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Abstract

Groundwater fluxes can be highly variable in botlace and time, which is a factor of uncertainty in
groundwater flow modelling. This project aims topiement appropriate techniques to assess spatio-
temporally groundwater recharge and thus improeea¢hability and forecasting capabilities of growater
flow models. The methodology is composed of thdowihg steps: (i) design of field specific data
acquisition schema to capture the spatial varigbilii) intensive hydrological data monitoring tbtain the
temporal variability of fluxes; (iii) developmenf a spatio-temporal recharge assessment protocatsfo
dynamic integration with numerical groundwater flawadel. The recharge model is developed as a lumped
parameter approach and requires a set of soil qnifiea parameters that can be obtained by stanzdd
work and laboratory measurements.

The developed procedures are tested on the Pistelsnent of the semi-arid zone of Alentejo province
(Portugal).

As the lateral heterogeneity of the clayey topsabk considered crucial for the reliability of trecharge
model, field data acquisition focused on: (i) agpérelectrical conductivity measurements, using the
Geonics™ ground conductivity meter EM-31, to derive topgbickness and extrapolate it through kriging
with external drift using high resolution multispred images as auxiliary maps; (i) drilling andgauing,
which allowed soil profiling observations and deptimpling to determine vadose zone hydraulic ptagser

in laboratory.

Monitoring at strategic locations of the catchm@novided the driving forces (rainfall and potential
evapotranspiration) and the state variables (soitture and hydraulic heads) of the system.

Data integration determined the depth-wise diszaitn of the vadose zone and its parameterizalibe.
developed recharge model (pyEARTH-2D) solves théemwbalance in the topsoil layer through linear
relations between fluxes and soil moisture. pyEARAis coupled with flow model MODFLOW and its
calibration is done against transient groundwayeirdulic heads. First results showed improvemehthe
groundwater flow model solution in the Pisoes cateht.

Further work in this research direction will focas developing the dynamic link involving simultanso
calibration of pyEARTH-2D and groundwater flow mbddODFLOW through the PEST parameter
estimation algorithm.
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SPATIO-TEMPORAL GROUNDWATER RECHARGE ASSESSMENT: A DATA-INTEGRATION AND MODELLING APPROACH

1. Scope of the study

1.1. Statement of the research problem

Numerical flow models are nowadays a powerful timol groundwater management. They allow to
predict dynamic responses of aquifers in reactmwdrious groundwater abstraction scenarios and
climatic or land use changes. A reliable groundwaiwdel requires both an accurate physical
representation of an aquifer system and appropbaiendary conditions. While parameters like
hydraulic conductivity (K) and storativity (S) aseatially dependent and time invariant, groundwater
fluxes such as recharge (R), evapotranspiratiorm frgroundwater (Ejj and groundwater
inflow/outflow (Q) can vary in both space and tinvultiplicity of combinations between parameters
and fluxes leads to a non-uniqueness of modelisakiwhich limits their reliability and forecasting
capability.

The spatial determination of model parameters (Kis& difficult and costly task due to the typical
heterogeneity and anisotropy of a medium, partibulistinct in hard rock environments (Lubczynski
and Gurwin, 2005; Neuman and Federico, 2003). Aiptsapproach to minimize the non-uniqueness
of solutions and increase the reliability of modisldo constrain them by spatio-temporally variable
fluxes (Jyrkamaet al., 2002; Lubczynski and Gurwin, 2005). The assessnoénsuch fluxes,
particularly in arid and semi-arid zones is nogigintforward (Hendricket al., 2003; Kinzelbactet

al., 2002; Lubczynski, 2000; Lubczynski and Gurwinp20Xu and Beekman, 2003) because: (i) R
cannot be reliably determined (particularly in wditeited areas where R is low) by subtracting attu
evapotranspiration (ET) from rainfall (P), sinceauaidable small errors in the two lead to high
inaccuracy of R; (ii) R is controlled by highly sj@h and/or temporal variability of many factorschu
as climate, vegetation, topography, soil type aneolagical settings; (iii) definition of
evapotranspiration from groundwater (i complex and not well established yet.

The introduction of spatio-temporally dependenuiniiuxes in the time-dependent calibration process
of so-called fully-transient groundwater flow mosleéduces the number of degrees of freedom of the
solution providing more reliable model calibratiohe complexity of the problem and
underdeveloped procedures for data acquisitiomrpnetation and coupling of groundwater flow
models and unsaturated zone models result infdesruse in groundwater management.

1.2. State of the art

One approach to derive the groundwater recharge the subsurface water balance is to consider
Darcy’s law and conservation of mass, through theh&d’s equation. Several models take into
account this equation, that has to be solved nwaléribecause of its non-linearity (Dingman, 2002).
Although Richard’'s equation models can provide goabults, their numerical solution is
computationally demanding, precluding its applimatio regional scales (Thones al., 2006), and
requires detailed soil parameterization generatyavailable. Some examples of such models are the
fully coupled MIKE SHE model (Abbogt al., 1986a; 1986b), which is data demanding and
expensive, and SMILE (Beverlgt al., 1999), SWAT (Arnold and Fohrer, 2005), HYDRUS-2D
(Simuneket al., 1996) and SWAP (Kroes and van Dam, 2003), allipudomain but also complex
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and data demanding. Besides, most of those modelsca coupled with groundwater flow models,
except of the very new package releases such agM&fnset al., 2006) and HYDRUS (Sed al.,
2007), both integrated with MODFLOW (Harbaughal., 2000). However, these packages coupled
with MODFLOW inherited most of the typical disadtages of the Richard’s equation models.

Another approach is to develop models that simghfy representation of the physical processes and
limits the number of parameters to commonly avéaldield information (Finch, 2001; Rushtehal .,
2006). One of such models is the lumped 1D EARTpt@gqch that computes daily recharge based on
deterministic methods that simulate soil physicakcpsses. The EARTH model was widely tested and
proved to be very successful in recharge assessasdnticated for example by its comparison with
SWAP Richard’s equation model (Gehrels, 2000). dtvantage of EARTH model is in its simplicity
and reliability as confirmed by extensive verifioat (Kinzelbachet al., 2002; Lubczynski and
Gurwin, 2005; Xu and Beekman, 2003). Its main drsatiages reside in its limitation in handling: (1)
depth-wise heterogeneity — only one vertical laggpermitted; (2) lateral heterogeneity — curret 1
structure does not account for lateral inflow/autf] (3) separation of recharge from groundwater
evapotranspiration.

The spatial recharge assessment based on watacéatavadose reservoirs requires the development
of methodologies that integrate the 1D in-situ meed data to the spatially discretized recharge
model. Triantafiliset al. (2001) applied successfully geostatistical techaggthat combine the spatial
structure with ancillary variables, as electromaign@g=M) measurements and remote sensing images,
to estimate spatially soil properties. EM measurgmelready showed their applicability to map soll
variability (Corwin and Lesch, 2005). Such techmigjare fast and cost-effective, allowing to acquire
the sufficient amount of data to obtain a reliabiea integration by geostatistical interpolation
(Borcherset al., 1997).

Integration of large quantity of data from diffetesources is nowadays facilitated by developmants i
GIS software that integrate database managememtelss the progress of powerful and easy-to-
learn programming languages that provide the usr avfull set of tools to process, analyse, store
and visualize data. Some examples are the R PrépecStatistical Computing and the Python
Programming Language, all public domain and opemes code. R is an environment (Www.r-
project.org) that provides a wide variety of stated techniques in an integrated suite of software
facilities for data manipulation, calculation amayghical display where the user has full controttoan
operation and output through a simple and effectipeogramming language. Python
(www.python.org) is a dynamic object-oriented peogming language that can be used for many
kinds of software developments. It has a very cl@ad readable syntax, associated with strong
introspection capabilities that allow the userprimduce quickly intelligible and maintainable code.

Non linear parameter estimator such as PEST (Dgh&Q02) allows avoiding arduous, labour
intensive and frustrating task of multi-parametevded calibration. Its recent development allows
simultaneous calibration of multiple models.
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1.3. Objectives of the thesis
1.3.1. Main objective

The main objective of the thesis is to assess spathporally the groundwater recharge, by the
integration of several methods and techniques,itonmeze the non-uniqueness of groundwater flow
model solutions and to increase their reliability.

1.3.2. Specific objectives

Specific objectives are:

@ To select proper techniques and methods for dapaisiton and data integration in order
to characterise spatially the topsoil and vadose zaroperties (thickness and hydraulic
characteristics) in most reliable way at the catehinscale;

(i) To develop a semi-distributed recharge model ambtiple it dynamically with numerical
groundwater flow model;

(iii) To select proper data and methods for model céiilorand validation;

(iv) To use parameter estimation PEST algorithm for Bamaous calibration of models and
assessment of uncertainty and sensitivity anabfdise proposed procedure.

1.3.3. Research questions
1.3.3.1. Main research question

How to assess recharge spatio-temporally in efftdiet reliable way?

1.3.3.2. Specific research questions

- Which processes, driving forces, state variable$ parameters have to be considered in
spatio-temporal recharge assessment?

- How to implement these processes in the model?

- How to capture and retrieve the spatial and thepteal variability?

- How to parameterise the different reservoirs ofrtiualel?

- How to calibrate the model?

1.3.4. Hypotheses
1.3.4.1. Hypotheses on recharge model

Recharge can be efficiently and accurately assespatio-temporally through a semi-distributed
lumped parameter model that solves the water balanthe unsaturated zone, simulated by overlaid
homogeneous linear independent reservoirs, andsticaupled with MODFLOW groundwater model.
Calibration of such distributed recharge modeldselagainst (i) soil moisture of the recharge model
(ii) temporally variable hydraulic heads of the MBIDDW groundwater model.

1.3.4.2. Hypotheses on temporal variability

Temporal variability is captured through Automdiiata Acquisition System (ADAS) monitoring that
provides state-variables and driving-forces tinmese

1.3.4.3. Hypotheses on spatial variability

Inversion of apparent electrical conductivity measwents using the Geonitsground conductivity
meter EM-31 produces electrical conductivity sedfpes. The topsoil thickness is interpreted bg th
simultaneous visualisation/plotting of electricadnductivity profiles and measurements of layer
thickness made by drilling and augering. The tdpgvckness can be mapped at catchment scale
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through kriging with external drift using high réstoon multispectral images as auxiliary maps. The
soil classification can be carried out by groupsogs in classes having the same or similar hydraul

properties. Thus soils profiling observations argbtt-sampling through drilling and augering at
representative sites allow to capture the spasiahbility of vadose zone hydraulic properties.

1.3.5. Assumptions

Fluxes (actual evapotranspiration and percolatawa)assumed to be linear functions of soil moisture
(Figure 1). Such approach is followed by van dee lamd Gehrels (1990) for the EARTH model
(Equation 1 and Equation 3) and are also present®tgman (2002)(Equation 2 and Equation 4):

0-6,,
Equation 1 ET =PET ———
-0,
0-6,,
Equation 2 ET =PET I——F——F—
O = Opup
- ch
Equation 3 R, = Kg B——+

fc

Equation 4 R, = Kq [@%}

whereET is actual evapotranspiratioRET is potential evapotranspiratioR, is the percolatiorks is
the saturated hydraulic conductivitjs actual soil moistureg., G, are respectively soil moisture at
field capacity and at permanent wilting poigtjs the porosity ana is the pore-disconnectedness
index. Note that percolation is assumed to be edqoathe unsaturated hydraulic conductivity.
Application of these equations is detailed in chagt
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Figure 1 — Actual evapotranspirati&i and percolatiofk, as a linear function of soil moisture
content (Equation 1 and Equation BET potential evapotranspiratioK,: saturated hydraulic
conductivity; &.: soil moisture at field capacitgh.,: permanent wilting pointg porosity.
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2. Study area description

The setup of a transient groundwater flow modebdgrated with spatio-temporal recharge model
requires a test area with intensive spatio-tempdedh coverage. The Pisoes catchment has been
selected for such integration because of: (i) apdtta availability; (i) temporal data availatylend

the status of monitoring network; (iii) the availéiy and reliability of groundwater use estimatasd

river discharges; (iv) well-defined boundary comatis; (v) lack of trees allowing to avoid
complications related to estimates of transpiratfoom groundwater reservoir in groundwater
balances.

2.1. General settings / features of the catchment

Pisoes catchment is located in the Alentejo re¢Ruortugal), to the west of Beja city (Figure 2 and
Figure A-39). Its position is peculiar since itlagated on the top water divide of Guadiana andSad
watersheds, belonging to this latter one. Its &ed9 knf and is included in topographic sheet 521 of
IGeoE (Continente 1/25 000 Série M888, www.igegeie topography is smooth, with gentle slope
and flat surface, since 75% of the area has stoperlthan 4% (Figure A-39, Figure A-40 and Photos
B-1). The catchment boundaries correspond to teehwaater divide. The Ribeira da Chamine river
drains the phreatic aquifer and consequently flpesennially, from east to west and south-west,
where is located the Pisoes outlet. However, inessggments and at certain periods, the river can
also be influent (Paralta, 2001). Groundwater reghan the catchment occurs through direct
infiltration of rainfall. The water table followsegerally the topography, being deeper on top hild
shallower in the drainage area.

