulse responses of the
effective rainfall threshold €2 to rainfall and PET repre-
sented in Figure 7b, Figure 9b, and Figure 11b are similar
among the three examples.

3.10. Kriging of the Mean Contributions and Mean
Response Times

[36] Figure 12 represents the mean contribution of rainfall
and the influence of the surface water network on ground-
water. Mean transfer times are presented in Figure 13.
Interpolation is done by kriging from 180 piezometers that
are not strongly influenced by pumping, hence there is a
density of one piezometer per 16 km”. Indeed, there are
nearly 200 piezometers in the Alsace aquifer, some of which
have been functioning since 1950. The sampling rate varies
between 1 day and 1 week.

[37] The variograms of the mean contributions and mean
response times are shown in Figure 14. Only the variograms
related to the recharge from rainfall exhibit a nugget effect
(Figure 14a and 14d), which discloses the short-scale

0.03 —— Precipitations [
a) —"%osgean rivers
0.02 1
0.01 1
a 500 1000
lag (d)

Figure 11.

variability of the vadose zone transmissivity. The correla-
tion range does not overreach 5—7 km in all cases with two
exceptions:

[38] 1. The correlation distance of the contribution of the
Rhine to the recharge vanishes rapidly and the mean vario-
gram exhibits oscillations (Figure 14b) because the influ-
ence of the Rhine on groundwater decreases as we move
away from the river bed. This influence is enhanced within
a strip along the Rhine, the spatial structure of which is
complex depending on the geometry of alluvial deposits.

[39] 2. The correlation distance of the influence of the
Vosgian rivers on the water table reaches 20 km
(Figure 14c), which is in relation with the pseudoperiodical
distribution of these rivers that form a dense network in the
foothills of the Vosges.

[40] The spatial representation of the goodness of fit of
the pressure head is shown in Figure 15 from the R?
coefficient:

R — Z (AHobs (1;) — AHmoa(£;))°

(AHobs(ti) +AHmod(ti))2, (11)

0.4
b)
0.3 1
——Rainfall

0.2 - —PET
0.1 1
0.0 1
0.1 T T T T

0 10 20 30 40
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Piezometer 04137X0147. (a) Impulse responses I', I'; relative to precipitations and

exchanges with Vosgian rivers. (b) Impulse responses of the effective rainfall threshold €2 to rainfall and

PET.
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Figure 12. Mean contribution of rainfall and the surface water network to the Alsace aquifer from the
inverse modeling of groundwater. Kriging is carried out with a cubic ordinary variogram. (a) Rainfall. (b)

Rhine. (c) Vosgian rivers.

where AH,,s and AH,,,q represent the observed and the
modeled pressure head variations, both being centered,
which is the ratio of the moments of inertia of the cloud
(AHyps, AH,oq) in relation to the first and the second
bisectors (the center of gravity of the cloud is the origin of
coordinates). The poorest correlations between the observed
and the modeled pressure heads are reached at the north of
Strasbourg and at the southern part of the Alsace water
table, disclosing spatial patterns. At the south, bad
correlations occur on the side of the Hardt canal opposite
to the Rhine, where the Rhine contribution is still high and
strongly delayed while the Rhine signal is blurred by the
Hardt canal used for irrigation. At the north of Strasbourg,
bad correlations are observed where the recharge from
rainfall is significant while the response time of the water
table is delayed, due to the low transmissivity of the vadose
zone.

4. Analysis and Discussion
4.1. Contribution of the Rhine

[41] The main contributions of the Rhine associated
with a short response time of less than 50 days are
concentrated along the Rhine. They reveal the principal

zones of exchange between the Rhine and the aquifer.
Groundwater pressure head variations are concomitant with
Rhine flow variations at the sampling rate scale, i.e., 15 days,
near the port of Strasbourg, where wet docks help maintain
the groundwater level, and south of Colmar. The main
contributions of the Rhine associated with long response
times (more than 50 days) reveal areas where the Rhine
recharges the aquifer when the groundwater level is low.
These are the Plobsheim region and the strip of land between
the Hardt canal and the Rhine. The area south and north of
Colmar where the 11l infiltrates also contributes significantly
to maintaining the groundwater level when it is low.
Exchanges between the Rhine and the aquifer are limited at
the southern end of the Alsace plain where the vadose zone is
over 20 m thick. The influence of the Rhine on groundwater
decreases as we move toward the Vosges where the influence
of Vosgian rivers increases. One exception is observed south
of Colmar where the Rhine contribution is nearly 50%,
probably because the Huningue canal, which is connected
to the Rhine, flows into the Il in summer.