{  Guadiana watershed

Alito ” snge’

’./ ‘Q\/-idig ueira
. Sado watershed [,
\ 0] + Moura
4 o
;i L
‘ \ b [\ Moura- "

| ™ “Fi N
Ferreira «\If|calho N

do Alentejo

Tejo-Sado - ;
/Q//Aljustrel % }'

,//

Figure 2 — Location of the Pisoes catchment

The annual mean temperature is 16°C and mean ltai&a mm/year (Figure 3). Annual mean

potential evapotranspiration (PET) computed byTthernthwaite method for the Beja meteorological
station between 1958 and 1988 is 833 mm and arauiahl evapotranspiration computed by Turc
method is 474 mm (Paralta, 2001). The climate igliMeranean semi-arid and dry with oceanic
influences, showing big variation between summed avinter. The period between June and
September is warm and dry, whereas 75% of totala@mainfall is concentrated between October and
March. Rainfall regime is highly irregular, with ree torrential events (Cortez, 2004). Cyclical

pluriannual droughts affect this region, that hasrgy impact upon irrigation and water management
in the study area.
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Figure 3 — Hyetograph, maximum and minimum tempeest Monthly averages, period 1961-1990
(Beja meteorological station, Instituto de Meteogih, www.meteo.pt)

Hydrogeologically, the study area belongs to teeuied-porous “Gabro de Beja” aquifer that consists
of two principal geological units: the Maphic antirebmaphic Beja-Acebuches Complex and the Beja
Gabbros Complex, mainly composed of gabbros andteso(Figure A-41). Chemical weathering of
the gabbro-dioritic rocks results in the neoformatof clay minerals, mainly montmorillonite (Vieira
e Silva, 1991). This high content in swelling claythe topsoil provokes in the dry season the apgeni
of cracks (Photo B-2) that can have some influémd¢ke recharge episodes. Calcrete outcrops ave als
frequent in the area (Photos B-1 and Photos B4i&)eftel and Brum (1991) give them a pedologic
and epigenetic origin and relate their formatiorthwihe combination of a semi-arid and warm
paleoclimate activity, high evapotranspiration, ideht drainage due to a smooth topography,
mobilization and re-precipitation of €aprovided by the weathering of gabbroic and dioriticks
and variations up to the surface of the water tédolel. The weathered upper zone of the gabbro-
dioritic rocks has a thickness between 30 and 4@mme&nd it creates an unconfined aquifer taat
be considered as porous. Its hydraulic properties/ariable depth-wise. As the weathering intensity
reduces progressively with depth, the groundwateage and flow changes from porous to fractured.
The typical profile and its associated hydrauliareteteristics can be described as follow (Figure 4)

a. clayey topsoil, low hydraulic conductivity, with pass flow through crack in swelling clay

during the first rainfall event after dry season;

b. weathered layers, with moderate to high hydrawdindeictivity;
fractured zone, hydraulic conductivity varying fraery low to high;
d. massive rock that constitute the base of the aquife

o
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-
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Figure 4 - Conceptual model of the Pisoes catchmdgurface and location of the two main
piezometers SDH1 and JK7 (Cortez, 2004)

According to available reports from drilling compes operating in the area, zones b and c (see
above), that are fully hydraulically connected, déheen reported as the most promising aquifer
formations and consequently most of the wells elflilteach the fractured zone c. Storage coefficient
values range from 10and 10° (Paralta, 2001).

Due to the combination of water availability andife soils, the area of the Gabbros de Beja tactvhi
the Pisoes study area belongs, is covered by imgeagricultural use. Crops in Pisoes catchment are
mainly rain-fed cereal (wheat) and some irrigateaps (sunflower, corn, beetroot). Since the lagt fe
years, there is a notable expansion of irrigatéceajrove, which will certainly have repercussian o
groundwater management.

2.2. Auxiliary maps and information

2.2.1. Soil and geology

Soil map at scale 1:50 000 can be visualised inirEigh-42 (Carta de Solos, Série SROA/CNROA,

www.dgadr.pt). The catchment is mainly cover bytigets, associated with carbonate soils that are
predominantly developed along the slopes of Rib#dar&hamine. Main soil types and codification are
showed in Table 1.

The geological map at scale 1:50 000 is showed ignré& A-41 (Carta geologica de Portugal,
www.ineti.pt).
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Table 1 — Main soil types in the study area

CODE Class Type Description
B Black clays, not Black clay, not carbonated, from diorites or galsbor others
P carbonated crystaline basic rocks
Black clay, carbonated, very uncarbonated, fromritdi® or
Black clay, . _ . S
Bpc gabbros or others crystaline basic rocks, in aatioci with friable
Bpc carbonated X
limestone
Black clay, carbonated, very uncarbonated, fromriti® or
Black clay, : . . S
Bpc(h) gabbros or others crystaline basic rocks, in aatioai with friable
carbonated X .
limestone, not well drained
Black clay, carbonated, few uncarbonated, from iisr or
cph)  Cp(h) Black clay, gabbros or or others crystaline basic rocks, iro@aton with
P P carbonated friable limestone, not well drained, or from saot&ts or clayey

sandstones carbonated or marls

2.2.2. Digital Elevation Model

| used the digital vectorial topographic sheet 5#11GeoE (Continente 1/25 000 Série M888,
www.igeoe.pt) to create a digital elevation modeElM) in triangulated irregular network format
(TIN) using ArcGis - 3D Analyst (contour lines asfttines, hydrography as hardlines and points as
mass points). Map is showed in Figure A-39. Slapgsercent were derived from this TIN (Figure A-
40), classified by quartiles and codified followimigble 2.

Table 2 - Slope classes

Slope classes S1 S2 S3 S4
Slope (%) 0 10;4,3]  11,3;3,9] =>3,9

2.2.3. QuickBird image

A multispectral very high resolution QuickBird im@drom the 28 of September 2006 at 11:40
(GMT), with no cloud cover, was acquired. The ehdry season was selected because the agriculture
fields are bare in that period so the calcreteropgcould have been clearly mapped (Figure 10).
The main characteristics of the QuickBird images ar
— Sensor resolution 2.4-m for multispectral at nadir;
— Dynamic Rangel1-bits per pixel;
- Spectral Bandwidth for band 1 (blue) is 450 to B2@ometres, for band 2 (green) is 520 to
600 nanometres, for band3 (red) is 630 to 690 netres and for band 4 (near-infrared) is
760 to 900 nanometres
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3. Data integration

The main objective of this chapter is to compileggess, interpret and synthesise the primary and
secondary data collection in a coherent data se¢ssary to provide inputs (driving forces), to
parameterise (topsoil properties) and to calibfstite variables) the recharge models.
Main tasks of the data integration focus on:
- Time series: (i) driving forces (rainfall and padiah evapotranspiration); (ii) state variables
(soil moisture and hydraulic heads);
- Spatial characterisation of the soil reservoirathess, hydraulic properties and mineralogical
composition).

3.1. Time-series

3.1.1. Driving forces

Meteorological data are available in the area ftarm stations. The first one belongs to ITC and the
second to the Centro Operativo e de Tecnologia elgaéio (COTR). The 10 m high ITC station
acquired data hourly from September 2003 to Septer2b07 and focussed on data acquisition for
potential and actual evapotranspiration (respelgtif=T and AET). The station was located in the
centre of the catchment at the elevated place witbbstacles, close to COB2 (Figure 10 and Table
3). The 2 m COTR station, located ~1km NE from I$tation (Figure 7), focuses on potential
evapotranspiration. It operates since Septembet 206 publishes freely its daily data on the ingern
(www.cotr.pt), providing also daily rainfall andfeeence evapotranspiration computed by Penman-
Monteith method ET,).

As the incoming radiation is critical for the cdltion of any form of evapotranspiration and the
COTR station was overestimating hourly incomingasahdiation Ki,) and the ITC station showed
some defects of pyranometer that lead to erratar®rl selected another reference station to compa
it with the other two. The ROXO floating stationofn the Portuguese water institute INAG
(www.inag.pt) has been chosen due to its closesitiin and the free availability of the houky,
measurements.

Table 3 — Characteristics of the studied meteorctdgtation

CODE Lat Long Owner Period
COTR  3802'18" -7°53'02” COTR 2002-2007

ROXO  37°55'44”  -8°04'46"  INAG 2002-2007
ADAS 38°01'06"  -7°54'34" ITC 2004-2007

The comparison of the quality of tH€, sensors was based on the analysis of the inseman
atmospheric transmissivityf( at the 3 locations:

Kin

Equation 5 T=

K

whereKi, s IS the top of the atmosphere solar radiation, fvisca function of date, hour, longitude
and latitude Ki, o Was computed at the location of the 3 statiortsoatly temporal resolution). The

in_toa

9
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principal assumption of that analysis was that i same atmospheric conditions at nearby places,
T should be similar. The results of this analysisftmed thatK;, values at COTR station were
overestimated. To correct these values, daily detiee multiplied by an Average Correction Factor
(ACF) computed as follow:

Equation 6 ACF =—
n“ T cotr,

wheren is the number of observatiork,oxo and Tcotr are the atmospheric transmissivity at Roxo

and COTR stations respectively.

The COTR station pyranometer was changed with aerevat 18 of January 2005 (information of

COTR technical staff). Before this date, daily datzre multiplied by an ACF of 0.84. After this date

asKj, values continue to show a slight overestimateA@f of 0.95 was applied. The imprecision of

the new pyranometer was confirmed by COTR techrsizdf.

1 & Troxo,
2

The corrected hourly short incoming radiation, wspaked, relative humidity and temperature were
used to calculate daily reference evapotranspirafil,) and daily potential evapotranspiration
(PET; in this case the bulk surface resistance iss@) in AWSET software (Cranfield University,
2002) according to Penman-Monteith equation (Aleal., 1998). The hourly rainfall data was also
aggregated to daily data. As the Pisoes catchmsesinall and the differences in microclimatic data
between ITC and COTR stations were negligible, rdiefall and potential evapotranspiration were
considered spatially homogeneous. Data are showagghigally together with piezometric data in
Figure 9 (chapter 3.1.2.2).

3.1.2. State variables
3.1.2.1. Soil moisture

The profile soil moisture was monitored at two lbmas, at the ITC station and close to piezometer
SDH1 (Figure 10). At the ITC station soil moistuneas monitored since October 2004 until
September 2007 at the two depth levels (see Pitsight): at 20 cm, in the clayey topsoil layer
(CLAY), and at 60 cm, in weathered diorites (CALCRExt to soil moisture also matric potential
monitoring was carried out in the same profile atdthe same two levels. For soil moisture
monitoring two ECHO 20 sensors (www.decagon.comjewesed whereas for matric potential two
gypsum blocks (www.eijkelkamp.com) and two Watetneeramic blockswww.specmeters.com
were installed. All the monitoring data was acaditeourly in mV and afterwards converted to
physical units.

The standard equation calibration of ECHO 20 gan®herent results due to the conductive clayey
soils. Therefore, a custom calibration equation hadbe created for both clay and calcrete.
Unfortunately, only one gravimetric field measurem@f clay and calcrete soil moisture with
corresponding ECHO 20 voltages were available &ibration. The ECHO 20 manufacturer relation
between voltage output and volumetric soil moistaidaear and the slope is pretty stable with eesp

to various soil types. Therefore in the custombration the standard slope of 0.000695 was assumed
and the offset was determined using field data lErdp

The custom calibration characteristics were thexdue convert monitored ECHO 20 sensor voltages
into temporally variable soil moisture content te#ycand calcrete soils as presented in Figure fadt

to be pointed out that the absolute values of thiersoisture contents in Figure 5 are uncertain
because they are derived on the base of 1 dataoiletype only and also because applicability of

10
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standard slope parameter was not field confirmealids however the temporal variability of solil
moisture, well represented in the graph despiteseralibration deficiencies.

Table 4: Calibration equations for ECHO-20 sengas {oltage in millivolts, y is volumetric soll
moisture)

Soil group Calibration equation
CLAY —20 cm y = 0,000695 x + 0,348

CALCR-60cm Yy =0,000695x+0173
Standard y =0,000699 x — 029
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Figure 5 — Soil moisture time series at ITC stafle@HO sensor)

The matric pressure monitoring was carried out guidvatermark (WM) and Gypsum Block (GB)
sensors installed in pairs at 20 and 60 cm depttboth cases, the conversion from voltages into
physical units was done following manufacturer ¢igus (Table 5). Graphs are showed in Figure 6
and Figure 7. The main difference between the temsars is their calibrated range. WM is more
sensitive to low matric pressure, i.e. measuremargsmore accurate at high water content whereas
GB are generally less accurate but can sense npagssure up to 15 Bars although in approximate
manner only.

Table 5: Calibration equations for Watermark angh€yn sensors (x is voltage in millivolts, y is
matric pressure in bars)

Sensor Calibration equation Calibrated range (bars)
Gypsum block y = 3E-07.% + 0.0008.x + 0.103 0,05-15,0
Watermark y = 4E-07.X + 0.0002.x + 0.052 0-20

11
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Behaviour and soil moisture contents from the twid groups are different. In the shallow sensors
(GB & WM at 20 cm depth) installed in the CLAY lay@-igure 6), the response to rainfall events is
fast (steep falling curve). Fast is also the drypapod of that soil in dry season after which minatric

pressure stabilizes, reaching a maximum level (dy5 bars for GB and around 4,5 bars for WM).
In case of deeper (60 cm depth) sensors installékdel CALCR layer (Figure 7), the response of the

Figure 7 — Soil matric pressure monitoring (CALCHEF 60cm)
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sensor to rainfall events and also the dry up bgétly slower due to the longer travel time of the
infiltrating water. A peculiar sensors’ behaviosr abserved during dry season: after reaching its
maximum value (between 5 and 6 bars for GB andrat@ubars for WM), the curves show a gentle
(dry season 2006) or steep (dry period 2007) deered matric pressure. This behaviour seems to
indicate a wetting of the CALCR layer. However watannot be provided from the upper layer since
this one is dry, as indicated by its matric pressurve, which is stable at its maximum value (atbu
5,5 bars for GB and around 4,5 bars for WM). ThHismpmenon then can be due to the contribution of
groundwater evaporation to the soil moisture in tladcrete unsaturated zone during dry season.
Hassan (2008) results based on stable isotopetigaten and transient groundwater modelling seem
to support this hypothesis. This complex issueireguihowever further research.

The soil moisture and matric pressure curves of| it station location were used in this work to
evaluate trend of change in soil moisture but natalibrate model using their absolute valueshén t
future work it will be possible to convert matricepsures in water contents through water retention
curve and use them for calibration purpose.

Another soil moisture profile located near SDH1 zpmeter (equipped with logger monitoring
groundwater table fluctuation) is used in this gttalcalibrate the recharge model (chapter 4.1.1n6)
that profile soil moisture is monitored by 4 anaftgven Hydra Probe Soil Moisture Sensors installed
at 4 depths (20, 60, 100 and 140 cm) and connectadSkye DataHog logger. The thickness of the
topsoil clayey layer in that location was ~1 m. Timglerlying layer was composed of whitey material
derived from diorite weathering (Photos B-5). Toveert the Hydra Probes mV output into volumetric
water content | used the custom Hydra probe caidiradetermined in chapter 3.2.2. One can see
clearly in Figure 8 that only the rainfall eventJahuary 2008 triggered a rise in water contertihén
shallowest clayey soil layer (Hydraprobe at 30 @ptt). The other 3 deeper Hydraprobes showed no
change or only slight change in soil moisture tréfltis behaviour seems to indicate that the clayey
topsoil layer has large water holding capacity grad the by-pass flow through cracks in that ldyes

a small influence in vertical redistribution of wainto the deeper layers.
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Figure 8 — Soil moisture time series at SDH1 piezimm(Steven Hydraprobe)
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3.1.2.2. Hydraulic heads

The two piezometers SDH1 and JK7 (Figure 4 andrEidi®) have long time series record, SDH1
from September 2000 to January 2008 and JK7 fropteS®er 2000 to June 2007. Measurements
were made both manually (monthly or even trimeBeguency) and automatically with logger (at 1
hour frequency); the hourly data could be dailyraged because the water table did not show any
variation at the hourly scale. The two piezometeeslocated in distinct geomorphological positions,
i.e. SDHL1 is close to the boundary of the catchnieater divide) in high topographical position and
JK7 is in the valley (main drainage area). The hywdrographs show different groundwater regime i.e.
water table response in SDH1 is delayed as comgaresin and smooth whereas in JK7 water table
react quickly to the rainfall events (Figure 9).
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Figure 9 - Meteorological and piezometric data

Although SDH1 belongs to the Portuguese Geolodgitaley and has been built for investigation
purpose under supervision of Paralta (2001), JK& mublic well owned by EMAS Beja (Empresa
Municipal de Agua e Saneamento) that during drg@eaan be used for public supply.

Other piezometers in the study area have sparserd® They are located in the drainage areas,
showing similar trend as JK7. They were used indhkbration of groundwater flow model only
(Hassan, 2008).
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3.2. Soil spatial characterisation

A preliminary study showed that in the Pisoes staa there is a clear relation between the topsoill
thickness and the topographical/geomorphologicaltion, i.e. the clayey topsoil thickness is thinne
on hilltops and slopes and thicker in valleys. Tétisdy was based on the topsoil lithological peofil
data (55 profiles) acquired from several sourcee (Bigure A-39 to Figure A-42 to visualise the
spatial distribution):

- BH: borehole drilling report analysis (18 data gs)n

- HA: hand augering (9 data points);

- VES: vertical electrical soundings (20 data points)

- PF: soil profiles analysis in a pitch (8 data psjint
Details on the 3 first sources data can be foun@antez (2004). The fourth was realized by the

Centro Operativo e de Tecnologia de Regadio (COTRDO5 (see 3.2.3.1).

The analysis of the 55 profile data indicated thatmain spatial variability of soil compositioniis

the perpendicular direction to the main geomorphickl features. This particular observation was
further used as a guideline in the design of tilevioup soil investigations. For example, to maxmi
the efficiency of information acquisition on sothickness variability, transects of geophysical
measurements from tophills to valleys were desigmatirealized (see below) to improve the available
data base.

The main characteristic of the area is a layerihgaglose zone in two main soil types (Photos B-1,
Photo B-2 to Photos B-5):
— topsoil composed of dark swelling clay (CLAY group)
— subsoil composed of whitey material derived frorblgaic and dioritic substratum, showing
generally carbonate content (CALCR group).

To improve the database on spatial variability lné tsoil properties in the catchment area, the
following tasks were done during field work in Sapber 2007:

- geophysical measurements of the soil apparent otiniy using the Geonic¥ ground

conductivity meter EM-31 to depict the topsoil @syayer thickness;
— the percussion drilling to measure topsoil thiclsnasd soil moisture with Hydra Probe soil
sensor and to collect soil samples from differespitts;

— inverse augering to derive lateral soil hydrauboductivity;

— double ring infiltration tests to determine hydiawonductivity of the shallow soil.
The geophysical measurements are described irettios below. The percussion drilling was done
with a COBRA gasoline powered percussion hammer
(www.eijkelkamp.com/Portals/2/Eijkelkamp/Files/P1e2pdf) and was performed in 9 locations (see
COBL1 to COB9 in Figure 10). Soil samples were acbdd in the drilled boreholes and were analysed
in the laboratory to obtain:

— actual soil moisture (gravimetric method);

- water retention curve;

— saturated hydraulic conductivity;

— mineral spectra for main minerals recognition;
Samples for saturated hydraulic conductivity antliacsoil moisture measurements (Photos B-4)
were taken in metallic rings of 53 cm diameter &@D cni volume with a closed ring holder
(www.eijkelkamp.com/Portals/2/Eijkelkamp/Files/P1e3pdf).
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3.2.1. Electromagnetic survey and spatial assessment of topsoil thickness

Data acquisition of the vadose zone by non-invage@physical techniques allows to cover large area
at lower cost than the common invasive samplingcgadares such as for instance drilling.
Electromagnetic techniques have been widely appieda broad range of problems related to
exploration of the vadose zone (Borchetsal., 1997; Corwin and Lesch, 2005). The ground
conductivity meters of Geonit$ (EM-31, EM-34, EM-38) are one-man portable instemts (two
persons are needed for EM-34) that measure appa@mductivity of the subsurface, being
particularly suitable to map quickly lateral vailap of soils. These devices are constituted o6 tw
coils with a single frequency and a fixed spachmgt define together the depth of penetration (Téble
and Photos B-1).

Table 6 — Characteristics of Georlitground conductivity meters

Geonics" conductivity  Coil spacing Frequency  Depth of penetration (m)

meters model (m) (Hz) Vert. dip.  Hor. dip.
EM-38 1,00 14600 1,50 0,75
EM-31 3,66 9800 5,50 2,75
10,00 6400 15,00 7,50
EM-34 20,00 1600 30,00 15,00
40,00 400 60,00 30,00

| chose the EM-31 device to measure the soil appaenductivity and to derive the topsoil thickness
because: (i) measurements with horizontal and carorientation of the coils at different heights
above the soil surface can be used to identifyicarthanges in conductivity through the soil pesi

and (ii) a pre-field study showed that clayey tabtickness is between 0,25 and 3,2 meters saighat
within the range of the EM-31 penetration depthe BM-31 measurements were done along transects
perpendicular to the streams, allowing to depi@ #patial variability of soil properties. Some
transects were also measured in combination withk38Nb derive aquifer layering (these data are not
showed here but can be found in Hassan (2008))EMr81 field data acquisition was realised during
September 2007 by Tanvir Hassan and me. At theoérnlde dry season soil moisture content was
minimal thus its contribution to apparent electricanductivity was minimized. We executed 6
transects constituted in total of 424 survey |laweiseparated by a median distance of 21 m (Figure
10). Measurements of the apparent electrical cdndiycat the 424 survey locations were acquired in
both vertical and horizontal device positions different heights (0, 30, 60, 90 and 120 cm abbee t
ground), i.e. in total 10 measurements for everyeulocation. Measurements at every point took
few minutes, allowing to cover transect of 1 kmg#mwith spacing of ~20 m in ~2 hours. At some
survey locations we also measured the in-phashdokcconsistency with quadrature phase. The EM-
31 instrument was calibrated every 10 points duttirgsurvey progress.

3.2.1.1. Theory of EM data inversion

Geonicd" instruments are constituted from 2 coils, one dpefre transmitter (Tx) and the other the
receiver (Rx) (Figure 11). The injection of an aisging current in Tx generates a primary magnetic
field (Hp) that propagates in the soil and induces very Isehedtrical currents. These currents generate
a secondary magnetic fieltld) that is sensed, together wiy, by Rx. At low induction numbeiNg),

and for an uniform ground conductivitygij, Hs is approximated to the following function(McNeill,
1980):

17



SPATIO-TEMPORAL GROUNDWATER RECHARGE ASSESSMENT: A DATA-INTEGRATION AND MODELLING APPROACH

S

H 4

p

H, ilwly, Wb, 0%

Equation 7

where wis the angular operating frequenag € 2[71[ f wheref is the frequency in Hz)y is the

magnetic permeability of free spacg (=4 07107 H.mY) andr is the coil spacing.

- -

Figure 11 — Induced current flow by a ground cotiglitg meter (vertical dipoles)

Ng is the ratior/d wheredis the skin depth, which is the depth at whithhas been attenuated to
1/e (wheree s the base of the natural system of logarithne)iarequal to (Hendrickat al., 2002):
1

Ho Liolwr,, /2
From Equation 7, one can extract the uniform grocmaductivity g,. For a stratified subsoil, where
every layer has its own thickness and its own gtattconductivityg, g corresponds to the apparent
conductivity g,, which is the bulk soil conductivity of the subddaiyers.
McNeill (1980) describes a linear model that, untler assumptiomNg<<1, predicts the apparent
conductivity g, s Of @ layered subsoil. Assuming that the grounddaoetivity o is constant within
discrete subsoil layers, the predicted ground cotMity o yeq at different instrument heights is
expressed in its vectorial and matrixial expressisn
Equation 9 Oapred = Kl
whereK is the matrix of the relative contribution kt of the discrete subsoil layers. The construction
of this matrix is detailed in Appendix C.
The forward solution of this linear model for a givground electrical conductivity profilgis direct
(see Appendix C). The inverse problem of solvinfgom measurements of apparent conductiitys
much more difficult since (Borchert al., 1997): (i) there is only a finite set of measueais g, to
solve Equation 9; (ii) the inverse problem is iised, i.e. small variations o, observations, due to
common error in measurements, lead to large chiarttpe o solution. Hendrickset al. (2002) showed
however that the inverse problem applied to thedinmodel can be solved by the following two
methods:

— Using an even-determined problem (i.e. a problemvhith the number of equations is equal
to the number of unknowns) and minimizing the d#éfece between observations and
predicted measurementigyreq;

— Using an under-determined problem (number of eqoatiess than number of unknowns),
solving it by Tikhonov regularization.

Equation 8 o=
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The first approach solves the following least sguaoblem through optimization of tlwesolution:

Equation 10 min|| o, ye — T IF with 0 =0

The Tikhonov regularization introduces in Equatib®d a component that biases the least square
problem toward a smooth solution:

Equation 11 Min|| 0, 4o =0, IF +a?0|IL, [ | with 0 20

The componernit;.c quantifies the regularity of the solution and tiem o balances the smoothness of
the solution with the misfit, allowing an optimalning on the sensitivity of the solution to inputtal
errors. The index attributed to the differential operatbrindicates the order regularization. At order
0, L is equal to the identity matrix while at the higloeders it indicates the derivative orderLofA
second order will favour the smoothness of soitteleal conductivity variation with depth while
lower order will allow sharp discontinuities. Madetailed information about theory and algorithm of
that solution can be found in Borchetsl. (1997) and Hendricket al. (2002).

Because the assumption thidi<<1 is not true for soils of medium to high condudivii.e.
100 mS.nit), Hendrickx et al. (2002) applied a non-linear model betwegnand o. Their results
showed that the inverse procedure of Tikhonov @tigdtion performs equally well for linear and
non-linear models across a wide range of groundwahivities thus the linear model was preferred in
this study due to much less computer resourcespaticun.

3.2.1.2. Material and methods

To invert EM-31 field data, | applied the approadhthe McNeill linear model with even-determined
problem (Equation 10) and with Tikhonov regulaii@at(Equation 11) through algorithms developed
by Vervoort and Annen (2006) in R language. Theiolsd source code was first debugged and then
verified using a 3 layers example (see Appendix C).

To obtain the electrical conductivity profiles fraime EM-31 field measurements showed in Figure
10, I applied the following three algorithms tovaokhe inverse problem for an input layered subsoil
model (Figure 12):

a) McNellAuto, from the original R code (Vervoort and Annen, @00t solves the even-
determined inversion of Equation 10 through the @noisation procedure ‘optim’ (quasi-
Newton method with user defined lower and/or uplpeund); it defines automatically the
thickness of the input layers using the exploratiepths of the instrument at different height,
which is an approximation and not flexible;

b) McNeillUserDef, a modification of the previous algorithm: it alle the user to define the
thickness of the input layers;

c) McNellTikh, from Vervoort and Annen (2006): it defines a dite layered model of fixed
thickness and solves the under-determined inversiglgm using Equation 11 for Tikhonov
orders 0, 1 and 2.
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Figure 12 — Input models for the 3 inversion methoflo, measurements at 5 different heights (0,30
m increment) with EM-31 instrument in horizontal) (&hd vertical (V) mode (T indicates thickness
and Z depth of layers) using: lcNeill Auto: thickness of layers is derived from the instrutragpth
exploration minus height of measurementMaNeillUser Def: user defined layer thickness; c)
McNeill Tikh: fixed thickness of discrete layers; d) hypothegial case, in whicB; is the depth of
homogeneous layers with ground conductivify

Since the measurements of apparent electrical obindy at the 424 survey locations were taken in
both vertical and horizontal device position atiffedent heights (0, 30, 60, 90 and 120 cm), i1@.
measurements for every point, the even-determinedrsion was conditioned by an input layered
subsoil model of 10 layers. As explained above, dtgorithm McNeillAuto uses the depth of
penetration of the instrument, i.e. 5,5 m in vattimode and 2,75 m in horizontal mode, plus the
heights of the measurements. Based on the fieldreftsons and after making several tests, | used th
10 layers input model with the parameters indicéite@iable 7for McNeillUserDef. For McNeill Tikh
model, | used 24 layers with a thickness of 0,2Bawh that corresponds to the minimum clayey
topsoil thickness observed in the field. For thearpand lower bound parameters necessary for
optimisation in algorithmsvicNeillAuto and McNeillUserDef, | used the minimum and maximum
electrical conductivity measured on the field (Bab0 in chapter 3.2.2).

Table 7 — Parameters for the input layered sulnsodel forMcNeillUser Def
LayeI’S 1St 2nd 3rd 4th 5th 6th 7th 8th gth ldh
Thickness (m) 0,25 0,25 025 0,25 1,00 1,00 1,00 1,00 2,60
Cumulative thick. (m) 0,25 0,550 0,75 1,00 2,00 3,00 4,00 5,00 7,060
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The assessment of tlesolution was based on the root mean square dRMSE) betweero, and
Oapred- 1he RMSE only provides information about the g@yalf the fit of the inversion solution with
measured data. For a rigorous assessment of tloé fite solution versus reality, a set of reliable
measurements of soil electrical conductivity ofnthayers is necessary (Hendrickk al., 2002).
However, in this case, my interest is not in theetground apparent electrical conductivity buttén i
variation with depth. Thus | verified the inversiby comparing it with profile borehole data andhwit
the relevant terrain characteristics, e.g. geonaguy.