4.2. Contribution of Vosgian Rivers

[42] The most highly influenced regions are located in the
foothills of the Vosges and along the Ill River. South of
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Figure 13. Mean response times of rainfall and surface water to the Alsace aquifer. Kriging is carried
out with the same conditions as in Figure 12. (a) Rainfall. (b) Rhine. (c) Vosgian rivers.
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Figure 14. Mean variograms of the contribution to the recharge of (a) the rainfall, (b) the Rhine, and
(c) the Vosgian drainages, and mean variograms of the response time of the water table to (d) the rainfall,
(e) the Rhine, (f) the Vosgian drainages.
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Strasbourg, the Plobsheim water body (river lake) main-
tains the balance between the groundwater level and that
of the Rhine. The influence of Vosgian rivers on ground-
water decreases as we move toward the Rhine, apart from
areas where there is a significant anthropic impact. In
particular, the Hardt canal is filled in summer in order to
maintain the groundwater level for irrigation. This may
introduce confusion between the contribution of the Vos-
gian rivers and the Rhine in the transfer model, as it is
reflected by the low value of the correlation coefficient R
in Figure 15.

[43] The Vosgian rivers influence two zones in particular:
the northern and southern ends of the aquifer. In the north,
where the hydrographic network is dense, more than half of
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the amplitude of the piezometric variations is attributed
to exchanges between groundwater and Vosgian rivers.
Response times are short, which indicates the high trans-
missivity of the aquifer formation and significant leakage
from the hydrographic network. On the other hand, at the
southern end of the aquifer, response times between the
hydrographic network and the groundwater are long, more
than 1 year where the vadose zone is more than 20 m thick.
This indicates a low transmissivity of the vadose zone and
aquifer. The Sundgau, which drains a multitude of small
catchments, also recharges this area.

4.3. Contribution of Rainfall

[44] Effective rainfall contributes little to the piezometric
variations (Figure 12a). Its contribution exceeds 30% only
on the northern part at the foothills of the Vosges where the
hydrographical network is sparse, and 20% to the east of a
Colmar-Sélestat line where the vadose zone is less than 3 m
thick (Figure 16). Reciprocally, it is low wherever the
hydrographical network is dense because the soils have
low permeability, which is favorable to the formation of
wetlands. Infiltration is low south of Colmar where the
vadose zone is over 10 m thick. The wetlands (the Grand
Ried between Selestat and Strasbourg, the Bruch of the
Andlau, the Zorn and the Moder) respond rapidly to
precipitation due to the thinness of the vadose zone. South
of Selestat, therefore, the response time of nearly 1 m per
10 days accurately reflects the thickness of the vadose zone
at the regional scale (Figure 16). This shows that the
permeability of the vadose zone is relatively homogeneous,
apart from localized places. This strong similitude also
appears at the northern end of the Alsace plain where the
vadose zone is less than 2 m thick. On the other hand, the
comparison of Figure 16a and 16b shows that the response
of groundwater to rainfall is strongly delayed in the
neighborhood of Strasbourg where the loess terraces
are 5—10 m thick, the response time being 1 m per 50 days
in some places. The great differences in vadose zone
permeability reflect the contours and thickness of the
terraces. More generally, the comparison of Figure 16a
and 16b shows up the extension of loess plates in the
northern half part of the Alsace plain.

5. Conclusion

[45] Separation of pressure head variations in the Alsace
aquifer into three components related to rainfall, Vosgian
rivers, and the Rhine greatly increases our understanding of
recharge mechanisms and exchanges with the surface water
network of this major groundwater system at the regional
scale. In particular, several zones of the aquifer are shown to
be strongly influenced by the hydrographical network where
response times are short. Although the direct influence of
the Rhine is limited to its immediate surroundings, it
contributes to maintaining the level of the Alsace aquifer
as a whole. This is significant when groundwater levels are
low due to the long response times of more than 100 days.
Direct recharge of groundwater by precipitation occurs only
where the vadoze zone is thin. Rainfall does not signifi-
cantly influence the groundwater level south of Colmar or in
the northern part of the aquifer where soils are relatively
impermeable. The mean response time of rainfall closely
reflects the thickness of the vadose zone south of Selestat
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(a) The response time (days) in the vadose zone compared with (b) the thickness (meters) of

the low-water vadose zone (APRONA, from regional hydrodynamic model data).

and at the northern end of the Alsace plain, whereas it
discloses the contours and the thickness of the loess terraces
nearby and south of Strasbourg to Selestat.
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