The apparent conductivity measured and the inversisults for the transects 6a and 6b can be
visualized in Appendix D.

3.2.1.3. Results and discussion

Even if McNeillAuto andMcNelllUserDef inversions show lower RMSE (Appendix D) that Tikioy
inversion, the comparison of the solution with agliadons in transect show more coherent and
consistent results for the Tikhonov inversion. Aisexample, one can observe for transect 6a and 6b
(Appendix D) that:

— McNeillAuto presents very high values out of thesetved range and a high contrast between
consecutive points;

— McNeillUserDef presents a good inversion for tramga but incoherent for transect 6b (very
high value in depth);

— McNeillTikh solution is in agreement with the topaghical settings of the two transects,
showing higher value in the depressions (streantg anregular decrease of electrical
conductivity with depth. Order 2 is more continudiizn the previous orders.

Thus the Tikhonov solution order 2 has been saletbe the main task, i.e. the clayey topsoil
thickness estimation. The inverted profiles acamdio Tikhonov solution order 2 are presented in
Figure 13. One can see that at stream locationsl#otrical conductivity is high and it is much lemw
on top hills and slope areas (compare with hypsoeand slope maps of Figure A-39 and Figure A-
40). On the transect 2, the high values at thehsarg due to the salinity induced by pivot irrigati
On the transect 5, high value at north are duetesferences with an electric power line.

3.2.1.4. Topsoil thickness derivation

The next challenge was to derive the topsoil clajg@er thickness from the inverted electrical
conductivity profiles. This post-processing was dsh®n discriminating conductive clayey topsoil
from more resistive underlying layers. This intetation however was not straightforward because:

— soil electrical conductivity in the Pisoes area waghly spatially variable, being affected by
local increments of electrical conductivity of sailatric, pore water content and additional
soil and environmental attributes (Friedman, 20€4%)s it was not possible to find a threshold
value of electrical conductivity to discriminatebarary clay topsoil from underlying more
resistive calcrete soils;

— the Tikhonov inversion smoothes the solution, lIse éxpected contrast between clayey
topsoil and underneath calcrete is masked;

| derived the topsoil thickness manually, plottitng electrical conductivity and the observed tdpsoi
thickness (28 measurements) together for the Ifsdids. An example is showed for transect 6a
(Figure 14). This method is very subjective andaigs, and its quality assessment is not realised in
points or transect where there is no direct obsienvaf topsoil thickness.
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3.2.1.5. Topsoil thickness estimation

In this chapter the previous information on topsbitkness is compiled and processed to estimate
spatially the topsoil thickness.
The created data set on topsoil thickness is coetpob
— 55 reference data points (chapter 3.2);
— 16 direct observations during field work (9 measurnats at COBRA drilling site plus 7
observations after digging);
— 413 points derived by EM-31 data inversion andrpriation.

The topsoil thickness distribution observed onhistogram (Figure 15, left) is right-skewed, witheo
population and a median of 0,745 meters, a maxirafti® 75 and a minimum of 0,14 meters. This
asymmetry in the distribution is common in soil igates. A basic requirement for both linear
regression and kriging is the normal distributidnttee data. Therefore, | transformed the data into
logarithms with base 10 (Figure 15, right).
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Figure 15 — Histogram of topsoil thickness in abt®lalues (left) and logarithm base 10 (right)

The spatial organization of the data is differenthile the reference data points and the direct
observations are distributed over the whole ar@ehozent area, the geophysical data are organised
following transects that are perpendicular to thairmgeomorphological features of the basin.
Although the transect are optimal to study theti@iabetween topsoil thickness and others factbes,
disseminated data points give more informationh@ndpatial structure of the variable and are more
adequate for geostatistical interpolation.

Thus the first step was to establish a linear sgiod model between topsoil thickness and other
ancillary maps. The second step was to apply thging with External Drift (KED) method. This
method proved to give better results than othepkminterpolation methods (Hengt al., 2007;
Hengl et al., 2004; Triantafiliset al., 2001). KED takes into account both spatial striectand
correlation with ancillary variables, through thembination of the regression of the dependent
variable (in this case topsoil thickness) on aagjll variables with the ordinary kriging of the
regression residuals.
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A first analysis of general maps of the area (F@gAr39 to Figure A-42) shows that the topsoil
thickness seems to be related to geomorphologymddel this behaviour, | studied the relations
between topsoil thickness and several continuotiablas avoiding the inclusion of categorical maps
such as soil, geology/lithology or geomorphologypsaince generally they result from a previous
interpretation that can bias the correlation.
| computed and selected the 3 following linear ni&de
MODEL A - slope classes (Figure E-46): slopes were cladsifiequartiles (Figure A-40) that
show slight differences between them, as thickreekswver for the flatter class S1 and the steeper
class S4 (Figure 16, left);
MODEL B - interaction between the 4 QuickBird bands (Figkrd7): the whitey areas that
correspond to calcrete outcrops show lower thicknes
MODEL C - distance to the streams (Figure E-48): sinceitivisrse relation with soil thickness
is not linear, | used the logarithm with base 1@¢oive the linear relation showed in Figure 16

(right).
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Figure 16 — Topsail thickness relations with slofasses (left) and distance to stream (right)

The goodness of fit of the 3 linear models is as=dghrough the coefficient of determinatiBf
adjusted with the number of parameters considerdédde model (Table 8). The model C (distance to
river) shows the best correlation with topsoil Kmess variable, while the slope variable has thstle
correlation. The combination of the 3 linear modeito one linear model should give more
information on the topsoil thickness variable. T¢rignbination can be done additive - the modelled
variable is explained by the several ancillary ablés considered as independent predictor, or as
interactive - same as additive but the interaction of theed#ht classes of the ancillary variables is
considered (Rossiter, 2003). The interaction betwtbe 3 factors, i.e. slopes, QuickBird bands and
distance to river was retained as the multipledineegression (MLR) model A*B*C. It shows an
improvement in the prediction of the topsoil thieks as demonstrated bi#a value of 37%.

Table 8 — Goodness of fit of the linear relatioesazen soil thickness and ancillary variables

Model A B C A*B*C
R, 6% 10% 25% 37%
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The verification of the linear model validity is @® through (Figure 17): (i) residuals vs. fittediues
graph, which shouldn’t show pattern (nonlinearity) change in variability across the range
(heteroscedascity, or non-constant variance)n@iimal Q-Q (quantile-quantile) plot of the residyal
which should be normally-distributed. Figure 17 whothe graphs for the MLR model A*B*C.
Although the distribution of points in left graphriot totally homogeneous and the normal Q-Q graph
show small tails, results are considered acceptable

Residuals vs Fitted Mormal Q-Q
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Figure 17 — Graphical assessment of the MLR modBIa

Figure 18 shows the variogram of the dataset gefph, clear dots curve) and the experimental (left
graph, squares dark curve) and theorical variogiraght graph) of the residual of the MLR model
A*B*C. Ordinary kriging give poor results since thariogram of thickness showed a range of 500m
(Figure 18) whereas the distance between points teartsects was much higher. The residual
variogram has a smaller nugget than the original arreduced sill and a range that is twice thgean
of the dataset, which result in a KED estimatiorosthed in relation to the surface estimated by the
MLR model. A similar behaviour of removal of theafare space structure is signalled by Hexgl
(2007).
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Figure 18 - Dataset variogram compared to residw@isgrams of linear model (left)
Experimental and theoretical variogram of the nasisl from the MLR A*B*C model (right)

The kriging with external drift operates as follofirst the topsoil thickness is estimated by MLR
A*B*C model; at the thickness data points, residuale computed (observed values minus computed
values by the MLR A*B*C model); then the variogrash the residuals is created and the spatial
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estimation of the residuals is done through orgirkaiging; finally, the topsoil thickness estimatiey
the MLR A*B*C model plus the krigged estimated oksls gives the final map.

The topsoil thickness grid (25x25m resolution) oied by KED using the MLR A*B*C model is
showed in Figure 19. Many values outside the oleserange (> 4m) of the variable were removed.
The resultant map is consistent with observations.
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Figure 19 — Topsoil thickness map obtained by KED

Cross-validation is a method to estimate genetadizaerror based on resampling, which allow to test
the predictive capabilities of various models oa #ame dataset. Data are divided imtsubsets of
approximately equal size called folds. The modeluis n times, each time leaving out one of the
subsets from training and computing the error (okegk value minus computed value) at the data
points of the omitted subset. The cross validasibowed to compare the goodness of the prediction
for both MLR A*B*C model and KED models (Table 9).was slightly better for KED model that
showed higher proportion of low residuals (low&rquartile and lower median). However, it showed
also higher proportion of high residuals, and makies out of range (35 against 5 for MLR A*B*C
model). The pattern of the difference of estiméatecdkness by KED model and MLR A*B*C model
(Figure E-50) shows that there is a strong infleeatthe QuickBird image, due to the difference of
contrast between ploughed and not-ploughed fields.

Table 9 — Residuals statistics of MLR A*B*C modeldaKED models cross-validation (5 folders)
Model Min. 1% Qu. Median Mean 3¢ Qu. Max. NA's

MLR A*B*C 0,03 0,64 1,04 1,23 1,63 9,39 5

KED 0,00 0,33 0,99 1,75 2,26 9,74 35
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The KED map was selected and used in spatial rgel@ssessment (chapter 4.1.2.1). A critical review
of MLR A*B*C and KED models and some insights topirave the results are given in discussion and
conclusions (chapter 5).

3.2.2. Soil moisture and soil electrical conductivity

Soil moisture measurements were made using theistdydra Probe Soil Sensor at different depths
along the core of the drilled holes. These measemésnwere calibrated against water content
determined by gravimetric method.

The Hydra Probe measures the soil complex dieteparmittivity, which is constituted by its rea)(
and imaginary §) components. These two parameters are relatdgeteléctrical response of soil and
are measured from the response of a reflected istamiectro-magnetic wave at a frequency of 50
MHz. & is related to the capacitance (soil moisture) sid the soil electrical conductivity (Stevéns
Water Monitoring System, 2007).

The gravimetric method consists of weighing a saihple My, of known volume Ys), oven-drying
it at 105C and reweighing itNlsry) to calculate the actual volumetric soil moistéte(Dingman,
2002):

M snet M sdry

Equation 12 6=
IOW |SVS
whereg, is the density of water.

Soil water content determined by gravimetric metisoskelected as reference value.

27 Hydra Probe measurements with simultaneous sihpling for gravimetric water content
determination were made in 8 drilled holes (COBZ@B9, see Figure 10) at different depths, down
to 2m. Measurements carried out by Kiama (2008hénupper layer, i.e. until 40cm depth, at others 9
sites were also utilised for calibration of Hydralfe.

The comparison between Hydra Probe and gravimetgithods showed that the Hydra Probe default
calibrations (Seyfriedt al., 2005) were not satisfactory with respect to thiks ©f Pisoes area (Figure
20 left). Consequently, | used the 36 water contahies measured by gravimetric method to calibrate
Hydra Probe following manufacturer instructions.eT$tandard Hydra Probe calibration equation is
(Seyfriedet al., 2005):

Equation 13 0= AEL/E_r +B

where @ is volumetric soil moistures, is the real relative dielectric permittivity measd by Hydra
Probe A andB are calibration constants.
Figure 20 (left) shows that the Hydra Probe catibracurves of Seyfriedt al. (2005) overestimated
the soil water content in Pisoes catchment. A enstalibration (triangles curve) has been computed,
which applies to both soil type category (calcratel clay). The final choice of parameters was
determined by a compromise between:
® minimizing the root mean square error between sailsture computed by gravimetric
method and by Hydra Probe custom calibration;
(i) visual appreciation of the fitting between soil stare computed by gravimetric method
and by Hydra Probe custom calibration curve.
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Figure 20 — Steven Hydra Probe calibration cureesntsitu soil moisture measurements (left) and
correlation between custom calibration curve aravignetric measurements (right). CALCR: soil
moisture determined by gravimetric method in CAL&Rs. CLAY: soil moisture determined by
gravimetric method in CLAY soils. Hydraprobe: swibisture determined by Hydra Probe custom
calibration. Others: standard calibration (Seyfeedl., 2005)

Although Seyfriecet al. (2005) indicated that a multi-soil equation carapelied with a small error, it
is showed here that Equation 13 applied to Bejalgctive topsoil, characterised by high swelling
clay content, lead to an overestimation of the smilsture. | strongly recommend a custom calibratio
of parameters of equation based on soil water obndetermined by the gravimetric method,
particularly in conductive soil environment.

Another output of Hydra Probe is the bulk soil &leal conductivity ais. It is converted from the
imaginary dielectric constarg by the following expression (Stevénh¥vater Monitoring System,
2007):
Equation 14 o, =2UrlE, L&

whereg is the dielectric constant of vacuum.

Ops is indicative of dissolved salts, dissolved solasl fertilizers content. The separation of these
different components is not necessary in this «isdy because the objective is to determine the
electrical conductivity contrast between conducttegsoil clayey layer and underlying calcrete
horizon.

The difference between electrical conductivity loé two soil layers is confirmed by measurements
(Table 10 and Figure 21).

Table 10 - Summary statistics of the bulk soil #leal conductivity measured by Hydra Probe
Values in mS/m, except variance ([mS?m]

Category Min. 1Qu. Median Mean 3 Qu. Max. Var n

Full Dataset 4 33 99 100 163 261 4950 120
CALCR 15 19 39 57 78 214 2642 16
CLAY 4 41 107 107 169 261 4999 104
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Frequency histogram of soil electrical conductivity Soil conductivity function of soil type
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Figure 21 — Histograma and boxplot of soil condudgtimeasured by Hydra Probe (16 CALCR and
104 CLAY data)

The descriptive statistics show a median for cécagound 50 mS/m and 100 mS/m for clay. CLAY
category included measurements made by Kiama (2008)

The Hydra Probe average values of electrical candtycare used for the inversion of apparent
electrical conductivity measured with EM-31. Ndbtattthe outlier in calcrete category corresponds to
COBS5, at a depth of 1 m, and corresponds to shilisation due to irrigation by pivot.

3.2.3. Soil hydraulic parameters
3.2.3.1. Previous data

Soil profiles in 8 pitches (designed by PF in Fegé-39 to Figure A-42) were realized by the Centro
Operativo e de Tecnologia de Regadio (COTR) in 20uxture and hydraulic parameters of the
different soil horizons were determined. Soils shawigh content in clay, between 28 and 57 %
(Table 11). Note that profiles 4, 8, 9 and 10, teddn top hill or in sloppy area, show reactiorHGI,
indicating carbonate presence. Permanent wiltingt@nd field capacity were measured by the pan
method at 0,33 and 15,00 bars respectively andraoeed in Table 11 and in Figure 22, where these
data are compared with other methods.
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Table 11 — Physical and hydraulic parameters dfssmnples (COTR)

Coarse Coarse Fine .
Loc. Horiz Depth El. App.. sand sand So”t C(!ay Texture class IEC P(\)NP
(cm) (%) density (%) (%) (%) (%) (%) (%)
lay-silt to
Ap1 0-38 3 14 15 15 30 oam-Clay-Sil 48 26
P1 B 38-105 3 15 9 14 24 53 Clay-silt 48 28
B2 105-132 2 15 15 13 21 51 Clay 45 27
Bc 132-163 9 1.5 13 12 19 57 Clay 43 27
P2 Ap 0-23 6 1.1 21 14 28 37 Loam-clay-sil 28 20
B 23-45 4 1.2 15 13 27 46 Clay-silt 33 22
Ap 0-30 13 1.4 30 12 25 34 Loam-clay 42 22
P3
B 30-52 9 1.3 19 12 24 45 Clay-silt 39 25
Bc 52-69 12 1.3 29 12 20 39 Loam-clay 29 21
Ap 0-30 5 1.5 23 20 24 33 Loam-clay 32 18
Pd B 30-47 11 1.7 16 23 23 38 Loam-clay 33 18
Bc 47-60 25 1.5 38 18 16 29 Loam-clay 29 15
Apy 0-35 2 1.8 9 17 25 49 Clay-silt 43 32
P5 B 35-7C 3 1.8 17 17 24 43 Clay-silt 45 31
Bc 70-84 5 1.6 26 19 19 37 Loam-clay 37 26
Ap 0-25 11 1.7 16 13 30 41 Clay-silt 42 28
P8 B 25-4¢ 15 14 14 13 26 47 Clay-sill 36 27
46-90 13 1.6 24 13 27 35 Loam-clay-silt 34 26
Apy 0-50 4 1.7 17 20 24 39 Loam-clay-silt 45 23
P9 AB 50-90 2 1.6 10 16 23 51 Clay to clay-silt 47 27
B 90-200 5 1.6 14 20 24 43 Clay-silt 47 26
Ap1 0-45 9 1.6 36 17 20 28 Loam-clay 24 19
P10 B 45-90 3 15 11 19 21 49 Clay 38 30
B2 90-137 2 1.6 12 28 23 37 Loam-clay 32 23
C 137-170 2 1.6 15 28 22 35 Loam-clay 33 23

3.2.3.2. Porosity, specific retention and specific yield

Porosity, specific retention (equivalent to fieldpacity) and specific yield are the most important
parameters in simulating hydraulic regimes of wnsded zone. The water retention (also known as
soil moisture characteristic) curves relating sadlisture and soil matric potential were establistoed
various samples in clay and calcrete soil groupsn@asurements of the matric pressure through
Decagon’s WP4 Dewpoint PotentiaMeter device. WP4suees water potential, giving readings
directly in MPa within five minutes. The soil maise¢ characteristic curve is obtained by measuring
the water potential of samples at various waterterdn. The range is from 0 to -60 MPa with an
accuracy of £0.1 MPa from 0 to -10MPa and £1% frdi@ to -60 MPa. WP4 uses the chilled-mirror
dewpoint technique to measure the water potenfied sample (water potential being the vapour
pressure of air in equilibrium with a sample inealed measurement chamber). More information can
be found at www.decagon.com/environmental/wp4.
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The soil moisture characteristic curves for 24 demf both clay and calcrete groups, taken at
different depths from 10 locations, were elaborat®dme samples were measured twice to check
consistency of the measurements, which showed ggmdts. A power law function was fitted to the
measurements to represent the matric pressuremsiiture relation (Appendix E), which allowed to
compute the permanent wilting point and the bouadewcontent for a matric pressure of 1,5 MPa
and 3,1 MPa respectively (Dingman, 2002). At thessssure ranges, device accuracy was +0.1 MPa
thus results were acceptable. This however wagheatase for field capacity at the matric pressiire
0,033 MPa, i.e. below the acceptable WP4 devicerracg. To handle that problem, | applied an
empirical relation between field capacity and wifipoint elaborated from 12 different types of soil
(Campbell, 2006). This relation is as following:

Equation 15 0, = 0’7905mfc0,5028

whered is the soil moisture at field capacity afgl, the permanent wilting point.
The equation 14 was used for the rough estimatheomoisture at field capacity, further adjusted in
the calibration process of the recharge models.

The samples used to obtain saturated hydraulicumtivity (next chapter) ere also utilised to obtain
porosity, field capacity and specific yield (Figu22 middle and Table 12). They were weighted
immediately after being removed from the permeameted after regular periods until all the
gravitational water was removed. Finally, they weried in oven during 24h at 1U5.

Results are showed in Figure 22 and can be compatiedrigure 23 that shows the acceptable range
of hydraulic parameters for different types of soll

Oven-dry 0,,0,,, 0, )
A

] 2

y Specific retention S, iy Specific yield S, v

Figure 22 — Porosity field capacityd., permanent wilting poiné,, and hygroscopic water content
& (between brackets, depth of the sample in cm}: Hata obtained through water retention curve;
Middle: data obtained by saturation/drainage me{fiale 12); Right: data obtained by COTR
(Table 11)
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Figure 23 — Range of some soil hydraulic paramdtersoils of various textures (Dingman, 2002)
3.2.3.3. Saturated hydraulic conductivity

The soil saturated hydraulic conductivity of thdlexted samples was measured using a laboratory
permeameter with the constant head method (morailslebn operating instructions at
www.eijkelkamp.com/Portals/2/Eijkelkamp/Files/M18¥%?20Laboratory%20permeameters.pdf).
Results of permeameter measurements and of theasatidrainage method are compiled in Table
12. As the samples were taken perpendicular taatlger (Photos B-4 right), this is the horizontal
saturated hydraulic conductivity that is measukéaues ofKg; are very variable, from impermeable
to 2000 mm/day for the clay and from 145 to ~168@@/day for the calcretes. Especially the latter
shows a large spreading, which can be due to tigalp variable weathering of the soils.

Table 12 — Soils hydraulic parametegrss soil density gis porosity,S is specific retention (field
capacity),S, is specific yield an&y is saturated hydraulic conductivity

. P Ksat
Soil type ID  Depth ey ¢ S S (mm/day)

Clay CcoB5 30 1.07 53% 43% 11% 1977
Clay COB8 40 1.18 54%  45% 9% 709
Clay MIRo2 60 1.59 53% 51% 2% 0
Calcretetclay COB8 70 1.11 49%  38% 11% 10813
Calcrete COoB5 75 1.03 59% 37% 22% 145
Calcrete COB6 75 1.39 43%  29% 14% 16582
Calcrete COB7 80 1.14 49%  33% 15% 1244
Calcrete loose  COB6 110 1.38 46% 20% 27% 1270
Calcrete coBs 110 0.92 60%  46% 14% 882
Calcrete loose  COB5 120 0.85 58% 31% 27% 747
Calcrete MIRo4 140 1.75 37% 24% 13% 437

Calcrete CcCOB4 160 1.58 43% 32% 11% 15263
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The inverse auger method was executed in the Bdirloreholes to obtain the lateral hydraulic
conductivity (Table 13). This method consists ifinfy a hole with water and measuring the time of
the falling of the water level. This task was reedl twice for every hole (except one were infiltnat
was very low) using a pressure sensor programmedtety. The obtained water level decrease data
was plotted against time. As the subsoil becomtsatad, the curve gradually flattens and becomes
linear (Figure 24). That flattened segment of tlheve is used to compute the lateral hydraulic
conductivity as follows (Macaulay and Mullen, 2007)

_ 145(r [[(log(h(t,) +r/2) - (log(h(t,) +r/2)]
sat tn _ti
whereKg, is the hydraulic conductivity (m/day),the radius of test hole (Mi)(t;) the initial wetting
depth (m) h(t,) the final wetting depth (mj}, the initial time (s) and}, is the final time (s)

Equation 16 K
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Figure 24 — Inverse augering graph at location COB9

Table 13 — Saturated hydraulic conductivity derifredn inverse auger method (see locations on
Figure 10)

Location COB1 COB2 COB3 COB4 COB5 COB6 COB7 COB8 C89
K (mm/day) 2 974 243 2434 974 1461 389 974 15
Clayeytopsol 5 /3 020 110 050 045 040 070 060 055
thickness (m)

Depth (m) 2.48 2.25 2.05 1.65 1.60 1.20 1.00 1.35 1.00

On Table 13 only the results of the second tesshosved, since medium is saturated at the start of
this test by the previous one. The very low valogesponds to the unique hole that crosses onjy cla
(COB1). The other holes, that crosses clay andeatals, show more variability, which is in agreement
with previous results. These values are also cdytaifluenced by the thickness of the clay layer.
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3.2.3.4. Infiltration capacity

Infiltration capacity was measured using double  grin infiltromers
(www.eijkelkamp.com/Portals/2/Eijkelkamp/Files/P1ecpdf) to identify the role of the cracks in
clayey topsoil on infiltration rates.

The infiltration capacity of a soil decreases ripaer time during infiltration test (Figure 29s the
initial infiltration capacity in dry grounds is Hig(large matrix suction of the sail). In the near-
saturated zone, potential differences are lesstl@dvater content hardly causes any variance in
matrix potential. Consequently, the infiltrationpeaity decreases with time until it reaches a @onist
value almost equalling the saturated hydraulic ocotidity (the enclosure of air bubbles during
infiltration prevents maximum saturation) of thepep part of the vadose zone
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Figure 25 - Infiltration curve at site R8

Infiltration tests were applied in 3 locations dfferent soil types following soil map of Figure 42
(Table 14). At each site 3 tests were realisedal@ate results, except in one location due to high
density of cracks in the clayey topsoil layer.

These results are not conclusive and contradictatly the value obtained by inverse auger method,
since the site with higher thickness of clay (Rd &b) shows higher rate than the place where tbpsoi
thickness is lower (R1 to R3 and R7 to R9), whiglpiobably due to the presence of cracks in the
topsoil rich in swelling clays. Others results datiow also a consistent pattern.
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Table 14 — Infiltration capacity derived from doebing infiltrometer test (see location on Figuf 1

. . Mi
. Soil Thickness !n Inf. Cap. ) o

Location thickness Site Description

Type layer (cm) (mm/day)

(cm)
R1 CLAY 35 oo 1440
R1 CALCR. oo 21
R2 CLAY 42 - 1420 copp Sope area,
R2 CALCR. - 8 calcrete soil
R3 CLAY A0 ot 1000
R3 CALCR. - 13
R4 CLAY o 145 4000 . Valley, thick
R5 CLAY - 140 1440 clayey soll
R7 CLAY (T — 5160
R7 CLAY e 25 .
R8 CLAY 65 Top hill, clayey
2500 COB3 soil underlying
R8 (7.} 01 = J N —— 28
R9 CLAY T R— calcrete
4000

R9 CLAY e 15

3.2.4. Mineral spectra analysis

Soil spectra were measured for principal minerai®mination. Data were acquired with a PIMA
Field Spectrometer that operates at high spedsalution in the Short Wave Infra Red (SWIR) range

of the electromagnetic spectrum (1300 to 2500 naters).

Samples analysed were taken from topsoil and frodetneath calcrete at the 9 COBRA boreholes, at
R3 site (digging after double ring infiltrometesteand at SDH1 piezometer site.

The automatic recognition of mineral spectra wasedasing TSG Profissional software. All samples

were interpreted as having montmorillonite as d@mirmineral. Second mineral recognition shows

mainly calcite and other carbonated minerals, aiio representation of some magnesian ones.

The manual recognition also shows that montmoiitéois dominant (depressions at 1415, 1910 and
2215 nm in Figure 26). Calcrete samples as R3_RBo@s a depression at 2335 nm indicating calcite

presence.
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This analysis confirmed the presence of swellirmy ¢h all samples, even in calcrete layer, wheee th
calcite signature is slight in the spectra curvédss method is qualitative, thus no conclusion ban
made on minerals content.

3.3. Summary

The data acquired from primary and secondary didlecwere processed and organised in an
intelligible data set that was used to provide tep(driving forces), to parameterise (topsoil
properties) and to calibrate (state variables) theharge models described in chapter 4. The
monitoring network composed by 2 main piezometerd ane hydrometeorologic station gave
insights on the temporal and spatial behavioureoharge/discharge processes in the catchment. The
design of sample/data acquisition scheme allowezbtoplement the previous information by spatial
characterisation of the soil reservoir.

The final data set is composed by:

- Driving forces time series (daily based, from Japu2002 to January 2008): (i) reference
evapotranspiration; (ii) rainfall;

- State variables time series (daily based): (i) griegtric time series (January 2002 to January
2008) that represent hydrogeological behaviouhénttvo distinct geomorphological positions
of the catchment i.e. top-hill and drainage ar#aSpil moisture and matric pressure (October
2004 to January 2007);

- Soil hydraulic parameters in 18 sites distributedrahe catchment (porosity, field capacity,
permanent wilting point and saturated hydraulic deantivity at different depths were
determined) that allow to differentiate two soibgps;

- Topsoil thickness map;

- Soil and vadose zone main mineral compaosition.
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4. Recharge modelling

This chapter presents the development of a sermikiited recharge model, called pyEARTH-2D,
based on the 1D recharge model EARTH (van der ek Gehrels, 1990). The concepts of the
developed model are first explained and then fadidwy its application. Recharge is also assessed by
alternative methods to compare the results.

4.1. Recharge models concepts

4.1.1. pyEARTH-1D model

The EARTH model (van der Lee and Gehrels, 1996) 1® lumped parameter solution that provides
daily recharge at discrete points. It is based eterdhinistic methods that simulate soil physical
processes (percolation, evapotranspiration, soilstom@ changes, ponding and surface runoff). It
requires a set of soil and aquifer parameterscidmatoe obtained by standard field work and laboyato
measurements. Input data are only daily rainfé#l) @nd potential evapotranspiratiofPHT).
Calibration of the model is done through adjustnma@ntalculated and measured groundwater levels
and/or soil moisture values.

The EARTH model is composed of 4 sequential moduwservoirs: MAXIL, SOMOS, LINRES and
SATFLOW (see Figure 27). The first two modules, MRXand SOMOS, represent the agro-hydro-
meteorological zone. While MAXIL simulates the gmtion interception by vegetation cover,
SOMOS is a water balance model in the root zonehith precipitation is redistributed into actual
evapotranspirationHT), percolation R;), soil moisture storageS( and surface storage/runoBUST
andQy).

FLUXES

P: precipitation

l. L interception

\ Pe:  precipitation excess
\ Eo:  surface evaporation

"\_ ET: evapotranspiration

Qs:  swface munoff

Rp:  percolation

R: recharge

RESERVOIRS PARAMETERS

Interface

atmosphere MAXIL (Interception)
il P Qs maximum interception loss

501

R - u 1 |SUST3 I_ SOMOS (Soil moisture storage)
oot zone max. soil moisture content

residual soil moisture content
initial soil moisture content
Rp soil moisture at field capacity
saturated conductivity
Unsaturated SUST (Surface storage)

Zane LINRES maximum surface storage

R W o LINRES (Linear reservoir routing)
. A unsaturated recession constant
) number of reservoirs

Saturated b
SATFLOW
zone SATFLOW (Saturated flow model)
gaturated recession constant

storage coefficient
// // // // // initial groundwater level

local bage level

Figure 27 - EARTH model schema

37



SPATIO-TEMPORAL GROUNDWATER RECHARGE ASSESSMENT: A DATA-INTEGRATION AND MODELLING APPROACH

The later two modules, LINRES and SATFLOW, représbe hydrogeological zone. LINRES is a
model for the unsaturated zone that is programnyeal tbansfer function that redistributes percolatio
temporally between the soil reservoir SOMOS and3A& FLOW module. This last one simulates the
groundwater reservoir computing hydraulic heads fasction of recharge.

Since the EARTH code was not available, | prograthraenew code using the equations and the
explanations furnished in its manual. The new cpdegrammed in Python and called pyEARTH-1D,
allows full control on the equations and its rapiddification. pyEARTH-1D served as a base for the
first version of the 2D model called pyEARTH-2D.

4.1.1.1. MAXIL module

In the first top surface module the precipitatié) {s diminished by the maximum interception loss
(MAXIL) which results in precipitation excesg)(that is transferred to subsequent SOMOS reservoir
(Figure 26). The equation to compute precipitaggoessd. expressed in mm is:

Equation 17 P, = P-MAXIL
whereP is the precipitation (mm) andAXIL is the intercepted fraction of P (mm).

4.1.1.2. SOMOS module

The equation of soil moisture storage variatiothmroot zone is:

ds
Equation 18 o =P EL R, - (sust +Q,)
whereSis soil moisture (mm). is the precipitation excess (mrg)l, is the actual evapotranspiration
(mm), R, is the percolation (mmBUST is the ponding water (mm) ai@l is the runoff (mm). The soil
moistureSis defined as the product of volumetric soil maistcontent times the thickness of the layer
where soil moisture changes occur and therefosgpsessed in mm.
The unknown evapotranspiratiokT) and percolationR;) of Equation 16 are computed following
linear relations with soil moisture and soil hydrauparameters (porosity, field capacity and
permanent wilting point), as showed in Figure 28.

p l,/—_J‘> Sust

-8,
O — Rmem-[ f}

$—0,

0-0
_ vy
R ——> ET, = PET. {7-;3‘ oy }

pwp

Figure 28 — Soil reservoir model

whereP is the precipitation (mm) andAXIL is the intercepted fraction of P (mm).
The actual evapotranspiration equattoin is:

6-6,
Equation 19 ET, =PET [l ———

P~
wherePET is the potential evapotranspiration (mrél)is the actual volumetric soil moisturé,,, is
the permanent wilting point arglis porosity.

38



SPATIO-TEMPORAL GROUNDWATER RECHARGE ASSESSMENT: A DATA-INTEGRATION AND MODELLING APPROACH

The percolation equation is:

_ dh, 0-6,
Equation 20 R, =K} . +1 =K Py
Yk

whereK is the unsaturated hydraulic conductivitia,/dz is the gradient of the hydraulic potentisly

is the saturated hydraulic conductivity (mm.dpy@ is the actual volumetric soil moisturé, is the
soil moisture at field capacity arggis porosity.

It is assumed in the simplification of EquationtB@t percolation is equal to the unsaturated hyidrau
conductivity, i.e. the potential terkadhy/dz is negligible in relation to the gravitational cooment.

If the amount of water in SOMOS reaches saturation, the infiltration rate exceeds percolation rate
Rp, surface ponding may occur. In such case, thetiequia:

Equation 21 @ =R, -ET,-R,-E,
whereSUST is the ponding water (mm) aikg is the open water evaporation (mm).
If the ponding water exceeds a threshold vafliés] ., that represents the maximum surface storage

capacity, runoff (Q will occur. The equation is:
Q, = VST - UST max

Equation 22
4.1.1.3. LINRES module

The equations to delds, in rechargeR are:

f 0 —i *
Equation 23 R=Y, = 1+ )Y .
q T Y
+
Equation 24 Y, = % R,

whereR is the recharge (mm ddy f is the unsaturated recession constants the number of
reservoirs)Y refers to the result from the previous time si¥pis the upper boundary condition and
Ry is the percolation (mm).

4.1.1.4. SATFLOW module

The equation to determine groundwater level flumbuais:

. dh R h
Equation 25 — =
d SIO RC
whereR is the recharge (mm da)y STO is storage coefficient (unitles$C is the saturated recession

constant (days) arfdis the groundwater level above the local basd [gnke

4.1.1.5. Python code

pYyEARTH-1D is developed in Python 2.4 and is a étalone application with a graphical user
interface (GUI) that allow the user to provide thedel with the input data and parameters. It uses
simple ASCII file as input/output (easy pre and-poscessing in MS Excel). One Python class has
been developed for the GUI and another one forébkarge model processing. This setup allows the
direct access to the model code, being indeperfetite GUI. This can be useful for optimization
purpose with external code, for instance PEST (Etgh2002). The GUI has been developed using
wxGlade allowing the implementation of the GUI inRython.

The model class processes, exports and graphsathe Iduses thenatplotlib graphical capabilities
and itsarray functions to input and process the data in a genple way. This class benefits of some
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explanations included in the code. Input and oudiath can be visualized in graph windows. This new
version runs with date (although the previous wersvas working with sequential numbers) and the
user introduces separately the soil hydraulic patara (field capacity, porosity and bound water
content) and thickness of the root zone, instedulilif parameters.

4.1.1.6. pyEARTH-1D application

pYEARTH-1D was applied in the 2 piezometers descripreviously (chapter 3.1.2.2), i.e. SDH1 and
JK7. The first is located in inter-fluvial zone atite other one on top hill, close to the water dbvi
catchment boundary.

Model ran from January 2002 to January 2008 for $[@Hd from January 2002 to November 2007

for JK7. This period was adequate to test the mbdehuse it shows its performance in different
climatic situations, i.e. in normal, dry and hunfigdrologic years. SDH1 was calibrated with both

hydraulic head and soil moisture (this one only doshort period between September 2007 and
January 2008) and JK7 with only hydraulic headg.onl

Initial SOMOS (soil reservoir) parameters were cielé following the fields results as presented in
chapter 3. SATFLOW (groundwater reservoir) paranseteere determined using bibliography for the
storage coefficient (Paralta, 2001) and using #oession curve determination method to determine
the recession constant and the local base levelotsa&pter 4.2.2 for further explanations). MAXIL is
determined arbitrary following common values foumdbibliography. LINRES (unsaturated reservoir)
parameters were determined by trial and error nadetbaadjust coarsely the observed and simulated
curves. The fine tuning was done by calibrationsofl hydraulic parameters, i.e. porosity, field
capacity and wilting point of the SOMOS module.

Final parameters set can be seen in the Tablehbmbdel results are presented graphically in Eigur
29 and Figure 30 and quantitatively in Table 19.

Table 15 — pyEARTH-1D parameters

MAXIL ¢ 8 G D Ks n f RC  STO  hy
SDH1 3 051 041 027 625 500 6 12.0 900 0.035 214.0
JK7 3 045 034 026 750 15 1 05 150 0.050 226.0

The fitting between simulated curves and observedsurement is good in both sectors SDH1 and
JK7 (R of 0,90 and 0,84 respectively). SDH1 shows reah#ingt is ~20 % in normal hydrologic year
(exception was the extremely dry year 2004/5), evbitapotranspiration is ~50 %. Results for JK7 are
uncertain, since very high values of recharge (~36forainfall) and low values of actual
evapotranspiration (~36%) were computed. The ok soil parameters also seem to be too low for
this area, characterized by high content of claghklr porosity and field capacity were expectece Th
misleading results are due to the non-validityhef 1-D SATFLOW module in the discharge location
where the importance of lateral groundwater flownponent is large and principally not accounted
for by 1D modelling setup. The same limitations @neountered in well hydrograph analysis (chapter
4.2.3).
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219 220 221 222 223

Figure 29 — Results of pyEARTH-1D modelling (piezdar SDH1). From top to bottom, rainfall,
potential evapotranspiration (dark curve) and etrapspiration (clear curve), soil moisture, reclearg
hydraulic heads.

e © S
——— Smeas |:

2025 030 035 040 o w & o ®

m

225226 227228229 © wm B @ o

Figure 30 — Results of pyEARTH-1D modelling (piezdar JK7). From top to bottom, rainfall,
potential evapotranspiration (dark curve) and etrapspiration (clear curve), soil moisture, reclearg
hydraulic heads.

41



SPATIO-TEMPORAL GROUNDWATER RECHARGE ASSESSMENT: A DATA-INTEGRATION AND MODELLING APPROACH

Table 16 — pyEARTH-1D water balance at SDH1 and JK7

Hydrologic year
02/03 03/04 04/05 05/06 06/07

Driving P (mm) 571 518 229 535 663
torces  ETret (mm) 1368 1407 1476 1346 1273
| (mm) 192 179 99 168 199
| (% P) 34% 34% 43% 31% 30%
R (mm) 128 120 0 93 181
ET (mm) 289 236 137 250 276
sphp | Sso(mm) 39 17 6 -22 -6
R (% P) 22% 23% 0% 18% 27%
ET (% P) 51% 46% 60% 47% 42%
Sio (% P) 7% 3% 3% -4% -1%
R (mm) 181 171 30 153 189
ET (mm) 206 187 105 193 225
JK7 Ssto (MM) 9 19 4 -20 -7
R (% P) 32% 33% 13% 29% 28%
ET (% P) 36% 36% 47% 36% 34%
Sio (% P) 2% 4% 2% -4% -1%

The borehole JK7 is a public well that belongs MdAS Beja (Empresa Municipal de Agua e
Saneamento). Due to the public water supply sherthging dry years, pumping was done in this
borehole. The piezometric curve of measured datg€ 30) shows during dry seasons of years 2004
and 2005 an inflexion and an accentuation of tbpesbf the decline. This behaviour is not observed
in the simulated curve that declines smoothly feitay an asymptote in direction to the local base
level. The decline observed in measurements isabfgldue to pumping. To calculate the extracted
volume one should multiply the area between siredlaand observed piezometric curves by the
aquifer specific yield. Knowing the extracted vokinthis method could be used to verify the
consistency of the aquifer specific yield parametémfortunately, until now the pumping volumes
data were not obtained from EMAS and the applicatibthis method was not possible.

Although the solution for JK7 is not satisfactottye two pyEARTH-1D simulations gave an insight
on the recharge process in the catchment and dllt@vcalibration of soils parameters. This
information was used in the next step to distritihie recharge assessment in the whole catchment
area.

4.1.2. pyEARTH-2D model

The objectives of converting the 1D EARTH modebigpatially distributed model are: (i) to compute
spatially the recharge to take into account thdiapeariability of soils; (ii) to account for latal
groundwater flow component by coupling it with MODBW model; (iii) to partition
evapotranspiration into evapotranspiration from ugawater ET;), computed by coupled
MODFLOW model, and evapotranspiration from unsdadazone ET,), computed by that new
recharge model.

The developed semi-distributed recharge modeledadyEARTH-2D (Figure 31), estimates recharge
on a cell-by-cell grid basis. The main differencéhwpyEARTH-1D model, besides its spatial
distribution, is that the SATFLOW module is replddey MODFLOW. Therefore the main output of
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pyEARTH-2D model are the recharge rates in grid seha@haracteristics are determined by
MODFLOW model, i.e. by its spatial grid resolutiand the time discretization into stress-periods.
The format of the pyEARTH-2D output grid followsetformat of the MODFLOW RECHARGE
package.

Pl ET Land surface
P, P ET P: rainfall
[Interception] 1 = p ET P, P intercepted
ETg P 3 P, [ P_: P excess
. e . = — P, e
Land surface 2| Ru P S e Ru: §urface moff
- L :l - g P, & Inf: infiltration
| Inf andsurface |2] Ru Land surface |8 Ruy
- :
; Inf - m SOIL reservoir
as SOIL reservoir [\ . l Inf ET:
~ R— evapotranspiration
J"L 2 Perc: percolation
Perc 2 |ag SOIL reservoir R: recharge
= 5 1 AS: change in water
= , Perc storage
o A3
]
Percolation distribution S P Saturated zone
® j e ET,: groundwat
Percolation distribution g Srourn _Wa_ €T
. evapotranspiration
\/ Percolation distribution
J%R JIL R TR

Figure 31 - Conceptual overview of the semi-disti#al recharge model linked with MODFLOW
model

The pyEARTH-2D driving forces (rainfall and poteaitievapotranspiration) and parameters are
assigned to zones, every cell belonging to oneqodat zone. The number of parameters of the model
was reduced to the following inputs defined perezo(i) interception threshold value (module
MAXIL); (ii) soil hydraulic parameters (SOMOS modyland (iii) parameters of the transfer function
that represents the unsaturated zone (LINRES mpdUie topsoil thickness varies in every cell of
the model. The outputs of the pyEARTH-2D are thmesas for pyEARTH-1D model, i.e for every
cell actual evapotranspiration, percolation, pogdsurface runoff and recharge, are computed on a
daily basis. The calibration of the model can beedthrough: (i) soil moisture calibration of the
pPpyYEARTH-2D itself at the soil moisture monitoringchtions and (i) through hydraulic head
monitoring points under MODFLOW coupled with pyEARTRD.

This thesis belongs to a larger research prograhpagsents intermediate research results only. Due
to the lack of time, only manual coupling betwegEARTH-2D and MODFLOW was done. Further
work will focus on dynamic coupling through paraere¢stimation PEST algorithm for simultaneous
calibration of models and assessment of uncertaimtlysensitivity analysis of the proposed procedure

4.1.2.1. pyEARTH-2D application

A transient groundwater model was developed for Bigoes catchment by Hassan (2008) in
MODFLOW (called from now Pisoes model). To test gy=ARTH-2D model, one stress period of
the MODFLOW model, between the16f September 2002 and the™®&f December of 2002, has
been selected (Figure 32). This period was seldogaduse initial conditions were defined in dry
conditions and several rainfall events were disted along this period (total rainfall was 320 mma a
total reference evapotranspiration was 200 mm)s Halection has also been conditioned by the
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availability of piezometric data. The rainfall ev®mesponded in recharge unequally in the Pisoes
catchment as reflected by different patterns ofewé&dble fluctuations: observed piezometric levels
showed rising trend in all piezometers (JK7 aneéofliezometers located along the drainage area, see
Figure 10) except of one, SDH1, located at the dbm hill close to water divide, that indicated
continued decline of water table in the analysegksstperiod, not receiving yet or receiving vetydi

of the first wet season rain, largely retainechia $torage of unsaturated zone.
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Figure 32 — Meteorological and piezometric datthefmodelled stress period

The catchment has been classified in three zonais dfe supposed to represent the catchment
variability of recharge (Figure 33). Every zone Itasown set of parameters (Table 17). Parameters
from the CLAY group (chapter 3.2.3) were attributedhe drainage area zone, while slope zone was
identified as CALCR group. Results of pyEARTH-1D f8DH1 site were adopted for top of hill zone.
The thickness was defined for every cell of the@ssmodel, using the map created in chapter 32.1 a
input. The Pisoes model was composed of 3200 ¢edis, which 1768 were active. In the urban area
and other infrastructure, as for instance artifisizarface water reservoirs, the recharge was sét to
PYEARTH-2D ran in approximately 2 mn to produce Weter balance in the catchment.

Table 17 — pyEARTH-2D parameters

MAXIL ) 2 B K n f

S
Top hill 3.0 0.51 0.41 0.27 500 6 12.0
Slope 3.0 0.40 0.35 0.30 2500 3 6.0
Drainage area 3.0 0.55 0.45 0.20 10 1 1.0

The spatial distribution of recharge and the actwvalpotranspiration from soil zonET() daily rates
(daily mean for the analyzed stress period) isepreesl in Figure 34 and Figure 35 respectively. &abl
18 and Figure 36 present the partitioning of rdirniféo interception k), fluxes R andET), storage in
soil reservoir SOMOSY,,) and in unsaturated zone LINRES reservbig]. Note that the amount of
water stored in the unsaturated zone will reachwager table and contribute to the recharge during
the next stress period.
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Figure 33 — Recharge zones map
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Figure 34 — Recharge rate map (time period betegb. and Dec. 2002)
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Figure 35 — Soil evapotranspiration rad () map (time period between Sept. and Dec. 2002)
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Table 18 — pyEARTH-2D results: flux and storag@éncentage of rainfall (time period between
September and December 2002, total rainfall 320 total potential evapotranspiration 200 mm)

Zone | ET, Sso Uso R

1-Top hill 29% 26% 24% 16% 4%
2 - Slope 29% 23% 15% 12% 20%
3 - Valley 29% 14% 51% 0% 6%
Total 29% 23% 24% 12% 11%

1 -Top hill 2 -Slope

ET-23% "—F

g& R -20%

-12%

S-51% [

Figure 36 — Water budget for the different zonethefPisoes model (Figure 33) and for the whole
catchment

On the top hill zone despite of favourable flowteys location, recharge rate is low, i.e.only 4%hef
rainfall, because 16% is stored in the unsaturatew and will be converted in recharge during the
next stress period. This delaying of recharge mledeh this zone resembles well the regime of the
previously analyzed piezometer SDH1. The topseaiey layer assures 24% of storage and 26% of
evapotranspiration. Along the slopes zone rechahgsvs its higher value (20% plus 12% stored in
the unsaturated zone), due to the small thicknéstagey topsoil in this zone combined to the low
water holding capacity and high hydraulic conduttivit implies that: (i) during rainfall eventseld
capacity is quickly reached and water drains to timsaturated zone where it is stored; (ii)
evapotranspiration is low (23%). In the valley {deme area), recharge rate is very low to null,
corresponding to 6% of rainfall (unsaturated zoae ho expression in this zone due to the shallow
depth of the water table). Actual evapotranspirai® also low to medium and is only 14% of the
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rainfall. These low values are due to the highkiéss of the topsoil in this zone that, combinetth wi
the parameters of CLAY group (high porosity anddfieapacity), creates a huge reservoir that stores
the water (51% of rainfall). Thus evapotranspimatimlow and field capacity is seldom reached.

The pyEARTH-2D recharge rate grid was introduceduadly in MODFLOW to observe changes in
water budget and in hydraulic heads. The origimdliteon of Hassan (2008) shows a rising of the
levels in all piezometers, although in SDH1 waterel declines as referred previously. The new
MODFLOW solution computed with pyEARTH2D rechargedgshows a trend in all piezometer in
agreement with observed values, also with exceati@DH1 in which in contrast to all other
piezometers, water table declined. The water buigatso changed. Recharge and storage are one
third of Hassan’s solution, although drains disgkds almost unchanged.

Although pyEARTH-2D model was run only once justr fdemonstration purpose, it showed
improvement in the MODFLOW solution for one strgsriod, which is due to a better spatial
distribution of recharge in the catchment. Calilratof the pyEARTH-2D model is done mainly by
adjustment of the most sensitive SOMOS field capaparameter. The dynamic coupling of
pyEARTH-2D and MODFLOW through PEST will allow opitization of the parameters through
simultaneous calibration against both soil moisamd hydraulic heads. Concept of the model should
also be improved, by integration of several resesvin the unsaturated zone, to avoid the largke soi
storage observed in the present solution. Deptiheofwater table in the drainage area of the Pisoes
catchment, where the stream is hydraulically coteteto the aquifer, should also be considered. It
will diminish the thickness of the soil reservair this zone, thus reduce the storage of this regerv
and rise the evapotranspiration. Batelaan (20083gmts a model, called WetSpass, in which the
simulated distributed recharge serves as inpuiggtoundwater model (as in pyEARTH-2D) and the
resulting hydraulic heads are returned back astitppthe recharge model. This approach should be
followed to improve the pyEARTH-2D model in discharareas.

4.2. Well-hydrograph analysis

The purpose of this chapter is to compute rechaige alternative methods and using the available
dataset. The well-hydrograph analysis has the ddgarthat it needs few data and that its concept is
simple. Well hydrograph analysis provides informaton the groundwater reservoir and allows to
compute the recharge. First, theory of well-hydapdr is detailed and then is followed by its
application to recharge assessment. Results arpazethwith previous method and discussed.

4.2.1. Theory
General conservation of mass equation appliedeevtiter balance states:
Equation 26 In—Out = AS

whereln is the amount of water flowing in the syste@ut the amount of water flowing out of the
system andIS change in storage.

For a section of a horizontal unconfined aquifegfe 37), Equation 26 becomes (Dingman, 2002):
Equation 27 A[R, [dt - Qg [t = ALS, [dh

whereA is the section are&, the net recharge&)y, the dischargely the specific yieldh the actual
hydraulic head andt the time period.
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- 5 ng

Figure 37 — Diagram representing a section of aniined aquifer (see Equation 27 for keys)

Assuming:

Equation 28 Oow = Q%

Equation 27 becomes:

Equation 29 R, —Qaw =S, let-]

If we consider that the aquifer behaves as a liresarvoir, outflow rate is proportional to storage
Equation 30 Jow = kB=k[5, [ﬂh—ho)

wherek is positive constan is the change in groundwater storage bnid the local base level, i.e
the level below which no discharge occurs (so-dadlinage base).
Combining Equation 29 and Equation 30 one obtains:

Equation 31 R, —k[5, [ﬂh—hb): S, E—%
If there is no rechargeR,, = 0), Equation 31 becomes:
Equation 32 -k [dit = dn
h-h,
Integrating Equation 32 gives:
Equation 33 -kd=In(h-h)+C
At initial condition (i.e.h =h, andt =0), C = —In(h0 —hb) and Equation 33 becomes:
Equation 34 —k [dit :In( h-h, j
hy —h,
or

_ _ -k
Equation 35 h=h,+ (ho hb)@
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4.2.2. Recession curve determination

Equation 35 is the recession equation of a wellrbychph. During dry season or drought, this
equation can be used to determine the local baséhgand the decay constan{see Appendix For
technical description of the method used in thiglgl, which is the inverse of the residence time
(Digman, 2002), and the equivalent of the recessionstantRC of the SATFLOW module of
pyEARTH-1D model.

The function of the SATFLOW module in the pyEARTIB-Inodel is to compute hydraulic head
from recharge, which will serve to calibrate thetavebalance in the soil against observed hydraulic
head by adjustment of the soil parameters. SInCEFB®W is highly sensitive to the aquifer specific
yield and to the recession const&a parameters, the determinationRE andh, parameters through
the recession curve method is an indispensablasigptain a reliable calibration of pyEARTH-1D.
The determination of the recession curve also alltmseparate the natural decline of water tabla fr
water level decline due to pumping. An example wlaswed with the analysis of the well JK7 in
chapter 4.1.1.6.

4.2.3. Recharge assessment

Using Equation 31 one can easily derive the sehsehaecharge.
Another method, also derived from the linear-resigrmodel, computes the recharge as (Dingman,
2002):

Equation 36 R, = {hp’i —h,in Ee_k[ttp‘i_tp“’l)}ESy
whereh,; andh,;.; are the peak water levels associated with eveatsli-1 respectively and,; and

tpi1 are the time of occurrence of the successive peadr level.

Both methods were applied in well-hydrograph ozpmeters SDH1 and JK7. Results are showed in

Table 19.

Table 19 — Results of recharge assessment basedllemydrograph analysis. Results of pyEARTH-
1D of Table 16 are also showed for comparison

Site Method Hydro. year 01/02 02/03 03/04 04/05 0B/ 06/07
P (mm) 510
LRM drain R (mm) - 108
R 21%
P (mm)
SDH1 LRM peak R (mm)
R
P (mm) 229 535 663
PYEARTH-1D | R (mm) 128 120 0 93 181
R 22%  23% 0% 18% 27%
P (mm) 652 541 548 229 502 590
LRM drain R (mm) 309 266 238 0 216 324
R 47%  49%  43% 0% 43% 55%
P (mm)
JK7 LRM peak R (mm)
R
P (mm) 518 229 535 66
pyEARTH-1D | R (mm) 181 171 30 153 18
R 33% 13% 29% 28%
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Values of recharge with the three methods are coambpa and consistent for SDH1. At site JK7,
results are overestimated, as already observedyBARTH-1D simulation, due to the high
contribution of lateral groundwater flow in thisrpaf the basin (draining area of the aquifer). The

assumption that during recharge events other coemasnof water balance should be null is not
respected (Healy and Cook, 2002).
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5. Discussion and conclusions

5.1. Data integration

The dataset has been acquired and compiled witintbetion to capture the temporal variation and
spatial variability of recharge processes and tbneethe reservoirs characteristic for the Pisoes
catchment.

The installation of a monitoring network equippeiimautomatic data acquisition system was crucial
in this study. The conjunctive analysis of the iy force and state variables at low temporal
resolution wagoer se informative on the recharge/discharge processdbandifferent areas of the
catchment. In setting of the monitoring networkywanportant was the selection of the monitoring
locations that has to cover all the hydrologicagimee patterns of the investigated area.

A preliminary study of the Pisoes catchment allowgdto identify the role of the clayey topsoil
thickness in recharge processes; (i) to sketchsfeial organisation of topsoil thickness; (i) t
design the field data acquisition, in the perpemldicdirection to the main geomorphological feasure
and to select appropriate geophysical tools. A otetb derive spatially the topsoil thickness framil s
apparent electrical conductivitygf) measurements with EM-31 instrument was develogda:
Tikhonov data inversion method was used to obtaihedectrical conductivity §) profiles from g,
transects. These profiles were next converted topsoil thickness with help of the reference
augering/drilling thickness data. This particulask was relatively uncertain because of insufficien
amount of reference thickness data (28 observataminsg the 16 geophysical transects (424 survey
points). In the compact clayey soils of the Pisaesa, augering along transects would be more
adequate and efficient in collecting complementdrigkness observations along the geophysical
transects, as it requires less logistic effort enéess time consuming than COBRA drilling. Such
additional reference measurements would undoubtedhease the quality of the conversion af
profiles in topsoil thickness.

The final topsoil thickness dataset was composedilothickness data along the surveyed transects
derived from geophysical measurements, and (iijteseal point thickness measurements made by
direct observation (drilling, pitches, augering;.etThe extrapolation of the dataset was donegusin
() a multiple linear regression model (MLR) an@ kriging with external drift (KED). The KED
method, as it combined kriging and linear modelsvben variables and ancillary continuous maps,
improved the quality of the thickness map. Howeler assessment of the two models (MLR and
KED) through cross-validation showed small differes in quality, KED showing only slightly better
results.
The following is recommended to improve the MLR déimgis the KED model:
— the QuickBird image should be classified in at {éa® classes (ploughed and not ploughed,
since the former is darker and biases the coroglatith topsoil thickness);
— more scatter thickness measurements should beradcamd included in the dataset, which
can be easily done and at low cost by observatmrgaoads, streams, pitches, etc.;
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— the regression-kriging (RG) method instead of KEidwd be applied (Hengdt al., 2007;
Henglet al., 2004). Even if they are mathematically the saimemodus operandis allows for
RG the utilization of improved linear models or Aorear models;

— the collinearity between ancillary variables shdoddtested and corrected,;

— to avoid interpolated values outside of the physio#s range of the estimated variable and to
take into account non-linear relation (as for ins&the relation between thickness and the
distance to river), logistic transformation shob&lapplied (Hengdt al., 2004).

Programming languages and data processing envirtenas Python and R showed to be powerful
tools in this case study. The inversion of geoptalsilata (424 data stations times 10 measurements)
along profiles made by 30 discrete vertical laysrd the computation of the water balance based on
daily data over several years in 3000 cells of id gequired language/platforms with a coherent,
reliable, simple and clear data organisation/stmecand fast processing.

Data integration in the Pisoes catchment case sthiolwed to give satisfactory results, in part dua t
good planning of the field acquisition scheme aadadnse of the selection of proper tools to acquire
and process large quantity of data. A similar eXeropsuccessful data integration applied to tramisi
groundwater modelling accounting for spatio-tempfitxes is presented by Lubczynski and Gurwin
(2005). This two study cases demonstrate that,usecavery catchment has its own characteristic and
settings, preliminary studies, selection of prop@thods and techniques for data acquisition and
knowledge of proper tools to integrate and prodagge data sets originated from various sources
constitute the recipe for a successful and optimalrogeological characterisation of the studied
catchment.

5.2. Recharge assessment

The large spatio-temporal variability of rechargetihe Pisoes catchment was evidenced by well
hydrograph analysis and confirmed by the 1D watarnire model (pyEARTH-1D). There were
identified in the catchment sectors that reacteatipémmediately to rainfall and others where the
reaction took several months. The 1D recharge ndstlsowed however limitations in discharge
areas where the importance of lateral groundwlier domponent was large and not accounted for.

The pyEARTH-2D model coupled with MODFLOW overcontbgse limitations by accounting for
lateral groundwater flow through its coupling WRMODFLOW. The coupling of the two models also
allows the partitioning of evapotranspiration in&vapotranspiration from groundwateET(),
computed by coupled MODFLOW model, and evapotraatiph from unsaturated zondT(),
computed by the 2D recharge model. The pyEARTH-2idl@h solution also showed that the spatial
variability of recharge in the catchment was laygebntrolled by the variation of thickness and
hydraulic parameters of the clayey topsoil togetkpresenting the spatial variability of water hiotd
capacity of the soil reservoir.

Data integration results combined with 1D modellingights allowed to divide the catchment in 3
zones, each one with its own set of parametersh With setup, one pyEARTH-2D simulation was
made just for demonstration purpose, without catibn but with real input parameters. This
simulation was carried out for one stress perioly ¢negin of wet season) with initial conditions
taken from the transient groundwater model (Has®ad8). The spatio-temporal response of the water
table was improved with proposed coupling of pyEARID with MODFLOW. Certainly better
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results will be achieved once the model is caldaigainst soil moisture and hydraulic heads and ru
through all the stress periods. The demo run ofntbdel showed an erroneous water balance in the
drainage area. The approach of Batelaan (2008)integrates the depth of the water table, computed
by groundwater flow model, into a distributed reggamodel, could be applied. It would allow to take
into account the hydraulic connection between straad aquifer to improve the water balance in the
discharge zone. The same author also referredgitmaindwater discharge is better modelled in
MODFLOW by SEEPAGE package (Batelaan and De Sm2004). This solution should be
implemented and tested in the transient groundwatetel.

Alternative and independent methods to assessnglsaould be applied to compare results. Paralta
and Oliveira (2005) presented a mean recharge atveeen 10 and 20 % of the mean annual rainfall
(500 mml/yr) in the Pisoes catchment. This study b&sed on: (i) environmental tracers (chlorite),
which gave a value around 10%; (ii) daily sequéntiater balance numerical model, which gave
values of 6% and 15% for hydrologic year 01/02 88¢{D3 respectively; (iii) annual water balance
based on pumping rates, which gave 14%. pyEARTHddbIts of this study showed overestimated
values of recharge in both site SDH1 and JK7 whenfronted to Paralta and Oliveira (2005).
Although recharge computed at JK7 is not reliable,discussed above, recharge value at SDH1
(~20%) is coherent if we consider that this zonedharge area.

The pyEARTH-1D model developed in this study idyfdperational. It is an upgrade in relation to
the previous MS-DOS executable compiled EARTH werssince it benefits from an interface that
simplifies user inputs and better graphical outppi&ARTH-2D is a work in progress that will be
developed in the context of ITC program research.

5.3. Follow-up research

The coupling of pyEARTH2D recharge model and gravsigr MODFLOW model will be improved
by dynamic link through parameter estimation PESJoherty, 2002) environment where
simultaneous calibration of MODFLOW and new recleanmgpdels can take place. While running the
two models under PEST environment, in each itegatixcle, recharge output will be implemented in
the MODFLOW model which will be run towards mininmg the objective function by comparing
simulated and observed heads. Additionally, it pfes a complete sensitivity analysis protocol that
can be carried out through analysis of uncertaidgtermination of non-uniqueness in calibrated
parameters, and studying effects of parameter taiogr upon model predictive uncertainty.

The upgrading of the pyEARTH-2D model will focus @figure 38):

(1) MAXIL substitution by temporal interception thakes into account dynamic temporal
land cover. Irrigation, added to the rain in adtioal fields, could be also considered;
(i) Depth-wise heterogeneity integration in the moldgldefinition of several reservoirs

superimposed in which percolation and evaporasa@omputed;

(iii) ET (ETs+ET,) calibration available as nowaddy$ can be derived from
micrometeorological ADAS measurements and also fremote sensing solution of
energy balance (Roerim al., 2000; Su, 2002);

(iv) Integration of water table computed by MODFLOW e recharge model to correct the
misleading water balance in the discharge area.
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Appendix A — Study area maps
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Appendix B - Field work and study area photographies

Photo B-2 - Cracks in topsoil due to high contargwelling clay

l
I

'
g 4

Photos B-3 - Clayey topsoil (above red line) thiess variation
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X

Photos B-5 — Soil moisture monitoring at SDH1pieeten (left) and at ADAS (right) location,
showing clayey topsoil (above red line) and undatimealcrete layer
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Appendix C - Electromagnetic induction model: main equations

The conceptual McNeill layered model is definedragure C-43):
- (1...t) subsoil layers;
- electrical conductivity of each layer g to ¢
- the depth of the base of the layers is designed #sZ;
- n measurements af, at heights hto h, in vertical and horizontal
coil dipole orientation (superscrigtsor V in the notations).
The predicted apparent conductiviypeq iS:

Equation 37 U:Qr/ed (h) = .[: 7k [Z : h} (z) iz

where ¢"™(Z) is the sensitivity function that reflects the tile

contribution toHs from a discrete layer of thickned& and is expressed as:

32
Equation 38 @' (2)=4 Q/(‘1 [z° +1)
2
Equation 39 ¢'(2)=2-4 &/(4 [2* + 1)y
with z =Z—+h (depth normalized by coil separation distance)
r

The cumulative respond@’V(2) integrates the relative contribution It
of all layers between soil surface ahdnd is given as:

Equation 40 RV (h) = j:(d*/v[z : hj [dlZ
thus
Equation 41 R'(2)= ]/(4 [2* + 1)y2

Equation 42 R" (Z) = (4 [Z° "'1)]/2 -2z

TX O Rx
h
2 G,
Z.| S,
Z, o,
Z.,| G
z) S,

Figure C-43 — McNeill layered subsoil model (sed fer notation keys)
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Figure C-44 — Relative sensitivity function for treal (V) and horizontal
(H) dipole orientation

Figure C-45 - Cumulative sensitivity function fagrtical (V) and
horizontal (H) dipole orientation

On Figure C-44 one can verify that the instrumartiarizontal mode is most sensitive to the uppgerainfluences, while in vertical position thetmsnent
is most sensitive to the electrical conductivitytlod soil layer located at a depth of approximabedy.
Figure C-45 indicates that the penetration depth@instrument in vertical orientation is aroundce the penetration depth in horizontal mode.
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The developed vectorial and matricial expressioBgiation 9 using Equation 37 and Equation 40 is:

JZ.pred(h.l.)
Olwa(b) |RY(0/r)-RY [ +2Z)/r] R0 +Z)/r]-R[(h+Z,)/r] .. RY[(h+Z.)/r]-RY[(h+2,.,)/r]

. o) _ RV(hn/r)—Fi'V'[(hnzl)/r] RV[(hn+zl>/r]:RV[(hn+zz)/r] . RV[(hn+zt_1)/r]:RV[(hn+zt_2>/r] o,
Equation 43 |- T R S S L - L TR P PO R TLE Pt AL I S -
RY(h/r)-R*[(h+Z)/r] RY[(h+Z)/r]-R*[(h+Z,)/r] ... RM[(h+Z)/r]-R'[(h +Z.,)/r]

R“(hn/r)—Fi'“'[(hnzl)/r] R“[(hn+zl>/r]:R“[(hn+zz)/r] . R“[(hn+zt_1)/r]:RV[(hn+zt_2)/r]

To verify the R code, | programmed the forward madi¢h Equation 43 to find ther, e vector (i.e. predicted instrument reading) usinfg% Excel sheet
for a hypothetical layered subsoil of 10 layershwdefined thickness and soil conductivity (Table 20). | introduced an error up to +/- 5%0dQrea 1O
simulateg; (field instrument reading). | ran the R code tdfithe o solutions of the 3 algorithms described in chaft@rl.2 and introduced back these
solutions in the Excel sheet. To verify the R cddast compared th& matrix of Equation 9 (detailed version in Equat48) computed in Excel and R, as
well as the root mean square error (RMSE) betwggi; andd..
An interesting result is the analysis of this RMS8#ce it is lower in the inverted models McNeillAutnd McNeillUsedDef than in the hypothetic orajin
model one! This fact confirms:

- the problem is ill-posed, thus small errors inttieasurement lead in big variation in iisolution;

- this RMSE is not an adequate way to asses the gsedsf the inversion models since this error gfieation is not independent of the solution

computing. A proper way to do it will be to compardependent measurements of ground conductivity thie o solution.

Ag
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Table 20 — Hypothetic subsoil model and inversiaueats results used for R code validation

Layer 1 2 3 4 5 6 7 8 9 10 RMSE
. Base 050 075 150 200 3.00 350 450 5.00 6.00 o0
Hypothetic depth
el p 2.22
mo &~ 210 100 75 100 125 225 75 10 150 50
. Base 155 185 215 245 275 430 460 490 520 o
McNeillAuto depth
[ution P 2.10
S0 o 159 1 1 1 1 183 243 250 249 38
McNeillUserDef 3:531 0.25 050 0.75 100 200 3.00 4.00 5.00 7.00 o0
[ution P 2.04
SO o 224 187 149 110 2 114 250 228 183 1
McNeill Tikh® Base 025 050 075 100 125 150 175 200 2.25
(orderl) depth 6.20
solution o 115 114 114 113 112 111 109 108 107

® This solution has 24 discrete layers

A-h



SPATIO-TEMPORAL GROUNDWATER RECHARGE ASSESSMENT: A DATA-INTEGRATION AND MODELLING APPROACH

Appendix D — Inverted electrical conductivity profiles
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Appendix E — Water retention curves
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Appendix F — Linear models applied to topsoil thickness estimation
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Figure E-46 — Model A: slope classes
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Figure E-48 — Model C: log10(distance stream)
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Figure E-49 — Multiple linear regression model AB*
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Figure E-50 — Topsoil thickness differences betwtberKED model and the multiple linear
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Appendix G - Recession curve determination

The methodology to define the recession curvewélié-hydrograph is as following:

1.
2.
3.

Display on a the same graph the hyetograph andehlehydrograph versus time;

Identify on the graph periods of continuous grouatdrtable (GWT) decline with no rainfall.
Prolong these parts of the recession curves draivibg hand, following approximately an
exponential decay. The asymptote of these curvesesmonds to the local base level.
Obviously this step is very suggestive. One sheelify if the value found for the local base
level has a physical meaning in relation to thaleettings of the aquifer.

Plot on a semi-logarithmic graph (ordinates) tinezsus local actual level (the local actual
level corresponds to the absolute actual level milmgal base level). Since the recession
curves correspond to straight lines (see Eq. 8pee its slopes, which correspond to the
decay constank of Equation 35.k should be approximately the same for all studied
recession periods. Choosekavalue that fits better all GWT decline or chodse average of
the several recession curves.

Compute, for every period of the GWT decline, thmuated groundwater leveh using in
Equation 35 the local base level from step 3 knehlue from step 4 and compute root square
mean error (RSME) between measurements and sirdulatees.

Optimise k value with an objective function that minimizeg teum of the RSME of the
different recession curves (an easy way is tozetiBOLVER from Microsoft Excel).

Optimise local base level with the same objectivecfion that in step 6.

Analyse results, particularly the fitting of simtdd and measured groundwater levels, and
start again if not satisfactory.

Cautions:

In step 2, take care of change in slope of thedymiph during dry period, since it can correspdnds
pumping in the neighbourhood of the well. Otheessoms are explained in Healy and Cook (2002).
The final value ofk is generally different from the one computed foe several recession curves,
which is probably due to the determination of thecific yieldS,.

The appropriate value &, is difficult to estimate due to (Dingman, 2002):i{s high range of value
for the same lithological material; (i§ is not constant for the upper part of shallow agpji§ince the
water content is a function of the depth of theewatble that is itself a function of interactions
between infiltration, percolation and capillaryerisThis fact is responsible for the hysteresi§oh
wetting soils: it is lower for a rising water taltlean for a falling water table, due to trappingadf
bubbles in pores material.




